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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-Mfillerian hormone (AMH) is produced in granulosal cells,

and AMH concentrations are positively associated with number ofhealthy follicles. Thus,

AMH may be a diagnostic marker to evaluate size of the ovarian reserve. However, the

role ofAMI in females and the factors that regulate AMH production are poorly

understood. Results ofpresent 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 ofFSH increase capacity ofbovine granulosal cells to produce

AMH while higher doses decrease AMH production and promote Iuteinization 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 ofthe ovarian reserve, and granulosal cells fiom 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 ofwomen 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 ofpregranulosal cells [29]. While

mechanisms are unclear, initiation of follicular growth or recruitment occurs as the layer

of granulosal cells surrounding each immature oocyte ofa primordial follicle

hypertrophies thus forming a primary follicle. As groups ofunknown sizes of “recruited”

primary follicles continue growth, they form secondary or preantral follicles. Each

preantral follicle is comprised ofa 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 3 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 ofthe 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 ofthe 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 ofhormones 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

a relatively low (open bars or black lines, 5 15 follicles 2 3 mm in diameter) versus high

(gray bars or lines, 2 25 follicles) number of follicles growing during ovarian follicular

waves (hereafter referred to as antral follicle count, AFC). Solid circles (0) represent the

dominant follicle for each wave and open circles (0) represent subordinate follicles.

Dashed circles ( 0*) 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

growmg follicles Z 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 ifthe variation in AFC was associated with alterations in ovarian

frmction, cattle were classified into arbitrary groups based on AFC as follows: low (5 15

follicles Z 3 mm in diameter), intermediate (16 to 24 follicles) or high [2 25 follicles; 9,

10]. Results show that the dynamics of dominant follicle development (e.g., emergence,

length of dominance, size ofdominant 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 ofmorphologically 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 ofan estrous cycle

[9, 10]. In addition, although concentrations ofFSH, 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 ofAFC is needed to

phenotype cattle based on follicle numbers in ovaries.

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

(TGF-B) 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 ofhealthy growing follicles in

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

high variation in follicle numbers and AMI-I concentrations in young adult cattle of

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

role ofAMH 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 ofAMH 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 AMI-I 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-Mitllerian 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 ofmice [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 drning 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 ofmultiple waves ofgrowth of antral follicles [28]. To test this hypothesis,

the objective ofthe present study was to determine whether daily AMH concentrations

were altered during the bovine estrous cycle.

10



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 i 0.6 months of age; 11 = 16 animals) were synchronized with prostaglandin

an (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 ofthe

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-B superfamily including TGF-B, 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 [.11

rather than 20 ul volumes of serum during assays. To validate use ofthe commercially

available human MIS/AMH ELISA kit (DSL-lO- 14400, Beckman Coulter, Inc.) with

11



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 (11 = 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 (< 5 mm in diameter). The inter- and intra-assay coefficients of

variation were <1 6% [n = 10 assays; l 1].

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 ofbovine 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 ofthe AMH assay for htunans [78, 79], confirmed that the commercial human

12



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

(225 follicles); Low, animal 3—350 with a low (5 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 lO-year-old dairy

cows. Note: AMH levels were undetectable in sera fiom all steers, ovariectomized cows,

and old cows
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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 AMI-I 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 ofthe menstrual cycle in women, overall alterations in
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Figure 3. Mean concentrations of circulating AMI-I during ovulatory follicular

waves in cattle.

Prostaglandin F2CL (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 ofthe 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 :1: standard

error for 16 animals.
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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 ofthe line denotes significance at P S 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 ofwomen and cattle, despite “waves” of growth of antral follicles, is unknown.

Nevertheless, unlike numbers of large antral follicles (Z 3 mm), which vary greatly

during follicular waves [9, 72, 73], other studies report that total number ofgrowing

preantral and smaller antral follicles remains relatively constant in cattle until 7—9 years

of age [3, 74] and in women until 35—40 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 ofhealthy 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

number 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 AMI-I 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 AMI-1 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 ofyoung adult beef heifers. In addition, these findings, coupled

with histological observations that number ofpreantral 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 ofthe 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 ofwomen

[68, 69], mice [67], and cattle [11, 80, Figure 3, Chapter 1], but positively associated with

the high variation in total number ofhealthy follicles and oocytes in the ovaries ofmice

[67] and number of antral follicles in women [52, 63, 66, 69]. However, it has yet to be

determined if the high variation in AFC in cattle [9, 10], which comprises < 1% ofthe

total number ofmorphologically 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] and mice [67], AMH

concentrations are, therefore, hypothesized to be positively associated with AFC and

greater in cattle with high versus a lower AFC during follicular waves. To test these

hypotheses, the present study determined whether AFC was also positively correlated

with AMH concentrations during the bovine estrous cycle and whether AMH

concentrations were higher in cattle with a high compared with a low or intermediate

AFC.
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Methods and Materials

Animals

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), and the European Union Directive 86/609/EC, or

the Institutional Animal Care & Use Committee at Michigan State University (04/08-

064-00).

Identification of cattle with low, intermediate, or high AFC during follicular

waves

The ovaries of each animal were monitored with an Aloka SSD-900 linear array

trans-rectal probe (7.5-MHz transducer) and follicles were counted as previously

described [9, 10]. Each ovary was scanned from end to end to identify the positions of

the corpus luteum and antral follicles. Images of different ovarian sections were captured

on the ultrasound monitor, and the locations ofthe corpus luteum and each antral follicle

_>, 3 mm in diameter were drawn on an ovarian map. The diameter and total number of

follicles Z 3 mm in diameter per pair of ovaries was recorded for each animal. Two

separate perpendicular measurements ofdiameter were averaged for each follicle.

Animals were injected twice with PG spaced 11 days apart to initiate luteolysis. Ovaries

were then subjected once or twice daily to ultrasonography to determine AFC beginning

I to 2 days after the last PG injection and continuing for each animal until the completion

of the study. AFC was determined for 3 to 5 follicular waves, and the average peak value
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for AFC per wave was used to classify cattle arbitrarily into the Low (5 15 follicles),

Intermediate (16 to 24 follicles) or High (225 follicles) Groups [9, 10].

Association ofAFC with AMH concentrations

Beef heifers (18.9 i 0.6 mo of age; n = 16 animals) were synchronized with PG

injections and ovaries were subjected to daily ultrasonography to classify cattle into Low

(11 = 4), Intermediate (n = 8), or High Groups (11 = 4) [9, 10] and to 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 corresponded with ovulatory follicular

waves (6—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-10-14-400,

Beckman Coulter, Inc.) was used to measure serum AMH concentrations in cattle per kit

instructions [1 1]. Validation ofthe kit to measure AMH in serum of cattle is reported in

Chapter 1. The two-site AMH assay does not cross-react with other members ofthe

TGFB superfamily including TGFB, BMP4, 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 [.11 volumes of

serum during assays. The inter-assay and intra-assay coefficients of variation were <16%

[11 =10 assays; 11].
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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

Association ofAFC with AMH concentrations

Overall average serum AMH concentrations during ovulatory follicular waves per

animal were highly correlated with both the average AFC (peak follicle number during

each wave) during the two or three waves of an estrous cycle (Figure 5, r = 0.88, P <

0.01) and with the overall average for daily follicle counts during estrous cycles for each

' animal [r = 0.92, P < 0.01, data not shown; 11].

Serum AMH concentrations in animals with low, intermediate, or high AFC

Circulating AMH concentrations did not change within AFC groups (P > 0.20)

during the 6- to 8-day bleeding period prior to ovulation, but were ~ 6- and 2-fold greater

(P < 0.01) in animals with high or intermediate compared with low AFC during follicular

waves [Figure 6; 11].
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Figure 5. Correlation ofAFC with AMH concentrations during the ovulatory

follicular wave in cattle.

Serial ovarian ultrasonography was used to identify cattle with a consistently low

(5 15 follicles Z 3 mm in diameter per wave, n = 4 animals), intermediate (16—24

follicles, n = 8 animals), or high ( 3 25 follicles, n = 4 animals) AFC during ovarian

follicular waves. PG was then used to synchronize estrus, and ovarian ultrasonography

was used to map follicular development and determine the day of ovulation (Day 0).

Blood samples were taken daily at 11:00AM beginning on Day 6 ofthe estrous cycle and

ending 1 day after ovulation. Serum samples that corresponded with ovulatory follicular

waves (6—8 days preceding ovulation through the day of ovulation) were analyzed for

AMH concentrations. The average AMH concentration per animal was plotted relative to

the average peak number of antral follicles per wave during the estrous cycle for each

animal (r = correlation coefficient, n = total number ofanimals).
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Figure 6. Serum AMH concentrations in cattle with low, intermediate, or high

AFC.

Serial ovarian ultrasonography was used to identify cattle with a consistently low

(5 15 follicles 3 3 mm in diameter per wave, n = 4 animals), intermediate (16—24

follicles, n = 8), or high ( _>_ 25 follicles, n = 4 animals) AFC during ovarian follicular

waves. PG was used to synchronize estrus, and ovarian ultrasonography was used to map

follicular development and determine the 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. Sermn samples that corresponded with ovulatory follicular waves (6—8 days

preceding ovulation through day of ovulation) were analyzed for AMH concentrations.

Data for each animal were aligned relative to the day of ovulation and data were plotted

based on the results ofa linear regression analysis (P > 0.20) for each group. Each point

represents the mean 1 SEM for 4 or 8 animals and n = total number ofanimals in each

group.
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Discussion

Cattle with low versus a high AFC also have higher serum FSH and LH but lower

progesterone concentrations during estrous cycles [9, 10, 12, 13]. However, unlike FSH,

LH, and progesterone, which vary considerably during estrous cycles of individual cattle

[9, 10, 13-18], AMH concentrations remain static during reproductive cycles [19, 63, 66-

68, 80]. Moreover, the variation in AMH concentrations among individuals is positively

associated with number of healthy growing follicles in ovaries [19, 52, 63, 66, 67, 71].

The most significant findings of the present study demonstrated that: 1) circulating AMH

concentrations are highly positively associated with average daily follicle counts during

all follicular waves and with the average AFC (peak follicle number per wave), and 2)

AMH concentrations are static, but much greater during estrous cycles of cattle with high

or intermediate versus a low AFC. AFC is also highly positively associated with ovary

size and total number of morphologically healthy follicles and oocytes in the ovarian

reserve of cattle [l 1]. Taken together, these findings illustrate that the high variation in

AMI-l concentrations observed among individual cattle in the present study is positively

linked not only to the high variation in AFC, but also to the inherently high variation in

the ovarian reserve [11]. This important observation, coupled with results showing that

AMI-I concentrations are static during reproductive cycles[Chapter l; 19, 63, 66-68, 80],

strongly indicate that measurement ofAMH concentrations on any day of the estrous

cycle could be a simple, non-invasive method to predict reliably the relative size of

ovarian reserves in young adult cattle. This finding has practical importance, as already

mentioned, because future studies can take advantage ofthis discovery to conduct large

field trials with sufficient numbers of animals to firmly establish if the variation in AMH
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concentrations and correspondingly AFC and size of the ovarian reserve are positively

linked with fertility in cattle.
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CHAPTER 3

C. Is a single serum AMH measurement predictive ofAMH concentrations

during the estrous cycle, number of antral follicles, and ovary size in cattle?

Introduction

Cattle can be phenotyped reliably based on AFC [10], and AFC is highly

positively associated with ovary size, total number of morphologically healthy follicles

and oocytes in ovaries, and circulating concentrations ofAMH in cattle [1 1]. Although

AMH concentrations are highly variable among cattle, like AFC, alterations in daily

serum AMI-I concentrations during estrous cycles are static in individuals [Chapter 1, 11,

80] similar to results for mice [67] and women [52, 68, 69]. These important findings

support the hypothesis that a single AMH measurement taken on any day of the estrous

cycle is representative ofAMH concentrations throughout the estrous cycle and

positively associated with AFC, ovary size, and total number of morphologically healthy

follicles in ovaries of cattle. To test this hypothesis, the present study examined whether

a single AMH measurement was correlated with the average of multiple AMH

measurements made on different days of the estrous cycle, number of antral follicles, and

ovary size in cattle.
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Methods and Materials

Animals

Cattle used in experiments were at one of three different locations: 1) the Lyons

Research Farm, University College Dublin, Ireland; 2) Michigan State University Beef

Cattle Teaching and Research Centers, East Lansing, Michigan; or 3) Green Meadow

Farms Inc., Elsie, Michigan. 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), and the European Union Directive

86/609/EC, or the Institutional Animal Care & Use Committee at Michigan State

University (04/08-064-00).

Association of a single AMH concentration with the average of multiple

AMH concentrations on different days of an estrous cycle in beef heifers

Cattle used for this experiment were fi'om two different studies [11, 13]. In Study

I, conducted at the Lyons Research Farm in Ireland, the estrous cycles ofbeefheifers

(18.9 d: 0.6 months of age; 11 = 18 animals) were synchronized with PG injections spaced

11 days apart, and the ovaries were subjected to daily ultrasonography to determine the

day ofovulation Jugular blood samples were taken at 11:00 AM via venipuncture at 24-

hour intervals beginning on Day 6 ofthe estrous cycle and continuing until 1 day post

ovulation (Day 2 of estrous cycle). In Study 2, conducted at Michigan State University

Beef Cattle Teaching and Research Center, blood samples were collected from the

coccygeal vein of beefheifers (12—14 months of age, n = 7 animals) via venipuncture.

The first blood sample was taken immediately before first PG injection, whereas
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additional samples were taken 48 hours after the last injection ofPG and daily until 4

days after ovulation. A total of4 to 8 daily samples from the 25 animals in the two

studies were analyzed for serum AMH concentrations. To examine the relationship

between a single versus the average for multiple AMH measurements during the estrous

cycle, each single AMH measurement was compared with the overall mean of the 4 to 8

daily AMI-l measurements in the same individual.

Association of a single AMH concentration with the average of multiple

AMH concentrations on different days of an estrous cycle in dairy heifers

Blood samples were collected via venipuncture from the coccygeal vein of

Holstein dairy heifers (12—15 months of age; 11 = 23 animals) located at Green Meadow

Farms Inc. Elsie, Michigan. The first blood sample was taken on an unknown day during

the estrous cycle, followed immediately by a PG injection to induce luteolysis. The

second blood sample was taken 11 days after the first blood sample and immediately

before the second PG injection. The last blood sample was taken 4 days after the second

blood sample (and PG injection). The three blood samples were analyzed for serum

AMH concentrations. Each single AMH measurement was compared with the overall

mean for the three AMH measurements in the same individual.

Association of a single AMH concentration with follicle number and ovary

size in dairy cattle

Purebred Holstein heifers from Green Meadow Farms Inc. (12—15 months of age;

11 = 275 animals) were administered 2 PG injections 11 days apart. A single coccygeal
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vein blood sample was removed from each animal 96 hours after the second PG injection

(~ 0 to 2 days after ovulation) and analyzed for serum AMH concentrations.

Immediately before blood sampling, ovarian ultrasonography with an Aloka SSD-900

linear array trans-rectal probe (7.5-MHz transducer) was used to determine total number

of follicles Z 3 mm in diameter as previously described [9, 10]. Because of the large

number ofanimals in this study, AFC was not determined to avoid significant disruption

of routine management practices at Green Meadow Farms Inc., caused by the handling of

each animal daily for several weeks to reliably determine AFC [10]. After each ovary

was scanned from end to end, the largest ovary image was “frozen’ ’ on the ultrasound

monitor and the height and length of each ovary image were determined with an internal

calibrator and recorded [1 1]. Total ovary area (hereafter referred to as ovary size) was

calculated by combining the surface area (3.1416 x (length/2) x (height/2)) for each

ovary.

AMH concentrations were highly variable among cattle ranging from 6.25 to

432.5 pg/ml in the present study. Thus, to evaluate the relationship between AMH

concentrations, follicle number and ovary size, frequency distribution analysis was used

to determine number of animals at each 20-pg/ml increment ofAMH concentration from

5 to > 85 pg/m1(e.g., 5-25, 26-45, 46-65, 66-85, > 85 pg/ml). AMH increments stopped

at > 85 pg/ml because of the sparse distribution ofthe remaining 66 animals that had

AMH concentrations > 85 pg/ml within each subsequent 20-pg/ml interval. Frequency

distribution was utilized to determine if mean follicle number and ovary size differed

between groups of animals at the different 20-pg/ml AMH intervals.
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AMH assay

The commercially available human IVflS/AIVfl-I ELISA kit (DSL-10-14400,

Beckman Coulter, Inc.) was validated previously (Chapter 1) and used to measure serum

AMH concentrations in cattle per kit instructions. The two-site AMH assay does not

cross-react with other members of the TGFB superfamily including TGFB, bone

morphogenetic protein-4 (BMP—4), or activin [67]. Because AMH concentrations are

relatively low in cattle in comparison to humans [69], the only modification to the assay

was to measure duplicate 40 [11 rather than 20 [11 volumes of serum fi'om beef heifers and

80 [11 rather than 40 ill or 20 ul volumes of serum from dairy heifers during assays. The

inter- and intra-assay coefficients ofvariation for beefand dairy cattle were <15% (n =

11 assays) and <23% (11 = 11 assays), respectively.

Statistical analysis

All statistical analyses were performed using Statistical Analysis System (SAS

9.] Institute, Cary, NC). Linear regression analysis (P < 0.05) was used to compare

single AMH measurement with the overall mean for the 3-8 AMH measurements in the

same individual [77]. Pearson correlation analysis was used to determine the association

between AMH measurements, number of follicles Z 3 mm in diameter, and ovary size. A

frequency distribution analysis was used to further evaluate the relationship between

AMH concentrations, follicle number and ovary size by grouping animals at each 20-

pg/ml increment ofAMH concentration from 5 to > 85 pg/ml (e.g., 5-25, 26-45, 46-65,

66-85, > 85 pg/ml).
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Results

Association of a single AMH concentration with the average of multiple

AMH concentrations on different days of an estrous cycle in beef and dairy

heifers

Each single AMH measurement from an individual beef heifer, regardless of

which day during the estrous cycle the measurement was made, was very highly

correlated (r = 0.98, P < 0.01; Figure 7) with the overall mean of4 to 8 daily AMH

measurements in the same individual. Similarly, results from dairy heifers confirm

findings from beefheifers and show that a single AMH measurement at a random stage

ofthe estrous cycle and before PG injections was very highly correlated (r = 0.97, P <

0.01; Figure 8) with the overall mean for the three daily AMH measurements made

before and on several different days after PG.

Association of a single AMI-I concentration with follicle number and ovary

size in dairy cattle

The results of a Pearson correlation analysis indicated that a single AMH

measurement was moderately associated with number of follicles (r = 0.54, P < 0.01) and

ovary size (r = 0.32, P < 0.01) in dairy cattle. Frequency distribution analysis showed

that the proportion ofthe total number ofanimals (n = 275) within each 20-pg/ml

increment ofAMH from 5 to > 85 pg/ml ranged fi'om 15 to 24%. The average number of

follicles was greater (P < 0.1 to P < 0.01) for animals that had AMH concentrations >45

pg/ml compared with the animals with AMH concentrations between 5-25 pg/ml.
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Figure 7. Association of a single AMH measurement with the average of multiple

AMH measurements on different days of an estrous cycle in beef heifers.

Blood samples were obtained from beef heifers (18.9 i 0.6 months ofage, n = 18

animals, 12-14 months of age, 11 = 7 animals) on different days ofthe estrous cycle from

animals in Study 1 and Study 2 as explained in Materials and Methods. Data from

Studies 1 and 2 were combined for statistical analysis. Each symbol represents a single

AMH measurement for each animal versus the average of 4 to 8 AMH measurements for

that animal. The line depicts the results of linear regression analysis (11 = 25 animals; r =

correlation coefficient = 0.98, r2 = coefficient of determination = 0.97; P < 0.01).
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Figure 8. Association of a single AMH measurement with the average of multiple

AMH measurements on different days of an estrous cycle in dairy heifers.

Blood samples were obtained from purebred Holstein heifers (12-15 months of

age; 11 = 23 animals) located at Green Meadow Inc. in Elsie, Michigan. The first blood

sample was taken on an unknown day during the estrous cycle, followed immediately by

a PG injection to induce luteolysis. The second blood sample was taken 11 days after the

first blood sample and immediately before the second PG injection. The last blood

sample was taken 4 days after the second blood sample (and PG injection). Each symbol

represents a single AMH measurement for each animal versus the average of 3 AW

measurements for that anirml. The line depicts the results of linear regression analysis (r

= correlation coefficient = 0.97, r2 = coefficient of determination = 0.94; P < 0.01).
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The average ovary size was greater (P < 0.1 to P < 0.01) for animals with AMH

concentrations > 65 pg/ml when compared with animals with AMH concentrations

between 5-25 pg/ml (Figure 9).

Discussion

The most significant finding of the present study demonstrated that a single AMH

measurement was nearly identical to the average for multiple daily AMH measurements

on different days of an estrous cycle and was correlated with number of follicles and

ovary size in cattle. These findings, coupled with the high degree ofassociation between

AFC and size of the ovarian reserve in cattle [11], indicate that a single AMI-I

measurement during the estrous cycle is a reliable diagnostic marker to predict relative

AFC, ovary size, and total number ofmorphologically healthy follicles and oocytes in

ovaries ofage-matched, young adult cattle.

The present study rigorously tested whether a single AMH measurement was

reflective ofmultiple AMH measurements on different days ofthe estrous cycle. AMH

measurements were made on randomly chosen days ofan estrous cycle and before and

after PG-induced luteolysis in beef and dairy heifers. The results showed that any single

AMI-I measurement was very highly correlated with the average for all AMH

measurements during the estrous cycle. Indeed, only 3 of 260 AMH measurements

differed markedly fi'om the linear regression lines (see Figure 7 and Figure 8). Moreover,

our previous report shows that only 1 of 16 animals had daily AMH concentrations that

varied significantly during an estrous cycle (see Chapter 1, Figure 4). Taken together,

these findings provide strong evidence that, in the vast majority of cattle, a single AMH
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Figure 9. Distribution of cattle and the corresponding average for number of

follicles and ovary size at each 20-pg/m1 interval ofAMH.

Purebred Holstein heifers (12-15 months of age; 11 = 275 animals) were given two

PG injections 11 days apart. A single coccygeal vein sample was removed from each

animal 96 hours after the second PG injection (~ 0 to 2 days after ovulation) and analyzed

for serum AMH concentrations. Immediately before blood sampling, ovarian

ultrasonography was used to determine the total number of follicles 2 3 mm in diameter

and length and height of each ovary as previously described [9, 10]. Total ovary area was

calculated by combining the surface area (3.1416 x (length/2) x (height/2)) for each

ovary. A frequency distribution plot shows proportion of the total number of animals (n

= 275) ranged from 15 to 24% at each 20-pg/ml interval ofAMH from 5 to > 85 pg/ml,

as explained in Materials and Methods. Results also depict the number of follicles _>_ 3

mm in diameter and ovary size for groups of animals at each 20 pg/ml increment of

AMH. Asterisk indicates means differ significantly (* = P < 0.1, *** = P < 0.01) from

the mean for animals in the 5-25 pg/ml ofAMH group.
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measurement, regardless of stage ofthe estrous cycle or breed, is very highly correlated

with the overall average for multiple AMH measurements on different days of the estrous

cycle. This important finding supports previous studies showing that AMH

concentrations are static not only during estrous cycles in cattle [11, 80], but also during

reproductive cycles in mice [67] and women [52, 68, 69].

Number of follicles growing during each day of a follicular wave in individual

cattle vary 200 to 400%, whereas the peak number of growing follicles during each of the

two or three waves of an estrous cycle (AFC) is highly repeatable (r = 0.85 to 0.95)

within individuals and typically varies only ~ 10 to 30% [9, 10]. Moreover, as already

mentioned, AFC is highly correlated with AMH concentrations in cattle [11] and with

ovary size and total number of morphologically healthy follicles in the ovarian reserve of

cattle [11]. Because a single determination of follicle number at an unknown stage of a

follicular wave rather than AFC was determined for cattle in the present study, this may

explain why AMH concentrations were not as highly correlated with follicle number (r =

0.54) or ovary size (r = 0.32) in dairy heifers as previously reported for beef heifers [r = >

0.88; 1 1]. Nevertheless, even though AFC was not determined in the present study,

AMH concentrations, follicle numbers and ovary size were moderately correlated. This

finding, coupled with results ofprevious studies demonstrating a positive association

between AMH concentration and number of follicles in women [63, 66, 69], mice [67],

and cattle [11], strongly supports the conclusion that a single AMH measurement is a

reliable diagnostic marker to predict relative number of follicles, ovary size, and

correspondingly the total number of morphologically healthy follicles and oocytes in the

ovarian reserve in cattle.
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CHAPTER 4

D. Is the variation in somatic cell count of dams correlated with AMH

concentration in their female offspring?

Introduction

The factors that cause or contribute to the inherently high variation in number of

follicles and oocytes, AMH concentrations, and ovary size [1 l], which may negatively

impact ovarian function and fertility in cattle [2-4, 6, 7, 11, 24-26] are unknown.

Nevertheless, numerous environmental factors during pregnancy such as exposure to

toxicants [89], excessive hormones [90], disease [91-93], or inadequate nutrition [94, 95]

negatively impact embryo development, and reduce follicle numbers and ovary size in

human and bovine embryos [94, 96, 97]. Based on these findings, a chronic mammary

gland infection or inflammation in dairy cows is hypothesized to negatively impact

ovarian development in offspring. To test this hypothesis, the present study examined

whether somatic cell count (SCC) during pregnancy of dairy cows was associated with

circulating AMH concentrations in their young adult daughters. AMH was measured

because it is a reliable biomarker for total number ofmorphologically healthy follicles

and oocytes in ovaries and ovary size and flmction in cattle [9-13]. SCC was measured

because maternal infection or inflammation during gestation, such as a mastitis, which

results in a high SCC in milk [2 200,000 cells/ml; 98, 99-103], could potentially
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negatively impact embryo development and in turn ovary development and fimction in

the embryo.

Methods and Materials

Animals

Purebred Holstein heifers (12-15 months of age; it = 275 animals) from Green

Meadow Farms Inc. (Elsie, M1) were administered two PG injections 11 days apart. A

single coccygeal vein sample was removed from each animal 96 hours after the second

PG injection (~ 0 to 2 days after ovulation) and analyzed for serum AMH concentrations.

All experiments were performed in compliance with protocols approved by the

Institutional Animal Care & Use Committee at Michigan State University (04/08-063-

00).

Dairy Cow Records

Dairy Comp 305 software [104] was used to access records for each heifer’s dam

at Green Meadow Farms Inc. Records were used to determine the age of the dam at birth

of each heifer, level of milk production, as determined by the 305 mature equivalent

(ME, average milk production for 305 days adjusted for dam age and season ofcalving)

during gestation of the daughter, and the somatic cell count (SCC) in milk from two

months prior to pregnancy and during pregnancy (5 to 7 measurements recorded).

Records for milk production and average SCC were only available for dams with one or

more calves (n = 192 of 275 dams).
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Association of number of SCC measurements 2 200,000 in individual dairy

cows with AMH concentrations in their daughters and age and level of milk

production for each heifer’s dam

The SCC measurements (11 = 5 to 7 per cow) from two months prior to pregnancy

and during pregnancy were very highly variable both within (13,000 to 9,052,000

cells/ml) and among (13,000 to 9,701,000 cells/ml) dairy cows in the present study.

Thus, a single very high SCC measurement could distort the overall mean SCC for an

individual and not be indicative of a chronic mammary gland infection. Moreover, a

portion ofthe high variation in the 5 to 7 SCC measurements for each animal may be

representative of a normal physiological rather than pathological range. Consequently,

use ofthe overall mean SCC two months before and during pregnancy is probably not the

best method to identify cows with potential chronic mammary gland infections or

inflammation. Alternatively, SCC measurements 2 200,000 are routinely used as an

index of recurrent udder infections or inflammation in dairy cattle [98-103].

To evaluate the potential impact ofa chronic mammary gland infection or

inflammation on reproductive function in their daughters, each dam was grouped based

on the number oftimes her SCC measurements were 2 200,000 cells/ml of milk.

Whether number of SCC measurements 2 200,000 in individual dairy cows was

associated with AMH concentrations in their daughters and with the dam’s age and level

ofmilk production was then determined.
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AMH assay

The commercially available human MIS/AMH ELISA kit (DSL—10-14400,

Beckman Coulter, Inc.) was previously validated (Chapter 1) and used to measure serum

AMI-I concentrations in cattle per kit instructions. The two-site AMH assay does not

cross-react with other members of the TGFB superfamily including TGFB, bone

morphogenetic protein-4 (BMP4), or activin [67]. Because AMH concentrations are

relatively low in cattle in comparison to humans [69], the only modification to the assay

was to measure duplicate 80 ul rather than 20 [11 volumes of serum from dairy heifers

during assays. The inter- and intra-assay coefficients ofvariation were <23% (11 = 11

assays).

Statistical analysis

All statistical analyses were performed using Statistical Analysis System (SAS

9.1 Institute, Cary, NC). AMH concentrations in heifers and age and milk production

were grouped based on number of SCC measurements 2 200,000 for each heifer’s dam.

Results were analyzed by quadratic or linear regression analysis, and a t-test was used to

determine if means differed (P < 0.05) among the SCC groups [77].

Results

Number of SCC measurements 2 200,000 ranged fi'om 0 to 5 per cow, and AMH

concentrations in heifers decreased (P < 0.02) as number of SCC measurements 2200,000

per cow increased from 0 to 5 in their dams (Figure 10A). Although the average AMH
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Figure 10. Association of number of SCC measurements 2 200,000 in cows with

alterations in AMH concentrations in their daughters.

AMH concentrations were determined in young adult Holstein heifers (n = 192).

Each heifer was grouped based on number of SCC measurements 2 months before and

during pregnancy (11 = 5 to 7 measurements per cow) that were 2 200,000 in their dams

(range = 0 to 5 measurements _>_ 200,000 per cow). Number ofcows and percentage of

the herd for each SCC group are depicted above each bar. In Panel A, the dotted

regression line shows that AMI-l concentrations in heifers decrease (P < 0.05) as number

of SCC measurements 2 200,000 increases in their dams. Panel B shows the combined

average for AMH concentration for daughter’s of cows with 4 or 5 SCC 2 200,000

compared with the combined average for AMI-1 concentration for daughters ofcows with

0 to 3 SCC 2 200,000. Asterisk indicates a significant difference (*** = P <0.01)

between groups.
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concentration was similar (P > 0.10) among SCC groups, the combined average for AMH

concentration for daughter’s of cows with 4 or 5 SCC 2 200,000 was much lower (P

<0.01) compared with the combined average for AMH concentration for daughters of

cows with 0 to 3 SCC 2 200,000 (Figure 10B).

Number ofSCC measurements 2 200,000 in dams was also positively associated

(P < 0.01; Figure 11A) with the dam’s age. Although individual means were similar (P >

0.10), the combined average age ofcows with 4 or 5 SCC measurements 2 200,000 was

1.3 years greater (P < 0.01) compared with the combined average age for cows with 0 to

3 SCC measurements 2 200,000 (Figure 11B). Number of SCC measurements 2200,000

also tended (P < 0.10) to be inversely associated with level ofmilk production (data not

shown).

Discussion

The most significant finding of the present study indicated that dairy cows with

the highest number ofSCC measurement 2 200,000 were older, tended to have lower

milk production, and had daughters with much lower serum AMH concentrations as

nulliparous young adults compared with the dairy cows with a lower number of SCC

measurements 2 200,000. Others also report that older dairy cattle have a higher

incidence of mastitis [105-107] and lower milk production [108-1 10]. However, our

study is the first to link a potential chronic mammary gland infection/inflammation in

dairy cows with potentially diminished ovarian development and function in their

daughters.

52



Figure 11. Association of age with number ofSCC measurements 2 200,000 in cows.

Holstein cows (n = 192) were grouped based on number of SCC measurements (n

= 5 to 7 total measurements per cow) that were 2 200,000 (range = 0 to 5 measurements

2 200,000 per cow). Nmnber of cows and percentage of the herd for each SCC group are

depicted above each bar. In Panel A, the dotted regression line shows that number of

SCC measurements 2 200,000 per individual increased as age of cows. increased (P <

0.01). Panel B shows the combined average age ofcows with 4 or 5 SCC 2 200,000

compared with the combined average age ofcows with 0 to 3 SCC 2 200,000. Asterisk

indicates a significant difference (*** = P < 0.01) between groups.
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While the mechanism whereby a chronic mammary gland infection during

pregnancy may negatively impact ovary development in offspring is unclear, mastitis

enhances maternal secretion of cytokines such as interleukin-II?) and interferon-a [111-

114]. Interleukin-10 reduces proliferation of endometrial stromal cells [115] while

interferon-a decreases LH secretion and progesterone production [116, 117].

Consequently, significant alterations in secretion of these maternal factors would be

expected to alter uterine function [118], which in turn, may have a negative impact on

embryo development and thus also potentially compromise ovary development and

flmction in embryos. In addition, several studies show that maternal environment in

otherwise healthy individuals can have a negative impact on ovarian development and

function of offspring. For example, pregnant sheep exposed to environmental factors

such as excessive androgens have smaller offspring at birth, and these offspring have a

reduced ovarian reserve and earlier onset of infertility as adults compared with controls

[90]. In addition, nutrition restriction during pregnancy in sheep results in fewer follicles

developing beyond the primordial stages in offspring [1 l9], and calves born to

nutritionally restricted mothers have 60% lower AFC compared with calves born to

control mothers [94]. Moreover, girls born with low gestational birth weights, potentially

caused by the undemourishment of the mother [95], have reduced ovulation rates [120]

and reduced uterine and ovary size [96, 97]. Taken together, it is possible that potentially

inadequate nutrition of the older pregnant dairy cows with relatively low milk production

and chronic mammary gland infection in the present study could also have a negative

impact on ovarian development during fetal life and potentially explain why AMH

concentrations were diminished in their daughters as nulliparous young adults.
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In conclusion, although mechanisms are unclear, our results imply that a chronic

mammary infection or inflammation during pregnancy of cows (as predicted by a high

number of SCC measurements _>_ 200,000) is associated with lower AMH concentrations,

and correspondingly diminished ovarian development and function and perhaps reduced

fertility of their daughters.
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CHAPTER 5

E. Does FSH, which regulates follicular development and estradiol production,

also regulate AMH production in granulosal cells?

Introduction

Granulosal cells produce AMH [19], and circulating AMH concentrations are

positively associated with number of healthy growing follicles in several species [52, 63,

66, 67, 71, 121] including cattle [11, 80]. Thus, the high variation in number of antral

follicles [9-11] may explain why AMH concentrations are also highly variable among

cattle (e.g., up to ~72-fold among young adult Holstein heifers, Chapter 3). However, the

factors (e.g., hormones, growth factors) that regulate AMH production by granulosal cells

have not been thoroughly investigated.

FSH is a key hormone that regulates granulosal cell differentiation and function,

follicle growth and survival, and estradiol production [122]. Because AMH is produced

exclusively in females by granulosal cells of healthy growing follicles [19], FSH may

also regulate AMH production. For example, treatment of adult rats with human

recombinant FSH or estradiol benzoate decreases abundance ofAMH and AMH receptor

type 2 (AMHRII) mRNAs in granulosal cells ofpreantral and small antral follicles [84].

In addition, serum AMH concentrations decrease in women treated with FSH during

ovarian stimulation protocols while estradiol concentrations increase [121, 123-125].
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Similarly, as women age and number of follicles decline, serum AMH concentrations

decrease [63, 71] coincident with an increase in circulating FSH concentrations [56, 63,

121, 126-130]. Moreover, our laboratory has recently demonstrated that serum AMH

concentrations are inversely correlated with circulating concentrations ofFSH in age-

matched heifers [l 1]. Based on these findings, FSH is hypothesized to have a negative

impact on AMH production by bovine granulosal cells. To test this hypothesis, the

present study determined if: 1) FSH decreased capacity of granulosal cells to produce

AMH, and 2) removal of androgen substrate, which is required for estradiol production,

modulated FSH-induced alterations in AMH production. Unlike previous studies, the

present study utilized a long-term serum-free bovine granulosal cell culture system [13,

131, 132] to directly test the effect of FSH on granulosal cell AMH production.

Methods and Materials

Long-term bovine granulosal cell culture

Granulosal cells were cultured in serum-free media as described previously [13]]

with some modifications. Briefly, ovaries from beefand dairy cows at random stages of

the estrous cycle were obtained from JBS Packing Company Inc. (Plainwell, MI), placed

into a bottle containing ice-cold supplemented Dulbecco's phosphate buffered saline

solution (DPBS), and transported to the laboratory. Granulosal cells from 3 to 5 mm

follicles were collected and pooled in a 15-ml centrifuge tube containing MEM-a culture

media supplemented with sodium bicarbonate (lOmM), HEPES (20mM), antibiotics (100

IU/ml penicillin and 0.1 mg/ml streptomycin), Fungizone-amphotericin B (0.625til/ml),

nonessential amino acids (1.1mM), bovine insulin (1 ng/ml), long R3-IGF-I (2 ng/ml),
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sodium selenite (4 ng/ml), apo-transferrin (Sug/rnl), and androstenedione (10'6 M). After

harvest from follicles, the cells were washed with culture media three times and

resuspended in 2 ml media. Cell number was estimated by a Coulter Counter Particle Zl

(Beckman Coulter, Inc., Fullerton, CA) while cell viability was estimated using Trypan

Blue dye exclusion [133]. Cells (100,000 live cells per well) were plated in 96-well

Falcon Primaria plates and cultured at 37°C in a humidified atmosphere (5% C02 and

95% air). During culture, 75% of media was removed and replaced with fresh media on

days 2 and 4 of culture, and cultures were terminated after 6 days of culture.

Estradiol and progesterone assays

Commercially available RIA kits (Diagnostic Products Corp, Los Angeles, CA)

previously validated by our laboratory [13, 134, 135] were used to measure

concentrations of estradiol and progesterone in spent media. Estradiol assay sensitivity

was 0.5 pg/ml and progesterone assay sensitivity was 0.05 nglml [13, 131]. Intra- and

interassay coefficients of variation for both RIA assays were < 8%. Results were

expressed as pg or ng per 30,000 cells.

AMH assay

A commercially available human MIS/AMH ELISA kit (DSL-10-14400,

Beckman Coulter, Inc., Brea, CA), which was validated for use in cattle [Chapter 1; 11],

was used to measure AMH concentrations in spent media per kit instructions. The two-

site AMH assay does not cross-react with other members of the TGFB superfamily

including TGFB, bone morphogenetic protein-4 (BMP-4), or activin [67]. The inter- and
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intra-assay coefficients of variation were <7%. AMH concentrations in different volumes

of spent media collected from granulosal cells treated with 0 or 25 ng/ml ovine FSH

(oFSH) were parallel with the AMH standard curve, and AMH concentrations were

undetectable in media (data not shown).

Messenger RNA Analyses

Total RNA was isolated from granulosal cells using the RNeasy mini kit (Qiagen,

Valencia, CA) per kit instructions. RNA was treated with DNase to remove genomic

DNA contamination and reverse transcribed [136]. Expression ofAMH and oxytocin

mRNAs was analyzed by real-time quantitative PCR [137]. Primers were designed using

either Primer Express (Applied Biosystenrs, Foster City, CA) or PerlPrimer [138] for

bovine sequences in Genbank, and the amplicon sizes ranged from 73 to 269 bp (Table

1). Copies ofAMH and oxytocin mRNAs were quantified using the standard curve

method for absolute quantification [139] and expressed as copies of target gene per

10,000 copies of B—actin.

Study 1: Efl'ect of FSH and removal of androgen substrate on AMH

production and abundance of AMH mRNA in bovine granulosal cells.

Granulosal cells were treated with 0, 0.01, 0.05, 0.1, 0.5, 1, 10, or 25 ng/ml oFSH

(AFP7558C; National Hormone and Pituitary Program, Baltimore, MD) for 6 days.

Each FSH dose was replicated 12 times. On day 4 of culture, 75% media was removed

as explained earlier. However, cells were washed twice with fresh media with or without

androstenedione (10'6 M), and cells were then cultured
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for two additional days with or without androstenedione and the different doses ofoFSH.

To terminate cultures on day 6, 75% ofthe media was removed from each well and

stored at -20°C until subsequent measurements of estradiol and AMH. Wells were then

washed with 150 pl DPBS twice, incubated with trypsin-EDTA (0.125mg/well), and cells

were removed from each well by trituration. Cell numbers were determined from 3 pools

of granulosal cells (2 wells per pool x 3 pools) per FSH dose. Estradiol and AMH

concentrations were expressed as ng or pg per 30,000 cells. Total RNA was isolated

from 1 pool of granulosal cells (6 wells) per oFSH dose. Abundance ofAMH mRNA

was expressed as copies ofAMH per 10,000 copies of B-actin. Each experiment was

replicated three times.

Study 2: Effect of FSH on progesterone production and abundance of

oxytocin mRNA in bovine granulosal cells.

Enhanced progesterone production and abundance ofoxytocin mRNA are well

established markers for Iuteinization of granulosal cells [140]. Previous studies

demonstrated that relatively high doses ofFSH increase progesterone and oxytocin

production during culture of bovine granulosal cells [141-144]. Therefore, media and

cells obtained from Study 1 were measured for progesterone production and abundance

of oxytocin mRNA, respectively, as explained in Study 1, to determine if doses ofFSH

induced Iuteinization of granulosal cells. Progesterone concentrations were expressed as

ng progesterone per 30,000 cells while abundance ofoxytocin mRNA was expressed as

copies ofoxytocin per 10,000 copies of B-actin mRNA.
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Statistical analysis

All statistical analyses were performed using Statistical Analysis System (SAS

9.1 Institute, Cary, NC). Data are presented as means If: SEM for all experiments.

Results were analyzed statistically using a linear regression or a multivariate ANOVA

followed by Tukey-Kramer test to determine if means differed. Data were log

transformed when necessary to meet the assumptions of normality [77]. A value of P S

0.05 was considered significant [77].

Results

Study 1: Effect of FSH and removal of androgen substrate on AMH

production and abundance ofAMH mRNA.

Treatment of granulosal cells with doses ofFSH up to 0.5ng/ml did not alter (P >

0.60) cell numbers, but resulted in a dose-dependent linear increase (P < 0.01) in estradiol

and AMH concentrations in media and abundance ofAMH mRNA (Figure 12 solid bars).

In contrast, treatment ofcells with doses ofFSH > 0.5 ng/ml resulted in a linear decrease

(P < 0.01) in estradiol and AMH concentrations and abundance ofAMH mRNA.

Removal of androgens decreased (P < 0.01) overall FSH-stimulated estradiol production

74% (Figure 123), but did not alter (P > 0.10) AMH production or abundance ofAMH

mRNA (Figure 12C and 12D) compared with cells cultured with androstenedione.

Removal of androstenedione from media also did not alter (P > 0.93) cell numbers

(Figure 12A).
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Figure 12. Effect of FSH and removal of androgen substrate during culture on

bovine granulosal cell numbers, estradiol and AMH production, and abundance of

ANHI mRNA.

Granulosal cells were treated with various doses ofFSH for 6 days. Cell numbers (Panel

A), estradiol production (Panel B), AMH production (Panel C) and abundance ofAMH

mRNA (Panel D) were measured on Day 6 of culture as described in Materials and

Methods. Estradiol and AMH production were normalized to 30,000 cells and abundance

ofAMH mRNA was expressed as copies ofAMH mRNA per 10,000 c0pies B-actin

mRNA in the same samples. Cell number and estradiol bars represent the mean : SEM

for 9 pools ofgranulosal cells (3 experiments x 3 pools per experiment) and AMH

production and AMH mRNA bars represent the mean 1 SEM for 3 pools of granulosal

cells (3 experiments x 1 pool per experiment). Results ofANOVA and linear regression

analysis are reported in Results. Asterisk indicates a significant difference (P S 0.05)

between cells cultured with or without androstenedione for each FSH dose.
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Study 2: Effect of FSH on progesterone production and abundance of

oxytocin mRNA in culture bovine granulosal cell.

FSH doses < 1 ng/ml did not alter progesterone concentrations in media and FSH

doses < 0.5 ng/ml did not alter abundance of oxytocin mRNA. However, FSH doses

Zlng/ml increased (P < 0.01) progesterone concentrations and abundance ofoxytocin

mRNA in a linear fashion (Figure 13), which coincided with the decrease in estradiol

(Figure 12B, solid bars) and AMH production (Figure 12C, solid bars) and abundance of

AMH mRNA (Figure 12D, solid bars).

Discussion

The most significant findings of the present study demonstrated that during

culture ofbovine granulosal cells: 1) relatively low doses ofFSH increased AMI-I

production and abundance ofAMH mRNA concomitant with an increase in estradiol

production, 2) the decline in AMH and estradiol production following treatment with

relatively high doses of FSH may be caused by Iuteinization of granulosal cells, and 3)

removal ofandrogen substrate and the corresponding marked reduction in estradiol

concentrations had no effect on the FSH-induced capacity of granulosal cells to produce

AMH. These results imply that FSH has a key role in modulation of the capacity of

bovine granulosal cells to produce AMH.

AMH is produced primarily by granulosal cells of morphologically healthy small

growmg preantral and antral follicles in mice [19]. However, the major cell or follicle

type that produces AMH in cattle is unknown. The present study used a serum-free

culture system to determine the direct effect ofFSH on AMH production by bovine
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Figure 13. Effect of FSH on progesterone production and abundance of oxytocin

mRNA in cultured bovine granulosal cells.

Granulosal cells were treated with various doses ofFSH for 6 days as explained in

the legend for Figure 12. Progesterone production was normalized to 30,000 cells and

oxytocin mRNA expressed as copies of oxytocin mRNA per 10,000 copies B-actin

mRNA. Bars for progesterone values represent the mean 1 SEM for 9 pools of

granulosal cells (3 experiments x 3 pools per experiment) and bars for oxytocin mRNA

values represent the mean 1; SEM for 3 pools of granulosal cells (3 experiments x 1 pool

per experiment). Results of linear regression analysis are explained in Results. Asterisk

indicates a significant difference (P <0.05) compared with the untreated (0 ng/ml FSH)

group.
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granulosal cells isolated fi'om relatively small [3 to 5 mm in diameter; for comparison

ovulatory follicles = 15 to 20 mm in diameter in cattle; 145] antral follicles. Results

demonstrated that treatment ofbovine granulosal cells with concentrations ofFSH S 0.5

ng/ml, which are similar to circulating serum FSH concentrations in cattle [9, 10],

increases AMH production and abundance ofAMH mRNA. In contrast to the positive

role ofFSH on AMH production in granulosal cells in vitro, results of previous in vivo

studies imply that FSH may have a negative role in regulation ofAMH production. For

example, FSH treatment during controlled ovarian hyperstimulation decreases circulating

AMH concentrations in women [121, 123-125] and inhibits AMH mRNA expression in

rats [84]. Age-matched cattle with a low AFC and relatively high circulating FSH

concentrations also have lower serum AMH concentrations [1 l] and lower expression of

AMH mRNA in granulosal cells [12] compared to cattle with a high AFC and lower

circulating FSH concentrations. While the precise reason for the difference in FSH

action on AMH production between the in vivo and in vitro studies is unknown, several

explanations are plausible. For example, none ofthe in vivo studies established if the

decrease in AMH production was caused by FSH treatment directly, or indirectly by

FSH-induced alterations in growth of different follicle types with differing capacities to

produce AMH, as previously suggested [123, 146, 147]. In women, for example, FSH

treatment administered during controlled ovarian hyperstimulation protocols stimulates

small antral follicles to develop into much larger antral follicles [148]. Studies in women

show that preantral and small antral follicles (S 4 mm) have the highest levels ofAMH

expression [149], and small antral follicles have the highest follicular fluid AMH

concentrations [150]. In contrast, large antral follicles (4-8 mm) have a reduced or no
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AMH expression [149] and very low follicular fluid AMH concentrations [> 9 mm; 150].

Consequently, the decrease in serum AMH concentrations following exogenous FSH

treatment in women may have been caused by a reduction in the number ofsmall antral

follicles, which have the highest AMH production.

In further support ofthe possibility that FSH may have a differential impact on

AMH production by granulosal cells from different follicle types, previous studies

reported that serum AMH concentrations are positively correlated with number of small

antral follicles (< 12 mm), but not with number of large growing antral follicles (_>_ 12

mm) in patients following ovarian hyperstimulation [147]. Taken together, these findings

imply that a FSH-induced decrease in number of small antral follicles, rather than a direct

negative effect of FSH on AMH production by granulosal cells, could explain the

decrease in circulating serum AMH concentrations following exogenous FSH treatments

[123,146,147]

The decrease in circulating AMH concentrations following FSH treatments in

vivo [121, 123-125] could also have been caused by use ofpotentially high physiological

or pharmacological doses ofFSH during ovarian stimulation Indeed, results of our

present in vitro study show that relatively high doses ofFSH diminish AMH production

in granulosal cells. While the reason AMH production is diminished by FSH is

unknown, results of the present studies show that high FSH doses induce Iuteinization of

granulosal cells. For example, doses ofFSH > 0.5 ng/ml triggered a linear decrease in

AMH and estradiol production while simultaneously enhancing progesterone production

and abundance of oxytocin mRNA in granulosal cells. These divergent alterations in

estradiol and progesterone production and abundance of oxytocin mRNA are the well
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established hallmarks of Iuteinization of bovine granulosal cells [140]. In support of our

results, previous studies using bovine granulosal cells also show that relatively high doses

of FSH increase progesterone and oxytocin production [141-144]. Moreover, AMH

expression is limited or undetectable in corpora lutea compared with non-luteinized

follicles in rats, horses, and women [84, 151, 152]. Taken together, these findings imply

that the decrease in AMH production following exogenous FSH treatment [84, 121, 123-

125] may not only be caused by a decrease in number of small growing follicles, but also

by FSH-induced suppression ofAMH production in granulosal cells, as shown by the

negative impact ofrelatively high doses ofFSH on granulosal cell AMH production in

the present study.

In contrast to results of the present study, results of several studies using

granulosal cells from humans show that FSH has no effect on regulation ofAMH

production. For example, FSH does not alter AMH mRNA expression in cultured human

granulosa-luteal cells retrieved from ovulatory follicles after gonadotropin stimulation

[153], and a 5 ng/ml dose of human FSH does not alter AMH production by human

granulosal cells [150]. However, as previously discussed, capacity of granulosal cells to

produce AMH in response to FSH may depend not only on follicle type [e.g. small antral

or dominant; 84, 149, 150] used as a source of granulosal cells for culture studies, but

also dose ofFSH.

FSH-induced production ofAMH was paralleled by an increase in estradiol in the

present study, implying that estradiol could also have a role in regulation ofAMH

production [84]. To evaluate this possibility, androgen substrate (androstenedione) was

removed from culture media during the last two days ofthe 6-day culture period to
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minimize estradiol production. Results showed that despite the significant reduction in

estradiol there were no differences in AMH concentrations in media or abundance of

AMH mRNA between granulosal cells treated with or without androgen substrate. These

findings implied that FSH rather than estradiol may be the primary regulator ofAMH

production in granulosal cells. In support of the key role for FSH in AMH regulation,

others report that use of a gonadotropin-releasing hormone antagonist to block FSH

action also inhibits AMI-I production by human granulosal cells [154]. However, a

potential role for esUadiol in AMH production cannot be eliminated in our study because

estradiol concentrations were not reduced to zero. Moreover, other factors regulated by

FSH, such as inhibin, activin or BMPs [155], could have a role in regulation ofAMH

production in granulosal cells.

In summary, the present study demonstrated that physiological doses of FSH

increase AMH production by bovine granulosal cells, while higher doses of FSH induce

Iuteinization of granulosal cells and a corresponding decrease in AMH production. In

addition, removal of androgen substrate during cell culture and the associated marked

reduction in estradiol did not markedly alter FSH-induced AMI-I production. Based on

these findings, FSH is concluded to have a key role in modulation of AMI-1 production by

bovine granulosal cells.
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CHAPTER 6

F. Is FSH-induced AMH production and FSH action in granulosal cells similar

for animals with high versus a low number of antral follicles?

Introduction

The factors that regulate capacity of granulosal cells to produce AMH and the

biological role ofAMH in reproduction are poorly understood. However, FSH is a key

hormone that regulates granulosal cell differentiation and fiinction [122] and thus may

have an important role in regulation ofAMH production in granulosal cells. Recent

results from our laboratory show that young adult cattle with consistently a relatively low

number of follicles growing during follicular waves also have a markedly diminished

ovarian reserve and correspondingly very low circulating concentrations ofAMH but

higher circulating concentrations ofFSH compared with their age-matched counterparts

with higher follicle numbers [1 1]. Results of several studies in women [121, 123-125]

and rats [84] show that FSH treatment decreases circulating AMI-I concentrations or

AMH production in granulosal cells. However, our recent studies demonstrate that

capacity ofbovine granulosal cells to produce AMI-I is biphasic. For example, relatively

low doses ofFSH stimulate a dose-dependent increase in AMH production in granulosal

cells while higher doses initiate Iuteinization of granulosal cells (as measured by

increased progesterone production and oxytocin mRNA abundance coupled with decline
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in estradiol production) and a corresponding dose dependent decrease in AMH

production (Chapter 5). Taken together, these in vivo and in vitro findings lead to the

hypothesis that the chronically high physiological concentrations of FSH in cattle with a

low versus high number of follicles growing during follicular waves may diminish

capacity of granulosal cells in growing follicles to produce AMH in response to FSH and

inhibit FSH action in granulosal cells. To test this hypothesis, the objective ofthe present

study was to determine if capacity of granulosal cells to produce AMH and FSH action

differed between cattle with low versus high follicle numbers.

Methods and Materials

Long-term bovine granulosal cell culture

Pairs of ovaries from cattle (unknown ages and breeds) at random stages of the

estrous cycle were obtained from JBS Packing Company Inc. (Plainwell, MI) and placed

into one oftwo groups (High, Low) based on the number ofantral follicles: High = 2 25

antral follicles Z 3 rmn per pair of ovaries; Low = S 15 follicles. Ovaries were placed in

ice-cold supplemented Dulbecco's phosphate buffered saline solution (DPBS) and

transported to the laboratory. Granulosal cells were then cultured in serum-free media as

V described previously [131] with some modifications. Briefly, granulosal cells from 3 to 5

mm follicles from High and Low Groups were collected and separately pooled in a 15-ml

centrifirge tube containing MEM-a culture media supplemented with sodium bicarbonate

(10 mM), HEPES (20 mM), antibiotics (100 IU/ml penicillin and 0.1 mg/ml

streptomycin), Fungizone-amphotericin B (0.625 Ill/m1), nonessential amino acids (1.1

mM), bovine insulin (1 nglml), long R3-lGF-I (2 ng/ml), sodium selenite (4 ng/ml), apo-
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transferrin (5 ug/ml), and androstenedione (10'6 M). The cells were washed with culture

media three times and resuspended in 2 ml media. Cell number was estimated by a

Coulter Counter Particle Zl (Beckman Coulter, Inc., Fullerton, CA) while cell viability

was estimated using Trypan Blue dye exclusion [133]. Cells (50,000 live cells per well)

were plated in 96—well Falcon Primaria plates and cultured at 37°C in a humidified

atmosphere (5% C02 and 95% air) for 6 days. During culture, 75% of media was

removed and replaced with fresh media on days 2 and 4 of culture, and cultures were

terminated after 6 days.

We acknowledge that use of this abattoir model for phenotypically classifying

animals with low versus high follicle numbers is likely less accurate than our in vivo

approach using ultrasonography [9]. Although stages of follicular waves were unknown

at time of collection, pairs of ovaries from the abattoir classified into the High Group (_>.

25 follicles) are reflective of animals with high follicle numbers during follicular waves

[9]. However, because total number of follicles Z 3 mm in diameter may decline 150%

from peak values during follicular waves of individuals [9], pairs ofovaries classified

into the Low Group at the abattoir will not only contain cattle with low follicle numbers

during waves, but also some cattle with intermediate and high follicle numbers during

waves. Given this limitation, any observed differences between granulosal cells from

cattle with low versus high follicle numbers are potentially even more significant.

Estradiol and progesterone assays

Commercially available RIA kits (Diagnostic Products Corp, Los Angeles, CA)

previously validated by our laboratory [13, 134, 135] were used to measure
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concentrations of estradiol and progesterone in spent media. Estradiol assay sensitivity

was 0.5 pg/ml and progesterone assay sensitivity was 0.05 ng/ml [13, 131]. Intra- and

interassay coefficients of variation for both RIA assays were < 10%. Results were

expressed as ng or pg per 30,000 cells.

AMH assay

A commercially available human MIS/AMH ELISA kit (DSL-lO-14400,

Beckman Coulter, Inc., Brea, CA), which was validated for use in cattle [Chapter 1; 11],

was used to measure AMI-I concentrations in spent media per kit instructions. The two-

site AMH assay does not cross-react with other members of the TGFB superfamily

including TGFB, BMP4, or activin [67]. The inter-assay and intra-assay coefficients of

variation were < 6%. AMI-I concentrations in different volumes of spent media collected

from granulosal cells treated with 0 or 25 ng/ml ovine FSH (oFSH) were parallel with the '

AMH standard curve, and AMH concentrations were undetectable in media (data not

shown).

Messenger RNA Analyses

Total RNA was isolated from granulosal cells using the RNeasy mini kit (Qiagen,

Valencia, CA) per kit instructions. RNA was treated with DNase to remove genomic

DNA contamination and reverse transcribed [136]. Expression of all genes were

analyzed by real-time quantitative PCR [137]. Primers were designed using either Primer

Express (Applied Biosystems, Foster City, CA) or PerlPrimer [138] for bovine sequences

in Genbank, and the amplicon sizes ranged from 73 to 269 bp (Table 2). Copies of
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AMH, LHCGR, FSHR, CYP19A1, and oxytocin were quantified using the standard

curve method for absolute quantification [139] and expressed as copies oftarget gene per

10,000 copies of B-actin. AMI-IRII, ALK2, ALK3, and ALK6 were quantified using the

delta-delta CT method [156] and normalized using B-actin as a calibrator.

Study 1: Effect of FSH on cell numbers, AMH production, and abundance of

AMH mRNA in granulosal cells from cattle with high versus a low number !

of follicles.

 Granulosal cells fi'om cattle with high versus a low follicle number were treated

with 0, 0.01, 0.05, and 0.1 ng/ml oFSH (AFP7558C; National Hormone and Pituitary

Program, Baltimore, MD) for 6 days. Doses ofFSH > 0.1 11ng decreased estradiol

production but increased progesterone production and oxytocin mRNA abundance

implying granulosal cells were undergoing Iuteinization as shown in Chapter 5 and

reported by others [141-144]. Each FSH dose was replicated 12 times. On day 2 and 4

of culture, 75% media was removed as explained earlier. To terminate cultures (on day 6

of culture), 75% ofthe media was removed from 6 wells and stored at -20°C until

subsequent measurement ofAMH. Wells were then washed with 150 pl DPBS twice,

incubated with trypsin-EDTA (0.125mg/we11), and cells were removed from each well by

trituration. Cell numbers were determined from 3 pools of granulosal cells (2 wells per

pool x 3 pools) per FSH dose. AMH concentrations in media were expressed as ng per

30,000 cells. All media was removed from the remaining 6 wells, cells were lysed, and

total RNA isolated fi'om 1 pool of granulosal cells (6 wells) per oFSH dose. Abundance

ofAMH mRNA was expressed as copies ofAMH per 10,000 copies of B-actin and AMH
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type 1 and type 2 receptor mRNA abundance was normalized using B-actin as a

calibrator. Each experiment was replicated three times.

Study 2: Effect of FSH on estradiol production and abundance of CYP19A1,

LHCGR, and FSHR mRNA in granulosal cells from cattle with high versus a

low follicle number.

Our recent granulosal cell culture studies (Chapter 5) demonstrated that relatively

 

high doses ofFSH decrease not only AMH, but also estradiol production. These findings

imply that the chronically high circulating FSH concentrations observed in cattle with a

low number of antral follicles [9, 10] may also inhibit FSH-induced estradiol production

and potentially negatively impact granulosal cell differentiation and follicle development.

To determine ifFSH responsiveness differs between granulosal cells isolated fiom cattle

with high versus a low number of antral follicles, estradiol production and abundance of

CYP19A1, LHCGR, and FSHR mRNAs were measured as targets of FSH action using

samples from Study 1. Estradiol concentrations were expressed as pg estradiol per

30,000 cells while abundance ofCYP19A1, LHCGR, and FSHR mRNAs was expressed

as copies of target gene per 10,000 copies of B-actin mRNA.

Statistical analysis

All statistical analyses were performed using Statistical Analysis System (SAS

9.1 Institute, Cary, NC). Data are presented as means i SEM for all experiments.

Results were analyzed statistically using linear regression analysis or a multivariate

ANOVA followed by Tukey-Kramer test to determine if means differed. Data were log
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transformed when necessary to meet the assumptions of normality [77]. A value of P <

0.05 was considered significant [77].

Results

Study 1: Effect of FSH on cell numbers, AMI-I production, and abundance of

AMH mRNA in granulosal cells from cattle with high versus a low number

of follicles.

After 6 days of treatment of granulosal cells with different doses of FSH, the High Group

had an overall ~ 3-fold higher (P < 0.01) AMH concentrations, and ~ 3-fold greater (P <

0.01) abundance ofAMH mRNA compared to the Low Group (Figure 14) but similar (P

> 0.10) cell numbers. Doses ofFSH S 0.1 ng/ml resulted in a linear increase (P < 0.01)

in number of granulosal cells in the High Group and a tendency (P = 0.08) for cell

number to increase in the Low Group. In addition, AMH concentrations were increased

(P < 0.01) in a dose response fashion in both the High and Low Groups, and abundance

ofAMH mRNA was increased (P < 0.01) in a dose response fashion in the High but not

(P = 0.30) the Low Group.
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Figure 14. Effect of FSH on cell numbers, AMH production, and abundance of

AMH mRNA in granulosal cells from cattle with high versus a low number of

follicles.

Granulosal cells were treated with various doses ofFSH for 6 days. Cell numbers

(Panel A), AMH production (Panel B), and abundance ofAMH mRNA (Panel C) were

measured on Day 6 ofculture in the High and Low Group as described in Materials and

Methods. AMH production was normalized to 30,000 cells and abundance ofAMH

mRNA was normalized to copies ofAMH per 10,000 copies B-actin mRNA in the same

samples. Cell number bars represents the mean 1 SEM of 9 pools of granulosal cells (3

experiments x 3 pools per experiment) and AMH production and AMH mRNA bars

represent the mean i SEM for 3 pools of granulosal cells (3 experiments x 1 pool per

experiment). Results ofANOVA indicated that overall AMH concentrations and

abundance ofAMH mRNA were lower (P < 0.01) for granulosal cells from the Low

versus High Group. Asterisk above bar indicates a significant (P < 0.05) linear increase.

81

 



82

C
o
p
e
s

o
f
A
M
H
m
R
N
A

p
e
r

A
M
H

1
0
4
c
o
p
i
e
s
B
-
a
c
t
i
n
m
R
N
A

(
n
g
l
3
0
,
0
0
0
c
e
l
l
s
)

9
P

w
b

0
0
|

 
 

 

F
’

a
:
C
)

Ofln

FSH (nglml)

(L05

 

C
e
l
l
s
p
e
r

4
N

m
l h
}

a
:
~
a

0
1
c
:
c
>

25000

62500”

100000

  

350000 ~A

 

O

 
 
 

L

 

O

 

W

DIM
 

(ios

 

I E t
o :
-

H l
—
i

Figure 14



Study 2: Effect of FSH on estradiol production and abundance of CYP19A1,

LHCGR, and FSHR mRNAs in granulosal cells from cattle with high versus

a low follicle number.

After 6 days of treatment of granulosal cells with different doses ofFSH, the High

Group had an overall ~ 2.6-fold higher (P < 0.01) concentration of estradiol, ~ 3-fold

greater (P < 0.05) abundance ofCYP19A1 mRNA, ~ 3-fold greater (P < 0.01) abundance

ofFSHR mRNA, and ~ 3-fold greater (P < 0.01) abundance ofLHCGR mRNA

compared with the Low Group (Figures 15 and 16). Increasing doses ofFSH resulted in

a linear increase (P < 0.01) in estradiol production and abundance ofCYP19A1 mRNA

in both the High and Low Groups. In contrast, FSH had no effect (P > 0.15) on

abundance ofFSHR or LHCGR mRNA in the High and Low Groups.

Discussion

The present study utilized a long-term bovine granulosal cell culture system to

examine FSH action in non-luteinized granulosal cells. The most significant findings of

the present study demonstrated that: l) FSH-induced AMH production and expression of

AMH mRNA were lower for granulosal cells from cattle with low versus high follicle

numbers, and 2) FSH action was diminished in granulosal cells from cattle with low

versus high follicle numbers. These findings imply that chronically heightened FSH

concentrations in cattle with a low number of follicles and correspondingly a reduced

ovarian reserve may negatively impact FSH regulation ofAMH production and follicular

function.
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Figure 15. Effect ofFSH on estradiol production and abundance of CYP19A1

mRNA in granulosal cells from cattle with high versus a low follicle number.

Granulosal cells were treated with various doses of FSH for 6 days. Estradiol

production (Panel A) and CYP19A1 (Panel B) expression was measured on Day 6 of

culture in the High and Low Group as described in Materials and Methods. Estradiol

production was normalized to 30,000 cells and abundance of CYP19A1 mRNA was

normalized to copies ofCYP19A1 per 10,000 copies B-actin mRNA. Bars represent the

mean i SEM of9 pools of granulosal cells (3 experiments x 3 pools per experiment) for

estradiol or the mean 1 SEM for 3 pools of granulosal cells (3 experiments x 1 pool per

experiment) for CYP19A1 mRNA. Results ofANOVA indicated that overall

concentration of estradiol and abundance ofCYP19A1 mRNA were lower (P < 0.01) for

granulosal cells from the Low versus High Group. Asterisk above bar indicates a

significant (P < 0.05) linear increase.
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Figure 16. Effect ofFSH on abundance of FSHR and LHCGR mRNA in granulosal

cells from cattle with high versus a low follicle number.

Granulosal cells were treated with various doses ofFSH for 6 days. Abundance

of FSHR (Panel A) and LHCGR (Panel B) mRNAs was measured on Day 6 of culture in

the High and Low Group as described in Materials and Methods. Abundance of FSHR

and LHCGR mRNAs were expressed as copies of target gene per 10,000 copies B-actin

mRNA. Each bar represents the mean 1; SEM for 3 pools of granulosal cells (3

experiments x 1 pool per experiment). Results ofANOVA indicated that overall

abundance ofFSHR and LHCGR mRNA were lower (P < 0.01) for granulosal cells from

the Low versus High Group.
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Our laboratory has recently established that young adult cattle with a low number

of follicles growmg during follicular waves have 15 to 50% higher circulating FSH

concentrations, but 70 to 80 % lower serum AMH concentrations during estrous cycles

compared with cattle with a higher number of follicles [11]. Moreover, in vitro studies

using bovine granulosal cells show that non-luteinizing doses ofFSH stimulates AMH

production (Chapter 5). Results of the present study extended these observations by

showing that FSH-induced capacity of granulosal cells to produce AMH and express

AMH mRNA was markedly reduced in cattle with low versus high follicle numbers.

Taken together, these in vivo and in vitro findings imply that the low circulating AMH

concentrations reflect not only a diminished ovarian reserve in young adult cattle but also

a diminished capacity of granulosal cells to produce AMH in response to FSH.

Studies in AMH “knockout” mice indicate that AMH has an inhibitory role in

regulation of recruitment ofprimordial follicles into the pool ofgrowing follicles [83,

157]. Moreover, number of follicles in ovaries is inversely associated with rate of

recruitment [158-162]. Consequently, from a physiologically viewpoint, low circulating

AMH concentrations and a diminished ovarian reserve, coupled with a potentially

reduced capacity of granulosal cells to produce AMH in response to FSH, as observed in

the present study, would likely result in enhanced recruitment ofprimordial follicles into

the growing pool of follicles. A greater rate of follicular recruitment in individuals with

low circulating AMH concentrations would also result in a more rapid depletion of the

ovarian reserve and further explain why yomig adult cattle with a reduced ovarian reserve

would also be expected to potentially have a much shorter reproductive lifespan
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compared with their age-matched counterparts with a larger ovarian reserve. This

hypothesis, however, has never been examined.

The reason granulosal cells from cattle with low follicle numbers had a reduced

capacity to produce AMH in response to FSH in the present study is unknown.

Nevertheless, it is well established that women and cattle with a reduced ovarian reserve,

low circulating AMH concentrations, and high FSH concentrations respond poorly to

gonadotropin treatments [9-11, 63, 163-166]. In addition, increased serum FSH

concentrations are associated with reduced success of in vitro fertilization [21] and

decreased fertility during aging ofwomen [21, 52-62, 167] and cattle [1-8, 25]. These

well established observations imply that capacity of FSH to stimulate follicular

development is reduced in individuals with chronically low circulating AMH but high

FSH concentrations. In support of the diminished FSH action in individuals with a

reduced ovarian reserve, results ofthe present in vitro studies clearly demonstrated that

granulosal cells from ovaries of cattle with low follicle numbers (and presumably high

circulating FSH concentrations and reduced ovarian reserve) had a markedly reduced

capacity to respond to FSH, as measured by alterations in a variety of well established

FSH targets including estradiol production and abundance ofmRNAs for aromatase and

FSH and LH receptors [168-172]. This frnding strongly supports the possibility that

chronically high FSH concentrations may not only diminish capacity of granulosal cells

to produce AMH, but also have a general negative impact on granulosal cell

differentiation and function.

Several studies report that AMH also has a negative impact on FSH action. For

example, AMH inhibits FSH-induced aromatase activity, number of luteinizing hormone
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(LH) receptors, and estradiol production in granulosal cells isolated fiom rats, porcine,

and humans [173, 174]. In support of the potential inhibitory effects ofAMH on FSH

action, FSH-stimulated follicle growth is indeed greater in AMH knockout compared

with wild type mice [157]. Nevertheless, results of the present study using bovine

granulosal cells show that, despite much lower AMH production, FSH action is markedly

diminished in granulosal cells from cattle with low versus high follicle numbers.

Although not directly tested, the reason why AMH has a potential negative or positive

effect on FSH action among different species is unknown, but may be due to differences

in experimental models (e.g., rat, human, porcine versus bovine) or use of different

follicle types as a source of granulosal cells [e. g. 1-3 mm follicles, 173, preovulatory

follicles, 174 versus 3-5 mm follicles].

In summary, capacity of granulosal cells to respond to FSH in vitro is markedly

reduced in granulosal cells isolated from cattle with low versus a high number of

follicles. Based on these results, it is concluded that granulosal cells isolated fiom cattle

with low versus high follicle numbers are refractory to FSH. This finding may explain

why cattle with low follicle numbers and correspondingly diminished ovarian reserve and

low circulating AMH concentrations, but high circulating FSH concentrations respond

poorly to superovulation [10].
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CHAPTER 7

G. Does AMH alter FSH action in granulosal cells from animals with high

versus a low number of antral follicles?

Introduction

Anti-Miillerian hormone (AMH) is a homodimeric glycoprotein [178] responsible

for the regression of the Mullerian ducts in male fetuses [179]. In females, AMH is

produced exclusively by granulosal cells from healthy growing follicles [19]. However,

little is known about the role ofAMH in female reproduction.

Previous studies in AMH “knockout” mice imply that AMH controls rate of

recruitment ofprimordial follicles into the pool of growing follicles [83, 180]. In the

absence ofAMH, number of growing preantral and small antral follicles increase and

primordial follicles are depleted earlier than controls [180]. In addition, AMH reduces

capacity of follicles in mice to respond to follicle-stimulating hormone (FSH), which is a

key regulator of granulosal cell differentiation and function [122]. Moreover, addition of

AMH to cultures inhibits FSH-induced preantral follicle growth in mice [157], decreases

aromatase activity in rat [173] and porcine granulosal cells [173], and decreases estradiol

production by human granulosal cells [174].

While the aforementioned studies imply that AMI-l has an inhibitory impact on

FSH action, previous studies fiom our laboratory conflict with these findings. For
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example, cattle with a low number of follicles growing during follicular waves have

chronically high circulating FSH concentrations, but much lower AMH concentrations

during estrous cycles [11] compared with cattle with a high number of follicles growing

during follicular waves. Based on the aforementioned studies in mice and in porcine and

human granulosal cells [157, 173, 174, 180, 181], FSH action in cattle with a high AFC

(and correspondingly high follicle numbers during follicular waves, high circulating

AMI-1 concentrations, but low FSH concentrations) would be expected to be much lower

compared with cattle with a low AFC (and correspondingly low follicle numbers during

waves, low circulating AMH concentrations but high FSH concentrations). However, as

observed in our previous study (Chapter 6), FSH action, as measured by a variety of FSH

targets such as estradiol production and aromatase mRNA, was much greater in

granulosal cells from cattle with high versus low follicle numbers, despite a much greater

production ofAMH and a greater abundance ofAMH mRNA. Therefore, these results

using the bovine model imply that AMH may enhance rather than inhibit FSH action. To

test this hypothesis, this study was designed to examine the effects ofAMH on FSH-

induced estradiol and progesterone production in granulosal cells isolated from cattle

with low or high follicle numbers.

Methods and Materials

Long-term bovine granulosal cell culture

Pairs of ovaries fi'om cattle (unknown ages and breeds) at random stages of the

estrous cycle were obtained from JBS Packing Company Inc. (Plainwell, MI) and placed

into one oftwo groups (High, Low) based on the number of antral follicles: High = Z 25
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antral follicles Z 3 mm per pair of ovaries; Low = S 15 antral follicles 2 3 mm per pair of

ovaries. Ovaries were placed in ice-cold supplemented Dulbecco's phosphate buffered

saline solution (DPBS) and transported to the laboratory. Granulosal cells were then

cultured in serum-free media as described previously [131] with some modifications.

Briefly, granulosal cells from 3 to 5 mm follicles from High and Low Groups were

collected and separately pooled in a 15-ml centrifuge tube containing lVfliM-a culture

media supplemented with sodium bicarbonate (10 mM), HEPES (20 mM), antibiotics

(100 IU/ml penicillin and 0.1 mg/ml streptomycin), Fungizone-amphotericin B (0.625

ul/ml), nonessential amino acids (1.1 mM), bovine insulin (1 ng/ml), long R3-IGF-I (2

ng/ml), sodium selenite (4 ng/ml), apo-transferrin (5 rig/ml), and androstenedione (10'6

M). The cells were washed with culture media three times and resuspended in 2 ml

media. Cell number was estimated by a Coulter Counter Particle Zl (Beckman Coulter,

Inc., Fullerton, CA) while cell viability was estimated using Trypan Blue dye exclusion

[133]. Cells (50,000 live cells per well) were plated in 96-well Falcon Primaria plates

and cultured at 37°C in a humidified atmosphere (5% C02 and 95% air). During culture,

75% of media was removed and replaced with fresh media on days 2 and 4 of culture,

and cultures were terminated afier 6 days of culture.

Estradiol and progesterone assays

Commercially available RIA kits (Diagnostic Products Corp., Los Angeles, CA)

previously validated by our laboratory [13, 134, 135] were used to measure

concentrations of estradiol and progesterone in spent media. Estradiol assay sensitivity

was 0.5 pg/ml and progesterone assay sensitivity is 0.05 ng/ml [13, 131]. Intra- and
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interassay coefficients of variation for both RIA assays were < 9%. Results were

expressed. as ng or pg per 30,000 cells.

Effect ofAMH on FSH-induced increases in granulosal cell numbers and

estradiol and progesterone production in granulosal cells from cattle with

high versus a low number of follicles.

Granulosal cells from cattle with high versus a low follicle number were treated

with 0 or 0.5 ng/ml ovine FSH (oFSH; AFP7558C; National Hormone and Pituitary

Program, Baltimore, MD) and 0, 0.1, 0.25, 0.5, 0.75, 1, 5, 10, or 100 ng/ml recombinant

human AMH (R & D Systems, Inc., Minneapolis, MN) for 6 days. The present study

treated granulosal cells with 0.5 ng/ml FSH because previous studies demonstrate that 0.5

nglml FSH stimulates peak estradiol production (Chapter 5). AMH doses were selected

to span AMH concentrations observed in serum of heifers [11], in media during culture

of bovine granulosal cells (Chapter 6), and in follicular fluid (unpublished Scheetz and

Ireland 2010). Each combination ofFSH/AMH dose was replicated 6 times. On day 2

and 4 of culture, 75% media was removed as explained earlier. To terminate cultures (on

day 6 of culture), 75% ofthe media was removed from 6 wells and stored at -20°C until

subsequent measurement ofAMH. Wells were then washed with 150 pl DPBS twice,

incubated with trypsin-EDTA (0.125mg/well), and cells were removed from each well by

trituration. Cell numbers were determined using 3 pools of granulosal cells (2 wells per

pool x 3 pools) per combination ofFSH/AMH dose. Estradiol and progesterone were

expressed as pg or ng per 30,000 cells. Each experiment was replicated three times.
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Statistical analysis

All statistical analyses were performed using Statistical Analysis System (SAS

9.1 Institute, Cary, NC). Data are presented as means :1: SEM for all experiments.

Results were analyzed statistically using a linear regression or a multivariate ANOVA

followed by Tukey-Kramer test to determine ifmeans differed. Data were log

transformed when necessary to meet the assumptions ofnormality [77]. A value of P

$0.05 was considered significant [77].

Results

Effect ofAMH on FSH-induced increases in number of granulosal cells and

estradiol and progesterone production in granulosal cells from cattle with

high versus a low number of follicles.

Treatment of granulosal cells with 0.5 ng/ml versus 0 ng/ml ofFSH for 6 days

resulted in a increase (P < 0.01) in estradiol production in both the High and Low Group

(Figure 17). After 6 days of treatment of granulosal cells with 0.5 ng/ml FSH and

different doses ofAMH, the High Group had an overall ~1.4—fold greater (P < 0.01)

number of granulosal cells, ~3-fold higher (P< 0.01) estradiol concentrations, but 40%

lower (P <0.01) progesterone concentrations compared with the Low Group (Figure 18).

However, treatment with AMH resulted in a dose dependent linear decrease (P < 0.01) in

FSH-induced estradiol and progesterone production by granulosal cells in the High but

not the Low Group (P > 0.14). Higher doses ofAMH up to 100 ng/ml did not further

suppress FSH-induced estradiol production. AMH had no effect (P >0.10) on basal

estradiol or progesterone production (data not shown).
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Figure 17. Effect ofFSH on estradiol production in granulosal cells from cattle with

high versus a low number of follicles.

Granulosal cells were treated with 0 or 0.5 ng/ml FSH for 6 days. Estradiol

production was determined on Day 6 ofculture, as described in Materials and Methods.

Estradiol production was normalized to 30,000 cells. Bars represent the meani- SEM of

9 pools of granulosal cells (3 experiments x 3 pools per experiment). Asterisk above bar

indicates a significant (P < 0.01) increase compared with untreated controls.
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Figure 18. Effect ofAMH on FSH-induced cell numbers and estradiol and

progesterone production by granulosal cells from cattle with high versus a low

number of follicles.

Granulosal cells were treated with 0.5 ng/ml FSH and various doses ofAMH for

6 days. Cell numbers (Panel A) and estradiol (Panel B) and progesterone concenuations

(Panel C) were determined on Day 6 of culture, as described in Materials and Methods.

Estradiol and progesterone were normalized to 30,000 cells. Bars represent the mean j;

SEM of 9 pools of granulosal cells (3 experiments x 3 pools per experiment) for cell

number, estradiol and progesterone. Results ofANOVA indicated that overall cell

numbers and estradiol production were higher (P < 0.05) while progesterone was lower

(P < 0.05) for granulosal cells from the High versus Low Group. Asterisk above bar

indicates a significant (P < 0.05) linear decrease.
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Discussion

Several studies [157, 173, 174] including results from the present study, show

that AMH inhibits FSH action. Determination of the precise mechanism whereby AMH

inhibits FSH action was beyond the scope of this study. Nevertheless, other members of

the TGF-B superfamily that signal through the same pathway (Smad l, 5, and 8) as AMH

also inhibit FSH action For example, in rats, bone morphogenetic protein-15 (BMP-IS)

inhibits expression of FSH receptor mRNA in granulosal cells [182] and BMP-6 inhibits

FSH-induced adenylate cyclase activity [183]. These findings imply that AMH may

inhibit FSH action perhaps by decreasing FSH receptors and/or adenylate cyclase activity

similar to BMP-lS and BMP-6.

Our present study extends previous results from other animal models [157, 173]

by showing that AMH inhibits FSH-induced estradiol and progesterone production, but in

the present study results were specific to granulosal cells isolated from cattle with high

but not low follicle numbers. The reason granulosal cells from cattle with low follicle

numbers were unresponsive to the inhibitory effects ofAMH in the present study is

unknown, but several explanations are possible. Firstly, results of the present study show

that AMH does not directly inhibit basal estradiol or progesterone production by

granulosal cells from cattle with high or low follicle numbers. However, granulosal cells

from cattle with low versus high follicle numbers have a markedly reduced capacity to

respond to FSH, as measured by diminished estradiol production and abundance of

mRNAs for aromatase and FSH and LH receptors (Chapter 6). Consequently, the

absence of an inhibitory effect ofAMI-1 on FSH-induced steroid production by granulosal
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cells from cattle with low follicle numbers observed in the present study may be the

result ofa general refractoriness of granulosal cells to FSH action.

In summary, AMI-l inhibits FSH action in granulosal cells from cattle with high

but not low follicle numbers. Based on these results, it is concluded that AMH may have

an important inhibitory role in regulation ofFSH action in granulosal cells during

follicular waves in cattle with high, but not low follicle numbers.
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OVERALL SUMMARY, CONCLUSIONS, PHYSIOLOGICAL SIGNIFICANCE

AND PRACTICAL APPLICATION

Our laboratory has examined the causes, extent and mechanisms whereby the

inherently high variation in number of antral follicles growing during follicular waves in

cattle may alter ovarian fiinction and potentially fertility in cattle. Our previous results

show that young age-matched cattle with consistently a relatively low (E 15 follicles Z 3

mm in diameter) versus high (_>. 25 follicles) number ofantral follicles growing during

ovarian follicular waves have many phenotypic characteristics of older less fertile

animals [1-8], including a markedly reduced total number ofmorphologically healthy

follicles and oocytes in ovaries (ovarian reserve), poor oocyte quality, low progesterone

concentrations during estrous cycles, poor endometrial development, diminished

responsiveness to superovulation, decreased number of transferable embryos, but

chronically higher FSH and LH secretion, [see Figure 20; 9, 10-13, 189]. These findings

clearly demonstrated that the inherently high variation in number of follicles growing

during follicular waves has a negative impact on ovarian function in cattle. However,

whether the variation in follicle numbers growing during waves and corresponding

alterations in ovarian function also impact fertility has never been directly tested,

primarily because distinguishing differences between cattle with low or high follicle

numbers or low or high secretion patterns of hormones is too time-consuming to

routinely use to accurately phenotype the large number of cattle required to complete a
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Figure 19. Model depicting role ofAMH in cattle with consistendy low versus a

high antral follicle count (AFC).

The model depicts the phenotypic differences and stages of follicular growth in

cattle with a consistently low versus a high AFC. The model shows that cattle with a

low versus high AFC possess phenotypic characteristics usually associated with aging

and reduced fertility [1-8] such as a smaller ovarian reserve, higher circulating FSH and

LH concentrations, much lower AMH and progesterone concentrations, thinner

endometrium, reduced oocyte quality, and reduced responsiveness to superovulation [9- ~

13]. Stages of follicular growth are shown as follows: smallest solid circles (o) =

primordial follicles, larger solid circles = preantral follicles, and open circles (o) =

different sized antral follicles and the dominant follicle. The model also shows that

AMH, which is primarily produced by healthy growing preantral and small antral

follicles [19], may differentially inhibit both the rate of recruitment ofprimordial

follicles into the growing pool ofpreantral follicles and FSH-induced development of

preantral into antral follicles during follicular waves in cattle with a high or low AFC.

Note. AMH inhibits FSH action (indicated by V) in granulosal cells from cattle with

high but not low follicle numbers, which may explain why cattle with low follicle

numbers and low circulating AMH concentrations have a significantly larger proportion

of their ovarian reserve comprised ofgrowing antral follicles [11]. Also note that despite

having chronically higher circulating FSH concentrations, granulosal cells from cattle

with low follicle numbers are refractory to FSH, which may explain why cattle with a

low AFC respond poorly to superovulation.
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statistically valid fertility trial [64]. Consequently, part ofmy thesis research examined

whether AMH, a hormone produced by granulosal cells ofhealthy growing follicles [19],

could be used as a reliable biomarker for the ovarian reserve in cattle.

Results demonstrated the following:

1) Serum AMH concentrations are highly variable among nulliparous young

adult cattle, but remain relatively static in individuals [1 l].

2) Circulating AMH concentrations are highly positively correlated with

 

number of antral follicles growing during ovarian follicular waves and

much greater in cattle with high versus a low number of antral follicles

during follicular waves [1 l].

3) A single AMH measurement is highly correlated with multiple daily AMH

measurements on different days of an estrous cycle and positively

correlated with follicle numbers and ovary size in cattle.

These findings led to the conclusions that AMH is a reliable biomarker to use in

future fertility trials to test the hypothesis that variation in follicle numbers is positively

associated with fertility, and to use to monitor the impact ofthe environment (e.g.,

nutrition, toxins, disease) on the ovarian reserve and potentially fertility of cattle.

Although maternal environment (e.g., nutrition, toxins, disease) has an important

role on health ofoffspring [190], little is known about its impact on ovarian function and

fertility of offspring. Therefore, my thesis research also examined whether a persistent

mammary gland infection and corresponding number ofsomatic cell count (SCC)

measurements in milk 2 200,000 cells/ml from pregnant dairy cows had a negative
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impact on the ovarian reserve in their daughters. A SCC in milk 2 200,000 is an index

for potential previous or current udder infections or inflammation [98-103].

Results demonstrated that dairy cows with 4 or 5 SCC measurements 2 200,000

beginning 2 months before and during pregnancy not only were ~ 1.3 years older (6.1

versus 4.6 years old) and tended to produce less milk, but also had daughters with much

lower AMH concentrations as nulliparous young adults compared with the dairy cows

with 0 to 3 SCC measurements 2 200,000.

This finding implied that a chronic mammary infection or inflammation during

pregnancy (as predicted by a high number ofSCC measurements 2 200,000) may reduce

size of the ovarian reserve and correspondingly potential fertility of female offspring.

Although AMH is produced exclusively in females by granulosal cells of healthy

growing follicles [19], the factors that regulate AMH production by granulosal cells and

the role ofAMH in ovarian firnction are poorly understood. FSH is a key hormone that

regulates granulosal cell differentiation and function, follicle growth and survival, and

estradiol production [122]. Therefore, the final part ofmy thesis used granulosal cells

isolated from 3 to 5 mm bovine antral follicles and a 6-day serum-free culture system to

examine whether FSH also regulated AMH production and whether AMH altered FSH

action. Results demonstrated the following:

1) Granulosal cells respond to FSH in a biphasic fashion. Relatively low

doses ofFSH increase AMH and estradiol production. In contrast, higher

FSH doses decrease AMH and estradiol production, but increase

progesterone production and abundance of oxytocin mRNA thus inducing

Iuteinization of granulosal cells.
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2) Granulosal cells from cattle with low versus high follicle numbers have a

much lower capacity to produce AMH and estradiol and a reduced

expression ofAMH, CPYl9Al , FSHR and LHCGR mRNAs in response

to FSH.

3) AMH inhibits FSH-induced estradiol and progesterone production in

granulosal cells from cattle with high but not low follicle numbers.

These findings led to the following conclusions:

1) FSH modulates AMH production in granulosal cells.

2) FSH-induced AMH production by granulosal cells is much lower for cattle

with low versus high follicle numbers.

3) High doses ofFSH cause granulosal cells to undergo Iuteinization;

4) Granulosal cells from cattle with low follicle numbers are refractory to

FSH.

5) AMH may inhibit FSH action in granulosal cells fi'om cattle with high but

not low numbers of follicles growing during follicular waves.

From a physiological viewpoint, AMH may have a key role in regulating rate of

depletion of the ovarian reserve and thus reproductive performance. For example,

previous studies show that AMH slows the rate ofprimordial follicle recruitment in mice

[83, 180] and our studies show that AMH inhibits FSH action on granulosal cells from

cattle with high but not low follicle numbers. If these findings also apply to cattle with

low versus high follicle numbers growing during follicular waves, as depicted in Figure

20, then the high circulating AMI-l concentrations in cattle with a high number of follicles

growing during follicular waves may slow both rate of recruitment ofprimordial into
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growing preantral follicles and development of preantral into antral follicles. In contrast,

cattle with a low number of follicles growing during waves and correspondingly much

lower AMH concentrations may have an enhanced rate of recruitment (Figure 20). This

finding could also explain why cattle with a low number of follicles and correspondingly

high circulating FSH concentrations have a significantly largerproportion of their

ovarian reserve comprised of growing antral follicles compared to cattle with a high

number of follicles growing during waves [Figure 20; 11]. Taken together, these

observations imply that cattle with a consistently low number of follicles during waves,

low circulating AMH concentrations and a diminished ovarian reserve may also have a

much shorter reproductive lifespan compared with their age-matched cohorts with a

higher number of follicles. In addition, despite chronically higher circulating FSH

concentrations [9, 10], granulosal cells from cattle with low follicle numbers are

refractory to FSH. This finding could explain why cattle with a low AFC and

correspondingly low ovarian reserve respond poorly to superovulation [10].

From a practical viewpoint, discovery ofa linkage between AMH concentration,

number of follicles growing during follicular waves, and size of the ovarian reserve with

fertility in healthy young adult cattle would provide new insights into factors that may

alter ovarian function and ultimately cause or contribute to suboptimal fertility

independent of aging. Once the aforementioned linkage is firmly established, this new

information would: a) provide the foundation and compelling rationale for new basic

experiments to unravel the mechanisms whereby low circulating AMH concentrations

may alter follicular development and ovarian firnction, which may lead to new methods

to regulate depletion of the ovarian reserve and thus reproductive longevity, b) provide
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reproductive biologists for the first time with a reliable method to monitor the impact of

various environmental factors (e.g., nutrition, toxins, disease) on the ovarian reserve and

fertility, c) improve the likelihood that better diagnostic, selection, therapeutic and

perhaps genetic methods be developed to enhance fertility in cattle, and d) confirm the

utility of the bovine as a novel translational model to develop more precise procedures to

improve assisted reproductive technologies and family planning.
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