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Abstract

Fertility decreases during aging in human and bovine females, but the exact
pathophysiological mechanisms in the pituitaries and hypothalamus are not clarified
yet. Anti-Miillerian hormone (AMH) is a glycoprotein that belongs to the transforming
growth factor (TGF)-B superfamily. Plasma AMH concentrations can predict the
fertility of adult female goats, ewes, cows, and women via unknown physiological
mechanisms. This thesis study attempted to clarify whether AMH, and the main
receptor for AMH, AMH receptor type 2 (AMHR2) are expressed in pituitaries and
hypothalamus, and whether AMH and AMHR2 have important roles for the age-related
infertility.

Preantral and small antral follicles may secret AMH to control gonadotrophin
secretion from ruminant gonadotrophs. In first, I investigated whether AMHR2 is
expressed in gonadotrophs of postpubertal heifers to control gonadotrophin secretion.
Expression of AMHR2 mRNA was detected in anterior pituitaries (APs) of postpubertal
heifers using reverse transcription—polymerase chain reaction (RT-PCR). An anti-
AMHR?2 chicken antibody was developed against the extracellular region near the N-
terminus of bovine AMHR2. Western blotting using this antibody detected the
expression of AMHR2 protein in APs. Immunofluorescence microscopy using the same
antibody visualised colocalisation of AMHR?2 with gonadotrophin-releasing hormone
(GnRH) receptor on the plasma membrane of gonadotrophs. AP cells were cultured for
3.5 days and then treated with increasing concentrations (0, 1, 10, 100, or
1000 pg mL—1) of AMH. AMH (10-1000 pg mL.—1) stimulated (P <0.05) basal FSH
secretion. In addition, AMH (100—-1000 pg mL—1) weakly stimulated (P <0.05) basal

LH secretion. AMH (100—1000 pg mL—1) inhibited GnRH-induced FSH secretion, but
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not GnRH-induced LH secretion, in AP cells. 1 also compared expression levels
between old Holsteins (79.2 £+ 10.3 months old) and young (25.9 £ 0.6 months old) and
old Japanese Black females (89.7 £ 20.3 months old), but no significant differences
were observed among the groups. Therefore, AMHR?2 is expressed in gonadotrophs of
postpubertal heifers to control gonadotrophin secretion.

Other important hormones for endocrinological gonadotroph regulation (e.g.
GnRH, inhibin and activin) have paracrine and autocrine roles. Therefore, in the next
study, I evaluated AMH expression in bovine gonadotroph cells and the relationships
between AMH expression in the bovine AP and oestrous stage, age and breed. AMH
mRNA expression was detected in APs of postpubertal heifers (26 months old) by RT-
PCR. Based on western blotting using an antibody to mature C-terminal AMH, AMH
protein expression was detected in APs. Immunofluorescence microscopy utilising the
same antibody indicated that AMH is expressed in gonadotrophs. The expression of
AMH mRNA and protein in APs did not differ between oestrous phases (P> 0.1). I
compared expression levels between old Holsteins (79.2 + 10.3 months old) and young
(25.9+ 0.6 months old) and old Japanese Black females (89.7 + 20.3 months old). The
APs of old Holsteins exhibited lower AMH mRNA levels (P <0.05), but higher AMH
protein levels than those of young Japanese Black females (P <0.05). Therefore, bovine
gonadotrophs express AMH and this AMH expression may be breed-dependent.

Circulating concentrations of AMH can indicate fertility in various animals, but
the physiological mechanisms underlying the effect of AMH on fertility remain
unknown. I recently discovered that AMH has extragonadal functions via its main
receptor, AMHR2. Specifically, AMH stimulates the secretion of LH and FSH from
bovine gonadotrophs. Moreover, gonadotrophs themselves express AMH to exert

paracrine/autocrine functions, and AMH can activate GnRH neurons in mice. The next
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study aimed to evaluate whether AMH and AMHR?2 are detected in areas of the brain
relevant to neuroendocrine control of reproduction: the preoptic area (POA), arcuate
nucleus (ARC), and median eminence (ME), and in particular within GnRH neurons.
RT-PCR detected both AMH and AMHR2 mRNA in tissues containing POA, as well as
in those containing both ARC and ME, collected from postpubertal heifers. Western
blotting detected AMH and AMHR?2 protein in the collected tissues. Triple fluorescence
immunohistochemistry revealed that most cell bodies or fibers of GnRH neurons were
AMHR2-positive and  AMH-positive, although some were negative.
Immunohistochemistry revealed that 75% to 85% of cell bodies and fibers of GnRH
neurons were positive for both AMH and AMHR?2 in the POA, ARC, and both the
internal and external zones of the ME. The cell bodies of GnRH neurons were situated
around other AMH-positive cell bodies or fibers of GnRH and non-GNRH neurons.
Therefore, AMH and AMHR?2 are detected in most cell bodies or fibers of GnRH
neurons in the POA, ARC, and ME of heifer brains.

Cow fertility decreases with age, but the hypothalamic pathomechanisms are
not understood. AMH stimulates GnRH neurons via AMHR2 in rodent, and most
GnRH neurons in the POA, ARC, and ME express AMH and AMHR?2. Therefore,in
my thesis study I hypothesized that both protein amounts would differ in the anterior
hypothalamus (including POA) and posterior hypothalamus (including ARC and ME)
between young post-pubertal heifers and old cows. Western blot analysis showed lower
(P<0.05) expressions of AMH and AMHR?2 in the posterior hypothalamus, but not in
the anterior hypothalamus, of old Holstein cows and old Japanese Black cows compared
to young heifers. Therefore, AMH and AMHR2 were decreased in the posterior

hypothalami of old cows, suggesting decreased AMH and AMHR?2 in ARC and/or ME.



In conclusion, this thesis study discovered and revealed AMH and AMHR2
expression in gonadotrophs and GnRH neurons, which have important contribution for

the age-related infertility.
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CHAPTER1

General Introduction



The hypothalamic-pituitary-gonadal axis drives reproduction and some of the
most important components of the axis are the GnRH neurons (Herbison 2016; Nestor
et al. 2018). GnRH neurons originate in the POA and ARC and project to the ME, the
interface between the neural and peripheral endocrine systems, and secrete GnRH into
the pituitary portal blood vessels (Clarke ez al. 1987; Jansen et al. 1997). The secreted
GnRH binds to the GnRHRs on the lipid raft portion of the plasma membrane of
gonadotrophs to stimulate the secretion of LH and FSH (Kadokawa et al. 2014). These
gonadotrophins regulate important events related to ovulation, such as oocyte
maturation, embryo development, and formation and maintenance of the corpus luteum.

The AP receives signals from both the hypothalamus and various peripheral
tissues, and secretes the important hormones that control various important functions in
multiple organs. Among them the most well-known one is the feedback mechanism by
antral follicles and corpora lutea, which secrete steroids and inhibin to control
gonadotropin secretion from the AP (Martin ef al. 1991). It is important to clarify
mechanisms controlling the HPG axis, but still little has known for mechanisms.
Especially, it is not clear whether hormones secreted from preantral and small antral
follicles control gonadotropin secretion from the AP. I had a question whether preantral

and small antral follicles are silent majority in ovaries.

Gonadotrophs are controlled by GnRH via the GnRHR that are present in lipid
rafts in the plasma membrane of gonadotrophs (Navratil et al. 2009; Wehmeyer et al.
2014; Kadokawa et al. 2014). The lipid rafts are distinct, relatively insoluble regions
that have lower density and are less fluid than surrounding membrane (Simons et al.
2000; Head et al. 2014), and they facilitate signaling by allowing colocalization of

membrane receptors and their downstream signaling components (Simons et al. 2000;



Head ef al. 2014). Therefore, gonadotroph lipid rafts containing GnRHR may contain

any important receptor.

GnRHRs are present in gonadotroph plasma membrane lipid rafts (Navratil et
al. 2009; Wehmeyer et al. 2014; Kadokawa et al. 2014), which are distinct, relatively
insoluble regions that have lower density and are less fluid than surrounding membrane
(Simons and Tooter 2000; Head et al. 2014). Lipid rafts facilitate signaling by allowing
colocalization of membrane receptors and their downstream signaling components
(Simons and Tooter 2000; Head et al. 2014). Lipid rafts containing GnRHR also harbor
insulin receptor (Navratil et al. 2009) and glucocorticoid receptor (Wehmeyer et al.
2014) in the LBT2 clonal murine gonadotroph cell line, thus providing a potential means
of integrating neuropeptide and energy homeostasis signals to modulate reproductive
function. Lipid rafts facilitate signaling by allowing colocalization of membrane
receptors and their downstream signaling components. Therefore, gonadotroph lipid
rafts containing GnRHR may contain any important receptor that have yet to be
identified. Kadokawa et al. (2014) previously developed a highly specific antibody that
recognizes the extracellular region at the N terminus of bovine GnRHR. This is a useful

tool to improve knowledge for GnRHR.

AMH is a dimeric glycoprotein in the TGF- family, and it is well known that
AMH is produced by granulosa cells of the preantral and small antral follicles in
humans and animals (Bhide and Homburg 2016). AMH regulates follicular
development during the gonadotropin-responsive phase (Hernandez-Medrano et al.
2012) and to inhibit follicular atresia (Seifer et al. 2014). However, plasma AMH
concentrations positively correlate with pregnancy rates in dairy cows (Ribeiro et al.

2014). Further, circulating AMH concentrations can predict the number of high-quality



embryos produced by a donor goat or cow (Ireland et al. 2008; Monniaux et al. 2011).
Although the primary role of AMH is at the ovary level in female animals, AMH
secreted from preantral and small antral follicles into circulating blood may have roles
in other organs. The APs of adult rats express mRNA for the main receptor of AMH,
AMHR?2 (Bédécarrats et al. 2003). Also the brains of adult tilapia express AMH
(Poonlaphdecha et al. 2011). However, little is known for relationship between AMH

and the GnRH neurons and gonadotrophs.

Fertility decreases during aging in human and bovine females (Osoro and
Wright 1992; Scheffer et al. 2018), however, little is known about the exact
mechanisms underlying this association in domestic animals. Studies of AMH are
promising for understanding these mechanisms. Blood AMH concentrations are highest
in pubertal girls and decrease gradually from the age of 25 years until the
postmenopausal period (Dewailly et al. 2014). In contrast, old Japanese Black cows
have higher blood AMH concentrations than postpubertal heifers and young cows
(Koizumi and Kadokawa 2017). These data suggest that age may be a determinant of

blood AMH concentration.

In the first study, I hypothesized AMHR?2 is expressed in gonadotrophs and if it
has any role in gonadotrophs function. Other important hormones for endocrinological
gonadotroph regulation (e.g. GnRH, inhibin and activin) have paracrine and autocrine
roles (Pagesy et al. 1992; Miller et al. 1996; Popovics et al. 2011). Therefore, in the
second study, I hypothesized that AMH is expressed in bovine gonadotrophs, and I
evaluated the relationship between AMH expression in the bovine AP and oestrous
stage, age and breed. In the third study, I hypothesized that AMH and AMHR2 may be

detected in the areas of the brain relevant to neuroendocrine control of reproduction:



POA, ARC, and ME of heifers, and especially within GnRH neurons. Then, in the
fourth study, I evaluated relation between aging and AMH and AMHR2 expression and

in POA, ARC and ME.

This thesis consists of nine chapters. In Chapter I (General Introduction), I
explained the background information and main objectives of the study. In Chapter II,
I reviewed the literatures directly or indirectly related to my thesis. Chapters III and IV
deal with expression of AMHR2 and AMH in gonadotrophs and that their expressions
are age related. In Chapter V and VI I determined expression of AMH and AMHR2 in
hypothalamus and evaluated if the expression is age-related. Finally, I discussed the

main findings of the present study to conclude in chapter VIL



CHAPTER 1T

Review of Literature



2.1. Hypothalamus, pituitary and gonads axis

Animal reproduction is tightly regulated by the hormones secreted from the
hypothalamus, pituitary and gonads. The HPG axis drives reproduction, including
sexual development, puberty, gametogenesis and pregnancy. Defects in the HPG axis
lead to hypogonadotropic hypogonadism, and to induce abnormal reproductive
functions and sterility (Larco et al. 2013). Bovine reproductive functions are regulated
by several hormones including GnRH of hypothalamus, LH and FSH of AP, and E2
and P4 of ovaries. Some of the most important components of the axis are the GnRH
neurons in hypothalamus and gonadotrophs (Herbison 2016; Nestor et al. 2018;

Kadokawa 2020).

2.2. Hypothalamic control of reproduction

The HPG axis drives reproduction and one of the most important components
of the axis are the GnRH neurons (Herbison 2016; Nestor ef al. 2018). GnRH neurons
originate in the POA and ARC and project to the ME, the interface between the neural
and peripheral endocrine systems, and secrete GnRH into the pituitary portal blood
vessels (Clarke et al. 1987; Jansen et al. 1997). The secreted GnRH binds to GnRH
receptors on the lipid raft portion of the plasma membrane of gonadotrophs to stimulate
the secretion of LH and FSH (Kadokawa et al. 2014). Given their central role in
reproduction, it is important to clarify mechanisms controlling GnRH neurons in the
hypothalamus.

As mentioned above, the hypothalamus controls reproduction through the
GnRH released from GnRH neurons which originate from the POA, ARC and terminate
at the ME. The POA is the center to control GnRH surge which is followed by LH and

FSH surge, ARC is the center to control pulsatile GnRH secretion which is followed by
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pulsatile LH secretion (Tsutsumi and Webster 2009). It is necessary to clarify factors

to regulate GnRH neurons.

2.3. Anterior Pituitary

The bovine pituitary is an orbicular-ovate structure located at the base of the
brain and it constitutes the hub of the endocrine system. Pituitary is comprised of three
different lobes: the anterior, posterior, and intermediate lobes. Anterior part, AP is the
most important endocrine organ for reproduction. The pituitary gland is located
outside the blood-brain barrier (Nussey and Whitehead 2001). AP receives various
hypothalamic and peripheral inputs. AP releases various hormones to control
downstream organs including endocrine glands. Therefore, AP is the most important
organ for controlling growth, metabolism, and reproduction. The AP consists of
heterogeneous population of highly differentiated endocrine cell types defined by the
hormones secreted. Among the various types of endocrine cells, gonadotrophs

comprise 10-15% of the total AP cells (Ben-Sholmo and Melmed 2011).

2.4. Gonadotrophs

Gonadotrophs play central important roles in the control of reproductive
function. Gonadotrophs secrete gonadotropins, LH and FSH, to regulate follicle growth,
ovulation, and corpus luteum formation in ovaries of vertebrates. Acting as a feedback
mechanism, antral follicles and corpora lutea secrete steroids and inhibin to control
gonadotropin secretion from gonadotrophs (Martin et al. 1991). However, it is not clear

whether hormones secreted from preantral and small antral follicles control
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gonadotropin secretion. I had a question whether preantral and small antral follicles are

silent majority in ovaries.

Gonadotrophs are scattered throughout the AP (Kaiser 2011). Size and function
of gonadotrophs are various (Childs 1997; Kadokawa et al. 2014). All types of
gonadotrophs actively secrete LH or FSH in estrus period especially (Childs 1997).
They are either LH- or FSH-monohormonal or bihormonal (Kaiser 2011; Kadokawa et
al. 2014). In the adult male rat pituitary, about 70% of gonadotrophs are bihormonal,
and 15% are LH monohormonal, and 15% are FSH monohormonal (Kaiser 2011). Also
bovine gonadotroph are heterogeneous, including bihormonal, LH- and FSH-

monohormonal (Kadokawa et al. 2014).

Plasma membrane of gonadotrophs contains lipid-raft microdomains, which are
distinct, relatively insoluble regions that have lower density and are less fluid than
surrounding membrane (Simons and Tooter 2000; Head et al. 2014) and facilitate
signaling by allowing colocalization of membrane receptors and their downstream
signaling components (Simons and Tooter 2000; Head et al. 2014). Gonadotrophs are
controlled by GnRH via the GnRHR that are present in lipid rafts in the plasma
membrane of gonadotrophs (Navratil ef al. 2009; Wehmeyer ef al. 2014; Kadokawa et
al. 2014). Lipid rafts of gonadotroph containing GnRHR also harbor insulin receptor
(Navratil et al. 2009) and glucocorticoid receptor (Wehmeyer et al. 2014) in the LET2
clonal murine gonadotroph cell line, thus providing a potential means of integrating
neuropeptide and energy homeostasis signals to modulate reproductive function.
However, gonadotroph lipid rafts containing GnRHR may contain other types of
receptor that have yet to be identified. It is well known that GPCR proteins can form

functionally active homomers and heteromers with different receptors (Ritter and Hall



2009). Therefore, further studies are required to clarify whether GnRHR form

heteromers with any receptors.

2.5. AMH and AMHR?2

AMH is a dimeric glycoprotein in the TGF-f family, which include other ovarian
hormones, inhibin and activin. AMH is a molecule is a 140-kDa dimeric glycoprotein
composed of identical 70-kDa monomers (Campbell et al. 2012). The best-studied
tissue that secretes AMH are the immature granulosa cells in the ovaries of adult
humans and animals (Bhide and Homburg 2016), and AMH reportedly plays various
important roles to regulate follicular development during the gonadotropin-responsive
phase (Hernandez-Medrano et al. 2012) and to inhibit follicular atresia (Seifer et al.
2014).

Interestingly, plasma AMH concentrations can predict the fertility of adult female
goats, ewes, cows, and women (Monniaux ef al. 2012; Meczekalski et al. 2016; Mossa
et al. 2017). Blood AMH concentrations are also indicative of ovarian aging in women
(Bhide and Homburg 2016; Dewailly et al. 2014). Plasma AMH concentrations
positively correlate with pregnancy rates in dairy cows (Ribeiro et al. 2014). Further,
circulating AMH concentrations can predict the number of high-quality embryos
produced by a donor goat or cow (Ireland et al. 2008; Monniaux et al. 2011). These
data suggest the importance of AMH for proper reproductive function in ruminants.

Although the well-known role of AMH is at the ovary level in female animals,
AMH secreted from preantral and small antral follicles into circulating blood may have
roles in other organs. Indeed, the APs of adult rats express mRNA for the main receptor

of AMH, AMHR2 (Bédécarrats et al. 2003). AMH activates LH3 and FSHf} gene
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expression in LBT2 cells—a murine gonadotroph-derived cell line (Bédécarrats et al.
2003). Garrel et al. (2016) recently reported that AMH stimulates FSH secretion in rats
in vivo; however, such stimulation is restricted to pre-pubertal female rats. However,
there are still no data on the regulatory role of AMH on gonadotropin secretion from
gonadotrophs in ruminant species. AMH and AMHR?2 were detected by NGS in bovine
APs (Pandey et al. 2017b). However, which cell express AMH and AMHR2 were
remained to be studied, when this thesis studies began.

We previously discovered that two orphan receptors, GPR61 and GPR153, are
colocalized with GnRHR in gonadotroph plasma membrane lipid rafts (Pandey et al.
2017a, 2018). Therefore, gonadotroph lipid rafts containing GnRHR may contain
AMHR2.

Little is known concerning the relationship between AMH and the brain. While the
brains of adult tilapia express AMH, the localization of AMH expression in the brain

remains unclarified (Poonlaphdecha et al. 2011).

2.6. Infertility in aged animals and dairy cows

Old age is associated with decreased fertility in beef cows (Osoro and Wright
1992); however, little is known about the exact mechanisms underlying this association
in domestic animals. Studies of AMH are promising for understanding these
mechanisms. Blood AMH concentrations are highest in pubertal girls and decrease
gradually from the age of 25 years until the postmenopausal period (Dewailly et al.
2014). Infertility in Holsteins is an important issue in dairy industries worldwide

(Kadokawa and Martin 2006; Adamczyk et al. 2017; Gernand and Konig 2017).
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2.7. Issues of Age-related infertility

Surprisingly, little is known for details of mechanism for reproductive longevity,
and only a previous review reported the difference between Bos taurus and Bos indicus
(Chenoweth 1994). However, in an early study by Erickson et al. (1976), aging was
associated with a decrease in the ovarian follicular reserve and 55% of the herd was
reported to be infertile by 13 years of age. Also Wathes (2012) reported that culling for
infertility remains the main reason for disposal of dairy cows, limiting productive
lifespan. Wathes (2012) reported that ovulation is inhibited in extreme cases, preventing
the possibility of conception, and more often cows do conceive, but fail to remain
pregnant owing to intrinsic problems in the embryo and/or to a poor-quality
reproductive tract environment. Wathes (2012) reported that both aspects have a genetic
component and are also influenced by management practices affecting nutrition and
health, furthermore, the relative importance of these factors varies among heifers, first-
lactation and older cows. Therefore, clarifying mechanism of reproductive aging is very

important.

2.8. Hypothalamus-pituitary role in age-related infertility

Little information is available on reproductive aging in cattle, however, Malhi
et al. (2006) reported that preovulatory LH surge in response to estradiol treatment was
significantly delayed in old (13-14 year old ) than young (1-4 year old) cows. Bryner et
al. (1990) compared patterns of concentrations of LH and FSH during an estrous cycle
between 5 to 7 years lactating beef cows 12 years or older ones. Length of estrous cycle
did not differ between young and old cows (P = 0.06). No differences due to age were
found for LH, because their experiment design was based on only 12-hours interval

blood sampling while LH secretions are pulsatile which require every 10-min interval
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collection (Kadokawa and Yamada 1999, 2000; Kadokawa et al. 2006), or surge which
require every 15-min interval collection (Kadokawa et al. 1998; 2008a; Kadokawa,
2007). Patterns of concentrations of FSH during days 6 through 12 differed with age (P
less than 0.05). An earlier (P less than 0.025) midcycle elevation of FSH was associated
with an earlier rise during the follicular phase in old than in young cows. For the
relationship between FSH secretion and aging in women, Ko and Kim (2018) recently
did literature review using 23 selected previous papers. They reported that blood FSH
concentration in women toward menopause decrease in 21 previous papers (Ko and
Kim 2018). Therefore, we need to study hypothalamus-pituitary level in order to clarify

pathological mechanisms of age-related infertility.
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CHAPTER 111

(Study I)
Anti-Miillerian hormone receptor type 2 is expressed in
gonadotrophs of post-pubertal heifers to control gonadotropin

secretion
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Abstract

Preantral and small antral follicles may secret AMH to control gonadotropin
secretion from ruminant gonadotrophs. This study investigated whether the main
receptor for AMH; AMHR?2, is expressed in gonadotrophs of post-pubertal heifers to
control gonadotropin secretion. RT-PCR detected expressions of AMHR2 mRNA in
APs of post-pubertal heifers. An anti-AMHR2 chicken antibody against the
extracellular region near the N terminus of bovine AMHR2 was developed. Western
blotting utilizing this antibody detected the expressions of AMHR2 protein in APs.
Immunofluorescence microscopy utilizing the same antibody visualized colocalization
of AMHR?2 with GnRH receptor on the plasma membrane of gonadotrophs. I cultured
the AP cells for 3.5 days, and then treated them with increasing concentrations (0, 1,
10, 100, or 1000 pg/ml) of AMH. AMH (10-1000 pg/ml) stimulated (P < 0.05) basal
FSH secretion. The hormone (100-1000 pg/ml) also stimulated (P < 0.05) basal LH
secretion weakly. However, AMH (100-1000 pg/ml) inhibited GnRH-induced FSH
secretion, but not GnRH-induced LH secretion, in AP cells. The expression of AMHR2
mRNA and protein in APs did not differ between oestrous phases (P > 0.1). I compared
expression levels between old Holsteins (79.2 = 10.3 months old) and young (25.9 +
0.6 months old) and old Japanese Black females (89.7 £ 20.3 months old), but no
significant differences were observed among the groups. In conclusion, AMHR?2 is

expressed in gonadotrophs of post-pubertal heifers to control gonadotropin secretion.
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3.1. Introduction

Gonadotrophs in the APs secrete gonadotropins, LH and FSH, to regulate
follicle growth, ovulation, and corpus luteum formation in ovaries of vertebrates.
Acting as a feedback mechanism, antral follicles and corpora lutea secrete steroids and
inhibin to control gonadotropin secretion from the AP (Martin et al. 1991). This
pituitary-ovary axis is one of the most important fundamental mechanisms for
reproduction. However, it is not clear whether hormones secreted from preantral and
small antral follicles control gonadotropin secretion from the AP. I have a question
whether preantral and small antral follicles are silent majority in ovaries.

AMH is a dimeric glycoprotein in the TGF-f3 family, and AMH is produced
mainly by granulosa cells of the preantral and small antral follicles in humans and
animals (Bhide and Homburg 2016). AMH regulates follicular development during the
gonadotropin-responsive phase (Hernandez-Medrano et al. 2012) and to inhibit
follicular atresia (Seifer et al. 2014). Blood AMH concentrations are indicative of
ovarian aging in women (Bhide and Homburg 2016; Dewailly et al. 2014). Plasma
AMH concentrations positively correlate with pregnancy rates in dairy cows (Ribeiro
et al. 2014). Further, circulating AMH concentrations can predict the number of high-
quality embryos produced by a donor goat or cow (Ireland ez al. 2008; Monniaux ef al.
2011). These data suggest the importance of AMH for proper reproductive function in
ruminants after puberty.

Although the primary role of AMH is at the ovary level in female animals, AMH
secreted from preantral and small antral follicles into circulating blood may have roles
in other organs. Indeed, the APs of adult rats express mRNA for the main receptor of
AMH; AMHR2 (Bédécarrats et al. 2003). AMH activates LHB and FSH gene
expression in LBT2 cells—a murine gonadotroph-derived cell line (Bédécarrats et al.
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2003). Garrel et al. (2016) recently reported that AMH stimulates FSH secretion in rats
in vivo; however, such stimulation is restricted to pre-pubertal female rats. However,
there are still no data on the regulatory role of AMH on gonadotropin secretion from
gonadotrophs in ruminant species.

Gonadotrophs are controlled by GnRH via GnRHR that are present in lipid rafts
in the plasma membrane of gonadotrophs (Navratil e al. 2009; Wehmeyer et al. 2014;
Kadokawa ef al. 2014). The lipid rafts are distinct, relatively insoluble regions that have
lower density and are less fluid than surrounding membrane (Simons ef al. 2000; Head
et al. 2014), and they facilitate signaling by allowing colocalization of membrane
receptors and their downstream signaling components (Simons ef al. 2000; Head et al.
2014). Pandey et al. (2017a, 2018) discovered that two orphan receptors, GPR61 and
GPR153, are colocalized with GnRHR in gonadotroph plasma membrane lipid rafts.
Therefore, gonadotroph lipid rafts containing GnRHR may contain AMHR2.

Old age is associated with decreased fertility in beef cows (Osoro and Wright
1992), however, little is known about the exact mechanisms underlying this association
in domestic animals. Studies of AMH are promising for understanding these
mechanisms. Blood AMH concentrations are highest in pubertal girls and decrease
gradually from the age of 25 years until the postmenopausal period (Dewailly et al.
2014). In contrast, old Japanese Black cows have higher blood AMH concentrations
than postpubertal heifers and young cows (Koizumi and Kadokawa 2017). These data
suggest that age may be a determinant of blood AMH concentration.

In the present study, I tested the hypothesis that AMHR?2 is expressed in the
gonadotrophs of post-pubertal heifers to control gonadotropin secretion. Infertility in
Holsteins is an important issue in dairy industries worldwide (Kadokawa and Martin

2006; Adamczyk et al. 2017; Gernand and Konig 2017). Therefore, I also evaluated the
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relationship between AMHR?2 expression in APs and various physiological factors, i.e.

stage of the oestrous cycle, age and breed.
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3.2. Materials and methods

3.2.1. Animals and treatments

All experiments were performed according to the Guiding Principles for the
Care and Use of Experimental Animals in the Field of Physiological Sciences
(Physiological Society of Japan) and approved by the Committee on Animal

Experiments of the School of Veterinary Medicine, Yamaguchi University.

3.2.2. AP and ovary sample collection

AP tissues were obtained from post-pubertal (26 months of age) Japanese Black
heifers at a local abattoir, using a previously described method (Kadokawa et al. 2014).
The heifers were in the middle luteal phase, i.e., 8 to 12 days after ovulation, as
determined by macroscopic examination of the ovaries and uterus (Miyamoto et al.
2000); the AP show the highest LH and GnRHR concentrations in this phase (Nett et
al. 1987).

Granulosa cells in small antral follicles express AMHR2 mRNA (Poole et al. 2016).
Therefore, I also collected ovary tissue samples from the same heifers to use as positive
controls of AMHR2 in western blotting and immunohistochemistry assays.

The AP and ovary samples for RNA or protein (n = 3) extraction were immediately
frozen in liquid nitrogen and stored at —80°C. The AP and ovary samples for
immunohistochemistry (n = 5) were fixed with 4% paraformaldehyde at 4°C for 16 h.
The AP samples meant for cell culture followed by immunocytochemical analysis (n =
5) and those that were to be used for cell culture to evaluate the effect of AMH on LH
and FSH secretion (n = 8) were stored in ice-cold 25 mM HEPES buffer (pH 7.2)

containing 10 mM glucose and transported on ice to the laboratory.
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3.2.3. RT-PCR, sequencing of amplified products, and homology search in gene
databases

Total RNA was extracted from the AP samples (n = 3) using RNAiso Plus
(Takara Bio Inc) according to the manufacturer’s protocol. The extracted RNA samples
were treated with ribonuclease-free deoxyribonuclease (Toyobo) to eliminate possible
genomic DNA contamination. Using a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies Inc.), the concentration and purity of each RNA sample were
evaluated to ensure the A2s0/A2s0 nm ratio was in the acceptable range of 1.8-2.1. The
mRNA quality of all samples was verified by electrophoresis of total RNA followed by
staining with ethidium bromide, and the 28S:18S ratios were 2:1. The cDNA was
synthesized from 0.5 pg of the total RNA per AP using ReverTra Ace qPCR RT Master
Mix (Toyobo) according to the manufacturer’s protocol.

In order to determine the expression of AMHR2 mRNA in the AP, PCR was
conducted using one of three pairs of primers designed by Primer3 based on reference
sequence of bovine AMHR2 [NCBI reference sequence of bovine AMHR2 is
NM_001205328.1], as one of PCR primers must span exon-exon junction. Table 3.1
shows the details of the primers, and the expected PCR-product sizes of the AMHR?2
were 340 bp, 320 bp, and 277 bp. Using a Veriti 96—Well Thermal Cycler (Thermo
Fisher Scientific), PCR was performed using 20 ng of cDNA and polymerase (Tks
Gflex DNA Polymerase, Takara Bio Inc.) under the following thermocycles: 94 °C for
1 min for pre-denaturing followed by 35 cycles of 98°C for 10 s, 60°C for 15 s, and
68°C for 30 s. PCR products were separated on 1.5% agarose gel by electrophoresis
with a molecular marker [Gene Ladder 100 (0.1-2kbp), Nippon Gene], stained with
fluorescent stain (Gelstar, Lonza), and observed using a CCD imaging system (GelDoc;

Bio-Rad). The PCR products were purified with the NucleoSpin Extract II kit (Takara
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Bio Inc.) and then sequenced with a sequencer (ABI3130, Thermo Fisher Scientific)
using one of the PCR primers and the Dye Terminator v3.1 Cycle Sequencing Kit
(Thermo Fisher Scientific). The sequences obtained were used as query terms with
which to search the homology sequence in the DDBJ/GenBankTM/EBI Data Bank
using the BLAST optimized for highly similar sequences (available on the NCBI

website).
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Table 3.1. Details of the three primers used for PCR to detect AMHR2 mRNA in

bovine anterior pituitaries.

Primer Sequence 5°-3° Position Size

pair (bp)

Nucleotide Exon

Ist up GATTTGCGACCTGACAGCAG  1273-1292 9-10 340
down CGGGAGGAGTGGAGAAATGG  1593-1612 11

2nd up AGATTTGCGACCTGACAGCAG 1272-1292 9-10 320
down CTTCCAGGCAGCAAAGTGAG  1572-1591 11

3rd up GTGCTTCTCCCAGGTCATACG  606-626 5-6 277

down GGTGTGCTGGGTCAAGTAGT  863-882 7
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3.2.4. Development anti-AMHR2 chicken antibody

SOSUI wv.1.11 algorithm (Hirokawa et al 1998; http://harrier.nagahama-i-

bio.ac.jp/sosui/) was used to determine that bovine AMHR?2 protein [543 amino acids;

accession number NP_001192257.1 in NCBI reference bovine sequences] contains one
hydrophobic transmembrane domains (amino acid 146—168) linked by hydrophilic
extracellular and intracellular regions. This structure is the same as the reported
structure of mouse AMHR2 (Sakalar et al. 2015).

Genetyx ver. 11 (Genetyx) was utilized to predict antigenic determinants based on
an algorithm derived by Hopp and Woods (1981). For antibody production, a peptide
corresponding to amino acids 31-45 (GVRGSTQNLGKLLDA), an extracellular region
that is located near the N terminus of the AMHR?2, was used for three reasons. First,
this peptide has no homology to the corresponding region of chicken AMHR2
(XP_015145444.1). Second, the peptide sequences are in downstream region of the
signal peptide of bovine AMHR2 (amino acid 1-17). Third, there was no other protein
encoded in the bovine genome exhibited homology to the peptide sequences of the
AMHR?2 by comparison with the sequences retrieved from DDBJ/GenBankTM/EBI
Data Bank, using the protein BLAST.

A commercial service (Scrum Inc.) was utilized for synthesis of antigen peptide (C-
GVRGSTQNLGKLLDA), conjugation with KLH, immunization, and antibody
purification. Briefly, the peptide was synthesized and the purity verified (>99.0%) using
high-performance liquid chromatography followed by mass spectrometry. Then, KLH
was conjugated to the sulfhydryl group of the cysteine to produce an immunogen that
was then emulsified with Complete Freund’s adjuvant and injected into chickens five

times at 14-day intervals. Blood was collected 7 days after the final immunization and
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the antibody was purified by affinity column chromatography (PD10; GE Healthcare)
containing an antigen-conjugated gel prepared with the SulfoLink Immobilization Kit

(Thermo Fisher Scientific).

3.2.5. Other antibodies used in this study

A guinea pig polyclonal antibody that recognizes the N-terminal extracellular
domain (corresponding to amino acids 1-29;
MANSDSPEQNENHCSAINSSIPLTPGSLP) of GnRHR (anti-GnRHR) was
previously developed. The specificity of the anti-GnRHR antibody was verified by
western blotting, and pretreatment with anti-GnRHR antibody inhibited GnRH-induced
LH secretion from cultured bovine gonadotroph (Kadokawa et al. 2014). Additionally,
the anti-GnRHR antibody was used for immunofluorescence detection of GnRHR in
plasma membrane of bovine gonadotroph (Kadokawa et al. 2014; Pandey et al. 2016).
A strong and localized GnRHR-positive staining signal was observed as aggregation on
the plasma membrane of gonadotrophs (Kadokawa et al. 2014). The anti-GnRHR as
well as a mouse monoclonal anti-LH 3 (LHp) subunit antibody (clone 518-B7; Matteri
et al. 1987) was used for immunohistochemical analysis of AP tissue and cultured AP
cells. This antibody does not cross-react with other pituitary hormones (Igbal et al.
2009). A mouse monoclonal anti-FSH 3 (FSHf) subunit antibody (clone A3C12) was
also used , and that does not cross-react with other pituitary hormones (Borromeo ef al.

2004) for immunohistochemical analysis of AP tissue.
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3.2.6. Western Blotting for AMHR?2

I extracted protein from the samples of AP (n = 3) or ovary (n = 3, used as positive
control) and performed western blotting following a previously described method
(Kadokawa et al. 2014). The extracted protein (33.4 pg of total protein in 37.5 pul) was
mixed in 12.5 pl of 4x Laemmli sample buffer (Bio-rad) containing 10% (v/v) B-
mercaptoethanol, then boiled for 3 min at 100 °C. Boiled protein samples were quickly
cooled in ice, then 4, 8, or 16 pg of total protein were loaded onto sodium dodecyl
sulfate a polyacrylamide gels, along with a molecular weight marker (Precision Plus
Protein All Blue Standards; Bio-Rad), for resolution by electrophoresis at 100 V for 90
min. Proteins were then transferred to PVDF membranes for immunoblotting with the
anti-AMHR?2 chicken antibody (1:25,000 dilution) after blocking with 0.1% Tween 20
and 5% non-fat dry milk for 1 h at 25 °C. The membranes were incubated overnight at
4 °C with the primary antibody, washed with 10 mM Tris—HCI (pH 7.6) containing 150
mM NaCl and 0.1% Tween 20, and incubated with HRP-conjugated anti-chicken IgG
goat antibody (Bethyl laboratories, Inc.; 1:50,000 dilution) at 25 °C for 1 h. Protein
bands were visualized using an ECL-Prime chemiluminescence kit (GE Healthcare)
and CCD imaging system (Fujifilm). Previous studies utilizing western blotting for
AMHR?2 reported that human and mouse AMHR2 are present as dimers, full-length
monomers, or cleaved monomers (Faure et al. 1996; Hirschhorn et al. 2015). Thus, I
defined bovine AMHR?2 bands based on mobility as one of these structure types. After
antibodies were removed from the PVDF membrane with stripping solution (Nacalai
Tesque Inc.), the membrane was used for immunoblotting with the anti-B-actin mouse

monoclonal antibody (A2228, 1:50,000 dilution; Sigma-Aldrich).
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3.2.7. Fluorescent immunohistochemistry and confocal microscopic observation

After storage in 4% PFA-PBS at 4°C for 16 h, the AP (n =5) or ovary (n =5)
tissue blocks were placed in 30% sucrose-PBS until the blocks were infiltrated with
sucrose. The methods for immunofluorescence analysis of AP tissue have been
described previously (Kadokawa et al. 2014). Briefly, 1 prepared 15-pm sagittal
sections were cut using a cryostat (CM 1900, Leica Microsystems Pty L.td.) and mounted
them on slides. The sections were treated with 0.3 % Triton X-100 in PBS for 15 min,
then, incubated with 0.5 mL of PBS containing 10% normal goat serum (Wako Pure
Chemicals) for blocking for 1 h. Incubation with a cocktail of primary antibodies (anti-
GnRHR guinea pig antibody, anti-AMHR?2 chicken antibody, and either anti-LHf or
anti-FSHP mouse antibody [all diluted as 1:1,000]) for 12 h at 4°C was followed by
incubation with a cocktail of fluorochrome-conjugated secondary antibodies (Alexa
Fluor 488 goat anti-chicken IgG, Alexa Fluor 546 goat anti-mouse IgG, and Alexa Fluor
647 goat anti-guinea pig IgG [all from Thermo Fisher Scientific and diluted as 1
ng/mL]) and 1 pg/mL of 4, 6'-diamino-2-phenylindole (DAPI; Wako Pure Chemicals)
for 2 h at room temperature. Moreover, I prepared 15-um ovary sections, incubated
with anti-AMHR?2 chicken antibody (1:1,000), and then incubated with 1 pg/mL Alexa
Fluor 488 goat anti-chicken IgG and DAPI to use as positive controls to verify the anti-
AMHR?2 antibody.

The stained sections on slides were observed with a confocal microscope
(LSM710; Carl Zeiss) equipped with diode (405 nm), argon (488 nm), HeNe (533 nm)
and HeNe (633 nm) lasers. Images obtained by fluorescence microscopy were scanned
with a 40x or 63x oil-immersion objective and recorded by a CCD camera system

controlled by ZEN2012 black edition software (Carl Zeiss). GnRHR, AMHR2, and
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LHP or FSHP localization were examined in confocal images of triple-immunolabeled
specimens. In the confocal images obtained after immunohistochemistry analysis, the
GnRHR is shown in green, AMHR?2 is shown in red, and LH or FSH is shown in
light blue. Therefore, the yellow coloration on the surface of light blue-colored cells
indicates the colocalization of AMHR2 and GnRHR. The percentage of AMHR2 single
(red)—labeled light blue-colored cells, or the percentage of double (yellow)-labeled light
blue-colored cells, among all of the AMHR2-positive light blue-colored cells (sum of
the numbers of red-labeled and yellow-labeled light blue-colored cells), were
determined from 12 representative confocal images per pituitary gland. Moreover, the
percentage of GnRHR single (green)-labeled light blue-colored cells, or the percentage
of double (yellow)-labeled light blue-colored cells, among all of the GnRHR-positive
light blue-colored cells (sum of the numbers of green-labeled and yellow-labeled light
blue-colored cells), were determined from 12 representative confocal images per
pituitary gland. To verify the specificity of the signals, I included several negative
controls in which the primary antiserum had been omitted or pre-absorbed with 5 nM
of the same antigen peptide, or in which normal chicken IgG (Wako Pure Chemicals)

was used instead of the primary antibody.

3.2.8. AP cell culture and immunocytochemical analysis of cells

The AP cells from 5 heifers were enzymatically dispersed using the method of
Suzuki et al. (2008), and cell viability was confirmed to be greater than 90% by Trypan
blue exclusion. Total cell yield was 19.8 x 10° + 0.8 x 10° cells per pituitary gland. The
dispersed cells were then suspended in DMEM (Thermo Fisher Scientific) containing
Ix nonessential amino acids (Thermo Fisher Scientific), 100 U/mL penicillin,

50 pg/mL streptomycin, 10% horse serum (Thermo Fisher Scientific), and 2.5% fetal
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bovine serum (Thermo Fisher Scientific). The cells (2.5 x 10° cells/mL, total =0.15 mL
per lane) were cultured in the culture medium at 37 °C in 5% COx> for 82 h, using a
microscopy chamber (pu-Slide VI 0.4, Ibidi). I cultured the AP cells for 82 h (3.5 days),
as previously described (Hashizume ef al. 2003; Kadokawa ef al. 2008b; Hashizume et
al. 2009; Kadokawa et al. 2014; Nakamura ef al. 2015). I supplied recombinant human
activin A (final concentration, 10 ng/ml; R&D systems) to stimulate FSH synthesis at
24 h prior to fixation. Mature activin A of bovines (NP _776788.1) and ovines
(NP_001009458.1) have 100% homology with that of humans (CAA40805.1), and the
24 h culture with the same concentration of same recombinant human activin A product
stimulates FSH expression in cultured ovine AP cells (Young et al. 2008).

I fixed and treated the cultured cells using either 4% PFA for 3 min followed by
0.1% Triton X-100 treatment for 1 min (PFA-Triton method), or fixation for 2 min with
CellCover (Anacyte Laboratories UG), instead of 4% PFA, and no Triton X-100
treatment (CellCover method), as described by Kadokawa et al. (2014). Briefly, one of
the aforementioned methods was used to treat the cells attached to the bottom of the
microscopy chamber. For the PFA-Triton method, the fixed cells were incubated with
0.1 mL of the same cocktail of primary antibodies for 2 h at room temperature.
Incubation with Triton X-100 allowed both anti-GnRHR and anti-AMHR?2 antibodies
to bind to target proteins in the cytoplasm and at the cell surface. For the CellCover
method, the fixed cells were incubated with only guinea pig anti-GnRHR and chicken
anti-AMHR2 (both 1:1,000) for 2 h at room temperature. The cells were not treated
with Triton X-100, so the antibodies bound only to the extracellular domains of the
respective receptors in most cells, although some cytoplasmic labeling occurred in
broken cells. For both PFA-Triton and CellCover methods, cells were incubated with

fluorochrome-conjugated secondary antibody cocktail and DAPI, and subjected to
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confocal microscopy to produce fluorescence micrographs and DIC images on a single
plane. Signal specificity was confirmed using negative controls in which the primary
antiserum was omitted or pre-absorbed with 5 nM antigen peptide, or in which the
normal chicken IgG replaced the primary antibody. Eight randomly selected images of
cells prepared by CellCover method were analyzed for co-localization utilizing the ZEN
2012 black edition software (Carl Zeiss) to calculate overlap coefficients (Manders et

al. 1993) for the Alexa Fluor 488 and Alexa Fluor 647 fluorophores.

3.2.9. Pituitary cell culture and analysis of the effects of AMH on LH and FSH
secretion

The AP cells derived from 8 heifers were prepared using the protocol described
above. After the cells (2.5 x 10° cells/mL, total 0.3 mL) had been plated in 48-well
culture plates (Sumitomo Bakelite), they were maintained at 37°C in a humidified
atmosphere of 5% CO> for 82 h. I supplied the recombinant human activin A (final
concentration, 10 ng/ml) to stimulate FSH synthesis at 24 h prior to the AMH test.

In the test to evaluate the effect of AMH in the absence of GnRH, the old
medium was replaced by 295 uL DMEM containing 0.1% BSA and 10 ng/ml activin
A and incubated for 2 h. Treatment was performed by adding 5 pL of DMEM alone or
5 uL of DMEM containing various concentrations of human recombinant AMH (R &
D systems; final concentration of 0, 1, 10, 100, or 1000 pg/ml AMH).

The bioactive region in the carboxyl-terminal region of mature AMH (Belville
et al. 2004) of bovines (NP_776315.1) and goat (XP_017906255.1) has 96% homology
with that of humans (NP_000470.2), and the same recombinant human AMH product

shows the biological effect for goat follicles (Rocha et al. 2016).
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After incubation for further 2 h, the medium from each well was collected for
RIA analyses of LH and FSH levels. The physiological concentration of AMH in blood
ranged between 5 and 300 pg/ml in Japanese Black cows in a previous study (Koizumi
and Kadokawa 2017). Therefore, I used the above-mentioned AMH concentration in
this study.

In the test to evaluate the effect of AMH in the presence of GnRH, the old
medium was replaced by 290 uL DMEM containing 0.1% BSA and 10 ng/ml activin
A and incubated at 37°C for 2 h. Pretreatment was performed by adding 5 pL. of DMEM
alone or 5 uLL. of DMEM containing various concentrations (0, 60, 600, 6000, and 60000
pg/ml) of the human recombinant AMH. The cells were incubated while gently shaking
for 5 min, and then, cells were treated with 5 uL of 60 nM GnRH (Peptide Institute
Inc.) dissolved in DMEM for 2 h in order to stimulate LH and FSH secretion. The
pretreatment plus the GnRH treatment yielded a final concentration of 0, 1, 10, 100, or
1000 pg/ml AMH. The final concentration of GnRH was 1 nM in all treatments
(Kadokawa et al. 2014), except the “control”. Control wells were treated with 5 pLL of
DMEM, but were not incubated with GnRH. “GnRH” wells were pre-treated with 5 uL
of DMEM for 5 min and were then incubated with GnRH for 2 h. After incubation for

2 h, the medium from each well was collected for LH and FSH RIAs.

3.2.10. RIAs to measure gonadotropin concentration in culture media

The concentration of LH was measured in duplicate samples of culture media
by double antibody RIA using '*I-labeled bLH and anti-oLH-antiserum (AFP11743B
and AFP192279, National Hormone and Pituitary Program of the NIDDK). The limit
of detection was 0.40 ng/mL. At 2.04 ng/mL, the intra-assay coefficient of variation

was 3.6% and inter-assay coefficient of variation was 6.2%. The concentration of FSH
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was measured in duplicate samples of culture media by double antibody RIA using '*°I-

labeled bFSH, reference grade bFSH, and anti-oFSH antiserum (AFP5318C,
AFP5346D, and AFPC5288113, NIDDK). The limit of detection was 0.20 ng/mL. At
4.00 ng/mL, the intra-assay coefficient of variation was 4.3% and inter-assay coefficient

of variation was 7.1%.

3.2.11. AP sample collection for comparisons between oestrous stages

AP tissues were collected from the heads of adult (26-month-old) non-pregnant
healthy Japanese Black heifers in the pre-ovulation (Days 19-21 (Day 0 = day of
oestrus); n = 5), early luteal (Days 2-5; n = 5), mid-luteal (Days 8—12; n = 5) or late
luteal (Days 15—-17; n = 5) phases, as determined by macroscopic examination of the
ovaries and uterus (Miyamoto et al. 2000). Samples were obtained at a local abattoir as
previously described (Rudolf and Kadokawa 2014) and immediately frozen in liquid

nitrogen and stored at —80°C until RNA or protein extraction.

3.2.12. AP sample collection for comparisons between ages or breeds

AP tissues were obtained during the luteal phase from healthy postpubertal
Japanese Black heifers (25.9 &+ 0.6 months of age; n = 5; young JB group), old Japanese
Black cows (89.7 + 20.3 months of age; 5.2 £ 0.5 parity; n = 5; old JB group) and old
Holstein cows (79.2 £ 10.3 months of age; 6.6 + 0.9 parity; n = 5; old Hol group) from
the local abattoir. It was not possible to obtain AP samples from postpubertal Holstein
heifers because they are kept in dairy farms for milking purposes. All of the heifers and
cows in the three groups were non-lactating and non-pregnant and they had no follicular
cysts, luteal cysts or other ovarian disorders based on macroscopic examinations of the

ovaries (Kamomae 2012). All cows in the old Hol group had endometritis as determined
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by macroscopic examination of the uterus with mucopurulent vaginal discharge
(Kamomae 2012). All of their endometritis clinical scores (Sheldon and Dobson 2004)
were 1, since the mucus character was clear or translucent with flecks of white pus and
the mucus odour was not unpleasant. The old Holstein cows were slaughtered owing to
infertility, diagnosed after at least five artificial insemination attempts. The old
Japanese Black cows were slaughtered after completing parturition a sufficient number

of times, as planned by farmers to obtain beef.

3.2.13. RT-qPCR to evaluate the factors affecting AMHR?2 expression

RT-qPCR was performed to compare AMHR2 expression between oestrous
phases and between the young JB, old JB and old Hol groups. The preparation of high-
quality total RNA and cDNA synthesis was performed as described above.

Table 3.2 shows the primers designed for RT-qPCR using Primer Express
Software Version 3.0 (Thermo Fisher Scientific) based on the reference sequences. The
level of gene expression was measured in duplicate by RT-qPCR analyses with 20 ng
cDNA, using the CFX96 Real-Time PCR System (Bio-Rad) and Power SYBR Green
PCR Master Mix (Thermo Fisher Scientific) together with a six-point relative standard
curve, non-template control and no-reverse-transcription control. Standard 10-fold
dilutions of purified and amplified DNA fragments were prepared. Temperature
conditions for all genes were as follows: 95°C for 10 min for pre-denaturation; five
cycles each of 95°C for 15 s and 66°C for 30 s and 40 cycles each of 95°C for 15 s and
60°C for 60 s. Melting curve analyses were performed at 95°C for each amplicon and
each annealing temperature to ensure the absence of smaller non-specific products such
as dimers. To optimise the RT-qPCR assay, serial dilutions of a cDNA template were

used to generate a standard curve by plotting the log of the starting quantity of the
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dilution factor against the Cq value obtained during amplification of each dilution.
Reactions with a coefficient of determination (R2) >0.98 and efficiency between 95 and
105% were considered to be optimised. The concentration of PCR products was
calculated by comparing Cq values of unknown samples with the standard curve using
appropriate software (CFXmanager Version 3.1; Bio-Rad). The gene expression levels
for AMHR?2 genes were normalised to the geometric mean of the expression levels of
two housekeeping genes, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
RAN-binding protein (RANBP10). 1 selected these two housekeeping genes from among
20 that have been previously described (Walker et al. 2009; Rekawiecki et al. 2012)
because they had the smallest inter-heifer coefficients of variation of reads per kilobase
of transcript per million mapped reads value upon deep sequencing of the transcriptome

(Pandey et al. 2017b).
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Table 3.2. Name, accession number, and details of the primers used for RT-qPCRs

Gene name Accession Primer Sequence 5'-3' Size
number (bp)
GAPDH NM 001034034 Forward TGGTGAAGGTCGGAGTGAAC 91
Reverse  ATGGCGACGATGTCCACTTT
RANBP10 NM 001098125 Forward CCCAGTCCTACCAGCCTACT 133
Reverse =~ CCCCCAGAGTTGAATGACCC
AMHR?2 NM 001205328 Forward TGGGAGATTATGAGTCGCTGC 52
Exon 9 10 Reverse  GTGGTGGTCTGCTGTCAGGT
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3.2.14. Western blotting to evaluate the factors affecting AMHR?2 expression
Western blotting was performed to compare AMHR2 protein levels in APs
between different oestrous phases and between the young JB, old JB and old Hol groups.
Sample collection and western blotting were performed as described above. Briefly, 15
uL (8 pg of total protein) of boiled sample was loaded on a polyacrylamide gel along
with the molecular weight marker and four standard samples (2, 4, 8 and 16 pg total
protein for each of five randomly selected AP samples diluted with protein extraction
reagent). MultiGauge Version 3.0 software (Fujifilm) was used to quantify the signal
intensity of the protein bands. The intensities of band of AMHR2 (as full length
monomers form) for 16-, 8-, 4- and 2-ug AP protein samples were set as 100%, 50%,
25% and 12.5% respectively and the intensity of other samples was calculated as a
percentage of these standards using MultiGauge software. After antibodies were
removed from the PVDF membrane with stripping solution, the membrane was used
for immunoblotting with the anti-f-actin mouse monoclonal antibody. The intensities
of the B-actin band for 16-, 8-, 4- and 2-ug AP protein samples were set as 100%, 50%,
25% and 12.5% respectively and the intensity of other samples was calculated as a
percentage of these standards using MultiGauge software. AMHR2 expression level

was normalised to that of B-actin in each sample.

3.2.15. Analysis of the AMHR?2 gene 5'- flanking region

The 5000-nucleotide sequence of the 5’ flanking region of the AMHR2 gene
(Chromosome 12: 53,423,855-53,431,672) was obtained using the online Ensembl
(www.ensembl.org) and BLAT Search Genome program (http://genome.ucsc.edu)
(Cow Jun. 2014, Bos_taurus UMD 3.1.1/bosTau8). The sequence was analysed using

Genetyx software Version 13 (Genetyx) for the presence of consensus response element
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(RE) sequences for oestrogen i.e. ERE (5'-GGTCANNNTGACC-3'; Gruber et al.
2004) and half ERE (GGTCA, TGACC or TGACT; Liu et al. 1995), as well as for

progesterone i.e. PRE (5'-G/A G G/T AC A/G TGGTGTTCT-3"; Geserick et al. 2005).

3.2.16. Statistical analysis

The statistical significance of differences were analyzed by one-factor ANOVA
followed by post-hoc comparisons using Fisher’s PLSD test using StatView version 5.0
for Windows (SAS Institute, Inc., Cary, NC, USA). The level of significance was set at

P <0.05. Data are expressed as mean £SEM.
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3.3. Results

3.3.1. Expression of AMHR2 mRNA in AP of post-pubertal heifers

The expected PCR products (size 340 bp, 320 bp, and 277 bp) were observed in the
agarose gel after electrophoresis (Fig. 3.1). Homology searching in the gene databases
for the obtained sequence of amplified products using the first, second and third primer
pair respectively revealed that the best match alignment was bovine AMHR?2
(NM_001205328.1), which had a query coverage of 100%, an e-value of 0.0, and a
maximum alignment identity of 99%. No other bovine gene was found to have a
homology for the obtained sequences of amplified products, leading to the conclusion
that the sequences of the amplified products were identical with the sequence of bovine

AMHR?.

3.3.2. Western blotting for AMHR2

The presence of AMHR?2 in the AP and ovarian tissue was analyzed by western
blot, using anti-AMHR2 antibody (Fig. 3.2). The anti-AMHR2 antibody revealed
similar bands in the two tissues, with few differences (Fig. 3.2A). The major difference
was that AP tissue showed weaker bands than ovarian tissue did. Nevertheless, B-actin
bands showed weaker staining in both tissue types (Fig. 3.2B). Finally, another
difference was that the full-length monomer in the ovary appeared as a single band,
whereas in AP cells, it appeared as a doublet (Fig. 3.2A). No bands were observed in
the negative control membranes, where the primary antiserum was pre-absorbed with

the antigen peptide.
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3.3.3. Immunofluorescence analysis of AMHR2 expression in bovine granulosa
cells

Fig. 3.3 shows the immunofluorescence in the granulosa cells of small (about 5 mm)
follicles in the ovary tissues of post-pubertal heifers. Strong AMHR?2 staining appeared

to be aggregated, not evenly dispersed.

3.3.4. Immunofluorescence analysis of AMHR2 expression in bovine AP tissue
Expression of LHP, FSHP, GnRHR, and AMHR2 in bovine AP tissue was
investigated by immunohistochemistry (Fig. 3.4). AMHR2 and GnRHR colocalized in
the majority of both LHp-positive (Fig. 3.4A) and FSHp-positive (Fig. 3.4B) cells.
Focus depth of the high magnification lens used in this study are thin, thus, the best
focus for GnRHR and AMHR2 on plasma membrane was quite different from both the
best focus for nucleus and the best focus for cytoplasmic LHf} or FSHP. Thus, I could
know both membrane receptors are on the cell-surface. Percentages of single- and
double-labeled AMHR2- and GnRHR-positive cells were determined from 12
representative confocal images per pituitary gland. In each pituitary gland, there was an
average of 52.4 + 2.4 GnRHR-positive cells, 44.6 £ 1.2 AMHR2-positive cells, and
33.6 + 1.3 double-positive cells; 64.5% + 3.2% of GnRHR-positive cells were AMHR2-

positive, whereas 78.4% =+ 1.8% of AMHR2-positive cells were GnRHR-positive.

3.3.5. AMHR2 and GnRHR aggregate on the surface of cultured AP cells
In the AP cells prepared by the CellCover method, AMHR2 aggregated on the
surface of GnRHR-positive cells (Fig. 3.5). The overlap coefficient between AMHR2

and GnRHR was 0.76 £+ 0.05 on the cell surface of cultured AP cells.
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3.3.6. AMHR? expression in cultured gonadotrophs
Among the AP cells prepared by the PFA-Triton method, I observed AMHR?2 in both

LHp-positive and FSHp-positive cells (Fig. 3.6).

3.3.7. Effects of AMH on gonadotropin secretion from cultured AP cells

Fig. 3.7 shows the effect of various concentrations of AMH on LH secretion from
the AP cells derived from post-pubertal heifers cultured in the absence (A) or presence
(B) of GnRH. In the absence of GnRH (Fig. 3.7A), 100 pg/ml and 1000 pg/ml of AMH
increased (P < 0.05) LH secretion, when compared with the controls (17.6 + 2.4 ng/ml).
Conversely, there was no effect of AMH on the GnRH-induced LH secretion (Fig.
3.7B).

Fig. 3.8 shows the effect of various concentrations of AMH on FSH secretion from
the AP cells derived from post-pubertal heifers cultured in the absence (A) or presence
(B) of GnRH. The effect of different concentrations of AMH was significant (P < 0.05)
in the absence of GnRH (Fig. 3.8A). The wells with 10 pg/ml (P <0.05), 100 pg/ml (P
<0.05), and 1000 pg/ml (P <0.05) of AMH, but not 1 pg/ml of AMH, had higher FSH
concentrations than those without AMH (8.4 + 1.2 ng/ml). The effect of different
concentrations of AMH was significant (P < 0.05) in the presence of GnRH (Fig. 3.8B).
FSH concentrations in the medium of GnRH wells were higher (P < 0.05) than those in
the medium of control wells. There was no effect of 1 pg/ml or 10 pg/ml of AMH on
the GnRH-induced FSH secretion. There was a suppressing effect of 100 pg/ml (P <

0.05) and 1000 pg/ml (P < 0.05) of AMH on the GnRH-induced FSH secretion.

3.3.8. Relationship between AMHR2 in APs and the estrous phase
I used RT-qPCR and western blotting to evaluate the relationship between the

estrous phase and AMHR2 expression at the mRNA and protein levels in APs. There

-39



were no differences among phases of the estrous cycle in AMHR2 expression at the

mRNA (P > 0.05; Fig. 3.9) or protein levels (P > 0.05; Fig. 3.10).

3.3.9. AMHR?2 expression in APs of Holstein cows, Japanese black heifers, and
Japanese black cows

RT-qPCR and western blotting were used to analyze AMHR?2 expression at the
mRNA and protein levels in the AP. There was no significant differences (P > 0.10)
among the groups in expression levels of AMHR2 mRNA (Fig. 3.11) and protein (Fig.

3.12).

3.3.10. ERE, and PRE in the 5'-flanking region of bovine AMHR?2 gene

The 5'-flanking region of the bovine AMHR?2 gene was analyzed for EREs,

PREs, and similar sequences. There were no ERE, no half ERE, nor PRE sequences.
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Fig. 3.1. Expression of AMHR2 mRNA detected by RT-PCR. Electrophoresis of PCR-
amplified DNA products using 1 of 3 pairs of primers for bovine AMHR2 and cDNA
derived from AP of post-pubertal heifers. The lanes labeled as AMHR2 demonstrate
that the DNA products obtained were of the size that had been expected—340 bp, 320bp,

and 277 bp, respectively. Other two lanes (Marker) are the DNA marker.
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Fig. 3.2. Results of western blotting using extracts (4, 8, or 16 ug of total protein) from
the AP or ovary of post-pubertal heifers and anti-AMHR?2 antibody (A) or anti-f—actin
antibody (B). I defined bovine AMHR?2 bands based on size as dimers, full length
monomers, or cleaved monomers, according to previous studies utilizing western

blotting for human and mouse AMHR?2 (Faure et al. 1996; Hirschhorn et al. 2015).
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Fig. 3.3. Fluorescence immunocytochemistry was used to confirm the expression of
AMHR?2 on the surface of granulosa cells of small (approximately 5 mm) follicles in
the ovaries of post-pubertal heifers. Images were captured by laser confocal microscopy
for AMHR?2 (red), DNA (dark blue), and differential interference contrast (indicated as
DIC). Strong AMHR?2 staining appeared to be aggregated (orange arrows), not evenly

dispersed. (scale bars = 20 um).
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Fig. 3.4. Triple-fluorescence immunohistochemistry of AP tissue of post-pubertal
heifers for AMHR2, GnRHR and either LH (A) or FSH (B). Images were captured by
laser confocal microscopy for AMHR?2 (red), GnRHR (green) and LH or FSH (light
blue) with counter-staining by DAPI (dark blue). Yellow indicates the colocalization of
AMHR?2 and GnRHR on the surface of LH-positive cells (blue arrow) and FSH-positive
cells (orange arrows). Both AMHR2 and GnRHR appeared to be aggregated, not evenly
dispersed. Note that the focus depth of the high magnification lens is thin; thus, the best
focus for the membrane receptors was quite different from both the best focus for the
nucleus and the best focus for cytoplasmic LH. Therefore, this image was taken using
the best focus for the membrane receptors while using strong laser power and strong

CCD sensitivity for DAPI and cytoplasmic LH. Scale bars are 10 pm.
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Fig. 3.5. Fluorescence immunocytochemistry was used to confirm the colocalization

(yellow in the merge panel) of AMHR2 and GnRHR on the surface of cultured AP cells
(prepared by CellCover method) of post-pubertal heifers. Images were captured by laser
confocal microscopy for AMHR2 (red), GnRHR (green), DNA (dark blue), and DIC
on cultured AP cells which did not receive Triton X-100 treatment for antibody
penetration. Thus, antibody could only bind AMHR?2 and GnRHR on the surface of
gonadotrophs. The blue arrows indicate the colocalization of aggregated GnRHR and

aggregated AMHR?2. (scale bars =5 pm).
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Fig. 3.6. Triple-fluorescence immunocytochemistry of cultured AP cells (prepared by
PFA-Triton method) of post-pubertal heifers for AMHR2, GnRHR and either LH (A)
or FSH (B). Images were captured by laser confocal microscopy for AMHR2 (green),
GnRHR (light blue) and LH or FSH (red) with counter-staining by DAPI (dark blue).
Yellow (shown by arrows) indicates the colocalization of AMHR2 and LH of FSH in
LH-positive cells (A) and FSH-positive cells (B). This image was taken using the best
focus for the membrane receptors while using strong laser power and strong CCD
sensitivity for DAPI and cytoplasmic LH. Note that the cells prepared by the PFA-triton

method are thinner than those prepared by the CellCover method. Scale bars are 10 pum.
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Fig. 3.7. Comparison of the effects of various concentrations of AMH in media with
(A) and without (B) 1 nM GnRH on LH secretion from cultured AP cells of post-
pubertal heifers. The concentrations of LH in the control cells (cultured in medium
alone without AMH and GnRH) were averaged and set at 100%, and the mean LH
concentration for each treatment group is expressed as a percentage of the control value.

Different letters indicate statistical differences (P < 0.05).
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Fig. 3.8. Comparison of the effects of various concentrations of AMH in media with
(A) and without (B) 1 nM GnRH on FSH secretion from cultured AP cells of post-
pubertal heifers. The concentrations of FSH in the control cells (cultured in medium
alone without AMH and GnRH) were averaged and set at 100%, and the mean FSH
concentration for each treatment group is expressed as a percentage of the control value.

Different letters indicate statistical differences (P < 0.05).
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Fig. 3.9. Relative AMHR2 mRNA levels (mean = SEM) in bovine APs during pre-
ovulation [day 19 to 21 (day 0 = day of estrus)], early luteal (day 2 to 5), mid-luteal
(day 8 to 12), or late luteal (day 15 to 17) phases, as determined by RT-qPCR. Data
were normalized to the geometric means of GAPDH and RAN-binding protein
(RANBP10) levels. The same letters indicate no significant differences (P>0.05) across

phases.
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Fig. 3.10. (A) Representative AMHR2 (as full length monomer form) and B-actin
protein expression in bovine AP tissues obtained during the pre-ovulation, early luteal,
mid luteal, or late luteal phases of estrous, as detected by western blotting. (B) AMH
protein expression level of AMH normalized to that of B-actin in healthy post-pubertal
heifer AP tissues obtained during pre-ovulation (n =5), early luteal (n =5), mid-luteal
(n=6), and late luteal (n = 5) phases. The same letters indicate no significant differences

(P >0.05) across phases.
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Fig. 3.11. Relative AMHR2 mRNA levels (mean = SEM) in bovine AP tissues obtained
from healthy young Japanese heifers (young JB), old Japanese black cows (old JB), and
old Holsteins cows (old Hol), as determined by real-time PCR. Data were normalized
to the geometric means of GAPDH and RANBP10 levels. The same letters indicate no

significant differences (P>0.05) across phases.
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Fig. 3.12. (A) Representative AMHR2 (as full length monomer form) and B-actin
protein expression in bovine AP tissues obtained from young JB, old JB, and old Hol.
(B) Protein expression level of AMHR2 normalized to that of B-actin in bovine AP
tissues obtained from young JB, old JB, and old Hol. Letters (a vs. b) indicate

significant differences (P < 0.05) between groups.
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3.4. Discussion

This study is reporting that AP cells express AMHR2 in ruminants and that
AMH significantly affects LH and FSH secretion from AP cells. Fluorescent
immunohistochemistry using the anti-AMHR2 antibody showed the strong signal
located on the surface of granulosa cells in small antral follicles, where AMHR2 mRNA
is expressed (Poole et al. 2016). Therefore, the anti-bovine AMHR?2 is the first
developed tool that can be used for immunohistochemistry in bovine samples.

In this study, treatment with 10-1000 pg/ml of AMH stimulated FSH secretion
in the absence of GnRH. This agrees with in vivo experiments on rats, where AMH
stimulates the secretion and expression of FSH (Garrel et al. 2016). These data
suggested that AMH might bind with AMHR2 to increase FSH secretion from
gonadotrophs in ruminants as well. Garrel et al. (2016) recently reported that AMH
increases both FSHP expression and phosphorylates SMAD 1/5/8 in LBT2 cells, but
such increases are blocked by GnRH. In this study, 1-10 pg/ml AMH did not change
GnRH-stimulated FSH secretion; however, 100—1000 pg/ml AMH suppressed GnRH-
stimulated FSH secretion. Therefore, further studies are required to clarify the
molecular mechanisms controlling FSH secretion from ruminant gonadotrophs by
AMH and GnRH, especially whether the SMAD 1/5/8 pathways have important roles.

Multiparous (third parity or higher) Japanese Black cows have significantly
higher blood AMH concentrations (100 pg/ml level) than primiparous cows (1-10
pg/ml level) throughout the postpartum period (Koizumi and Kadokawa 2017). The
multiparous Japanese Black cows have larger number of days from parturition to
postpartum first ovulation than the primiparous cows (Koizumi ef al. 2016). Therefore,

the suppressing effect of 100-1000 pg/ml of AMH on GnRH-stimulated FSH secretion
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may have an important role in the follicular growth and delayed postpartum first
ovulation in multiparous cows.

Intraperitoneal injection with AMH increases FSH concentration in blood collected
18 h later, but only in pre-pubertal female rats (Garrel ef al. 2016). In contrast, this
study shows the significant effect of AMH on FSH secretion from the AP of post-
pubertal heifers in vitro. Therefore, further studies are required to clarify whether there
are any differences in AMH effects on FSH secretion among species.

The pituitary gland is located outside the blood-brain barrier unlike the
hypothalamus (Nussey and Whitehead 2001); therefore, the AMHR2 on gonadotrophs
may bind AMH secreted from preantral and small antral follicles. My data suggested
that AMH, like the other TGF-f3 family members such as inhibin and activin (Kushnir
et al. 2017), can affect FSH secretion from gonadotrophs. However, little is known
about the changes occurring in the blood AMH concentration during the estrous cycle
in ruminants (Pfeiffer et al. 2014; Koizumi and Kadokawa 2017). The blood AMH
concentration is influenced by age and parity (Koizumi and Kadokawa 2017); however,
the concentration may not show a considerable change during the estrous cycle in
ruminants in vivo (Pfeiffer et al. 2014; Koizumi and Kadokawa 2017; El-Sheikh Ali et
al. 2013). Therefore, caution must be exercised when concluding that AMH contributes
largely in controlling LH and FSH secretion from gonadotrophs in vivo.

My results suggested that preantral and small antral follicles may control
gonadotropin secretion from the AP in post-pubertal heifers. Conversely, FSH
suppresses AMH secretion from bovine granulosa cells (Rico et al. 2011). Therefore,
there may be feedback mechanisms between gonadotrophs and granulosa cells in
preantral and small antral follicles. AMH locally decreases the sensitivity of FSH in

follicles in multiple species including the mouse and sheep (Durlinger et al. 2001;
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Campbell et al. 2012; Visser and Themmen 2014). Recently, Ilha et al. (2016) reported
that AMH mRNA levels decrease in both dominant and subordinate follicles during
follicular deviation in cows. Thus, both dominant and subordinate follicles become
more sensitive to FSH and can be recruited to enter the pool of follicles which may then
become dominant (Visser and Themmen 2014). Therefore, AMH may have an
important role in both the ovary and gonadotrophs during follicular selection in
monovulatory species.

Gonadotrophs are a heterogeneous cell population comprising LH and FSH
monohormonal and bihormonal subsets in rats, equines, and bovines (Townsend et al.
2004; Pals et al. 2008; Kadokawa et al. 2014). The fluorescent immunohistochemistry
showed the AMHR?2 expression in LHB-positive cells as well as FSHB-positive cells.
In this study, 100 pg/ml and 1000 pg/ml of AMH stimulated LH secretion weakly.
Therefore, AMH may control also LH secretion, but weakly. Intraperitoneal injection
with AMH increases FSH concentration in blood collected 18 h later in rats; however,
AMH injection does not significantly increase LH concentration in the same blood
samples (Garrel ef al. 2016). Therefore, the effect of AMH on LH secretion in vivo may
not become significant.

It is well known that GPCR proteins can form functionally active homomers and
heteromers with different receptors (Ritter and Hall 2009). I obtained the strong positive
overlap coefficient between AMHR2 and GnRHR on the cell-surface. This overlap
coefficient was greater than that reported between GnRHR and flotillin-1 in cultured
LPT2 cells (0.50; Wehmeyer et al. 2014) and similar to that we previously found
between GnRHR and GPR61 (0.71; Pandey et al. 2017a) and GPR153 (0.75; Pandey
et al. 2018) in bovine gonadotrophs. Heterodimerization among paralogs of GnRHRs

of a protochordate results in the modulation of ligand-binding affinity, signal
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transduction, and internalization (Satake et al. 2013). Thus, it is possible that AMHR2
forms a heteromer, affecting ligand-binding affinity, signal transduction, and
internalization of GnRHR, and thus the synthesis and secretion of LH and FSH in AP
of vertebrates. Furthermore, a study (Hossain ef al. 2016) suggested that GPR61 form
heteromers with other GPCRs. Therefore, further studies are required to clarify whether
GnRHR form heteromers with GPR61, GPR153, and AMHR?2.

In this study, I observed multiple, not single, bands of AMHR2 in western
blotting, which has been reported previously. For example, Faure et al. (1996) reported
three bands (82, 73, and 63 kDa) of dimers, full-length monomers, and cleaved
monomers. Hirschhorn et al. (2015) reported more bands (~58 kDa, ~69 kDa, and ~71
kDa) of dimers, full-length monomers, and cleaved monomers. AMHR?2 is present as
dimers, full-length monomers, and cleaved monomers in bovine ovaries and APs.
Treatment with N-glycosidase F shows a further two bands (68 kDa and 61 kDa) by
cutting down by approximately 5 and 2 kDa, because AMHR2 is O-glycosylated (Faure
et al. 1996). The full-length monomers in APs appeared as a doublet, whereas those in
the ovary appeared as a single band in this study. Therefore, this study suggests that
bovine AMHR?2 is glycosylated, and the difference in the number of full-length
monomers between the AP and ovary might be because of the glycosylation differences.

The anti-AMHR?2 antibody revealed similar bands in the two tissues in the western
blot. However, AP tissue showed weaker bands than ovarian tissue did. Nevertheless,
B-actin bands showed weaker staining in both tissue types. This suggests that the AP
cell lanes were loaded with a lower amount of proteins than expected. A second
difference between AP and ovarian cells was the absence of the dimeric AMHR2 band

in AP cells. However, this might be the consequence of the lower protein amount used
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in the AP cell western blot. In fact, the high molecular weight band was detectable in
the ovarian tissue extract only at the highest dose (i.e., 16 pg/lane).

This study found that approximately 20% of AMHR2-positive cells were non-
gonadotrophs. At the time of this study, no reports published on AMHR2 in non-
gonadotrophs. An AMHR2 polymorphism (482 A>G) was associated with lower
prolactin levels in women with polycystic ovary syndrome (Georgopoulos et al. 2013).
Therefore, lactotrophs may express AMHR2 to play an important role in polycystic
ovary syndrome, which is a possibility that bears further consideration in future
investigations.

My data showed no significant changes in AMHR2 at the mRNA and protein levels
in APs during the estrous cycle. The 5'-flanking region of the bovine AMHR?2 gene does
not contain ERE, half ERE, or PRE sequences. Therefore, AMHR2 expression in APs,
is unlikely to change during the estrous cycle. I found no significant differences of
AMHR?2 expression in AP among the old Holsteins and young and old Japanese Black
females. Further studies are required to conclude the contribution of AMH and AMHR?2
in infertility after aging.

In conclusion, AMHR?2 is expressed in the gonadotrophs of post-pubertal heifers

to control gonadotropin secretion.

-57 -



CHAPTER 1V

(Study IT)

Bovine gonadotrophs express anti-Miillerian hormone (AMH):
comparison of AMH mRNA and protein expression levels between

old Holsteins and young and old Japanese Black females
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Abstract

AMH is secreted from ovaries and stimulates gonadotrophin secretion from bovine
gonadotroph cells. Other important hormones for endocrinological gonadotroph
regulation (e.g. gonadotrophin-releasing hormone, inhibin and activin) have paracrine
and autocrine roles. Therefore, in this study, AMH expression in bovine gonadotroph
cells and the relationships between AMH expression in the bovine AP and oestrous
stage, age and breed were evaluated. AMH mRNA expression was detected in APs of
postpubertal heifers (26 months old) by reverse transcription-polymerase chain reaction.
Based on western blotting using an antibody to mature C-terminal AMH, AMH protein
expression was detected in APs. Immunofluorescence microscopy utilising the same
antibody indicated that AMH is expressed in gonadotrophs. The expression of AMH
mRNA and protein in APs did not differ between oestrous phases (P > 0.1). We
compared expression levels between old Holsteins (79.2 + 10.3 months old) and young
(25.9 £ 0.6 months old) and old Japanese Black females (89.7 + 20.3 months old). The
APs of old Holsteins exhibited lower AMH mRNA levels (P < 0.05) but higher AMH
protein levels than those of young Japanese Black females (P < 0.05). In conclusion,

bovine gonadotrophs express AMH and this AMH expression may be breed-dependent.
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4.1. Introduction

In the previous study I discovered that the main AMH receptor; AMHR?2, is
colocalised with GnRHR on the surface of gonadotrophs. AMH activates the synthesis
and secretion of gonadotrophins, e.g. LH and FSH, in gonadotrophs of rodents and
bovines (Bédécarrats et al. 2003; Garrel et al. 2016; Kereilwe et al. 2018). Therefore,
AMH has important roles in controlling gonadotrophin secretion.

GnRH secreted from the hypothalamus is a well-known endocrine mechanism
to control gonadotrophin synthesis and secretion in gonadotrophs. However, GnRH is
also expressed in gonadotrophs themselves, with paracrine or autocrine roles in the
control of gonadotrophin synthesis and secretion (Pagesy et al. 1992; Miller et al. 1996).
Inhibin and activin, other members of the TGF-f superfamily, are secreted by the
ovaries and affect gonadotrophs. It is important to note that gonadotrophs synthesise
and secrete both inhibin and activin, with paracrine and autocrine effects on
gonadotrophin synthesis and secretion (Popovics ef al. 2011). The coordination of the
endocrine, paracrine and autocrine control of these hormones is likely to be important
for normal reproductive functions (de Kretser et al. 2002).

Old age is associated with decreased fertility in beef cows (Osoro and Wright
1992); however, little is known about the exact mechanisms underlying this association
in domestic animals. Studies of AMH are promising for understanding these
mechanisms. Blood AMH concentrations are highest in pubertal girls and decrease
gradually from the age of 25 years until the postmenopausal period (Dewailly et al.
2014). In contrast, old Japanese Black cows have higher blood AMH concentrations
than postpubertal heifers and young cows (Koizumi and Kadokawa 2017). These data

suggest that age may be a determinant of blood AMH concentration.
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AMH expression in gonadotrophs has not been evaluated in any species.
However, AMH is expressed in the APs of both male and female tilapia (Poonlaphdecha
et al. 2011). Therefore, I evaluated the hypothesis that AMH is expressed in bovine
gonadotrophs in AP tissues. Ribeiro et al. (2014) reported a difference in blood AMH
concentrations among dairy cow breeds. Infertility in Holsteins is an important issue in
dairy industries worldwide (Kadokawa and Martin 2006; Adamczyk et al. 2017,
Gernand and Konig 2017). Therefore, I also evaluated the relationship between AMH
expression in APs and various physiological factors, i.e. stage of the oestrous cycle, age

and breed.
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4.2. Materials and methods

4.2.1. Antibodies used in this study

Human AMH is secreted as a homodimeric precursor consisting of two identical
monomers (560 amino acids; NCBI accession number AAA98805.1; Mamsen et al.
2015). Each monomer consists of two domains: (1) a mature C-terminal region, which
becomes bioactive after proteolytic cleavage and binds to AMHR?2 and (2) a pro-region,
which is important for AMH synthesis and extracellular transport. The human AMH
precursor is cleaved at amino acid 451 (arginine) between the two domains. The pro-
region has another cleavage site at amino acid 229 (arginine), giving rise to three
potential cleavage products: pro-mid-mature, mid-mature and mature (Mamsen et al.
2015). The bovine AMH precursor monomer (575 amino acids; NCBI accession
number NP _776315.1) has 91% sequence similarity to the human protein (evaluated
using Genetyx Version 11; Genetyx). The bovine AMH precursor contains an arginine
cleavage site between the two domains at amino acid 466. However, the bovine AMH
precursor does not contain arginine at the residue corresponding to amino acid 229 of
the human pro-region of AMH. A rabbit polyclonal anti-AMH antibody
(ARP54312 P050; Aviva Systems Biology) that recognises the mature C-terminal form
of human AMH (corresponding to amino acids 468-517;
SVDLRAERSVLIPETYQANNCQGVCGWPQSDRNPRYGNHVVLLLKMQARG)
was used. This sequence has 98% homology to amino acids 483—532 of the mature C-
terminal form of bovine AMH but no homology to other bovine proteins, as determined
using protein BLAST. Details of the other antibodies used in this study are described

in chapter I11
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4.2.2. AP and ovary sample collection for RT-PCR, western blotting and IHC

Samples were collected in the same manner as detailed in chapter III. The same
procedure as described in chapter III were followed for protein extraction and western
blotting against AMH.

RNA extraction, synthesis of cDNA and realtime PCR were carried out as
described in chapter III using the primer for AMH. In order to determine the expression
of AMH mRNA in the AP, PCR was conducted using a primer pair designed by Primer3
based on the reference sequence of bovine AMH (NCBI reference sequence of bovine
AMH is NM_173890). The expected PCR product size of AMH using the primer pair
is 328 bp (nucleotides 1486—1813; forward primer: 5'-
GCTCATCCCCGAGACATACC-3'-; reverse primer: 5'-
TTCCCGTGTTTAATGGGGCA-3'-). The primers used for real time PCR are listed in
Table 4.1.

Immunofluorescence was similar to described in chapter III except that rabbit
polyclonal anti-AMH was used. Immunocytochemical analysis of cells was same as
described in chapter III using the rabbit polyclonal anti-AMH. The obtained data were

analyzed using the same methods as described in chapter III (study I).
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Table 4.1. Name, accession number and details of the primers used for real-time PCRs

Gene name Accession Primer Sequence 5'-3' Size

number (bp)

GAPDH NM 001034034 Forward TGGTGAAGGTCGGAGTGAAC 91
Reverse  ATGGCGACGATGTCCACTTT

RANBPI0 NM 001098125 Forward CCCAGTCCTACCAGCCTACT 133
Reverse = CCCCCAGAGTTGAATGACCC

AMH NM 173890 Forward GGGTTAGCCCTTACCCTGC 121

Exon 3 4 Reverse ~ GTAACAGGGCTGGGGTCTTT
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4.2.3. Analysis of the AMH gene 5'- flanking region

The 5000-nucleotide sequence of the 5’ flanking region of the AMH gene
(Chromosome 7: 22691 978-22 696 977) was obtained using the online Ensembl
(www.ensembl.org) and BLAT Search Genome program (http://genome.ucsc.edu)
(Cow Jun. 2014, Bos_taurus UMD 3.1.1/bosTau8). The sequence was analysed using
Genetyx software Version 13 (Genetyx) for the presence of consensus response element
sequences for oestrogen i.e. ERE (5'-GGTCANNNTGACC-3'; Gruber et al. 2004) and
half ERE (GGTCA, TGACC or TGACT; Liu et al. 1995), as well as for progesterone

1.e. PRE (5'-G/A G G/T AC A/G TGGTGTTCT-3"; Geserick et al. 2005).
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4.3. Results

4.3.1. Expression of AMH mRNA in APs of post-pubertal heifers

PCR products of the expected size (328 bp), indicating AMH, were obtained by
agarose gel electrophoresis (Fig. 4.1). Homology searching in the gene databases for
the obtained sequence of amplified products revealed that the best match alignment was
bovine AMH (NM_173890.1), which had a query coverage of 100%, an e-value of 0.0,
and a maximum alignment identity of 99%. There was no other bovine gene found to
have a homology for the obtained sequences of amplified products, which lead to the
conclusion that the sequences of the amplified products were identical with the

sequence of bovine AMH.

4.3.2. AMH protein expression in APs

Western blotting confirmed the presence of AMH in both the AP and ovary
samples, with differences in intensity between sample types (Fig. 4.2A). Weaker bands
for the AMH precursor (70 kDa) were detected in the AP samples than in the ovary
samples. Stronger bands for the mature C-terminal form were observed for the AP
samples than the ovary samples, and there was a difference in molecular weights
between AP (20 kDa) and ovary (25 kDa) samples. Fig. 4.2B shows representative [3-

actin bands for both tissue types.

4.3.3. Immunofluorescence analysis of AMH expression in bovine small follicles
and AP tissues
Figure 4.3 shows immunofluorescence signals in the granulosa cells of small

follicles in the ovary tissues of post-pubertal heifers.
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Also the expression of GnRHR, AMH, LHf, and FSHP in bovine AP tissues
was investigated by immunohistochemistry. AMH was localized in the majority of
LHB-positive (Fig. 4.4A) and FSHp-positive (Fig. 4.4B) cells. In AP samples, there
were 53.2 + 2.1 GnRHR-positive cells, 43.2 + 2.5 AMH-positive cells, and 30.2 + 1.6
double-positive cells; 57.0% =+ 3.4% of GnRHR-positive cells were AMH-positive,

whereas 82.0% + 5.5% of AMH-positive cells were GnRHR-positive.

4.3.4. Relationship between AMH in APs and the estrous phase

I used real-time PCR and western blotting to evaluate the relationship between
the estrous phase and AMH expression at the mRNA and protein levels in APs. There
were no differences among phases of the estrous cycle in AMH expression at the mRNA

(P > 0.05; Fig. 4.5) or protein levels (P > 0.05; Fig. 4.6).

4.3.5. AMH expression in APs of Holstein cows, Japanese black heifers, and
Japanese black cows

Real-time PCR and western blotting were used to analyze AMH expression at
the mRNA and protein levels in the AP. The levels of AMH mRNA were lower in the
old Hol group than in young JB group (P < 0.05; Fig. 4.7). The old JB group had
tendency to express lower levels AMH mRNA than those in the young JB group (P =
0.10). AMH protein levels were greater in the old Hol group than in the old JB and
young JB groups (P < 0.05; Fig. 4.8). There was no difference in AMH levels between

the young JB and old JB groups (P > 0.10).
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4.3.6. ERE, and PRE in the 5'-flanking region of bovine AMH gene

The 5'-flanking region of the bovine AMH gene was analyzed for EREs, PREs,

and similar sequences. There were no ERE, no half ERE, nor PRE sequences.
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Fig. 4.1. Expression of AMH mRNA, as detected by RT-PCR. Electrophoresis of PCR-
amplified DNA products using the primer pair for bovine AMH and cDNA derived from
the AP of post-pubertal heifers. The lanes labeled Heifers 1 to 4 demonstrate that the
DNA products were of the expected size, i.e., 328 bp. Lane M showed the band sizes

of the DNA marker.
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Fig. 4.2. Western blotting results using extracts (2, 4, 8, or 16 pug of total protein) from
the APs or ovaries of post-pubertal heifers and an anti-AMH rabbit antibody (A) or

anti-B—actin mouse antibody (B).
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Fig. 4.3. Fluorescence immunohistochemical analysis of AMH on small antral follicles
in ovaries of post-pubertal heifers. Images were captured by laser confocal microscopy
for AMH (green) with counter-staining by DAPI (dark blue, indicating DNA) and

differential interference contrast (DIC). Scale bars represent 50 pm.
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Fig. 4.4. Triple-fluorescence immunohistochemistry of AP tissues in post-pubertal

heifers for the detection of GnRHR, AMH, and LH (A) or FSH (B). Images were
captured by laser confocal microscopy for GnRHR (cyan), AMH (red), and LH or FSH
(green) with counter-staining by DAPI for DNA (dark blue). Yellow indicates the
colocalization of AMH and LH/FSH, indicated by blue arrows. Scale bars represent 10

pm.
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Fig. 4.5. Relative AMH mRNA levels (mean + SEM) in bovine APs during pre-
ovulation [day 19 to 21 (day 0 = day of estrus)], early luteal (day 2 to 5), mid-luteal
(day 8 to 12), or late luteal (day 15 to 17) phases, as determined by real-time PCR. Data
were normalized to the geometric means of GAPDH and RANBP10 levels. The same

letters indicate no significant differences (P>0.05) across phases.
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Fig. 4.6. (A) Representative AMH (as mature C-terminal form) and B-actin protein
expression in bovine AP tissues obtained during the pre-ovulation, early luteal, mid
luteal, or late luteal phases of estrous, as detected by western blotting. (B) AMH protein
expression level of AMH normalized to that of B-actin in healthy post-pubertal heifer
AP tissues obtained during pre-ovulation (n =5), early luteal (n =5), mid-luteal (n =6),
and late luteal (n = 5) phases. The same letters indicate no significant differences (P >

0.05) across phases.
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Fig. 4.7. Relative AMH mRNA levels (mean +£ SEM) in bovine AP tissues obtained from
healthy young Japanese heifers (young JB), old Japanese black cows (old JB), and old
Holsteins cows (old Hol), as determined by real-time PCR. Data were normalized to
the geometric means of GAPDH and RANBPI0 levels. Letters (a vs. b) indicate

significant differences (P < 0.05) among groups.
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Fig. 4.8. (A) Representative AMH (in the mature C-terminal form) and B-actin protein
expression in bovine AP tissues obtained from young JB, old JB, and old Hol. (B)
Protein expression level of AMH normalized to that of B-actin in bovine AP tissues
obtained from young JB, old JB, and old Hol. Letters (a vs. b) indicate significant

differences (P < 0.05) between groups.
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4.4. Discussion

The APs of tilapia express AMH but the specific cells expressing AMH are
unclear (Poonlaphdecha ef al. 2011). In this study I evaluated whether gonadotrophs
expressing AMH. AMH activates the synthesis and secretion of gonadotropins from the
gonadotrophs of rodents and bovines (Bédécarrats et al. 2003; Garrel et al. 2016;
Kereilwe et al, 2018). Therefore, the coordination of the endocrine, paracrine, and
autocrine control of AMH may be important for normal reproductive functions, similar
to GnRH, inhibin, and activin (Pagesy et al. 1992; Miller et al. 1996; Popovics et al.
2011).

Immunohistochemistry using an anti-AMH antibody has shown a strong signal
in the granulosa cells of small antral follicles, which express AMH mRNA (Campbell
et al. 2012), consistent with AMH expression in granulosa cells of ruminants (Rocha et
al. 2016). Additionally, the band patterns observed by western blotting were similar to
those of a previous study of AMH (Mamsen et al. 2015). Therefore, the anti-AMH
antibody can be used for immunohistochemical analyses of bovine samples.
Gonadotrophs are a heterogeneous cell population including LH and FSH
monohormonal and bihormonal subsets in rats, equines, and bovines (Townsend et al.
2004; Pals et al. 2008; Kadokawa et al. 2014). My results showed that both LHp-
positive cells and FSHp-positive cells express AMH, suggesting that AMH secreted
from the three types of gonadotrophs have paracrine or autocrine roles.

Western blotting showed differences in band strength or size between APs and
ovaries. The APs exhibited weaker bands for the AMH precursor (70 kDa) than those
for ovary samples, suggesting that APs store less AMH precursor than ovaries. The
band size for the mature C-terminal form was smaller for APs (20 kDa) than for ovaries

(25 kDa). I did not observe a 25-kDa band in the AP lane or a 20-kDa band in the ovary
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lane, even after longer exposure periods (data not shown). A potential explanation for
the band size difference for the mature C-terminal form may be a difference in O-
glycosylation among organs (Medzihradszky et al. 2015; Skaar ef al. 2011).

AMH expressed by gonadotroph has not been evaluated previously in any
species; accordingly, it was impossible to compare my data with the results of previous
studies. The data showed that AMH expression at the mRNA and protein levels in APs
differ between the young JB and old Hol groups. Jerseys have higher blood AMH
concentrations than those of Holsteins (Ribeiro et al. 2014). Therefore, the difference
in AMH expression in APs may be explained by a difference among breeds or any
factor related to breed. The APs of the old Hol group expressed lower levels of AMH
mRNA than those of the young JB group. In contrast, the APs of the old Hol group
exhibited higher AMH protein levels than those of the young and old JB groups.
However, the results for the effects of breed and age on AMH expression in APs should
be interpreted with caution because we could not obtain APs from young Holsteins.
Further studies are required to clarify whether AMH secretion from APs is decreased
in old Hol and results in higher AMH protein levels within APs.

Koizumi and Kadokawa (2017) reported that old Japanese Black cows have
significantly higher blood AMH concentrations (100 pg/mL) than those of young
Japanese Black cows (1-10 pg/mL) throughout the postpartum period. However, |
observed a small difference in AMH expression at the mRNA and protein levels in APs
between the young and old JB groups in this study. Therefore, AMH secreted by the
ovary, rather than AMH secreted by the AP, may explain the difference in blood AMH
concentrations between young and old cows.

Previous studies have not detected significant changes in the blood AMH

concentration during the estrous cycle in ruminants (Pfeiffer ez al. 2014; Koizumi and
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Kadokawa 2017; El-Sheikh Ali et al. 2013). My data also showed no significant
changes in AMH at the mRNA and protein levels in APs during the estrous cycle. The
5'-flanking region of the bovine AMH gene does not contain ERE, half ERE, or PRE
sequences. Therefore, AMH expression in APs, similar to the blood AMH
concentration, is unlikely to change during the estrous cycle. In conclusion, bovine
gonadotrophs express AMH, and the AMH expression may be breed-dependent.
Further studies are needed to determine the precise effects of age and breed on AMH

expression.
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CHAPTER V
(Study III)

Anti-Miillerian hormone and its receptor is colocalized in
the majority of gonadotropin-releasing-hormone cell bodies

and fibers in heifer brains
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Abstract

Circulating concentrations of AMH can indicate fertility in various animals,
but the physiological mechanisms underlying the effect of AMH on fertility remain
unknown. We recently discovered that AMH has extragonadal functions via its main
receptor, AMHR2. Specifically, AMH stimulates the secretion of luteinizing hormone
and follicle stimulating hormone from bovine gonadotrophs. Moreover, gonadotrophs
themselves express AMH to exert paracrine/autocrine functions, and AMH can activate
GnRH neurons in mice. This study aimed to evaluate whether AMH and AMHR2 are
detected in areas of the brain relevant to neuroendocrine control of reproduction: the
POA, ARC and ME and in particular within GnRH neurons. Reverse transcription-
polymerase chain reaction detected both AMH and AMHR2 mRNA in tissues containing
POA as well as in those containing both ARC and ME, collected from post-pubertal
heifers. Western blotting detected AMH and AMHR?2 protein in the collected tissues.
Triple fluorescence immunohistochemistry revealed that the majority of cell bodies or
fibers of GnRH neurons were AMHR2-positive and AMH-positive, although some
were negative. Immunohistochemistry revealed that 75 to 85% of cell bodies and fibers
of GnRH neurons were positive for both AMH and AMHR?2 in the POA, ARC, and
both the internal and external zones of ME. The cell bodies of GnRH neurons were
situated around other AMH-positive cell bodies or fibers of GnRH and non-GNRH
neurons. The findings thus indicate that AMH and AMHR?2 are detected in the majority
of cell bodies or fibers of GnRH neurons in POA, ARC, or ME of heifer brains. These
data support the need for further study as to how AMH and AMHR?2 act within the

hypothalamus to influence GnRH and gonadotropin secretion.
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5.1. Introduction

The HPG axis drives reproduction and some of the most important components
of the axis are the GnRH neurons (Herbison 2016; Nestor ef al. 2018). GnRH neurons
originate in the POA and ARC and project to the ME, the interface between the neural
and peripheral endocrine systems, and secrete GnRH into the pituitary portal blood
vessels (Clarke et al. 1987, Jansen et al. 1997). The secreted GnRH binds to the GnRH
receptors on the lipid raft portion of the plasma membrane of gonadotrophs to stimulate
the secretion of LH and FSH (Kadokawa ef al. 2014). It is thus important to clarify
mechanisms controlling GnRH neurons in the hypothalamus.

Plasma AMH concentrations can predict the fertility of adult female goats,
ewes, cows, and women (Monniaux ef al. 2012; Meczekalski et al. 2016; Mossa et al.
2017). Recent studies have revealed that AMH exerts extragonadal functions in the
gonadotrophs of the anterior pituitaries. The main AMH receptor, AMHR?2, colocalizes
with GnRH receptors on the lipid raft of gonadotrophs (Kereilwe et al. 2018).
Furthermore, AMH activates AMHR2 and thereby stimulates the synthesis and
secretion of LH and FSH in the gonadotrophs of bovines and rodents (Kereilwe et al.
2018; Bédécarrats et al. 2003; Garrel et al. 2016). However, it remains unknown
whether AMH and AMHR?2 play any significant roles in the hypothalamus.

Little is known concerning the relationship between AMH and the brain. While
the brains of adult tilapia express AMH, the localization of AMH expression in the
brain remains unclarified (Poonlaphdecha ef al. 2011). Another recent study found that
GnRH neurons contain AMHR?2 in various regions of female human and rodent brains,
including the POA, ARC, and ME (Cinimo et al. 2016). Furthermore, both in vivo and

in vitro studies have demonstrated that AMH potently activates GnRH neurons, and
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consequently GnRH-dependent LH secretion in adult female mice (Cinimo ef al. 2016).
However, it remains unknown as to whether female mammalian brains-express AMH.
Therefore, this study evaluated whether AMH and AMHR?2 are detected in the POA,

ARC, and ME of heifers, and especially within GnRH neurons.
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5.2. Materials and Methods

5.2.1. Antibodies used in this study

Antibodies used for AMHR2 and AMH in this study were similar to those used in
chapter III (study I; AMHR?2) and chapter IV (study II; AMH).

We also used an anti-GnRH mouse monoclonal antibody (clone number GnRH 1
HU11B: sc-32292, Santa Cruz Biotechnology, Inc.) raised against a synthetic GnRH 1
decapeptide by Urbanski (1991). This antibody was used for immunohistochemistry to

visualize GnRH neurons in rat and monkey (Naugle and Gore 2014; Naugle et al. 2016).

5.2.2. Brain and ovary sample collection

I obtained brain samples from healthy, post-pubertal (26 months of age) non-
lactating Japanese Black heifers managed by farmers in western Japan. The farms had
open free stall barns with free access to water. The heifers were fed twice daily with a
total mixed ration according to the Japanese feeding standard (Ministry of Agriculture
2008).

The heifers were slaughtered for harvesting beef according to the regulation of
Ministry of Agriculture, Forestry and Fisheries of Japan. The heifers were in periestrus
—i.e., -3 d to +4 d from estrus — as determined by macroscopic examination of the
ovaries and uterus (Miyamoto ef al. 2000). I used the samples (n = 5) obtained from the
periestrus period for the following three reasons. First, there is no difference in GnRH
immunoreactivity in the bovine POA, ARC, and ME between the periestrus and diestrus
phases, however, while kisspeptin immunoreactivity in the bovine POA and ME does
not differ between the periestrus and diestrus phases, it is higher in the periestrus phase

than in the diestrus phase in the ARC (Tanco et al. 2016). Second, the promoter regions
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of bovine AMH and AMHR?2 genes lack the consensus response element for estrogen
and progesterone (Kereilwe er al. 2018; Kereilwe and Kadokawa 2019). Third, there
are no changes in—~AMH and AMHR2 expression in the anterior pituitary gland
(Kereilwe et al. 2018; Kereilwe and Kadokawa 2019) or in blood AMH concentrations
during the estrous cycle (Koizumi and Kadokawa 2017). I followed a method
established by previous studies to collect brain block samples from cows to perform
immunohistochemistry (Tanco et al. 2016). Briefly, blocks were dissected with the
following margins: rostrally-rostral border of the optic chiasm; caudally-rostral to the
mammillary bodies; lateral to the optic chiasm; and 0.5 cm dorsal to the third ventricle.
I then followed previously reported methods (Hassaneen et al. 2016) for splitting the
block into two parts by cutting rostral to the ME, yielding an anterior part containing
the POA (POA block) and a posterior part containing the ARC and ME (ARC&ME
block). Each block was stored in 4% paraformaldehyde at 4° C for 24 h. The fixed
blocks were placed in a 20% sucrose solution at 4° C for 72 h. They were then stored
in 30% sucrose solution at 4° C until the block sank — at least 48 h. Serial coronal
sections were cut into 50 pum thick sections using a cryostat(CM1900, Leica
Microsystems Pty Ltd.).

I obtained POA and ARC&ME tissue samples based on the bovine brain atlas
(Leshin et al. 1988; Okamura 2002) using methods detailed in previous studies as
shown in Fig. 5.1. Previous papers showing an atlas of bovine brain sections were used
as a guide (Okamura 2002; Leshin ef al. 1988). Briefly, sections were cut while
monitoring (from both anterior and lateral views) the shape of the third ventricle and
ventral or dorsal edge line, and the position and size of the anterior commissure, optic
chiasm, mammilothalamic tract, or fornix. The selected POA tissues contained both

anterior commissure or optic chiasm, and POA was medial or lateral to the third
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ventricle, similar to Fig 8, 9 , and 10 in Okamura (2002) and Fig 2E and 2F in Leshin
et al. (1988). The selected ARC&ME tissues contained fornix and ARC adjacent to both
the evident infundibular recess of third ventricle and the median eminence which
attached to infundibulum, the same as Fig. 18, 19, and 20 of the atlas of Okamura (2002)
and Fig2E, F of another atlas Leshin ef al. (1988). Every sixth section of the tissue was
subjected to triple immunostaining for GnRH, AMH, and AMHR2. At least four
sections—from the rostral end of the OVLT to the rostral edge of the hypothalamic
paraventricular nucleus were used for the POA. At least four sections from the rostral
edge of the dorsomedial hypothalamic nucleus to the rostral edge of the mammillary
bodies were used for the ME and ARC. As performed in a previous study (Hassaneen
et al. 2016), the sections were then stored in 25 mM PBS containing 50% glycerol, 250

mM sucrose, and 3.2 mM MgCl,*6H,O at -20°C until used for immunohistochemistry.

POA and ARC&ME tissue samples were also collected from other periestrous
heifers (n = 5) to perform RT-PCR or western blotting. Both POA and ARC&ME
blocks were cut at their midlines to obtain left and right sides. Using the bovine brain
atlas (Okamura 2002; Leshin et al. 1988) as a reference, the blocks were further cut
using their exterior shapes and the third or lateral ventricles as landmarks. Finally, the
size of each tissue sample containing POA was less than 1 cm along its lateral axis; 2
cm along the rostrocaudal axis; and 3 cm along the vertical axis. The size of each tissue
containing the ARC&ME was less than 1 cm along its lateral axis; 2 cm along the
rostrocaudal axis; and 1 cm along the vertical axis. The POA and ARC&ME tissues
were immediately frozen in liquid nitrogen and stored at —80° C until RNA or protein
extraction.

Granulosa cells in preantral and small antral follicles express AMH (Campbell

et al. 2012) and AMHR2 mRNA (Poole et al. 2016). Therefore, I also collected ovary

- 86 -



tissue samples from the same heifers to use as a positive-controls for AMH and AMHR?2

in the RT-PCR (n = 5) and western blotting (n = 5) analyses.
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Fig. 5.1. Schematic illustration of brain tissue sampling from bovine brain to yield POA

and ARC&ME blocks.
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5.2.3. Western Blotting and RT-PCR for AMH or AMHR2 detection

The western blotting and RT-PCR method described in chapter III was followed in
this study to detect AMH or AMHR2 mRNA in the POA tissue (n = 5) and ARC&ME
tissue (n = 5). The expected PCR-product sizes of AMH and AMHR? using the primer
pairs are 328 bp, and 320 bp, respectively. The primer pairs used in this study are listed

in Table 5.1.
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Table 5.1. Details concerning the primers used for PCR to detect mRNA of AMH and

AMHR?.
Primer 5°-3 Position Product
size
(bp)
Nucleotide Exon
AMH up GCTCATCCCCGAGACATACC 1486-1505 5 328
down TTCCCGTGTTTAATGGGGCA 1794-1813 5
AMHR2  up AGATTTGCGACCTGACAGCAG  1272-1292 9-10 320
down CTTCCAGGCAGCAAAGTGAG 1572-1591 11
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5.2.4. Fluorescent immunohistochemistry and confocal microscopy

The frozen-stock POA or ARC&ME tissue was thawed and washed twice with
PBS. Free-floating tissue sections were permeabilized with PBS containing 0.5%
Tween 20 for 3 min. I then combined two quenching methods, glycine/hydrogen
peroxide (Rosas-Arellano et al. 2016) and Vector True VIEW autofluorescence
quenching kit (Vector Laboratories Inc.), because I observed tissue autofluorescence in
a preliminary study. Briefly, the tissue was blocked with PBS containing 2% normal
goat serum, 50 mM glycine, 0.05% Tween 20, 0.1% Triton X 100, and 0.1% BSA for
30 min (Rosas-Arellano et al. 2016). Subsequently Vector True VIEW autofluorescence
quenching kit was employed following the manufacturer’s protocol. After 5 min of
incubation with the quencher kit, the sections were washed twice with PBS. The
sections were then incubated with a cocktail of primary antibodies (anti-GnRH mouse,
anti-AMH rabbit, and anti-AMHR2 chicken antibodies [all diluted as 1:1,000])
dissolved in PBS containing 10 mM glycine, 0.05% Tween 20, 0.1% Triton X 100, and
0.1% hydrogen peroxide at 4° C for 16 h. After the primary antibody incubation, the
sections were washed twice with PBS and then incubated with a cocktail of
fluorochrome-conjugated secondary antibodies (Alexa Fluor Alexa Fluor 488 goat anti-
chicken IgG, Alexa Fluor 546 goat anti-mouse IgG, and Alexa Fluor 647 goat anti-
rabbit IgG [all from Thermo Fisher Scientific and diluted to 1 pg/mL]) and 1 pg/mL of
DAPI (Wako Pure Chemicals) for 4 h at room temperature. Each free-floating section
was then transferred onto a slide glass (76 x 26 mm, Crest-adhesive glass slide,
Matsunami-Glass) with the dorsal-ventral axis of the bovine brain section parallel to
the long axis of slides. Cover glass (55 x 24 mm, Neo micro cover glass, Matsunami-
Glass) was then attached using Vectashield hardset mounting medium (Vector

Laboratories Inc.).

-91 -



The sections were observed with a confocal microscope (LSM710; Carl Zeiss)
equipped with a 405 nm diode laser, a 488 nm argon laser, a 533 nm HeNe laser, and a
633 nm HeNe laser. Images obtained by fluorescence microscopy were scanned with a
20x or 40x oil-immersion objective and recorded with a CCD camera system controlled
by ZEN2012 black edition software (Carl Zeiss). GnRH, AMH, and AMHR?2
localization were examined in confocal images of triple-immunolabeled specimens. To
verify the specificity of the signals, I included several negative controls in which the
primary antiserum had been omitted or pre-absorbed with 5 nM of the antigen peptide
(Kereilwe et al. 2018; Kereilwe and Kadokawa 2019), or in which normal rabbit IgG
(Wako Pure Chemicals) was used instead of the primary antibody.

The internal zone (iME; ventral to third ventricle) and the external zone of the
ME (eME) were distinguished based on differences in fluorescence intensity. I defined
various segments of neurons based on the following criteria: cell body is round or
polygonal shape and diameter is more than 8 pm; axon is shown as a continuous line of
immunopositive signal; varicosity is shown as a dotted line; bouton is shown as a single
dot with a diameter more than 3um. In the POA, ARC, and iME, I decided on the
presence of a fiber of neuron if the axon, or varicosity were observed in these areas;
whereas the presence of a fiber of neuron was decided if axon, varicosity, or bouton
were observed in the eME. GnRH neuron was specified if the neuron had a similar
shape compared to the previous paper reporting bovine GnRH neuron (Leshin et al.
1988) and showed GnRH-positive signal (red color).

To evaluate colocalization, the GnRH signal was shown in red and either AMH
or AMHR?2 was shown in green. Therefore, yellow coloration in the images indicated
colocalization of GnRH with AMH or AMHR?2. The percentage of cell bodies or fibers

of GnRH single-labeled neurons and the percentage of double/triple-labeled cell bodies
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or fibers of neurons among all of the GnRH-positive cell bodies or fibers of neurons
were determined in the POA, ARC, iME, or eME of five heifers. From each heifer, four
sections containing the POA and four sections containing the anterior or intermediate
part of the ARC, iME, and eME with a similar shape to those shown in Fig. 18 and 19
of the atlas (Okamura 2002) were analyzed.

Additionally, z-stacks of the optical sections of triple-labeled cell bodies in POA
tissues or triple-labeled fibers in eME were captured using a confocal microscope
system and transparent projection (i.e., the strongest and nearest colors to observer were
shown). Images of the confocal microscope findings were generated using ZEN2012
black edition software (Carl Zeiss). To evaluate colocalization, the signals
corresponding to AMHR2, GnRH, and AMH are depicted in green, red, and blue,

respectively.
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5.3 Results

5.3.1. Detection of AMH and AMHR2 mRNA in POA and ARC&ME tissues

The agarose gel electrophoresis yielded PCR products of the expected sizes,
indicating that AMH (328 bp; Fig. 5.2A) and AMHR2 (320 bp; Fig. 5.2B) were
amplified from the POA and ARC&ME tissues. The same was found for the PCR
products obtained from ovary tissues. Homology searching for the obtained sequences
of amplified products in the gene databases revealed that the best match alignment was
bovine AMH (NM_173890.1) or bovine AMHR2 (NM_001205328.1). Both had a query
coverage of 100%, an e-value of 0.0, and a maximum alignment identity of 99%. No
other bovine gene was found to have homology with the obtained sequences of the
amplified products, thus showing that the sequences of the amplified products were

identical with the sequences of bovine AMH or AMHR?.

5.3.2. Detection of AMH and AMHR2 protein in POA and ARC&ME tissues

Western blotting confirmed the presence of AMH in the POA, ARC&ME, and
ovary tissues, with differences in intensity among sample types (Fig. 5.3A). Unlike in
the ovary samples, no bands for the AMH precursor (70 kDa) were detected in the POA
or ARC&ME samples. Stronger bands for the mature C-terminal form were observed
in the POA and ARC&ME samples than in the ovary samples, and differences in the
number of bands were found between those of POA, ARC&ME (25 kDa and 20 kDa),
and ovary (25 kDa only) samples. Figure 5.3A° shows representative f-actin bands for
each sample.

Western blotting confirmed the presence of AMHR?2 in POA, ARC&ME, and

ovary tissues (Fig. 5.3B). While the anti-AMHR?2 antibody revealed similar bands in
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the three tissues, a few differences were noted. The full-length and cleaved monomers
in the ovary appeared as a single band but appeared as a doublet in the POA. Figure

5.3B’ shows representative -actin bands for both tissue types.

5.3.3. Immunofluorescence analysis of AMH and AMHR2

The triple fluorescence immunohistochemistry detected AMH, AMHR2, and
GnRH in the POA and ARC&ME tissues. Figure 5.4 diagrammatically presents the
distribution of GnRH-positive, AMH-positive or AMHR2-positive cell bodies and
fibers. This drawn distribution represents a pattern typical to all heifers studied. The
triple-positive (GnRH-positive, AMH-positive and AMHR2-positive) cell bodies and
fibers (green in Fig. 5.4) were observed in distribution extending from the preoptic
region to the hypothalamic area. GnRH neurons were shown as cell bodies with
varicosities, or axons (CB1 and CB2 in Fig.5.5). The clusters of 2-10 cells were
observed (Fig. 5.5 and 5.7).

In the preoptic region, the triple positive cell bodies were abundant in the anterior
MPOA and anterior POA (Fig. 5.4A and B), but were less frequently observed in the
posterior MPOA and POA (Fig. 5.4C). I observed that the majority of cell bodies and
fibers of GnRH neurons were AMHR2-positive and AMH-positive (CB1, CB3-8, and
CBI10,11 in Fig.5.5). Figure 5.6. presents a transparent projection of the z-stack images
of triple-stained cell bodies and fibers in the POA, with AMHR2, GnRH, and AMH
depicted in green, red, and blue, respectively. The three colors were mixed in almost all
areas. However, I also observed AMHR2-negative, AMH-negative cell bodies or fibers
of GnRH neurons (CB2), as less frequently in the anterior MPOA and POA (red cross
in Fig. 5.4A). Less frequently GnRH-negative AMHR2 cell bodies (CB9) were

observed. The AMHR2-positive and AMH-positive cell bodies of GnRH neurons were
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observed in close proximity (within 5 pm) to cell bodies of another GnRH neuron, as
shown in CB2 and CB3, CB6 and CB7, and CB10 and CB11.

In the anterior ARC, we observed that all of the GnRH cell bodies were
AMHR2-positive and AMH-positive (CB1-5 in Fig.5.7), although the triple positive
cell bodies were only occasionally observed (Fig. 5.4D, 5.4E), and not in the posterior
ARC (Fig. 5.4F). I observed that majority of GnRH fibers were AMHR2-positive and
AMH-positive (Fig. 5.7A, 5.7C, 5.7D), although AMHR2-positive AMH-negative
GnRH fibers (Fig.5.6B) were observed. The triple-positive cell bodies or fibers of
neurons were observed in close proximity (within 5 pm) as shown in CB1 and CB2,
and CB4 and CBS.

In the iME, I observed that the majority of fibers of GnRH neurons were AMHR2-
positive and AMH-positive (low magnification of Fig. 5.8A, B, and Fig. 5.9A, yellow
Vs in Enlarged 1, 2, 3), AMHR2-negative, AMH-negative varicosities of GnRH
neurons (red Vs in Enlarged 2, 3) were observed. These fibers were observed in close
proximity (within 5 um), as shown (Enlarged 2, 3).

In the eME, it was observed that the majority of fibers of GnRH neurons were
AMHR2-positive and AMH-positive (yellow arrows in Enlarged 1 and 2 in Fig. 5.9); |
also observed AMHR2-negative, AMH-negative fibers of GnRH neurons (red arrows
in Enlarged 2), and GnRH-negative fibers of AMH neurons (blue arrows in Enlarged
2). Figure 5.10. presents a transparent projection of the z-stack images of triple-stained
fibers (Fig. 5.10A) and the terminal (Fig. 5.10B) in eME. AMHR2, GnRH, and AMH
signals are depicted in green, red, and blue, respectively. These colors were mixed in
almost all parts of the fibers, whereas, most areas of the terminal exhibited only GnRH

and AMH staining.
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Table 5.2 and Table 5.5 show the number of examined GnRH-positive, AMHR2-
positive, or AMH-positive cell bodies and fibers in the POA, ARC, iME, or eME. As
shown in Tables 5.3, 5.4 and 5.6, 75 to 85% of cell bodies and fibers of GnRH neurons
are positive for both AMH and AMHR?2 in the POA, ARC, and both the internal and

external zones of ME.
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Table 5.2 Mean + SEM of the number of examined GnRH-positive, AMHR2-positive,
or AMH-positive cell bodies (round or polygonal shape, diameter is more than 8 um)
and fibers (axon shown as continuous line of immunopositive signal, or varicosity

shown as dotted line) in the preoptic area.

POA cell body POA fiber

Mean SEM Mean SEM
GnRH+ 27.0 0.5 31.0 0.5
AMHR2+ 30.6 0.4 30.6 0.5
AMH+ 30.0 1.1 31.6 0.8
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Table 5.3 Mean + SEM of the percentage of GnRH cells that co-localize AMHR2 or

AMH, the percentage of AMHR?2 or AMH cells that co-localize GnRH in the POA

POA cell body

Mean SEM
GnRH cells co-localize AMHR?2 87.5 1.4
GnRH cells co-localize AMH 78.7 1.8
GnRH cells co-localize both AMHR2 and AMH 78.7 1.8
AMHR? cells co-localize GnRH 771 0.3
AMH cells co-localize GnRH 70.9 1.9
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Table 5.4 Mean + SEM of the percentage of GnRH fibers that co-localize AMHR?2 or

AMH, the percentage of AMHR?2 or AMH fibers that co-localize GnRH in the POA.

POA fibers

Mean SEM

GnRH fibers co-localize AMHR?2

GnRH fibers co-localize AMH

GnRH fibers co-localize both AMHR2 and AMH

AMHR?2 fibers co-localize GnRH

AMH fibers co-localize GnRH

82.8 3.0
76.9 2.8
76.9 2.8
83.6 0.3
75.5 2.4
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Table 5.5 Mean + SEM of the number of examined GnRH-positive, AMHR2-positive,

or AMH-positive fibers in the ARC or iME or eME.

ARC IME eME

Mean SEM Mean SEM Mean SEM

GnRH+ 21.6 0.7 22.8 0.4 56.4 0.9

AMHR2+ 21.6 0.8 244 0.8 54.0 1.9

AMH+ 20.2 0.7 22.4 1.2 53.4 1.4
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Table 5.6 Mean + SEM of the percentage of GnRH fibers that co-localize AMHR?2 or

AMH, the percentage of AMHR2 or AMH fibers that co-localize GnRH in the ARC,

IME, or eME.

ARC iME eME

Mean SEM Mean SEM Mean SEM
GnRH fibers co-localize AMHR?2 849 1.9 3833 1.7 26.2 35
GnRH fibers co-localize AMH 76.7 1.8 746 0.8 817 33
GnRH fibers co-localize both

76.7 1.8 74.6 0.8 84.7 3.3
AMHR2 and AMH
AMHR?2 fibers co-localize GnRH 243 71 78 3 37 20.9 17
AMH fibers co-localize GnRH 21 71 76.6 15 204 24
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L 2000

Fig. 5.2. Detection of AMH mRNA (A) and AMHR2 mRNA (B) by RT-PCR.
Electrophoresis of PCR-amplified DNA products using primers for bovine AMH or
AMHR?2 and cDNA derived from the ovary, tissues containing the POA tissue or
ARC&ME tissue of post-pubertal heifers. The lanes labeled as AMH or AMHR2
demonstrate that the sizes of the obtained DNA products met expectations: 328 or 320

bp, respectively. The Marker lane indicates the DNA marker.
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Fig. 5.3. Results of western blotting using extracts from the ovary, POA, or ARC&ME
tissue of post-pubertal heifers and anti-AMH antibody (A), anti-AMHR2 antibody (B),
or anti-B—actin antibody (A’ and B’). Bovine AMH bands were defined based on size
as either precursors or mature C-terminal proteins. Bovine AMHR2 bands were defined

based on size as either full-length or cleaved monomers.

- 104 -



Fig. 5.4. Immunocytochemical distribution of GnRH, AMH and AMHR?2 in coronal

sections containing POA (A, B, C), or ARC and ME (D, E, F) drawn on the
corresponding region of the bovine brain atlas (Okamura 2002). The crosses, lines, and
triangles indicate cell body, and longitudinal and cross-section of fibers, respectively.
The green ones indicate GnRH-positive, AMH-positive and AMHR2-positive (triple
positive). The red ones indicate GnRH-positive AMH-negative and AMHR2-negative.

The purple ones indicate lack of colocalization of AMH and GnRH.
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Fig. 5.5. Triple-fluorescence photomicrographs of AMH, AMHR2, and GnRH in the

POA (A, B, C, D) of post-pubertal heifers. Images were captured with laser confocal
microscopy for AMH (light blue), AMHR2 (green), and GnRH (red). In the merged
photos, CB, Axon, V indicate cell body, axon, and varicosity of neuron. The yellow
arrows, CB, Axon, and V indicate the colocalization of AMH, AMHR?2, and GnRH.
Light blue ones indicate lack of colocalization of AMH and GnRH. Red ones indicate

lack of colocalization of GnRH and AMH or AMHR2. Scale bars are 50 pm.
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Fig. 5.6. Transparent projection of the z-stack images of triple-stained cell bodies and
fibers in the POA (A, B) of post-pubertal heifers. The images were captured using a
laser confocal microscope. AMH, AMHR2, and GnRH are depicted in blue, green, and
red, respectively. Note that the color indicating DNA has been excluded because the

large number of cell nuclei containing DNA would have masked the main objects.
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Fig. 5.7. Triple-fluorescence photomicrographs of ARC (A, B, C, D) tissue obtained

from post-pubertal heifers. Images were captured with laser confocal microscopy for
AMH (light blue), AMHR2 (green), and GnRH (red). In the merged photos, the yellow
arrows CB, and Axon indicate the colocalization of AMH, AMHR2, and GnRH. Scale

bars are 50 um (A) or 20 um (B, C, D).
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Fig. 5.8. Triple-fluorescence photomicrographs of ME (A, B) tissue obtained from post-
pubertal heifers. Images were captured with laser confocal microscopy for AMH (light

blue), AMHR2 (green), and GnRH (red). The orange rectangle within the low
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magnification image indicates the position of high magnification. In the merged photos,
the yellow arrows and V indicate the colocalization of AMH, AMHR?2, and GnRH; the
red arrows and V indicate the lack of colocalization of GnRH and AMH or AMHR2.
Scale bars are 50 um in the low-magnification photos of (A, B), and 20 pm in the high
magnification photos of (A,B). White arrows labeled as 3V, Arc, or Pituitary indicate

the direction of the third ventricle, arcuate nucleus, and pituitary, respectively.
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Fig. 5.9. Triple-fluorescence photomicrographs of other parts of ME (A, B) tissue

obtained from post-pubertal heifers. Images were captured with laser confocal
microscopy for AMH (light blue), AMHR2 (green), and GnRH (red). The orange
rectangle within the low magnification image indicates the position of high
magnification. Vessel indicate the position of vessel. In the merged photos, the yellow
arrows indicate the colocalization of AMH, AMHR?2, and GnRH; the light blue arrows
indicate the lack of colocalization of AMH and GnRH; the red arrows and V indicate

the lack of colocalization of GnRH and AMH or AMHR2. Scale bars are 100 um in the
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low-magnification photos of (A) and high-magnification photos of (B), 20 um in the
high magnification photos of (A), and 200 pm in the low-magnification photos of (B).
White arrows labeled as 3V, or Pituitary indicate the direction of the third ventricle, and

pituitary, respectively.
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Fig. 5.10. Transparent projection of the z-stack images of triple-stained fibers (A) and
terminal (B) in the eME of post-pubertal heifers. The images were captured using a
laser confocal microscope. AMH, AMHR?2, and GnRH are depicted in blue, green, and
red, respectively. Note that the color indicative of DNA has been excluded because the

large number of cell nuclei containing DNA would have masked the main objects.
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5.4. Discussion

This study detected AMH and AMHR2 in the bovine POA, ARC, and ME.
This study is reporting AMH in the brains of mammals and AMHR?2 in the brains of
ruminants. The discovered AMH and AMHR2 in the POA, ARC, and ME warrant
further exploration because their localization have significant implications for
reproduction.

In the POA, ARC and ME, majority of cell bodies or fibers of GnRH neurons
were AMHR2-positive and AMH-positive. Little is known of the relationship between
AMH and GnRH neurons. However, Cimino et al. (2016) reported that (1) more than
50% of mouse and human GnRH neurons express AMHR2, and (2) AMH directly
activates 50 to 64% of GnRH neurons in a dose-dependent manner in mice. The great
majority of GnRH neurons (86%) form multiple close appositions with dendrites of
other GnRH neurons, probably for GnRH neuron synchronization via the dendro-
dendritic communication (Campbell et al. 2009). Therefore, AMH and AMHR?2 in
GnRH neurons might indeed be relevant to the regulation of GnRH secretion by direct
actions on GnRH neurons. Further studies are required to clarify the importance of
AMH and AMHR?2 in the regulation of GnRH neurons.

GnRH neurons in the POA and ARC project to the ME and secrete GnRH into
the pituitary portal blood vessels (Clarke ef al. 1987; Jansen et al. 1997). Cimino ef al.
(2016) observed AMHR?2 in the eME in mice and women. In addition, the present study
found AMH signals in the bovine eME. Intracerebroventricular injection of AMH
induces a LH surge within 15 min in mice (Cimino et al. 2016). AMHR?2 is expressed

in bovine gonadotrophs, and AMH can stimulate LH and FSH secretion from the
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cultured bovine gonadotrophs (Kereilwe ef al. 2018). Therefore, AMH may be secreted
into the pituitary portal blood to stimulate LH and FSH secretion from gonadotrophs.

There is one caveat to this study that should be considered: both the POA and
ARC&ME specimens also contained other brain areas and nuclei because it was
impossible to obtain precisely cut samples under these experimental conditions.
However, western blotting conducted in the present study showed differences in band
strength and/or size between brains and ovaries. Unlike findings obtained from ovary
samples, the POA and ARC&ME exhibited no bands that indicated the presence of the
AMH precursor (70 kDa), suggesting that cells in POA and ARC&ME store fewer
AMH precursors than do ovaries. Two bands for the mature C-terminal form were
observed in the POA and ARC&ME, whereas only a single band was observed in the
ovary (25 kDa). The band-size variances in the mature C-terminal band may be ascribed
to differences in O-glycosylation among organs (Medzihradszky et al. 2015; Skaar et
al. 2011). Western blotting also revealed multiple, not single, bands of AMHR2, which
has been reported previously. This may be explained by AMHR?2 presenting as a dimer,
full-length monomer, and cleaved monomers, and by AMHR?2 having O-glycosylation
(Faure et al. 1996; Di Clemente et al. 2010). I observed that full-length and cleaved
monomers in the POA appeared as doublets, whereas those in the ovary appeared as
single bands. Therefore, this study suggests that bovine AMHR2 is glycosylated and
that the difference in the number of full-length monomers between the POA and ovary
samples might be attributed to differences in glycosylation.

AMHR?2 positive non-GnRH cells were observed in the POA, ARC, and ME. |
could not find any related published data with which to compare these findings.
Therefore, further studies are required to characterize this type of neuron, specifically,

whether AMHR?2 is expressed in kisspeptin, neurokinin B, dynorphin neurons of the
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ARC (Nestor et al. 2018). AMH signals were observed in non-GnRH cells in the eME.
The localization of AMH in the eME has not been previously examined in any species.
Approximately 20% of AMHR2-positive cells are non-gonadotrophs in the bovine
anterior pituitary (Kereilwe et al. 2018), and such cells may be lactotrophs
(Georgopoulos et al. 2013). Further studies are required to evaluate the relationship
between AMH in the eME and non-gonadotroph anterior pituitary cells.

In conclusion, AMH and AMHR?2 are detected in the majority of GnRH neurons
in POA, ARC, and ME of heifer brains. These data support the need for further study
as to how AMH and AMHR2 act within the hypothalamus to influence GnRH and

gonadotropin secretion.
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CHAPTER VI

(Study 1V)

Decreased anti-Miillerian hormone and anti-Miillerian hormone receptor type 2

in Hypothalami of Old Cows
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Abstract

Cow fertility decreases with age, but the hypothalamic pathomechanisms are not
understood. AMH stimulates GnRH neurons via AMHR2, and most GnRH neurons in
the POA, ARC and ME express AMH and AMHR?2. Therefore, I hypothesized that both
protein amounts would differ in the anterior hypothalamus (containing the POA) and
posterior hypothalamus (containing the ARC and ME) between young post-pubertal
heifers and old cows. Western blot analysis showed lower (P<0.05) expressions of
AMH and AMHR?2 in the posterior hypothalamus, but not in the anterior hypothalamus,
of old Japanese Black and old Holstein cows compared to young Japanese Black heifers.

Therefore, AMH and AMHR2 were decreased in the posterior hypothalami of old cows.
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6.1. Introduction

Fertility decreases during aging in human and bovine females (Osoro and
Wright 1992; Scheffer ef al. 2018), but the exact pathophysiological mechanisms in the
hypothalamus are not clarified yet. Plasma AMH concentrations can predict the fertility
of adult female goats, ewes, cows, and women (Meczekalski et al. 2016; Monniaux et
al. 2012). In the chapters III and IV, I discovered the extragonadal functions of AMH
mediated by AMHR2. AMHR2 colocalizes with GnRHR on the lipid rafts of
gonadotrophs and AMH stimulates the secretion of LH and FSH from bovine
gonadotrophs. Moreover, GnRH neurons in the areas of the brain relevant to
neuroendocrine control of reproduction [in the POA, ARC and ME] in humans and
rodents were reported to express AMHR?2 (Cimino et al. 2016). Additionally, in chapter
V, I reported that 75-85% of cell bodies and fibers of GnRH neurons are positive for
both AMH and AMHR2 in the POA, ARC, and the internal and external zones of the
ME. Furthermore, AMH strongly activates GnRH neurons in adult female mice both in
vivo and in vitro (Cimino et al. 2016), and AMHR2-deficient mice showed abnormal
development and function of GnRH neurons, which resulted in reduced fertility
(Malone et al. 2019). These data suggest that AMH and AMHR2 have important roles
in the brain areas controlling reproductive functions. Therefore, in this study, I
hypothesized that the levels of AMH and AMHR2 in the anterior hypothalamus
(containing the POA; hereby referred to as POA tissue) as well as the posterior
hypothalamus (containing the ARC and ME; hereby referred to as ARC&ME tissue)

would differ between young post-pubertal heifers and old cows.
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6.2. Materials and methods
Sample collection and western blotting were performed as described in the chapters
III, IV and V. The antibodies used in this study are the same one used in chapter I1I and

IV. Statistical analysis was also done as described in the previous chapters.
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6.3. Results

Figures 6.1A, 6.2A, 6.3A, and 6.4A show representative immunoreactive protein bands
for AMH (25 kDa), AMHR?2 (70 kDa), and B-actin (41 kDa) in the POA and ARC&ME
tissues of Japanese black young heifers (young JB), old Japanese black cows (old JB)
and old Holstein cows (old Hol) groups. AMH and AMHR?2 protein levels in POA
tissue were not different (Fig. 6.1B and Fig. 6.3B) between young and old groups. In
contrast, AMH and AMHR2 protein levels in ARC&ME tissue in the Japanese black
young heifers group were higher than those in the old Japanese black cows and old

Holstein cows groups (P<0.05; Figs. 6.2B and 6.4B).
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Fig. 6.1. Representative AMH (in mature C-terminal form) and -actin immunoreactive
protein bands in POA tissues (A) obtained from Japanese black young heifers (young
JB), old Japanese black cows (old JB) and old Holstein cows (old Hol). Comparison of
AMH protein expression normalized to that of B-actin (n=5 per group) in POA (B).

Same letters indicate no significant differences (P>0.05) among groups.
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Fig. 6.2. Representative AMH (in mature C-terminal form) and -actin immunoreactive
protein bands in ARC&ME tissues (A) obtained from young JB, old JB, and old Hol.
Comparison of AMH protein expression normalized to that of B-actin (n=5 per group)

in ARC&ME (B). Letters (a vs. b) indicate significant differences (P<0.05) between

groups.

-123 -



(A)
Young JB Old JB

AVHR? D
Bactin

(B) AMHR2 in POA
12

(00]

AMHR2/[actin
N

i

Young JB Old JB

Fig. 6.3. Representative AMHR2 (in full length monomer form) and P-actin
immunoreactive protein bands in POA tissues (A) obtained from young JB, old JB, and
old Hol. Comparison of AMHR?2 protein expression normalized to that of B-actin (n=5
per group) in POA (B). Same letters indicate no significant differences (P>0.05) among

groups.
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Fig. 6.4. Representative AMHR2 (in full length monomer form) and P-actin
immunoreactive protein bands in ARC&ME tissues (A) obtained from young JB, old
JB, and old Hol. Comparison of AMHR?2 protein expression normalized to that of -
actin (n=5 per group) in ARC&ME (B). Letters (a vs. b) indicate significant differences

(P<0.05) between groups.
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6.4. APPENDIX

We could not perform RT-qPCR for evaluating differences in AMH and AMHR?2
mRNA expression, because there were no appropriate steadily expressed housekeeping
genes in the brain until recent (Bond ef al. 2002). Recently, two stably expressed
housekeeping genes, YWHAZ and SDHA, have been detected in ovine hypothalamus
(Ciechanowska, et al. 2018). Also we confirmed individual differences of YWHAZ and
SDHA were small in our RNA-seq data in bovine hypothalamus (unpublished).
Therefore, we tried to do RT-qPCR for evaluating differences in AMH and AMHR?2
mRNA expression in hypothalamus to compare between young and old JB, although
we could not obtain old Hol samaples.

Sample collection, RNA extraction, synthesis of cDNA and realtime PCR were
carried out as described in the previous chapters using the same primers for AMHR2
and AMH as in chapter III and IV respectively. In this study I used tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ; NCBI
reference sequence, NM_174814.2) and succinate dehydrogenase complex flavoprotein
subunit A (SDHA; NCBI reference sequence, NM_174178.2). Details of primers are
provided online in Table 6.1.

The expression of AMH and AMHR2 was normalised against the geometric
mean of the expression of two house-keeping genes YWHAZ and SDHA. The two
housekeeping genes were reported for ewe’s hypothalamus (Ciechanowska et al. 2018)
and presented 100% homology with the respective bovine genes.

AMH and AMHR?2 mRNA levels in POA tissue were not different between young
and old JB (Fig. 6.5A and 6.6A). In contrast, AMH and AMHR2 mRNA levels in
ARC&ME tissue in the JB young heifers group were higher than those in the old JB

cows (P<0.05; Fig. 6.5B and 6.6B).
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Table 6.1 Name, accession number, and details of the primers used for RT-qPCRs

Gene Accession Primer Sequence 5'-3' Size

name number (bp)

YWHAZ NM 174814.2  Forward AGACGGAAGGTGCTGAGAAA 123
Exon 2 3 Reverse  CGTTGGGGATCAAGAACTTT

SDHA  NM 174178.2  Forward CATCCACTACATGACGGAGCA 90
Exon 55 Reverse  ATCTTGCCATCTTCAGTTCTGCTA

AMH NM 173890 Forward GGGTTAGCCCTTACCCTGC 121
Exon3 4 Reverse  GTAACAGGGCTGGGGTCTTT

AMHR2 NM 001205328 Forward TGGGAGATTATGAGTCGCTGC 52
Exon 9 10 Reverse  GTGGTGGTCTGCTGTCAGGT
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Fig. 6.5. Relative AMH mRNA levels (mean + SEM) in bovine POA and ARC & ME
tissues obtained from young and old JB, as determined by RT-qPCR. Data were
normalized to the geometric means of YWHAZ and SDHA levels. Letters (a vs b)

indicate significant differences (P < 0.05) among groups.
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Fig. 6.6. Relative AMHR2 mRNA levels (mean + SEM) in bovine POA and ARC&ME
tissues obtained from young and old JB, as determined by RT-qPCR. Data were
normalized to the geometric means of YWHAZ and SDHA levels. Letters (a vs b)

indicate significant differences (P < 0.05) among groups.
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6.5. Discussion

The present study revealed a correlative relationship between aging and a
decrease in AMH and AMHR2 protein in the ARC&ME tissues of the posterior
hypothalamus. However, further studies are necessary to investigate a potential causal
relationship between this decrease in AMH and AMHR2 protein and aging.

I also analyzed AMH and AMHR2 by immunofluorescence in the POA, ARC,
and ME in young and old hypothalami (data not shown); however, no differences were
detected since the immunofluorescence method was qualitative and not quantitative.
Possible mechanisms include decreased axonal transport from GnRH neurons in the
POA, or decreased expression of AMH and AMHR2 in GnRH neurons in the POA.

Previous studies have demonstrated the importance of AMH and AMHR2 in
GnRH-positive neurons in hypothalamic function. Approximately 85% of
hypothalamic GnRH neuronal fibers are positive for both AMH and AMHR?2, including
those in the external zones of the ME (Kereilwe and Kadokawa 2020). The ME is the
interface between the neural and peripheral endocrine systems through which GnRH is
secreted into the pituitary portal blood vessels (Jansen et al. 1997). Using three-
dimensional immunofluorescence, chapter V study suggested that bovine GnRH
neurons secrete AMH as well as GnRH into the pituitary portal blood, which may lead
to AMH stimulation of LH and FSH secretion from gonadotrophs in the pituitary.
However, it should be noted that less than 30% of AMH- and AMHR2-positive neurons
are non-GnRH neurons in the POA, ARC, and ME (Kereilwe and Kadokawa 2020). To
date, there is no published data on AMH or AMHR2 in non-GnRH neurons, or
specifically on whether kisspeptin neurons express these proteins. Therefore, further
studies are necessary to investigate a potential causal relationship between this decrease

in AMH and AMHR2 protein and aging.
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Kermath et al. (2014) compared neuroendocrine gene expressions in three
hypothalamic regions— the ARC, ME, and AVPV nucleus located close to the POA
(Okamura 2002). Interestingly, Kermath et al. (2014) also reported that the majority of
the aging-related changes occurred in the ARC and ME, whereas there were few in the
AVPV nucleus, and the overall pattern was a decrease with aging. Their results suggest
important roles of the ARC and ME during reproductive senescence. The majority of
the GnRH neurons in the bovine hypothalamus express both AMH and AMHR2
(Kereilwe and Kadokawa 2020). AMH strongly activates GnRH neurons in adult
female mice both in vivo and in vitro (Cimino et al. 2016). Combined with the results
of Kermath et al. (2014), my data suggests important roles of the ARC and ME in
reproductive senescence.

In conclusion, both AMH and AMHR2 were decreased in the posterior
hypothalamus containing ARC and ME in old cows, suggesting an important
correlation between aging and both proteins. However, this study did not demonstrate
a causal relationship. Therefore, further studies are required to clarify the roles of the

AMH-AMHR?2 system in GnRH neurons during aging.
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CHAPTER VII

General Discussion and Conclusion
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7.1. General discussion

I hypothesized that preantral and small antral follicles may secret AMH to
control gonadotropin secretion from ruminant gonadotrophs, and the study I discovered
that mRNA and protein of AMHR2 are expressed in APs. Also the immunofluorescence
microscopy visualized colocalization of AMHR2 with GnRHR on the plasma
membrane of gonadotrophs. Furthermore, AMH controlled LH and FSH secretion from
the cultured bovine AP cells. Therefore, the study I support the hypothesis that the
endocrine feedback roles of AMH secreted from ovaries to control gonadotropin
secretion. The preantral and small antral follicles are not silent majority in ovaries.

In addition to the AMH’s endocrine roles, the study II discovered that bovine
gonadotrophs express AMH. This data suggested that AMH is similar with other
important hormones (e.g. GnRH, inhibin, and activing), and the gonadotroph, targeted
by hypothalamus or ovaries, itself, synthesize and secret the important hormone, for
paracrine and autocrine roles. Furthermore, this data suggested that the combination of
endocrine effect and paracrine and autocrine effects finely tune gonadotrophs.

Depending on the discoveries of AMH and AMHR2 in gonadotrophs, I
challenged to discover of AMH and AMHR?2 in GnRH neurons, then, the obtained data
supported this hypothesis. My findings thus indicate that AMH and AMHR2 are
detected in the majority of cell bodies or fibers of GnRH neurons in POA, ARC, or ME
of heifer brains. The data support the hypothesis that AMH and AMHR2 affect
reproduction at the level of hypothalamus and AP.

Cow fertility decreases with age, but the hypothalamic and pituitary
pathomechanisms are not understood. I challenged to estimate contribution of AMHR?2
and AMH in AP for infertility after aging. I compared expression levels of AMH and

AMHR?2 between old Holsteins and young and old Japanese Black females. In the study
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I, the APs of old Holsteins exhibited similar AMHR2 expression levels compared to
those of young Japanese Black females. In contrast, in the study II, the APs of old
Holsteins exhibited lower AMH mRNA levels but higher AMH protein levels than
those of young Japanese Black females, suggesting weaker AMH secretion of old
Holstein AP compared to young Japanese Black. The difference in AMH expression in
APs may be explained by a difference among breeds or any factor related to breed.
However, the results for the effects of breed and age on AMH expression in APs should
be interpreted with caution because I could not obtain APs from young Holsteins.

In the study IV, lower expressions of AMH and AMHR2 in the posterior
hypothalamus (containing the ARC and ME), but not in the anterior hypothalamus
(containing the POA), of old Japanese Black and old Holstein cows compared to young
heifers. A previous study found that GnRH neurons contain AMHR?2 in various regions
of female human and rodent brains, including the POA, ARC, and ME (Cinimo et al.
2016). Furthermore, both in vivo and in vitro studies have demonstrated that AMH
potently activates GnRH neurons, and consequently GnRH-dependent LH secretion in
adult female mice (Cinimo et al. 2016). Therefore the study IV suggested the
suppressed AMH stimulation in ARC for pulsatile GnRH secretion, and decreased

AMH secretion into pituitary portal blood in ME leading to the infertility in aged cows.
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7.2. Conclusion
In conclusion, this thesis discovered the AMH and AMHR?2 in bovine AP and
GnRH neurons, also this thesis discovered the possibility that these systems may have

important roles in age-related infertility.
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