Effect of oocyte glycoproteins on
ovarian follicle development and

function

oy
o P

T

£

o

£

" g

?;

UNIVERSITY OF

OXFORD

Panayiota Ploutarchou
St. Catherine’s College
University of Oxford

A thesis submitted for the degree of
Doctor of Philosophy

Extended Trinity Term
2015



Dedicated to the loving memory of
my Grandmother (2012) and Grandfather (2014).

Your memory will be forever in my heart.

2a Byeilg otov mnyaipo yia tnv 10axn,
va euxXeoal va'val pakpug o 6popog,

yeparog mepireteleg, yepatog yvooeigl..]

As you set out for Ithaka,
hope the voyage is a long one,

full of adventure, full of knowledgel...]

C.P.Cavafy



Acknowledgements

Firstly, 1 would like to express my sincere gratitude to my supervisor,
Dr Suzannah Williams, for trusting me and offering me the opportunity
to undertake this DPhil. | will be forever thankful for Dr Williams’ never-
ending guidance, understanding and support during my time in the

group. | could not have wished for a better supervisor.

| would also like to thank my co-supervisor, Dr Christian Becker, for his

advice and mentoring during my research.

My experience as a DPhil student would certainly not have been the
same without the friendliest and most fun group of fellow students |
could ever wish for. Patricia Grasa, Heidy Kaune and Sairah Sheikh —
your constant support, advice and simply your presence have made

my DPhil an enjoyable and an unforgettable experience.

| would also like to thank my partner, Stelios, for his patience and

endless support, especially during the last months of my DPhil.

Last, and certainly not least, | would like to thank my parents and
brother for their eternal love and support. Mum and dad — | would not
have gotten to this stage without your encouragement, understanding
and most of all love. You have always been a constant source of
inspiration for me, supporting my every decision in life and always
making me believe that | can achieve my dreams - for that, | will be

forever thankful.



Abstract

The precise mechanisms that regulate the ovulation rate of species
are not entirely understood. The Clgaltl Mutant mouse, in which oocytes
lack core 1-derived O-glycans, is characterised by (i) increased fertility,
evident from ~40-50% larger litters as a result of increased number of
growing follicles and (ii) modified cumulus expansion. Work carried out in this
thesis investigated both of these phenotypes and led to the understanding of
possible mechanisms involved in increased fertility.

Through detailed analysis of the cumulus complex both prior- and
post-ovulation in Control mice, novel characteristics regarding the physiology
of cumulus expansion have been found. In addition, the analysis of Clgaltl
Mutants has revealed that a functional cumulus-oocyte-complex requires the
essential components to be present above a minimum threshold level, and
thus some variation in ECM composition does not adversely affect oocyte
development, ovulation or fertilisation. These data have important
implications for IVF and the use of cumulus expansion as a criterion for
oocyte assessment.

Clgaltl Mutants have (i) altered follicle growth characteristics, (ii)
reduction in apoptosis levels and (iii) reduction in AMH levels, all of which
could be directly or indirectly contributing to the increased fertility phenotype.
These data reveal new and important roles for the oocyte in follicle
development and female fertility, providing perspectives for future work in

female reproduction.
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CHAPTER 1: Introduction




1.1 Follicle development

1.1.1 Basics of follicle development

Follicle development is the progression of a follicle, from primordial to
an ovulatory, whereby a mature egg is ovulated. Moreover, many follicles do
not complete development and therefore the regulation of follicle
development to result in the ovulation of a defined number of eggs is a

complex process that we are only beginning to understand.

The pool of primordial follicles in female ovaries forms in utero in
certain species, for example primates and ruminants (Rabinovici & Jaffe
1990), and in other species, for example rodents and rabbits, formation is not
completed until early postnatal life (Borum 1961, Peters 1969). Each
primordial follicle consists of a meiotically quiescent oocyte surrounded by a
single layer of somatic cells known as the pre-granulosa cells (Pepling &
Spradling 2001). Throughout reproductive life primordial follicles leave the
dormant pool and begin to grow, progressing through the different stages of
development (Peters 1969) (Fig. 1.1). Follicle development culminates in the
generation of one or more developmentally competent oocytes depending on
whether the mammal is mono- or poly-ovulatory. Oocytes have crucial roles
in female fertility and therefore successful oocyte maturation and

development is critical to female fertility.

Once the primordial follicle population is established, activation of
primordial follicles occurs continuously until the pool is exhausted, otherwise

known as menopause in humans (Richardson et al. 1987). Initial growth of



primordial follicles involves (i) the growth of the oocyte (Peters 1969, Quvist et
al. 1990), (ii) the differentiation of the flattened pre-granulosa cells into
cuboidal granulosa cells (GCs) (Lintern-Moore & Moore 1979) and (iii) the
proliferation of GCs (Lintern-Moore & Moore 1979, Picton 2001). Once GCs
have proliferated into a single layer of cells, the follicle is referred to as
primary. At the primary follicle stage, the oocyte produces and secretes
glycoproteins known as zona pellucida (ZP) proteins (Philpott et al. 1987)
which form the oocyte’s extracellular matrix; the ZP has functions in

fertilisation and early embryo development (Shur & Hall 1982). The

Secondary Preantral Antral Pre-ovulatory

Figure 1.1. Schematic representation of the different stages of follicle
development. Primordial follicles consist of an oocyte surrounded by pre-granulosa cells,
which are flattened somatic cells. Activation of the primordial follicle results in oocyte
growth and granulosa cell (GC) cuboidalisation and proliferation. Primary follicles consist
of an oocyte and a complete, cuboidal GC layer (blue). Secondary follicles have two full
layers of GCs, and have formed a theca layer (red). Preantral follicles have multiple GC
layers and theca. Antral follicles have follicular fluid (antrum) deposited between GCs. In
preovulatory follicles, the GC population has differentiated into 2 structurally and
functionally distinct types of cells: cumulus cells which immediately surround the oocyte

(yellow), and mural GCs (green) which line the follicular basal lamina.



composition of the ZP varies between species; mouse ZP is made up of ZP1,
ZP2 and ZP3 (Bleil & Wassarman 1980) while human, rat and hamster ZP is
made up of ZP1, ZP2, ZP3 and ZP4 (Lefievre et al. 2004, Hoodbhoy et al.

2005, Izquierdo-Rico et al. 2009).

By the secondary follicle stage an additional GC layer has formed
around the oocyte and also a layer of vascularised theca cells is deposited
externally to the follicle basal lamina (Peters 1969). As the follicle continues
to develop, proliferation of GCs continues creating more cell layers around
the oocyte and the follicles are now referred to as preantral. Development of
follicles up to the preantral stage is gonadotrophin independent (Kumar et al.
1997, Dierich et al. 1998, Abel et al. 2000). A more detailed description of

gonadotrophin action is provided in Section 1.1.2.

Progression of follicles beyond the preantral stage is dependent on
gonadotrophin action on the follicle (Kumar et al. 1997). Under the influence
of follicle stimulating hormone (FSH), preantral follicles form a fluid-filled
cavity called the antrum and progress to the antral phase of follicle
development. The origins and accumulation of the antrum are not clearly
understood, but it is believed that it forms through diffusion of serum
components from the vascularized theca via the GCs (Shalgi et al. 1972,
Gosden et al. 1988). During the process of antral follicle development, the
antrum is progressively modified by secretions from cells within the follicle
(Gosden et al. 1988, Rodgers & Irving-Rodgers 2010). Antrum formation
facilitates the physical separation and differentiation of GCs into two distinct

sub-lineages: the mural GCs, which line the follicle wall, and the cumulus



cells (CCs), which envelope the maturing oocyte. Together, the oocyte and
its surrounding CCs are called the cumulus-oocyte complex (COC) and the

follicle is known as pre-ovulatory.

Even though the process of follicle development is highly sophisticated
and carefully regulated, the vast majority of follicles (and, hence, oocytes)
will undergo atresia at various stages of development (Baker 1963, Peters
1969). Follicle atresia occurs via programmed death of follicular cells, a
process known as apoptosis. Apoptosis in follicles is thought to result from
one or more of the following biological activities: (i) depletion of cell survival
factors, including estradiol, FSH and insulin-like growth factor (IGF), (ii)
activation of death ligand-receptor systems, for example the FAS ligand and
FAS system and (iii) action of members of the B-cell lymphoma 2 (Bcl2)
family of proteins (Tsujimoto et al. 2001b, van Delft & Huang 2006, Taylor et
al. 2008). The process and regulation of follicular atresia is revisited in

Chapter 6.



1.1.2 Role of pituitary gonadotrophins in follicle development

The hypothalamic-pituitary-gonadal (HPG) axis in females is the
reproductive axis that regulates fertility, i.e. differentiation and maturation of
the ovary, sex hormone secretion and follicle development. The focus of the
discussion here will be on the role of the HPG axis in follicle development.

A vital regulator of the HPG axis is gonadotrophin-releasing hormone
(GnRH) which is secreted by the hypothalamus in a pulsatile manner
(Antunes et al. 1978, Levine & Ramirez 1982). GnRH binds to cognate
receptors on the anterior pituitary, stimulating the synthesis and release of
gonadotrophins FSH and luteinizing hormone (LH) (Belchetz et al. 1978,
Collins et al. 1981, Clarke et al. 1984). FSH and LH are glycoproteins that
share a common a-subunit and each have a unique B-subunit (Baenziger &
Green 1988). The secretion pattern during the estrous cycle and site of
action of FSH and LH are distinct for each gonadotrophin, due to the different
roles of each hormone in follicle development.

The estrous cycle refers to the reproductive cycle and in rodents is
analogous to the menstrual cycle in women. The duration of the estrous
cycle in rodents is 4-5 days (Murr et al. 1973) and pituitary gonadotrophin
and ovarian steroid secretion follow a distinct pattern through the cycle. The
proestrus stage represents the day prior to ovulation and ovulation takes
place during estrus. The metestrus stage represents the formation of corpus
lutea, while diestrus is characterized by corpus luteum progesterone

production (Allen 1935).



1.1.2.1 Follicle stimulating hormone

FSH is constitutively secreted throughout the estrous cycle, with a
distinct rise in FSH levels during the proestrus stage (Haisenleder et al.
1990) which enables a subpopulation of preantral follicles to continue
development. Female mice lacking either FSHB (Kumar et al. 1997) or FSHR
(Dierich et al. 1998) exhibit arrested follicle development at the preantral
stage, highlighting the vital role of FSH in the preantral to antral transition.
FSH action on the GCs of late antral follicles induces steroidogenesis by
augmenting the activity of the aromatase enzyme (Moon et al. 1975,
Armstrong & Papkoff 1976) which aromatises androgens produced in theca

cells into estrogens.

1.1.2.2 Luteinizing hormone

LH is secreted in a pulsatile manner in response to the pulsatile action
of GNRH (Antunes et al. 1978) and binds to the cognate LH receptor (LHR)
in the ovary. Specifically, LHR is found on (i) theca cells (Camp et al. 1991)
where LH binding induces androgen production (Fortune & Armstrong 1977),
(i) GCs of pre-ovulatory follicles (Peng et al. 1991) where LH initiates
ovulation at late proestrus and (iii) luteal cells (Camp et al. 1991) where LH

regulates progesterone production (Natraj & Richards 1993).
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1.1.3 Regulation of follicle development by follicular somatic
cells

The process of ovarian follicle development is the result of a highly
regulated balance between follicle survival and follicle atresia to ensure the
correct number of eggs are ovulated. In particular, granulosa cells (GCs)
have been demonstrated to secrete a wide array of proteins that act both on
GCs themselves (autocrine) and on neighbouring follicular cells (paracrine)
to determine the follicle’s fate. Although a plethora of molecules are involved
in follicle development (Fig. 1.2), a discussion of the most relevant factors to

my thesis work is presented here.
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Figure 1.2. Pathways regulating female fertility in mice. Summary of the key
regulatory molecules involved in follicle development and ovulation. Molecules in black
represent factors identified by 2002, and molecules in blue are additional factors that were

identified by 2008. Adapted from (Matzuk & Lamb 2008).
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Estradiol

Estrogen has been studied extensively for its mitogenic effects on
follicular cells. Estrogen increases GC proliferation both in vivo (Goldenberg
et al. 1972) and in vitro (Goldenberg et al. 1972, Rao et al. 1978). In addition,
estrogen suppresses follicular apoptosis in vitro (Lund et al. 1999) and in

vivo (Billig et al. 1993).

GCs synthesise estrogen from thecal androgens, catalysed by the
enzyme aromatase (also known as CYP19) (Dorrington et al. 1975, Fortune
& Armstrong 1977, Hillier & De Zwart 1981). Secretion of estrogen is greatly
stimulated by FSH in vitro (Dorrington et al. 1975, Daniel & Armstrong 1980)
and in vivo (Erickson & Hsueh 1978). Collectively, research into GC estrogen
biosynthesis led to the ‘2-cell 2-gonadotrophin’ model, whereby theca cells
produce androgens in response to LH (Fortune & Armstrong 1977) and the
androgens then diffuse through the follicle basal lamina into GCs. FSH
stimulates aromatase in GCs, and aromatase catalyses the conversion of

androgens to estrogens (Dorrington et al. 1975).

Transforming growth factor-g family

The transforming growth factor-B (TGF-B) superfamily is a group of
proteins with diverse functions throughout the body. The major families within
the TGF-B superfamily are: bone morphogenetic proteins (BMPs), growth

differentiation factor (GDF), TGF-B, activins and inhibins (Knight & Glister

12



2006). All TGF-B superfamily members are found in the form of secreted
extracellular ligands and exert their actions through binding on
serine/threonine kinase receptors (Wrana et al. 1994, Heldin et al. 1997).
TGF-B receptors are subdivided into type-lI and type-Il receptors; to date, 5
type Il receptors and 7 types | receptors have been identified. Each TGF-3
acts through binding to a unique heterodimeric combination composed of
one type | and one type Il receptor (Ebner et al. 1993). Ligand binding to this
heterodimeric receptor complex causes receptor phosphorylation and
activation (Souchelnytskyi et al. 1996), recruitment of receptor SMADs
(SMAD 1, 2, 3, 5, 8) (Heldin et al. 1997) and propagation of the TGF- signal
to the nucleus via other SMADs (SMAD regulation of TGF-B ligands is re-

visited in Chapter 3.1).

Oocyte-produced growth differentiation factor 9 (GDF9) and bone
morphogenetic protein 15 (BMP15) are glycoproteins with species-specific

roles in follicle development and fertility and are discussed in Section 1.1.4.

The glycoprotein anti-mullerian hormone (AMH) is a member of the
TGF-B superfamily. Despite its role in mammalian fetal development as an
inhibitor of Mullerian duct development (Munsterberg & Lovell-Badge 1991),

AMH has central roles in ovarian function and follicle development.

The role of AMH in the mammalian ovary became clear from studies
of AMH™ female mice and in vitro studies. AMH-deficient female mice have a
severely depleted primordial follicle pool and more growing follicles at 4

months of age (Durlinger et al. 1999), indicating a role of AMH in inhibiting

13



primordial follicle activation. Also, in vivo and in vitro studies reveal that AMH
causes inhibition of the FSH-stimulated growth of preantral follicles to antral

follicles (di Clemente et al. 1994, Durlinger et al. 1999).

Epidermal growth factor-related proteins

Epidermal growth factor (EGF)-related proteins consist of 7 EGF-
related ligands and 4 tyrosine kinase receptors; the action of each ligand is
through a homo- or hetero-dimeric complex of receptors. EGF-related
signalling was originally shown to have central roles in organogenesis and
oncogenesis (Burden & Yarden 1997), while subsequently the requirement
for EGF-related ligands during the LH-induced ovulation process was

appreciated.

Induction of ovulation in mice showed the rapid expression of 3 EGF-
related ligands in the ovary in vivo: amphiregulin (AR), B-cellulin (BTC) and
epiregulin (EPI) (Park et al. 2004). The specific ovarian site of AR, BTC and
EPI expression are the mural granulosa cells (GCs). In vitro treatment of
follicles with AR, BTC and EPI mimics the effect of LH treatment, i.e.
resumption of meiosis and cumulus expansion (Dekel & Sherizly 1985), but
in a shorter period of time (Park et al. 2004). In addition, EGF-related ligands
have been detected in the follicular fluid of porcine follicles (Hsu et al. 1987),
and also EGF-receptor (EGF-R) activity has been shown in cumulus cells

following ovulation induction (Panigone et al. 2008). Collectively, these

14



results demonstrate the communication of the ovulatory LH signal to the

oocyte, through the EGF signalling network (Revisited in Chapter 4).

1.1.4 Role of the oocyte in follicle development

For many decades it was believed the oocyte was a passive entity in
the follicle, whereby the surrounding follicular somatic cells were solely
responsible for the endocrine and local ovarian signals required for oocyte
growth and function. However, ground-breaking studies in the 1990s
revealed that GCs are subject to paracrine signalling from the oocyte in the
form of soluble oocyte-secreted factors (OSFs) which regulate follicular
growth (Buccione et al. 1990, Salustri et al. 1990, Vanderhyden et al. 1990).
Therefore, by regulating the development of surrounding somatic cells, the
oocyte indirectly regulates its own microenvironment. In this section, an
overview is provided of oocyte-produced molecules (both secreted and non-

secreted) that have roles in determining female fertility.

Clgaltl

A role for oocyte glycans has been described in mice. Oocytes
lacking core 1-derived O-glycans, due to deletion of core 1 [1,3-
galactosyltransferase (Clgaltl) have increased fertility with a ~40% increase
in litter size compared to Controls, until at least 6 months of age (Williams et
al. 2007, Williams & Stanley 2008). Further research has shown that the
increased fertility in Clgaltl Mutant mice arises from more, healthy growing

follicles compared to Controls leading to an increased ovulation rate (Grasa

15



et al. 2015). Understanding the increase in fertility in Clgaltl Mutant mice is

one of the aims of this thesis and will be discussed further in Section 1.3.

FOXO3a

Increased fertility has also been observed in female mice with
constitutively active Forkhead Box O3a (FOXO3a) in oocytes of primordial
and primary follicles (Pelosi et al. 2013). FOXO3a is a member of the
forkhead family of transcription factors, and the increased fertility in
transgenic females is thought to arise from prolonged maintenance of the
primordial follicle reserve. Maintenance of the primordial follicle reserve could
be due to (i) decreased rate of activation of primordial follicles or (ii)
decrease primordial follicle apoptosis, or both. However, the results of the
study presented are inconclusive with regards to the biological explanation of

the maintenance of primordial population.

DAZL

Deleted in AZoospermia-Like (DAZL), which is an RNA binding protein
expressed in male and female germ cells, has also been shown to have
central roles in fertility. The litter size of DAZL"" females is increased by 50%
until at least 6 months of age. This phenotype is believed to be the result of
increased sensitivity of growing follicles to FSH, reducing the rate of follicle

atresia and resulting in increased ovulation rate (McNeilly et al. 2011).

GPR149

16



The G protein-coupled receptor (GPR) 149 is highly expressed in
mouse oocytes (Edson et al. 2010). GPR149" female mice show increased
fertility, evident from larger litter size maintained up to at least 6 months of
age (Edson et al. 2010). In addition, GPR149” mutant females have
increased numbers of healthy growing follicles which then leads to increased

ovulation rate, contributing to the increased fertility phenotype.

ZP3

At the primary follicle stage, the oocyte produces and secretes
glycoproteins known as zona pellucida (ZP) proteins (Philpott et al. 1987)
which form the oocyte’s extracellular matrix. ZP3” female mice lack a ZP
matrix around the oocyte, and females are infertile due to an inability of the
oocytes to be fertilised (Rankin et al. 1996). These results highlight the
central role of the ZP3 component in ZP assembly and the importance of the

ZP during mouse fertilisation.

GDF9

Oocyte-produced TGF-B superfamily proteins have been recognised
as vital players in regulating ovarian follicle development. Growth
differentiation factor 9 (GDF9) is a TGF-B member that is synthesised in
oocytes from the primary follicle stage onward (McPherron & Lee 1993).
GDF9 mediates its signal via the activation of intracellular SMAD2/3 pathway

(Kaivo-Oja et al. 2003, Roh et al. 2003). GDF9 is an N-glycosylated protein,
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while O-glycosylation sites have not been identified (Hayashi et al. 1999,
Hashimoto et al. 2012).

GDF9-deficient female mice are infertile due to a block in follicle
development at the primary follicle stage (Dong et al. 1996). Interestingly,
even though follicles in GDF9™ mice never exceed the primary stage with
respect to GC layers, the growth of the oocyte itself in GDF9 mutant females
exceeds the size of control oocytes in antral follicles (Carabatsos et al. 1998).
These observations highlight not only the central role of GDF9 in somatic cell
development beyond the primary stage, but also the role of GCs in regulating
and controlling oocyte growth, further exemplifying the importance of correct
two-way communication. Subsequent research revealed that the deletion of
GDF9 results in upregulation of Inhibin A from GCs (Elvin et al. 1999) which
seems to be the cause of the primary follicle block in GDF9" mice, as GDF9’
FInhibinA” mice overcome this block and follicles develop beyond the

primary stage (Wu et al. 2004).

BMP15

Another oocyte-produced TGF-B protein is bone morphogenetic
protein 15 (BMP15, also known as GDF9B); BMP15 is located on the X
chromosome and is expressed in oocytes from the primary follicle stage
onward (Dube et al. 1998). Recombinant human BMP15 is O-glycosylated
(Saito et al. 2008), however, no work has been published describing if this is
also the case for native mouse BMP15 protein. BMP15 signals through the

SMAD 1/5/8 pathway (Moore et al. 2003). Studies of experimental and
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naturally occurring mutations reveal different roles of BMP15 in different
species depending on whether the species is mono- or poly-ovulatory.

In contrast to GDF9”" female mice which are sterile, BMP15™ null
mice are subfertile with reduced litter size compared to both BMP15"" mice
and control mice (Yan et al. 2001). BMP15" mice contain follicles at all
stages of development and also have denuded oocytes (i.e. not associated
with cumulus cells) in preovulatory follicles (Yan et al. 2001). The authors
propose that the subfertility in BMP15" is due to compromised cumulus
expansion in some follicles which results in less ovulations. However,
guantification of growing follicles was not carried out, therefore the possibility
that reduced ovulation is due to less growing follicles cannot be excluded.

Mutations of BMP15 in ewes reveals a different phenotype compared
to mice highlighting the different molecular regulation of fertility in poly- and
mono-ovulatory species. Heterozygous ewes with mutations in BMP15
(BMP15*"), for instance Inverdale and Hanna sheep, have increased fertility
due to increased ovulation rates (Galloway et al. 2000). In contrast, BMP15™
sheep are infertile (Davis et al. 1992) with follicle development arrested at
the primary follicle stage (Braw-Tal et al. 1993). Mutation of the BMP15 gene
has also been reported in rare cases of infertile women (Di Pasquale et al.
2004).

Heterodimeric GDF9:BMP15 complexes are reported to be more
active ligands in cumulus expansion compared to the individual proteins
(Peng et al. 2013). However, the purity of the heterodimeric complexes and

indeed the biological existence of GDF9:BMP15 heterodimers at all is still in
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guestion (Mottershead et al. 2013). Interestingly, the ratio of mRNA levels of
GDF9 and BMP15 has been shown to be highly correlated within various
species studied (sheep, pig, cow, rat, mouse, deer) and the ratio differs
between species (Crawford & McNatty 2012). Poly-ovulatory animals have

an increased GDF9:BMP15 ratio compared to mono-ovulatory animals.
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1.2 Cumulus expansion

1.2.1 Importance of cumulus expansion

Following the ovulatory LH surge, an extracellular matrix (ECM) is
assembled between the CCs leading to expansion of the cumulus mass that
surrounds the oocyte. CCs and expansion of the cumulus complex have
been recognised as vital components in the oocyte’s developmental journey

leading to successful fertilisation.

Prior to ovulation, the CCs have a vital role in maintaining the oocyte
at meiotic arrest (Tanghe et al. 2002) by production and transfer of cyclic
adenosine monophosphate (cCAMP) (Eppig & Downs 1984, Eppig 1991) to
the oocyte via gap junctions (Dekel 1988). Expansion of the cumulus
complex is necessary for ovulation of the COC and the expanded cumulus
mass is believed to facilitate efficient capture of an ovulated egg by the
oviductal fimbriae and transport into the oviduct (Chen et al. 1993, Tanghe et
al. 2002). Furthermore, oocyte quality and fertilizability have been linked to
the degree of cumulus expansion in humans (Ng et al. 1999), rats and mice
(Vanderhyden & Armstrong 1989, Chen et al. 1993) and bovine in vitro

fertilisation protocols (Ball et al. 1983).

Several lines of evidence show that the cumulus oophorus facilitates
the process of fertilisation in the oviduct. Following ovulation, the rat oviduct
was shown to have sperm predominantly distributed within the cumulus

complex and not in the rest of the ampullary fluid (Bedford & Kim 1993). The
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fertilisation rate of bovine oocytes in vitro is higher in cumulus-oocyte
complexes (COCs) compared to cumulus-free oocytes (Chian et al. 1995),
suggesting that cumulus oophorus acts as a chemoattractant to sperm,

guiding sperm to the oocyte membrane.

1.2.2 The process of cumulus expansion

Ovulation is stimulated by the release of luteinising hormone (LH),
which initiates two signalling events. First, mGCs secrete epidermal growth
factor-like (EGF-L) peptides that bind to EGF receptors on CCs (Park et al.
2004). Secondly, the oocyte produces soluble growth factors termed oocyte-
secreted factors (OSFs) also acting on CCs, which are required for cumulus
expansion in mice. OSFs include members of the transforming growth factor
beta (TGF-B) superfamily (e.g. GDF9 and BMP15) (Su et al. 2004, Dragovic
et al. 2005, Peng et al. 2013). Binding of TGF-f ligands to cognate receptors
on CCs results in the activation of signal transduction pathways mediated via
either SMAD2/3 or SMAD1/5/8 (Moore et al. 2003, Dragovic et al. 2007).
Although OSFs have a central role in cumulus expansion in mice, a similar
role has not been shown in mono-ovulatory species. Cow and ovine
cumulus—oocyte complexes (COCs) undergo follicle-stimulating hormone-
induced cumulus expansion in vitro in the absence of the oocyte, suggesting
that OSFs are not vital for cumulus expansion in all species (Gilchrist et al.

2008, Varnosfaderani Sh et al. 2013).
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Following the LH surge, the combined action of EGF- and OSF-
mediated signalling pathways induces CCs to express hyaluronan synthase
2 (HAS2) which synthesises the glycosaminoglycan hyaluronan (HA) (Fulop
et al. 1997b), the major structural component of the viscoelastic cumulus
ECM (Salustri et al. 1989). The organisation and stability of the cumulus
matrix are dependent on cross linking of the HA polysaccharide (Fig. 1.2),
which is mediated by several proteins, including pentraxin-3 (PTX3), TSG-6
(which is the secreted protein product of TNFAIP6, hereafter referred to as
TSG-6) and the heavy chains of inter-a-inhibitor (lal) and pre-a-inhibitor (Pal)
(Sato et al. 2001, Zhuo et al. 2001, Fulop et al. 2003, Salustri et al. 2004,
Scarchilli et al. 2007). The roles of cumulus ECM molecules will be revisited

in more depth in Chapter 3.
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Figure 1.3. Cumulus expansion. (A) Following the ovulatory LH surge, cumulus
cells (CCs) are induced to secrete a hyaluronic acid-rich extracellular matrix (ECM) which
causes cumulus expansion. (B) Detailed schematic of cumulus ECM assembly. lal family
proteins are serum-transported and following the ovulatory LH surge they diffuse into the
preovulatory follicle. TSG-6 molecules, secreted by cumulus cells, act as catalysts in the
transfer of the heavy chains (HCs) of lal onto HA chains. HA is the structural backbone of
cumulus ECM and interactions with the multimeric PTX3 and HC enable HA chain cross

linking. (B) is from (Ploutarchou et al. 2015).
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1.3 The Clgaltl Mutant mouse model

Follicle development is a highly regulated and complex process which,
as abovementioned, involves endocrine and paracrine cross-talk between
different follicular compartments. In this thesis, the role of oocyte-produced
core 1-derived O-glycans in follicle development from the primary follicle

stage onward is investigated, using the Clgaltl Mutant mouse as a model.

1.3.1 Genetics of the Clgaltl Mutant mouse

The Clgaltl enzyme is central in the process of O-glycosylation
(discussed further in Section 1.3.3). Clgaltl” embryos die by embryonic day
14 due to spinal cord and brain hemorrhages (Xia et al. 2004, Williams et al.
2007). Therefore, to assess the potential role(s) of core 1-derived O-glycans
in female fertility, a mouse model was generated in 2007 in which Clgaltl is
specifically deleted in oocytes from the primary follicle stage onward
(Williams et al. 2007).

The oocyte-specific deletion of Clgaltl utilizes Cre/loxP technology
(Fig. 1.4). Exons 1 and 2 of Clgaltl are flanked by loxP sites, and a ZP3Cre
transgene enables the expression of Cre recombinase when the ZP3
promoter is activated, i.e. only in oocytes at the primary follicle stage
(Philpott et al. 1987). Therefore, in the Clgaltl Mutant mouse the oocyte
proteins destined for core 1-derived O-glycosylation lack this post-
translational modification. Herein, Clgaltl Mutant mice are referred to as

‘Mutant’.
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Figure 1.4. Oocyte-specific deletion of Clgaltl.
Diagram of Clgaltl floxed and deleted alleles, and the ZP3Cre

transgene. Adapted from Williams et al, 2007.

1.3.2 Phenotype of the Clgaltl Mutant mouse

The oocyte-specific mutation of Clgaltl in this Mutant mouse leads to
2 interesting phenotypes: (i) sustained increased fertility (Williams & Stanley
2008), and (i) modified cumulus expansion (Williams et al. 2007).

The increased fertility aspect of this Mutant was first reported in 2007
where Mutant female mice gave birth to ~40% bigger litters compared to
Controls (Williams et al. 2007, Willams & Stanley 2008). Further
investigation revealed that this increase in litter size is maintained until at
least 6 months of age in the Mutant (Williams & Stanley 2008). The increase
in fertility arises due to more, healthy growing follicles in the Mutant ovary
(Williams & Stanley 2008, Grasa et al. 2015). When this mouse model was
first described it was the only mouse model with sustained increased fertility.
However, since then other mutant mice have been reported with sustained

increased fertility (described previously in Sections 1.1.3 and 1.1.4).
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Superovulated Clgaltl Mutant cumulus-egg-complexes (CECs)
collected from oviducts have altered cumulus mass morphology. Mutant
eggs have a less expanded cumulus matrix compared with Controls and
exhibit an increased resistance to hyaluronidase digestion (Williams et al.
2007).

Therefore, both of these phenotypes make the Clgaltl Mutant a
unique model for studying the effects of oocyte-derived Clgaltl on female
fertility and to explore the altered mechanisms that lead to increased fertility.
Furthermore, the Clgaltl Mutant is an important animal model for the study
of cumulus expansion, as the modified cumulus expansion displayed by this
Mutant does not negatively impact fertility, as opposed to other mouse
models in which irregular cumulus expansion is accompanied by

compromised fertility (more details in Chapter 3.1).

1.3.3 Core 1 derived O-glycans

Protein glycosylation is a common post-translational modification
which aids the attachment of oligosaccharide chains on recently translated
proteins. The majority of proteins in biological systems are glycosylated, and
glycosylation has important implications in determining the structure and

function of glycoproteins (Moremen et al. 2012)

One of the main types of glycans are O-linked glycans (Fig. 1.5). A
serine or threonine residue of the newly translated protein is covalently

modified through an a-linkage to aid in the addition of an N-
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Figure 1.5. Action of Clgaltl in O-glycosylation. A newly translated protein is covalently
modified through the addition of an N-acetylgalactosamine (GalNAc) sugar molecule on a
serine or threoning residue. Core 1 B1,3-galactosyltransferase 1 (Clgaltl) catalyses the
addition of a galactose molecule to the Tn-antigen (N-Acetylgalactosamine -
Serine/Threonine) to form Core 1 O-glycans which are precursors to more complex O-
glycans. Core 2 GIcNAc-T (beta-1,6-N-acetylglucosaminyltransferase) extends Core 1 O-

glycans by the addition of N-Acetylglucosamine to form Core 2 O-glycans.

acetylgalactosamine (GalNAc) sugar molecule to initiate O-glycosylation
(Young et al. 1979). This first step in O-glycosylation occurs in the cis-Golgi
network (Rottger et al. 1998). Core 1 B1-3 galactosyltransferase enzyme,
termed Clgaltl, also known as T synthase, catalyses the further addition of
a galactose molecule onto the GalNAc in trans-Golgi vesicles creating a core
1 O-glycan. Core 1-O glycans provide the core structure onto which more
complex O-glycosylations can be built (Ju et al. 2002). Any subsequent

additions to a core 1 O-glycan are termed herein core 1-derived O-glycan.

O-glycans have been shown to be important in modulating protein

half-life (Sola & Griebenow 2010), receptor signalling (Stanley 2011), cell-cell
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interaction (Yago et al. 2010), cell-matrix interaction (Tian et al. 2012) and
can provide protective roles for glycoproteins against proteolytic degradation

(Pan et al. 2014).
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1.4 Aims of thesis

1.4.1 Altered cumulus expansion in Clgaltl Mutants.

- To investigate the altered cumulus expansion phenotype in Clgaltl
Mutant mice by assessment of structural and molecular changes of the

cumulus complex.

- To determine whether the altered cumulus expansion in the Mutant is
rescued in the oviduct post-ovulation compared to prior-ovulation by analysis

of the cumulus in post-ovulatory complexes.

- To investigate the mechanism of altered expansion in the Mutant by

attempting to rescue cumulus expansion in vitro.

1.4.2 Increased fertility in Clgaltl Mutants.

- To assess the effect of oocyte deletion of Clgaltl in the Mutant on
follicle development by characterising morphological changes in follicle

development.

- To explore apoptosis and mediators of apoptosis in Mutant ovaries by

detection of DNA fragmentation, Bcl2 and Bax levels.

- To assess functional differences in Mutant follicles by assessment of

AMH and aromatase levels of follicles.
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CHAPTER 2: Materials and Methods
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2.1 Generation of transgenic mice

Generation of mice (Mus musculus) carrying the floxed Clgaltl allele
and the ZP3Cre transgene was as described in (Williams et al. 2007).
Clgalt1™F:zP3Cre male mice were mated with Clgaltl™ female mice to
generate Clgaltl™":ZP3Cre (Mutant) and Clgalt1™" (Control) female mice in
a mixed 129/SvimJ and C57BL/6J genetic background (Williams et al. 2007).
The ZP3Cre transgene does not affect fertility (Williams et al. 2007). Mice
were keptin a 12 h : 12 h light-dark cycle with lights on at 07:00 h. All tissue
collection details are provided in the Materials and Methods section of
subsequent chapters. All experiments were approved by the Home Office

and the Clinical Medical Local Ethical Review Committee.

2.2 Hormone treatments

For superovulation mice were injected intraperitoneally with 5 U of
pregnant mare serum gonadotrophin (PMSG, Biosupply, Bradford, UK) at
16:00 and, 48 h later, with 5 IU of human chorionic gonadotrophin (hCG;
Chorulon, Biosupply). Details of the procedures following hCG injection are

included in the Materials and Methods section of subsequent chapters.

2.3 Genotyping

Tissue was obtained from mice via ear biopsy for DNA analysis. For

DNA extraction, ear biopsies were incubated with 3% Proteinase K (Roche
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diagnostics, Mannheim, Germany) buffer solution for 8 h at 55°C. The
digested samples were then centrifuged at 13,200 rpm for 8 min. The
supernatant (40ul) was then boiled at 99°C for 10 min. The samples were

then diluted with 100ul of distilled water and stored at 4°C.

Mice samples were genotyped using protocols adapted from (Williams
et al. 2007). Each 25 ul Polymerase Chain Reaction (PCR) contained 2.5 pl
of 10x PCR buffer (Bioline, London, UK), 0.75 ul of 50 mM MgCl, solution
(Bioline), 0.5 pl of 10 mM DNTP (Roche, Mannheim, Germany), 0.5 yl of
each primer (Eurogentec, Liege Science Park, Belgium), 1 yl of genomic
DNA (ear) and 0.15 pl of Taq polymerase (Bioline) for the detection of floxed
Clgaltl or 0.5 ul of Taq polymerase for the detection of the Cre transgene.
The primers used to detect the Clgaltl floxed allele were FB33 and FB34
(Batista et al. 2012) and the Cre transgene was detected using primers

PS502 and PS607 (Shi et al. 2004).

PCR reactions to detect the ZP3Cre transgene were performed as
follows: preheating at 94°C for 2 min followed by 35 cycles of 94°C for 30 sec,
56°C for 30 sec and 72°C for 1 min. Subsequently, there was a final cycle of
72°C for 5 min. PCR reactions for detecting the floxed Clgaltl allele was as

described above, but with an annealing temperature of 66°C.

For DNA electrophoresis, an agarose gel was prepared using a 1.5%
weight/volume solution (3g agarose, #438794L Agarose, VWR,
Leicestershire, UK with 200ml TAE buffer, made of Trizma base, T1503,

Sigma-Aldrich, Dorset, UK, Na,EDTA, Fisher Scientific, Loughborough, UK
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and acetic acid glacial, Fisher Scientific). The agarose/buffer mixture was
heated in a microwave to ensure agarose was dissolved and then ethidium
bromide was added (0.01%, Ethidium Bromide, Fisher Scientific) to stain
DNA and visualise during electrophoresis. A gel comb is positioned into the
agarose mixture to create wells and then the mixture is left to cool. Following
PCR, DNA samples were mixed with gel loading dye (RO0631, Life
technologies, Paisley, UK) and were loaded onto the agarose gel along with
DNA ladder (N3231L, New England Biolabs, Hitchin, UK). The power supply
of the electrophoresis tank was programmed at 100V and 250mA and the gel
was run until satisfactory separation of DNA fragments. When DNA
electrophoresis was completed, the gel was visualised under UV light and

imaged for assessment of results.

2.4 Histochemistry and Immunohistochemistry

For use of the antibodies and binding proteins presented in this thesis,
extensive troubleshooting and optimisation was required. Below, the general
protocol for Histochemistry (HCh, for binding proteins) and
Immunohistochemistry (IHC, for antibodies) is provided, along with the
different elements of the protocol that require optimisation for each new
antibody/binding protein. Specific conditions for each antibody/binding
protein are provided in the Materials and Methods section of the relevant

chapters.
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(1) Sections are deparaffinised in Xylene (X/0250/17, Fisher Scientific), 3
washes x 3 min, and rehydrated by successive washes in 100%
ethanol (Ethanol, #32221, Sigma-Aldrich) 90% ethanol, 70% ethanol,
50% ethanol, 1 min each, and subsequently in distilled water, 3

washes x 1 min.

(2) Antigen retrieval performed. Methods tested are presented in Table

2.1.

Table 2.1. Antigen retrieval methods tested for HCh and IHC.

Antigen Retrieval methods Notes
Low pH Heat-Induced Citrate Buffer* (pH 6). Microwave set to full power for 1 min, and
Epitome Retrieval then medium power for 9 min. Slides left to cool for 20 min.

High pH Heat-Induced

Epitome Retrieval High pH- solution? Process as for Citrate Buffer.

Enzymatic retrieval 20pg/ml Proteinase K* solution, 15 min at room temperature.

No treatment Go straight to next step.

*Citrate buffer: Sodium citrate tribasic dehydrate, #S4641, Sigma-Aldrich.
*High pH solution, H-3301, Vector Lab.

*Proteinase K, Roche, Welwyn Garden City, UK.

(3) Wash in distilled water, 2 washes x 2 min.

(4) Block endogenous peroxidase by incubation in 30% H,0, (#10687022,

Fischer Scientific) for 5 min.

(5) Wash in distilled water, 2 washes x 2 min.
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(6) Block non-specific secondary antibody binding. The different blocks

tested are presented in Table 2.1.

Table 2.2. Antigen retrieval methods tested for HCh and IHC.

Block options Notes
Normal Goat | Tested various concentrations,
Serum (NGS)* with range 1.5%-10%.
Fetal Calf Tested various concentrations,
Serum (FCS)* with range 2%-5%.
Bovine Serum | Tested various concentrations,
Albumine (BSA) with range 5%-20%.
Dried milk * Used at 5% concentration.

*NGS, Vectastain ABC Elite kit, PK-6101, Vector Labs.
*FCS, Fisher Scientific.
*BSA, BPE1600-100, Fisher Scientific.

*Dried milk, Alcafe, Reading, UK.

(7) Primary antibody binding: For this step, both primary antibody (i)
dilution and (ii) incubation time were tested for optimum conditions for

each individual antibody.

(8) Wash in PBS, 3 washes x 3 min.

(9) Secondary antibody binding: Biotin-labelled secondary antibody used

at 1:200 dilution, for 60 min at RT. Wash in PBS, 3 washes x 3 min.

(10) Wash in PBS, 3 washes x 3 min.
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(11) For antigen signal amplification, an avidin-biotin-peroxidase complex
(ABC) is used (Vectastain ABC Elite Kit, Vector Labs) for 30 min at

RT.

(12) Wash in PBS, 3 washes x 5 min.

(13) Antigen-specific detection was revealed using a DAB Kit (Vector
Labs). The slides were then dehydrated and mounted with Depex

(VWR, Leicestershire, UK)

2.5 Hematoxylin staining

For histological analysis of paraffin-embedded ovary sections,
hematoxylin staining was performed. Hematoxylin staining was also carried
out on some section following DAB staining, after removing the coverslips
by extended immersion in Xylene.

Slides were incubated with xylene (Fisher Scientific), 1 wash x 8 min
followed by 2 washes x 4 min, and then incubated in 100% ethanol (Sigma-
Aldrich), 2 washes x 3 min, followed by 90% ethanol for 2 min, 70% ethanol
for 3 min, 50% ethanol for 3 mins and tap water for 3 min. The slides were
then stained with Hematoxylin (Shandon Gill 2 Hematoxylin, Fisher
Scientific) for 2 min and then washed under running water for 5 min. Slides
were then dehydrated by immersion through an increasing alcohol gradient:
80% ethanol for 1 min, 95% ethanol for 30 sec, 100% ethanol for 45 sec,

100% ethanol for 1 min, 100% ethanol for 2 min and finally 2 washes in
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xylene for 8 min each. Glass slides were mounted with Depex (VWR) and

left to dry before imaging.

2.6 Statistics

Statistical comparisons and tests used are described in detail in
subsequent experimental chapters. The sample size (n) used for statistical
analysis of experiments is the number of follicles or oocytes, depending on
the nature of the experiment. For all statistical analyses, the sample size was
derived from at least 3 mice (precise number is given under each figure

legend).
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CHAPTER 3: Molecular and structural
changes in cumulus ECM of Clgaltl

Mutants
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3.1 INTRODUCTION

The signal for ovulation, which is received by pre-ovulatory follicles in
the form of the LH surge, causes the secretion of an extracellular matrix
(ECM) by the cumulus cells (CCs) leading to expansion of the cumulus mass
that surrounds the oocyte. The organisation and stability of the cumulus ECM
is dependent on the crosslinking of Hyaluronic Acid (HA) by several proteins,

including the Heavy Chains (HCs) of inter-a-inhibitor (lal) and pre-a-inhibitor
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Figure 3.1. Assembly of cumulus extracellular matrix (ECM). Schematic model of
the interactions between HA and HA-binding proteins in ECM. lal family proteins are
transported by blood and following the ovulatory LH surge the follicle basal lamina is broken
down and lal proteins diffuse into the pre-ovulatory follicle. TSG-6 molecules secreted by
cumulus cells (CCs) act as catalysts in the transfer of the heavy chains (HCs) components of
lal onto HA chains. HA is the structural backbone of cumulus ECM and interactions with the
multimeric PTX3 and HC enable HA chain cross linking. Generated by author. (Ploutarchou

et al. 2015)
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(Pal), TNF-stimulated gene-6 (TSG-6) and pentraxin-3 (PTX3) (Fig. 3.1).

lal and Pal are circulating glycoproteins composed of a light chain,
referred to as Bikunin, and one or two heavy chains (HCs). lal and Pal are
synthesised in the liver and transported in serum, but their size and charge
cause them to be excluded from the follicle by the basal lamina (Hess et al.
1998). At ovulation, the LH surge initiates the breakdown of the blood—follicle
barrier (McClure et al. 1994, Irving-Rodgers et al. 2002), allowing lal and Pal
to diffuse into pre-ovulatory follicles where the HC components are
incorporated into the cumulus ECM (Chen et al. 1996). During cumulus
expansion, the HCs are transferred from lal and Pal onto HA to form
covalent HC<HA complexes; this process is catalysed by TSG-6 and occurs
via TSG-6°HC intermediates (Rugg et al. 2005, Sanggaard et al. 2008). Mice
that are deficient in the expression of either bikunin or TSG-6, fail to support
COC expansion (Sato et al. 2001, Zhuo et al. 2001, Fulop et al. 2003)
indicating that the covalent modification of HA with HCs is essential for the
assembly and cross-linking of a stable cumulus ECM. Naturally ovulated
oocytes from Bikunin™ females are completely devoid of CCs which prevents

in vivo fertilisation (Zhuo et al. 2001).

TSG-6 participates in multiple ECM remodelling processes (Milner &
Day 2003, Milner et al. 2006) and is secreted by CCs and mural granulosa
cells (GCs) in response to ovulatory stimuli (Yoshioka et al. 2000, Carrette et
al. 2001, Mukhopadhyay et al. 2001). As noted above, TSG-6 binds
covalently to HCs during the catalysis of HC*HA formation (Rugg et al. 2005,

Sanggaard et al. 2005, Sanggaard et al. 2008). TSG-6-deficient female mice
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lack HC*HA complexes and are severely sub-fertile, which has been
attributed to an unstable cumulus ECM leading to an absence of cumulus
expansion (Fulop et al. 2003). Although TSG-6 contains a Link module
domain (in common with most other HA-binding proteins (Day & Prestwich
2002, Higman et al. 2014) and binds directly to HA (Kohda et al. 1996), it is

unclear whether TSG-6 is incorporated into the cumulus ECM.

PTX3, which is also secreted by CCs and required for ECM formation,
is a multimeric protein, belonging to the pentraxin superfamily (Garlanda et al.
2005, Inforzato et al. 2010). PTX3 has been found to interact with HCs
(Scarchilli et al. 2007, levoli et al. 2011) and to play a key role in the
organisation and cross-linking of HC*HA (Baranova et al. 2014). PTX3-
deficient female mice are severely subfertile, with reduced frequency of litters
and reduced litter size (Varani et al. 2002). PTX3" females ovulate eggs
normally, however CCs are unable to undergo cumulus expansion and the
ovulated eggs are denuded. Interestingly, oocytes from PTX3" females can
successfully undergo in vitro fertilisation (Salustri et al. 2004). Therefore, it is
believed that in vivo, the absence of CCs and cumulus ECM around the
oocyte prevent fertilisation, even though oocytes have full fertilisation

potential.

As described above, compromised COC expansion negatively affects
female fertility in mice and the degree of cumulus expansion in human IVF
has been shown to be positively correlated with oocyte quality and thus
fertilization and implantation rates (Ng et al. 1999). The Clgaltl mouse

model is unique since it exhibits defective cumulus expansion but fertility is
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not compromised (Willlams & Stanley 2008, Grasa et al. 2015). These
observations suggest that some aspects of cumulus expansion are
redundant to successful fertilisation and the aim of this study was to identify

these aspect(s).

Eggs ovulated from Clgaltl Mutant mice are surrounded by a
cumulus mass that is denser and more resistant to hyaluronidase treatment
compared with Control, indicating altered structure and function (Williams &
Stanley 2008). The effects of oocyte-generated core 1l-derived O-glycans,
including those of oocyte secreted factors (OSFs, e.g. GDF9, BMP15) on
surrounding CCs have not been investigated and therefore the Clgaltl
Mutant mouse provides a good model to investigate the role of these glycans

on cumulus function.

Therefore, on the basis that the cumulus expansion defect in Clgaltl
Mutant mice does not lead to a compromise in subsequent fertility (as
opposed to other mouse models with cumulus defects) we hypothesised that
the altered cumulus mass was due to structural and molecular changes of
the cumulus ECM. Changes in any of the cumulus molecules would indicate
either redundancy or plasticity in the function of the cumulus complex. In
addition, considering the importance of the different cumulus ECM molecules,
a novel intra-follicular approach comparing the levels of ECM molecules
within individual COCs, enabled the analysis of correlations between these

molecules in Control and Mutant cumulus complexes.
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3.2 AIMS

- To investigate the modified cumulus expansion of Clgaltl Mutant
mice by assessment of structural characteristics and changes in ECM

molecules.

- To assess the presence, if any, of intrafollicular molecule relationships

by correlating the levels of cumulus ECM molecules within individual

cumulus complexes.
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3.3 MATERIALS AND METHODS

3.3.1 Ovary collection and histology

Ovaries from 8- to 9-week-old Control and Mutant mice were

dissected 9 h post-hCG, fixed in 10% buffered formalin (Sigma-Aldrich,
Dorset, UK) for 8 h, and washed in 70% ethanol. Ovaries were embedded in

paraffin, sectioned at 5 ym and mounted on glass slides.

3.3.2 Histochemistry and Immunohistochemistry

The general protocol for  Histochemistry (HCh) and

Immunohistochemistry (IHC) was followed as described in Chapter 2.3, with
additional specific details provided in Table 3.1 for Hyaluronan, TSG-6, PTX3

and Heavy Chains (HCs) and Table 3.2 for pSMAD2, pSMAD1/5/8 and Ki67.

Table 3.1. Specific details of HCh and IHC protocol used for detection of
Hyaluronan, TSG-6, PTX3 and Heavy Chains (HCs) to complement the basic method

described in Chapter 2.3.

Molecule detected
Hyaluronan TSG-6 PTX3 Heavy Chains
Antigen retrieval None Low .pH Heat-InFjuced None None
Epitome Retrieval
Block agent 2% FCS, 1h 1.5% NGS,1h 10% dried milk, 2 h 5% dried milk, 2 h
Hyaluronan rabbit anti-mouse rabbit anti-human PTX3 rabbit anti-human
. A . } .|  polyclonal antibody lal/Pal polyclonal
. Prlma.ry . b'"d'r_‘g protein | TSG-6 polyclonal anti (Scarchilli et al. 2007, (Carrette et al. 2001,
antibody/binding (Seikagaku, sera (Carrette et al. .
tein Tokyo, Japan) at | 2001) at 1:150, 4°C generously supplied by [ Mukhopadhyay et al.
pro »vap e Dr Antonio Inforzato) at |  2001) at 1:100, 4°C
1:50, 2h at RT overnight o . S
1:200, 4°C overnight overnight
Saer?t(i)l::j;/y anti-rabbit IgG (Vectastain ABC Elite Kit, Vector Laboratories), 1 h at RT

45




Table 3.2. Specific details of HCh and IHC protocol used for detection of

pSMAD2, pSMAD1/5/8 and Ki67 to complement the basic method described in

Chapter 2.3.
Molecule detected
pSMAD?2 pSMAD1/5/8 Ki67
Low pH Heat-
Antigen retrieval | Induced Epitome Low pH Heat Induced Low _pH Heat In_duced
) Epitome Retrieval Epitome Retrieval
Retrieval
Block agent 1.5% NGS, 1h 5% BSA, 1h 1.5% NGS, 1 h
rabbit anti- anti-pSMAD1/5/8
pSMAD2

polyclonal (Cell
Signalling, Beverly,
Massachusetts, USA)
at 1:250, 4°C
overnight

rabbit anti-Ki67 (Abcam,
Cambridge, UK) at 1:100, 2 h
atRT

polyclonal (Life
Primary antibody | technologies,
Invitrogen,
Paisley, UK) at
1:100, 2 h at RT

Secondary

. anti-rabbit IgG (Vectastain ABC Elite Kit, Vector Laboratories), 1 h at RT
antibody

Note: Immunohistochemical detection of pPSMDA2, pSMAD1/5/8 and
Ki67 were not performed by author. Data collection and analysis were

performed by author.

3.3.3 Characterization of cumulus complex

Molecules detected in CCs and cumulus ECM were quantified using
ImageJ software (National Institutes of Health, Bethesda, Maryland, USA). In
ImageJ, each pixel is given an intensity value from 0 (black) to 255 (white),
and based on this, total pixel intensity and mean pixel intensity were
calculated. The values for total pixel intensity, number of pixels and mean
pixel intensity for each cumulus complex were all calculated and exported

from ImagedJ. The pixel values were then inverted so that O=white, and

46



255=black to facilitate data interpretation. Finally, mean pixel intensity was
expressed as a percentage (i.e. scale 0 to 100). To normalise to CC

numbers, the value of total pixel intensity was divided by the number of CCs.

To analyse the size of cumulus complexes, the section closest to the
centre of the oocyte were used. Cumulus area was quantified by selecting
the space occupied by CCs (Fig. 3.2A), and average cumulus diameter was
determined by averaging the two largest perpendicular diameters in the
cumulus complex (Fig. 3.2B). To count the total number of CCs in each COC
and the number of CCs in the corona radiata, the centremost section of the
COC was counterstained with hematoxylin (protocol in Chapter 2.4) and the
number of CCs was determined using the count tool in ImageJ. To measure
the distance between each corona radiata CC and the distance between
corona radiata CCs and the oocyte, the straight-line tool in Image J was used.

The numbers of complexes analysed are given in respective Figure legends.

3.3.4 Statistics

A minimum of 3 IHC experiments were done for all antigenic reactions
presented (i.e. HABP, TSG6, PTX3, HCs, pSMAD2, pSMAD1/5/8 and Ki67).
Data are presented as mean + SD. Statistical comparisons were performed
using Prism GraphPad software version 6.0 (GraphPad Software, La Jolla,

CA, USA). An unpaired t-test was used for normally-distributed data. A
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Mann-Whitney test was used for not normally-distributed data. Differences

were considered significant when p<0.05.

For correlations of ECM molecules and cumulus expansion, the
coefficient of determination (r?) was calculated (GraphPad Prism) to establish
the degree of association between the variables. An r® value of >0.8 was

considered to indicate a strong association.
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3.4 RESULTS

3.4.1 Cumulus expansion in the Clgaltl Mutant is reduced

Eggs from superovulated Clgaltl Mutant female mice are surrounded
by a modified cumulus mass compared to Controls (Williams & Stanley
2008). To characterize and quantify the Mutant phenotype in expanded
COCs, Clgaltl Mutant and Control females were induced to ovulate using
exogenous gonadotrophins. Ovaries were collected 9 h post-hCG and
sections through the centre of each oocyte were used for subsequent
analysis (oocyte diameter did not differ between Control and Mutant follicles,
data not shown). Analysis of these sections revealed that cumulus mass
area (Fig. 3.2A) and diameter (Fig. 3.2B) were both significantly decreased in
Mutant follicles (~32% decrease; Fig. 3.2C and ~16% decrease; 3.2D,
respectively). Cumulus cell (CC) counts revealed that the reduced cumulus
mass area contained a smaller number of CCs in the Mutant (~24% fewer)
compared to Controls (Fig. 2E). Therefore, although the amount of space
occupied by each CC (i.e. density) did not differ in Controls and Mutants
there was a ~13% decrease in average area per CC in the Mutant (Fig. 2F)

reflecting a non-significant increase in density.

The innermost layer of the cumulus mass is known as the corona
radiata. The number of CCs in the corona radiata was equivalent in Mutant
and Control (Fig. 2G). However, the distance between each corona radiata
CC, as well as the distance between corona radiata CCs and the oocyte

centre, were both decreased in the Mutant (Fig. 2H and 2| respectively).
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Figure 3.2. Effect of oocyte-derived O-glycans on cumulus expansion. The

central section through each oocyte was used and the size of the cumulus complex

assessed by determining the area occupied by the CCs (A) and by averaging the two

largest perpendicular diameters of the COC (B). The following values were determined for

Control and Mutant COCs: size of the cumulus area in COCs (C), average diameter of

COCs (D), total CC number making up the cumulus complex (E), density of CC distribution

in COCs (F), number of CCs making up corona radiata (G), average distance between

adjacent CCs in the corona radiata (H) and average distance between corona radiata CCs

and the centre of the oocyte (I). (C-F): n=16 Control and n=22 Mutant COCs. (G-I): n=13

Control and n=29 Mutant COCs. *p<0.05; **p<0.01; ***p<0.001. Scale bar: 50 um.

(Ploutarchou et al. 2015)
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3.4.2 Cumulus ECM composition is altered in the Clgaltl

Mutant

Having determined that Clgaltl Mutant COCs have smaller cumulus
masses, the molecular origin of this phenotype was investigated by analysis
of cumulus ECM composition. HA was detected throughout the cumulus
ECM and also around the peripheral mural GCs closest to the CCs (Fig.
3.3Ai). Quantification revealed that even though the mean intensity of HA
staining in the COC was increased in the Mutant (Fig. 3.3Aii), when
normalized to CC number the stain density was similar in Control and Mutant
COCs (Fig. 3.3Aiii). PTX-3 was also detected (Fig. 3.3Bi) and although mean
staining intensity was increased in the Mutant (Fig. 3.3Bii) intensities per CC
were similar in Control and Mutant (Fig. 3.3Biii). TSG-6 was detected
surrounding CCs (Fig. 3.3Ci), and the staining intensities were comparable in
Controls and Mutants (Fig. 3.3Cii and iii). lal and Pal enter ovarian follicles
from serum and the HC components become covalently attached to HA. The
presence of HCs in the cumulus mass was assessed using an antibody
which detects bikunin and the heavy chains of lal and Pal; this analysis is
hereafter referred to as HC (Fig. 3.3Di). HC detection revealed a similar
pattern to that seen for HA, with an increase in staining intensity in Mutants
compared to Controls (Fig. 3.3Dii). However, in contrast to the other matrix
components, HCs were found at higher levels in Mutant cumulus ECM

compared to Controls (Fig. 3.3Diii).
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Figure 3.3. Localization and quantification of HA, PTX3, TSG-6 and lal in
preovulatory cumulus masses. Localizations of (Ai) HA, (Bi) PTX3, (Ci) TSG-6, (Di) HCs
were determined in preovulatory follicles (molecule used for detection in brackets).
Respective mean pixel intensities (Aii), (Bii), (Cii), (Dii) and total pixel intensities normalised
to CC number (Aiii), (Biii), (Ciii) and (Diii) were determined for each of the matrix
components. The upper panels of (Ai), (Bi), (Ci) and (Di) show representative images from
COCs stained with bHABP or a protein-specific antibody; lower panels show sections
counterstained with Hematoxylin in the absence of any bHABP or primary antibody (i.e., only
secondary detection reagents were applied). Data are presented as mean values * s.d. (Aii-
Aiii): n=17 Control, n=21 Mutant. (Bii-Biii): n=17 Control, n=23 Mutant. (Cii-Ciii): n=20
Control, n=20 Mutant. (Dii-Diii): n=16 Control, n=21 Mutant. *p<0.05; **p<0.01; ****p<0.0001.

Scale bar: 50 um. Ab=antibody. (Ploutarchou et al. 2015)
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3.4.3 Quantification of cumulus intracellular molecules

Cumulus expansion requires oocyte secreted factors (OSFs) to act on
the CCs. Since the Clgaltl Mutant has an oocyte-specific deletion which
affects secreted core 1l-derived O-glycoproteins, we hypothesized that this
mutation might directly or indirectly affect the function of one or more OSFs.
To assess the function of the OSF involved in cumulus expansion, we
examined intracellular signalling pathways activated in response to TGF-3
ligands (key OSFs are members of the TGF-B superfamily); i.e., the SMAD2
and SMAD1/5/8 pathways. Localization of pPSMAD2 was cell-associated as
expected (Fig. 3.4A) and normalization of the stain to CC numbers revealed
similar levels in Controls and Mutants (Fig. 3.4B). Levels of pSMAD1/5/8,
which was also cell-associated (Fig. 3.4C) also did not differ between

Controls and Mutants (Fig. 3.4D).

Since modified cumulus expansion in the Clgaltl Mutant is not
associated with changes in the ability of CCs to deposit ECM, the
proliferative potential of CCs was investigated to determine whether it was
altered in the Mutant leading to changes in CC counts. Localization and
guantification of Ki67, a nuclear marker of proliferation (Fig. 3.4E), revealed
that levels of Ki67 were similar in Control and Mutant CCs (Fig. 3.4F)

indicating that cell proliferation was unaltered at 9 h post-hCG.
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Figure 3.4. Localization and quantification of pSMAD2,
pSMAD1/5/8 and Ki67 in pre-ovulatory cumulus masses. Localizations of
(A) pSMAD2, (C) pSMAD1/5/8, (E) Ki67 and respective total pixel intensity
normalised to CC number (B), (D), and (F) were determined for Mutant and
Control preovulatory follicles. Left panels of (A), (C) and (E) show
representative images from COCs stained with each of the protein-specific
antibodies; right panels show sections without addition of primary antibody,
showing no visible DAB staining. Data are presented as mean values % s.d.
(B): n=15 Control and n=18 Mutant COCs. (D): n=19 Control and n=20 Mutant
COCs. (F): n=16 Control and n=19 Mutant COCs. Scale bar: 50 pm.

(Ploutarchou et al. 2015)
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3.4.4 Correlations between cumulus expansion and cumulus
molecules

Although the requirement for HA, PTX3, TSG-6 and HCs in cumulus
expansion and their inter-dependence during ECM deposition is well
described, the relationship between the levels these molecules and the
extent of expansion has not been analysed in detail. Here, we tested the
presence of correlations between the amount of each molecule in the
cumulus mass (as determined by staining intensity) and the cumulus area
(Fig. 3.5). In Controls, surprisingly, the extent of cumulus expansion did not
correlate with the quantity per CC of HA, TSG-6, PTX3 or HCs (Fig. 3.5A-D);
nor did levels of OSF-induced pSMAD2 per CC correlate with cumulus size
(Fig. 3.5E). Furthermore, in Clgaltl Mutant mice, the lack of oocyte
glycoproteins with core 1-derived O-glycans, did not alter the relationship
between ECM molecules or pPSMAD2 with cumulus size, as no correlations

were observed (Fig. 3.5F-J), similar to Controls.
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Figure 3.5. Correlation analysis between area of the cumulus complex
and levels of cumulus ECM molecules. Correlation analysis between cumulus
area and levels (as determined by pixel intensity per CC) of (A,F) HA, (B,G) TSG-6,
(C,H) PTX3, (D,l) HCs (determined using an lal/Pal antibody) and (E,J) pSMAD2 in

Controls and Mutants respectively.
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3.4.5 Correlations between different cumulus molecules

In light of reported the interdependencies between ECM components
during cumulus expansion (Fulop et al. 2003, Salustri et al. 2004, Scarchilli
et al. 2007), the relationships between the quantities of these molecules
within individual COCs were also investigated (Fig. 3.6). Somewhat
surprisingly, no correlation was found between any combination of cumulus
ECM proteins in either Control or Mutant revealing unexpected flexibility in

the system.
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Figure 3.6. Correlation analysis between cumulus ECM molecules.
Correlation analysis between pixel intensities per CC of (A,G) PTX3 and HCs
(determined using an lal/Pal antibody), (B,H) TSG-6 and HCs, (C,I) HA and HCs, (D,J)
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Mutants, respectively.
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Since activation of the SMAD2/3 pathway in CCs is essential for

cumulus expansion, the relationship between the levels of CC-derived ECM

components and the levels of pPSMAD2 in CCs was also investigated. Again,

no correlations were observed in either Controls (Fig. 3.7A-C) or Mutants

(Fig. 3.7D-F).
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Figure 3.7. Correlation analysis between levels of pSMAD2 and levels of

cumulus ECM molecules. Correlation between levels of pSMAD2 and levels of (A,D) HA,

(B,E) PTX3 and (C,F) TSG-6 per CC in Controls and Mutants, respectively.
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3.5 DISCUSSION

Cumulus mass expansion has important roles in oocyte development,
ovulation and is believed to facilitate the transfer of ovulated eggs to the
oviduct. Indeed, historically, the numbers of CCs surrounding eggs for
human IVF have been thought to be a useful marker of implantation potential
(Gregory 1998). On the basis that the observed cumulus expansion defect in
Clgaltl Mutant mice (Williams et al. 2007) does not lead to a compromise in
subsequent fertility (as opposed to other mouse models with cumulus
defects) we investigated the structural and molecular changes of the

cumulus ECM.

Our results reveal that reduced cumulus size does not prevent
ovulation and subsequent fertilization since these processes are not
compromised in the Clgaltl Mutant despite a ~32% decrease in cumulus
size compared to Controls. These data suggest that there is a minimum size
of cumulus required, below which ovulation is negatively affected. If this is
the case, then the extent of cumulus matrix expansion within Clgaltl Mutant
follicles is sufficient to support ovulation. Novel analysis is presented here of
the associations between the different cumulus ECM molecules by
determining the levels of essential cumulus matrix molecules (i.e. HA, HCs,
TSG-6 and PTX3) within individual COCs. These analyses reveal that there
are no strong correlations either between the amount of any one of these
ECM molecules and the size of the cumulus mass, or between the relative
levels of any of the matrix components in both Control and Mutant COCs.

This suggests a highly flexible system whereby the relative amounts of HA,
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HCs, TSG-6 and PTX3 can vary quite substantially but they can still form a
functional matrix provided that they are all present at, or above, the minimum
level required. Furthermore, the degree of cumulus expansion does not

predict the respective levels of cumulus ECM molecules.

The role of the cumulus complex in supporting oocyte maturation has
been identified as an important factor in determining the success of some
human assisted reproductive technology (ART) methods (e.g. in vitro
maturation; IVM). The low success rate of ART techniques (IVM <35%
(Ellenbogen et al. 2014), in vitro fertilisation (IVF) <40% (Hogue 2002)) is
partly attributed to the selection of eggs that, despite possessing a normal
complement of chromosomes, have other impairments. Therefore, the
development of objective criteria to define oocyte quality is of great
importance. It has been suggested that CC assessment can be an
informative predictor of oocyte developmental potential, since CC
proliferative potential has been positively correlated with pregnancy rates
(Gregory 1998, Khurana & Niemann 2000). The results presented in this
report indicate that the ~23% decrease in CC number associated with
oocytes in Clgaltl Mutants is not detrimental to fertilization and implantation
and therefore a reduction of this magnitude in CC number is not a reliable
assessment to predict oocyte developmental potential. As a result, a partially
expanded cumulus complex in human ARTs may not be the best indicator of

oocyte quality.

To investigate the origin of the reduced cumulus size observed in the

Clgaltl Mutant, two parameters were examined that underlie the formation
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of the cumulus matrix during the periovulatory period: (i) the number of CCs
that make up the CC complex, and (ii) levels of cumulus ECM molecules.
Mutant COCs were shown to occupy ~32% less area compared to the
Control, which is accompanied by fewer CCs in the entire complex.
Furthermore, the corona radiata CCs in the Mutant were more tightly packed
and were also closer to the oocyte compared with Control indicating aberrant
expansion. In addition, the area occupied per CC in the Mutant is ~13% less
than Controls, making the Mutant COC ~13% more dense. As a result of this,
the mean intensity of HA and PTX3 molecules was higher in the Mutant COC
although when analysed per CC, the intensity of these two molecules was
similar between Control and Mutant indicating that each individual CC in the
Mutant functions as Control. Interestingly, the levels of HCs detected, which
are the only cumulus ECM component not produced within the follicle, were
increased in Mutants compared to Controls. An increased production of lal,
and thus HC, by the liver due to the oocyte modification is unlikely. However,
it has been observed that the basal lamina of Mutant follicles is altered
during follicle development (Christensen et al. 2015). Therefore, in these
mice the BL may be permeable to lal even in the absence of an ovulatory
stimulus, such that the intrafollicular presence of lal, and hence HCs, is
elevated compared to Controls during the periovulatory period. Increased
levels of HCs could result in more extensive HA cross-linking (Baranova et al.

2014), and hence a more compact cumulus matrix.

Therefore, although CCs in Clgaltl Mutant mice appear functionally

normal, as demonstrated by cumulus intracellular signalling pathways and
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the ability of CCs to produce ECM components, the combined effects of
fewer CCs and more HCs could result in the production of a cumulus matrix
with altered organisation in C1lgaltl Mutant mice (see proposed model in Fig.

3.8).
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Figure 3.8. Proposed model of modified cumulus expansion in Clgaltl
Mutant mice. (A) Assembly of cumulus ECM in Control COCs. (B) The cumulus mass of
Mutant COCs occupies ~32% less area compared with the Control (Fig. 2C), and also
contains fewer CCs (Fig. 3.2E). In addition, the area per CC in the Mutant is ~13% less
than Controls (Fig. 3.2F). The cumulus ECM of the Mutant contains increased amounts of
HCs per CC (red arrows; Fig. 3.3Diii), while levels of HA, PTX3 and TSG-6 per CC remain
similar to Controls (Fig. 3.3Aiii, Biii and Ciii). The modified basal lamina of Mutant follicles
(Christensen et al. 2014) may allow the influx of more lal molecules during follicle
development and/or the periovulatory period (double arrow from blood vessel); this could
result in increased transfer of HCs onto HA (arrows with broken border), resulting in a
higher degree of HA chain cross-linking. As a result, the Mutant develops a smaller and
denser cumulus mass compared to Controls. The relative sizes of the cells and molecule

components are not to scale. (Ploutarchou et al. 2015)
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The decreased number of CCs in Mutant preovulatory follicles suggests
that these cells have an altered proliferative potential, but there was no
difference in Ki67 levels between Control and Mutant. However, the reduced
CC number in Mutant follicles suggests that: (i) there was altered
proliferation of CCs in earlier stages of cumulus expansion, or (ii) there were
fewer somatic cells associated with the oocyte from the outset, or (iii) CC
apoptosis is elevated in the Mutant resulting in fewer CCs at 9 h post-hCG.
The second hypothesis is consistent with characteristics of Booroola sheep
that exhibit increased fertility (similar to Clgaltl Mutant mice) resulting from
heterozygosity of a mutation in bone morphogenetic protein receptor 1B
(BMPR-1B; a receptor for TGF- superfamily molecules). In these sheep, the
increased number of preovulatory follicles is accompanied by a smaller
number of granulosa cells per follicle resulting in fewer cells contributing to
the cumulus complex (McNatty & Henderson 1987). However, since SMAD
signalling (activated by TGF-B superfamily molecules) was unaltered in
Clgaltl Mutant mice, it is unlikely that TGF-B signalling is modified at this
stage by the oocyte-generated core 1-derived O-glycans, including those of
OSFs. This does not rule out changes in COC signalling at earlier stages of
Mutant follicle development which may be the origin of the reduced number

of CCs.

In conclusion, the absence of core 1-derived O-glycans from oocyte-
expressed glycoproteins has effects on the whole follicle that are evident
from (i) greater levels of HCs of lal and Pal in the follicle and (ii) altered

numbers of CCs. This highlights the critical role of the oocyte in follicle
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development. The effects of oocyte Clgaltl deletion on the cumulus mass
could be a direct result of changes to the OSFs that determine the
proliferative potential of CCs or an indirect outcome relating to the effects of
OSFs on EGF-ligands/EGF-receptors, whereby if these are altered, the LH
signal is not properly transmitted to CCs. The observation that mouse COCs
with reduced CC numbers can function normally without compromising the
developmental potential of oocytes is intriguing and raises the question of
why do Control COCs have an apparent excess of CCs? In addition, it will be
interesting to investigate whether this observed CC redundancy in mouse
COCs applies to human COCs, in which case, assessment of the cumulus
complex as an indication of oocyte quality for IVF needs to be used with
caution. Finally, the lack of strong correlations between the levels of different
ECM molecules relative to each other or to the size of the cumulus mass
indicates that, providing the minimum requirements for matrix formation are
met, this system possesses a high degree of flexibility. It remains to be
determined whether the specific expression patterns of individual ECM

molecules by human CCs might be predictive of oocyte quality.
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Chapter 4. Cumulus expansion

dynamics in Clgaltl Mutant mice
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4.1 INTRODUCTION

The ovulatory signal is transmitted to follicles in the form of an LH
surge secreted from the anterior pituitary. The LH surge acts on mural
granulosa cells (GCs) causing them to release epidermal growth factor
(EGF)-like peptides into the follicular antrum (Park et al. 2004) (Fig. 4.1).

These peptides subsequently bind to EGF receptors on cumulus cell (CCs)

Figure 4.1. Initiation of cumulus expansion. The ovulatory stimulus of LH binds
to its cognate receptor LH-R, which is expressed on mGCs during the late stages of follicle
development. Mural GCs then express and secrete EGF-like growth factors (amphiregulin,
epiregulin and B-cellulin) (Park et al, 2004) which traverse the follicular fluid (Hsu et al.
1987) and act on CCs to initiate cumulus expansion (Conti et al. 2006). Generated by

author.

(Panigone et al. 2008), the expression of which is dependent on paracrine

signals secreted by the oocyte (Diaz et al. 2007). The combined action of
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EGF-L and oocyte-secreted factors (OSFs) stimulates CCs to produce an
extensive extracellular matrix resulting in cumulus expansion. Cumulus
expansion can be achieved in vitro by treating cumulus-oocyte complexes
(COCs) with FSH (Eppig 1979), EGF (Downs 1989) or EGF-like peptides
(Park et al. 2004). In the mouse, extracellular matrix synthesis activity is
upregulated 2-3 h after gonadotrophin stimulation and remains high until just
before ovulation at 12 h (Salustri et al. 1989, Fulop et al. 1997a). Several
studies have shown that impaired cumulus expansion leads to female
infertility due to defects in ovulation and/or fertilisation (Zhuo et al. 2001,
Varani et al. 2002, Fulop et al. 2003). Post-ovulation cumulus expansion in
the oviduct has not been extensively studied, however it is thought to be
important for fertilisation. Mice deficient in prostaglandin E2 receptor subtype
EP2 have compromised fertility which is attributed to defects in oviductal

cumulus expansion as ovulation is not severely affected (Hizaki et al. 1999).

In summary, cumulus expansion prior to and post ovulation has been
shown to play a vital role in fertility and has been linked to the process of
meiotic maturation of the oocyte. As the Clgaltl Mutant mouse has a defect
in cumulus expansion at 9 h post-hCG, just prior to ovulation (Chapter 3 and
(Ploutarchou et al. 2015)), we hypothesise that cumulus expansion in the
oviduct is modified to enable successful fertilisation. Also, we hypothesise
that the changes in cumulus expansion of Mutant mice, are not an artifact of

hormonal injections.
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4.2 AIMS

To assess cumulus expansion following ovulation to determine
whether the modified expansion in the Mutant is also present at the

time of fertilization.

To determine whether the altered cumulus expansion in the Mutant is

a result of exogenous gonadotrophins by comparison with cumulus

expansion in naturally ovulated COCs.

To investigate the mechanism of the cumulus expansion defect in the

Mutant by attempting to rescue expansion in vitro.
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4.3 MATERIALS AND METHODS

4.3.1 Analysis of cumulus-egg-complexes following

hormone-induced and natural ovulation

For assessment of ovulated cumulus-egg-complexes (CECs), Control
and Mutant female mice (8-10 week old) were either induced to superovulate
(as described in Chapter 2.1) or mated overnight with Control males and
checked the following morning for the presence of a vaginal plug, an
indication of mating and thus ovulation. The oviducts of hormone-injected
and naturally ovulated females were collected (17-18 h post-hCG and at 9-
10am, respectively) and dissected in M2 medium (Sigma-Aldrich, Dorset,
UK) to release CECs. To visualise the cumulus mass, the medium was
transiently removed from the dish enabling the mass to spread out (as
previously described, Williams and Stanley 2009). The cumulus mass was
then photographed using a MicroPublisher 5.0 RTV camera (Microscope

Services, Ltd).

4.3.2 In vitro cumulus expansion

To assess the dynamics of cumulus expansion in vitro, cumulus-
oocyte-complexes (COCs) were collected from 6-8 week old female mice, 48
h after injection of PMSG, prior to any cumulus expansion. Ovaries were
collected and COCs released from antral follicles by puncturing with a 29

Gauge needle (Terumo, Somerset, NJ, USA). COCs were transferred into
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culture medium (5 COCs per 20pl droplet of medium): a-minimal essential
medium (a-MEM) (Fisher Scientific, Loughborough, UK) supplemented with
5% FBS (Sigma-Aldrich), 10uM Milrinone (Sigma-Aldrich) and x1ng/ml
human recombinant Epidermal Growth Factor (EGF) (Sigma-Aldrich). The
complexes were incubated at 37°C in 5% CO in air for 16-18hrs. Following
incubation, the COCs were imaged to assess the degree of cumulus
expansion. For the EGF dose-response experiments, collection of COCs and
components of the culture medium were as described above, with EGF at

various concentrations (1ng/ml, 0.5ng/ml, 0.25ng/ml and 0.1ng/ml).

4.3.3 Assessment of cumulus expansion in vitro

To quantify individual cumulus expansion in vitro, one or more of the
following methods was used: (i) the radius of cumulus expansion at the 4
compass points was measured of each CEC and the average calculated and
(i) the distance between each egg and its nearest neighbouring egg was
measured. Quantification was done using ImageJ software (National

Institutes of Health, Bethesda, Maryland, USA).

4.3.4 Statistics

Data are presented as mean * SD. Statistical comparisons were
performed using Prism GraphPad software version 6.0 (GraphPad Software,

La Jolla, CA, USA). An unpaired t-test was used for normally-distributed data.
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A Mann-Whitney test was used for not normally-distributed data. Differences

were considered significant when p<0.05.
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4.4 RESULTS

4.4.1 Cumulus expansion in ovulated CECs is reduced in the

Clgaltl Mutant

Cumulus expansion is modified in Mutant COCs at 9 h post-hCG,
before ovulation (Chapter 3; Ploutarchou et al. 2015). To investigate whether
the oviductal environment rescues the cumulus expansion defect that Mutant
COCs exhibit prior to ovulation, ovulated CECs were retrieved from mouse
oviducts. Analysis of cumulus expansion in ovulated CECs retrieved from
hormone-injected mice revealed that cumulus mass radius (Fig. 4.2A) and
minimum distance between eggs (Fig. 4.2B) were both decreased in the

Mutant, compared to the Control (Fig. 4.2C and 4.2D respectively).

To ascertain if the differences in expansion were a function of
exogenous gonadotrophin administration, we assessed cumulus expansion
of naturally ovulated CECs. Cumulus expansion (Fig. 4.2E) and minimum
distance between eggs (Fig. 4.2F) were both decreased in naturally ovulated
Mutant CECs compared to Controls. Fig. 4.2G shows the comparison of
cumulus expansion between superovulated and naturally ovulated

complexes from Control mice.
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Figure 4.2. Cumulus expansion of ovulated CECs. Ovulated complexes were imaged and the
size of the cumulus complex was assessed by measuring the radius of cumulus expansion (A) and the
minimum distance separating neighbouring eggs (B). (C) Cumulus expansion radius and (D) minimum
distance between eggs in superovulated complexes from Control and Mutant mice. (E) Cumulus
expansion radius and (F) minimum distance between eggs in naturally ovulated complexes from Control
and Mutant mice. (G) Comparison of cumulus expansion radius of superovulated and naturally ovulated
complexes from Control mice. (C) and (D): n=142 Control CECs, n=8 mice; n=245 Mutant CECs, n=11

mice. (E) and (F): n=57 Control CECs, n=7 mice; n=76 Mutant CECs, n=9 mice. **p<0.01; ****p<0.001.
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Our in vivo analysis revealed that modified cumulus expansion is a
characteristic of Mutant COCs. To determine if Mutant cumulus expansion
can be rescued in vitro, COCs were obtained 48 h post PMSG, prior to

cumulus expansion, and expansion was initiated in vitro using EGF (Fig. 4.3).

Ohrs 16hrs

1ng/ml EGF

Figure 4.3. In vitro cumulus expansion of COCs. (A) COCs collected 48 h post
PMSG injection, prior to any cumulus expansion. Oocyte shown by arrow, unexpanded
cumulus complex shown by arrowhead. (B) COCs following 16-18 h incubation without

EGF. (C) COC:s following 16-18 h incubation with 1ng/ml EGF in the culture medium.
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Surprisingly, Mutant COCs, following 16-18 h of incubation in vitro,

had the same degree of cumulus expansion as Controls (Fig. 4.4).
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Figure 4.4. Quantification of cumulus expansion of in vitro-matured COCs.
Size of expanded COCs after 16 h of in vitro culture, in Ong/ml and 1ng/ml EGF. Numbers
in columns refer to the number of COCs used. Results presented are from 3 experiments,
n=6 Control mice, n=9 Mutant mice. p value for a versus b <0.0001, and for ¢ versus d

<0.0001.

Since Mutant COCs have the potential to expand fully in vitro, this
begs the question of why, then, do they not expand fully in vivo? We
hypothesised that this could be due to a compromise of function and/or
levels of EGF-R in cumulus cells, which compromises the Mutant COC'’s
ability to wundergo normal cumulus expansion. Therefore, the next
experimental aim was to induce COCs to expand in vitro, in varying EGF

concentrations (Fig. 4.5A) to test COCs’ responsiveness.
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Culture of COCs in decreasing concentrations of EGF resulted in
equivalent levels of cumulus expansion between Control and Mutant COCs,

in all EGF concentrations used (Fig. 4.5B).
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Figure 4.5. In vitro cumulus expansion of COCs in varying EGF concentrations. (A)
COCs following 16-18 h incubation, in varying concentrations of EGF. (B) Quantification of
cumulus expansion in vitro, for COCs exposed to various EGF concentrations. Results

presented are from 4 experiments, n=11 Control mice and n=9 Mutant mice.
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4.5 DISCUSSION

Expansion of the cumulus complex in preovulatory follicles has
important implications in successful ovulation and subsequent fertilization.
Surprisingly, the Clgaltl Mutant mouse in which oocyte glycoproteins are
deficient in core 1-derived O-glycans has altered cumulus expansion at 3h,
6h (Ploutarchou et al, manuscript in preparation, to include Fig. 4.2, 4.4 and
4.5) and 9 h post-hCG (Ploutarchou et al., 2015) without negatively affecting
fertility. Considering the importance of normal cumulus expansion in
fertilisation, we hypothesised that once Mutant COCs leave the ovarian
environment and enter the oviduct, they undergo full cumulus expansion

which enables successful fertilisation.

In this study, we show that the degree of cumulus expansion in
ovulated CECs from Clgaltl Mutant mice remains altered, as was the case
before ovulation, irrespective of the molecular mechanisms utilized to initiate
ovulation (i.e. natural and hormonal stimulation). This is quite surprising, as
several studies highlight the importance of cumulus cells and an expanded
cumulus matrix for successful fertilisation (Zhuo et al. 2001, Van Soom et al.
2002). Since fertility of Clgaltl Mutant females is not compromised, then it
can be concluded that inability of the cumulus complex to fully expand is not
detrimental to either ovulation (Chapter 3) or fertilisation. Moreover, the sole
use of cumulus expansion as a marker of oocyte quality in Assisted

Reproductive Technologies (ARTs) should be done with caution; the Clgaltl
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Mutant mouse provides evidence that compromised cumulus expansion

does not affect fertilisation potential.

Another interesting observation is that obtaining ovulated eggs via
administration of exogenous gonadotrophins results in reduced cumulus
expansion in both Controls and Mutants compared to ovulated eggs from
natural matings. The effect observed through administration of exogenous
gonadotrophins could be due to: (i) the accelerated development of less
advanced follicles which do not manage to achieve full cumulus expansion
potential due to less cellular proliferations, and/or (ii) the ovary having to
accommodate a larger number of ovulating follicles, and due to spatial
restrictions growth of each follicle (and subsequently cumulus expansion) is
compromised. With relation to hypothesis (ii), ovaries from Clgaltl Mutant
mice at 3 weeks of age are significantly heavier than Control ovaries
(Williams & Stanley 2008) suggesting that the mouse ovary does have the
capacity to enlarge and accommodate more follicles. However,
administration of exogenous gonadotrophins results in the growth of a very
large number of follicles which might be causing the ovary to reach its
physical limits in terms of growth and therefore compromising the growth of

follicles and thus cumulus expansion.

Cumulus expansion is the result of paracrine signalling acting on CCs,
culminating in ECM secretion. Such paracrine signaling is required both from
mural GCs in the form of EGF ligands (EGF-L) and from the oocyte via
oocyte secreted factors (OSFs). Therefore, in an effort to elucidate the

mechanism of altered cumulus expansion in Clgaltl Mutant mice, we

80



hypothesised that Clgaltl Mutant pre-ovulatory follicles have defects in
EGF-R in cumulus cells, leading to altered expansion. To test this hypothesis,
cumulus expansion of Control and Mutant COCs was induced in vitro using
EGF. When Mutant COCs are exposed to the same amount of EGF-L as
Controls, they expand to the same degree as Controls, and this effect was

tested with varying EGF concentrations.

The finding that cumulus expansion in Mutant complexes can be

rescued in vitro, leads to the proposition of 3 hypotheses.

First, Mutant COCs are not expanding to the same degree as Controls
in vivo because of decreased expression of EGF-L by the mural GCs
compared to Controls. In vitro, Mutant COCs are exposed to the same

amount of EGFs as Controls, and therefore undergo normal expansion.

An alternative hypothesis to explain the inability of Mutant COCs to
undergo normal expansion in vivo is that secretion of EGF-L in the Mutant is
at normal levels, but expression of less EGF-R on CCs compromises the
response to EGF-L and therefore limits the extend of cumulus expansion.
Expression of cumulus EGF-R is dependent on OSFs acting through the
pSMAD 2/3 pathway (Diaz et al. 2007). However, as shown in Chapter 3,
pPSMAD 2 levels in CCs is similar in Mutant and Controls, indicating there is
similar activation of EGF-R in Mutants, as in Controls. Also, the in vitro dose-
response assays presented in Fig. 4.5 suggest that EGF-R in Mutant COCs

are functionally normal compared to Controls as the extent of expansion is
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similar between the two groups. Moreover, the possibility that Mutant oocytes

prevent normal EGF-R expression in vivo, but allow it in vitro seems unlikely.

The third hypothesis relates to another potential candidate that could
be preventing normal cumulus expansion in vivo but is absent from the in
vitro cumulus expansion system is the antral fluid. The antral fluid is thought
to form through diffusion of serum components from the vascularized theca
through the basal lamina and granulosa cells (Shalgi et al. 1972, Gosden et
al. 1988). During the process of antral follicle development, the antral fluid is
progressively modified by secretions of cells within the follicle (Gosden et al.
1988, Rodgers & Irving-Rodgers 2010). Clgaltl Mutant follicles have been
shown to have a modified basal lamina, both in terms of function and
structure (Christensen et al. 2015). The modifications to the Mutant basal
lamina and/or potentially altered cellular secretions in the antral fluid may be
changing the properties of the fluid. Structural or molecular modifications of
the antral fluid in the Mutant, could be (i) preventing the spatial expansion of
the cumulus complex, or (ii) preventing normal EGF-L transport from mural
GCs to cumulus cells, therefore resulting in less expansion compared to
Controls. The possibility that cumulus expansion is restricted due to the
structural and/or molecular properties of the antral fluid could be tested in
vitro, by inducing cumulus expansion in a variety of different culture media
(e.g. different viscosities) and observing the extent of expansion in different

conditions.

To conclude, based on in vivo and in vitro studies presented in this

Chapter, the defect of cumulus expansion in Clgaltl Mutant mice is unlikely
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to be due to altered EGF-R levels or function. What is more probable is that
in the Mutant, cumulus exposure to lower levels of EGF-L compared to

Controls or antrum fluid changes result in a cumulus expansion defect.
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Chapter 5: Effect of Clgaltl mutation on
follicle development and follicle growth

dynamics
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5.1 INTRODUCTION

Following birth, the mouse ovary undergoes remarkable development
and supports a plethora of dynamic changes, for instance follicle growth.
During the first week of life, only primordial and transitional follicles are
present and by two weeks of age follicles of up to the secondary stage (2 full
layers of granulosa cells (GC)) are present (Peters 1969). By 3 weeks of age,
many different types of follicles (up to mid-antral stage) are present; however,
the hormonal regulation does not allow follicles to progress further than the
mid-antral stage and therefore follicles undergo apoptosis hereafter (Peters

1969, Da Silva-Buttkus et al. 2008).

The oocyte-specific Clgaltl mutation results in changes throughout
the entire structure of the follicle, evident from changes of cumulus cells and
cumulus ECM (Ploutarchou et al. 2015), the theca cell layer (Christensen et
al. 2015) and formation of the perivitelline space and trans-zonal processes
(Ploutarchou et al. in preparation). In addition, Clgaltl oocyte-deletion
results in Mutant mice being more fertile than Controls, with more, healthy
growing follicles in adult cycling mice (Grasa et al. 2015). As the Clgaltl
Mutant mouse exhibits changes in various aspects of follicle development,
we hypothesise that oocyte-produced core 1-derived O-glycans have a
fundamental impact on the growth characteristics and dynamics of follicle
development. Furthermore, the increased fertility phenotype in Clgaltl
Mutant mice has been hypothesised to be due to slower follicle growth which

results in follicle accumulation and more available follicles for ovulation
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(Williams & Stanley 2008). Work presented in this chapter will address this

hypothesis.

The mouse ovary at 3 weeks of age provides a good model to study
such developmental changes for 2 important reasons: (i) it allows the study
of rates of follicle development (since the time of initiation of follicle growth is
soon after birth) and (ii) as the ovary is not under cyclic hormonal regulation
(as is the pubertal mouse), it allows direct comparison of follicle

characteristics between Control and Mutant.
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5.2 AIMS

- To determine the effect of the oocyte Clgaltl deletion on follicle
growth rates by assessment of the follicle population at 3 weeks of

age.

- To investigate and quantify the effect of the Clgaltl deletion on follicle

morphology and developmental characteristics (e. g. oocyte size, GC

numbers, follicle size etc).
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5.3 MATERIALS AND METHODS

5.3.1 Tissue collection

Ovaries from 3-week-old Control and Mutant mice were dissected,
fixed in 10% buffered formalin (Sigma-Aldrich, Dorset, UK) for 6 h, and
washed in 70% ethanol. Ovaries were embedded in paraffin, sectioned at 5

pMm and mounted on glass slides.
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5.3.2 Classification of follicles; primordial to Preantral

The ovaries of Control and Mutant mice were serially sectioned at
5um, stained with Hematoxylin (see Chapter 2.4) and every 40" section was
imaged (Leica DM 2500, Microscope services Ltd, Woodstock, UK) and used
for follicle counts. Follicles containing an oocyte with a clearly distinguishable
nucleus were classified. For classification of resting (primordial) and small
growing follicles (transitional to preantral), specific criteria based on GC
layers and presence of an antrum were used (Table 5.1). It is noteworthy that
‘Primary plus with antrum’ follicles were recorded although the presence of
an antral cavity at this follicle stage is unusual. What could be done to
confirm whether this is indeed antrum, is to stain a consecutive section of a
‘Primary plus with antrum’ follicle for hyaluronic acid which is normally

present in the antral cavity.

Table 5.1. Morphological criteria for classification of primordial and

small growing follicles.

Granulosa cells (GCs) Antrum
Primordial < 3, Squamous/flat Absent
Transitional >3, Mixture of squamous and cuboidal Absent
i Primary 1 complete layer (hereafter all cuboidal) | Absent
Primary |  Primary plus 1 complete layer + >1 GCs Absent
Inc. i
Pr?mary plus, 1 complete layer + >1 GCs Present
L with antrum
[ Secondary 2 complete layers Absent
Seclondary_ Secondary plus 2 complete layers + >1 GCs Absent
nc.
Secpndary plus, 2 complete layers + >1 GCs Present
L with antrum
Preantral >2 complete lavers No
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For the purpose of data presentation, Primary and Primary plus
follicles were combined and they are hereafter referred to as ‘Primary Inc’.
Similarly, secondary, secondary plus and secondary plus with antrum were

combined and are hereafter referred to as ‘Secondary Inc’.
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5.3.3 Classification of follicles; Early antral and Late antral

The population of antral follicles ranged in size leading to the creation
of 2 sub-categories; Early antral and Late antral follicles. These 2 sub-
categories were based on the two key characteristics that are correlated with
the advancement of antral follicles; the number of GCs and size of the
antrum. Therefore, the relationship of these 2 variables was explored in all

Control antral follicles (Fig. 5.1).
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GC number
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Antrum area (pm?)

Figure 5.1. Correlation of granulosa cell (GC) number and size of antrum
in Control antral follicles. Sections of Control antral follicles through the oocyte
nucleus were used to gather data on GC number and antrum size (um?). Note: Half of
the data on this figure were collected by Miranda Stoddart (FHS student supervised

by author, Williams Lab, 2015).
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The 2 sub-categories of antral follicles were derived from the
correlation analysis of the 2 variables, i.e. perpendicular to the linear
regression line (Lineperp) Which describes the relationship between GC

number and antrum size (Fig. 5.2).

The decision for the position of the perpendicular line (Lineperp) Was
based on morphological assessment of the whole antral follicle population
and, thus, all follicles that fall on the left of Lineperp (i.e. Early antral) are
morphologically less developed than follicles on the right of Lineer, (i.€. Late
antral). Mutant antral follicles were classified as either Early antral or Late

antral, depending on their relative position on the graph in Fig. 5.2.
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Figure 5.2. Determination of Early antral and Late antral sub-categories. (A)
Division of the whole antral follicle population was done using a perpendicular line (Linegerp).
The decision for the position of the perpendicular line (Lineyep) was based on morphological
assessment of the whole antral follicle population and, thus, all follicles that fall on the left of
Linegerp (i.e. Early antral) are morphologically less developed than follicles on the right of

Linegerp (i.€. Late antral). (B) Follicles on the left of Linege, are classified as Early antral, and

on the right as Late antral.
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5.3.4 Estimation of total follicle number per ovary

To determine the total number of follicles in 3-week old ovaries, the
number of each type of follicle obtained from the 40™ sections was multiplied
by the total number of sections in that ovary, and then counts were corrected
for section thickness (5 ym) and nucleus diameter using Abercrombie’s
model (Abercrombie 1946). Oocyte nucleus diameter was measured in
follicles at different stages and revealed large variability in nuclei size within
each follicle stage (Fig. 5.3). This is because not all sections went through

the centre of the nucleus.

Based on the assumption that the nucleus has a spherical shape, the
true diameter of a nucleus is found in a section that passes through the
nucleus centre. Therefore, of all the nuclei values collected for each follicle
stage, the average of the top 10% of the values (black dotted lines, Fig. 5.3)
was considered to represent the correct nucleus diameter of that follicle

stage. A summary of all calculated nuclei diameter is presented in Table 5.2.
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Figure 5.3. Nucleus diameter (um) at different follicle stages. Each point on the
graph represents the nucleus size of an oocyte. Data are presented as mean + S.D. The
dotted black lines represent the mean nucleus diameter of the top 10% of the values for each
follicle stage. For a summary of all calculated nuclei diameter see Table 5.2. Prim; primordial,

Trans; transitional. N=4 mice for Controls (blue), n=4 mice for Mutants (red).

Table 5.2. Mean nuclei diameter for largest 10% of values for each follicle class.

Stage Control Mutant

Primordial 111 10.1

Transitional 12.8 11.8

Primary 18.3 15.1

. Primary ?Ius, 239 239

Primary plus with antrum
Secondary plus,

Secondary plus with antrum, 25.4 25.2
Preantral

Early antral 26.8 25.5

Late antral 23.3 247
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5.3.5 Histological analysis of follicles

All follicles used to determine the total follicle population were analysed
to assess follicle development. Oocyte area, oocyte nuclei area, theca layer
area, GC number, GC area and antrum area were measured using ImageJ
software (National Institutes of Health, Bethesda, MD, USA). The oocyte
diameter was calculated from oocyte area measurements. The follicle area
included the theca cell layer in any follicle with a visible theca layer. In all
other follicles, the basement membrane was taken as the external follicle

boundary.

5.3.6 Statistics

Data are presented as mean * SD. Statistical comparisons were
performed using Prism GraphPad software version 6.0 (GraphPad Software,
La Jolla, CA, USA). An unpaired t-test was used for normally-distributed data.
A Mann-Whitney test was used for not normally-distributed data. Differences

were considered significant when p<0.05.

For correlation analysis of GC number and follicle area, the coefficient
of determination (r’) was calculated (GraphPad Prism) to establish the
degree of association between the variables. An r? value of >0.8 was

considered to indicate a strong association.
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5.4 RESULTS

5.4.1 Pre-pubertal Clgaltl Mutant mice have an altered

follicle population compared to Controls.

To determine whether depletion of core 1-derived O-glycans from
oocytes affects the variety and numbers of follicles, follicle counts were done
and follicles classified according to morphology (criteria presented in Section
5.3.1). In both Control and Mutant 3 week-old mice, follicles at most stages

of development are present (Fig. 5.4).

Assessment of total follicle populations within each ovary shows that
for both Control and Mutant 3-week old mice the majority of follicles are at
the primordial stage (Fig. 5.5A). Interestingly, Mutant ovaries contain
increased numbers of both Secondary Inc. and Preantral follicle categories,
compared to Controls (Fig. 5.5B). Numbers of all other follicle stages were

comparable between Control and Mutant.
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Figure 5.4. Follicles from 3-week old mice at different stages. (A) Primordial follicles
(arrows); oocyte surrounded by 2-3 pre-granulosa cells (GCs). (B) Transitional; GCs are
undergoing cuboidalisation and proliferation. (C) Primary plus; the follicle has 1 full layer of GCs
plus additional cells in the process of creating a 2" layer. (D) Primary plus with antrum. (E)
Secondary plus; the follicle has 2 full GC layers plus additional cells forming subsequent layers.
(F) Preantral; multiple layers of GCs. (G) Early antral; the follicle has at least 3 layers of GCs
with antrum forming. (H) Late antral; the follicle has >5 GC layers with large antrum area. Scale
bar for (A) to (G) is 50um.
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Figure 5.5. Total follicle numbers in Control and Mutant ovaries. (A) Total
follicle numbers for quiescent and small growing follicles, in Control and Mutant ovaries.
(B) Total follicle number estimates for growing follicles, in Control and Mutant ovaries.
Primary Inc.; primary and primary plus, secondary Inc.; secondary, secondary plus and
secondary plus with antrum. For (A) and (B) n=4 Control ovaries and n=4 Mutant ovaries.

*p<0.05; **p<0.01.
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5.4.2 Follicles from Mutant ovaries have stage-specific

differences in overall size compared to Controls.

To begin exploring whether the oocyte-specific Clgaltl deletion
affects follicle growth, the size of the entire follicle was measured at all
growing follicle stages. Interestingly, transitional follicles in Mutant ovaries
are smaller in size compared to Controls (Fig. 5.6), while Late antral follicles
in the Mutant are larger than Controls. All other growing follicles are of a

similar size in Mutant and Controls.

[ Control
Il Mutant
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u L

Transitional Primary Secondary Preantral Early Late
Inc. Inc. Antral Antral

Figure 5.6. Size of growing follicles in 3 week-old ovaries. Measurement of follicle
area at all stages of development. For Control, n=4 ovaries, n=160 transitional, n=41 Primary
Inc., n=18 Secondary Inc., n=6 Early antral and n=12 Late antral follicles. For Mutant, n=4
ovaries, n=134 transitional, n=37 Primary Inc., n=35 Secondary Inc., n=13 Preantral, n=7 Early

antral and n=11 Late antral follicles. *p<0.05; *p=0.059.
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5.4.3 Small growing follicles from Mutant ovaries have

smaller oocytes compared to Controls.

The finding that certain follicle stages in the 3 week Mutant
(transitional and Late antral, Fig. 5.6) have a different overall size compared
to Controls, prompted an investigation to determine which component of
follicles contributes to this phenotype. To assess whether the oocyte-specific
Clgaltl deletion affects oocyte growth relative to the stage of the follicle,
oocyte diameter was measured in follicles at all stages. In both Control and
Mutant ovaries, there was significant oocyte growth from transitional follicles
onwards, accompanying the progression through follicle stages (Fig. 5.7).
Surprisingly, the oocyte diameter of Mutant follicles at the transitional,
Primary Inc. and Secondary Inc. stages was smaller than Control follicles,
whereas oocyte diameter of antral follicles was similar between Mutant and

Controls (Fig. 5.7).
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Figure 5.7. Oocyte diameter in growing follicles in 3 week-old ovaries. Oocyte
diameters were calculated from oocyte area measurements at all stages of development.
Trans; transitional, Primary Inc; primary, primary plus and primary plus with antrum; Secondary
Inc; secondary, secondary plus and secondary plus with antrum. For Control, n=4 ovaries,
n=160 transitional, n=41 Primary Inc., n=18 Secondary Inc., n=18 antral follicles. For Mutant,
n=4 ovaries, n=134 transitional, n=37 Primary Inc., n=35 Secondary Inc., n=13 Preantral, n=18

antral follicles. *p<0.05; **p<0.01.
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5.4.4 Large growing follicles from Mutant ovaries have more

granulosa cells (GCs) compared to Controls

The observed change in the relationship between oocyte size and
stage of the follicle, suggested altered follicle dynamics in the development
of Mutant follicles. As follicle development progresses, there is substantial
GC proliferation taking place as part of follicle growth. The Clgaltl mutation
in our Mouse model has been shown to have substantial effects on
surrounding somatic cells (Ploutarchou et al. 2015; Christensen et al. 2015),
therefore the next aim was to investigate the effect of the oocyte mutation on

the number of surrounding GCs.

Assessment of the correlation between GC number and follicle size of
all growing follicles revealed an altered relationship between these two
variables in Mutant follicles, compared to Controls (Fig. 5.8A). To explore this
relationship in more depth, GC number at each follicle stage were compared
(Fig. 5.8B). Small and medium-sized growing follicles have similar GC
numbers in Controls and Mutants. However, at the late antral stage, Mutant

follicles have more GCs compared to Controls.
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Figure 5.8. GC numbers in growing follicles in 3 week-old ovaries. (A)
Correlation between GC numbers and size of follicles. (B) GC numbers of follicles at each
growing follicle stage. Trans; transitional, primary Inc; primary and primary plus, secondary
Inc; secondary, secondary plus and secondary plus with antrum. For Control, n=4 ovaries,
n=160 transitional, n=41 Primary Inc., n=18 Secondary Inc., n=6 Early antral and n=12 Late

antral follicles. For Mutant, n=4 ovaries, n=134 transitional, n=37 Primary Inc., n=35

Secondary Inc., n=13 Preantral, n=7 Early antral and n=11 Late antral follicles. **p<0.01.
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The differences regarding follicle area and GC number between
Control and Mutant follicles suggested differences in the GC density.
Therefore, the GC number per unit area occupied by GCs was calculated at
all follicle stages. Transitional, Primary Inc., Secondary Inc., and Late antral
follicles in Mutant mice had more GC numbers per area compared to

Controls, suggesting more compact localisation of GCs in the Mutant (Fig.

5.9)
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Figure 5.9. GC number per unit area of growing follicles in 3 week-old
ovaries. GC numbers of follicles at each growing follicle stage. Trans; transitional, primary
Inc; primary and primary plus, secondary Inc; secondary, secondary plus and secondary
plus with antrum. For Control, n=4 ovaries, n=160 transitional, n=41 Primary Inc., n=18
Secondary Inc., n=6 Early antral and n=12 Late antral follicles. For Mutant, n=4 ovaries,
n=134 transitional, n=37 Primary Inc., n=35 Secondary Inc., n=13 Preantral, n=7 Early

antral and n=11 Late antral follicles. *p<0.05, **p<0.01; ****p<0.0001.
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5.4.5 Large antral follicles from Mutant ovaries have larger

theca cell layer compared to Controls.

Although the origin of the theca cell layer is not entirely understood
(Young & McNeilly 2010), several scientific reports support the hypothesis
that activated follicles secrete factors that induce theca cell recruitment and
differentiation from ovarian stroma. To investigate the role of oocyte-
produced core 1-derived O-glycans on the theca cell layer, the theca layer
was measured in all growing follicles. The earliest stage that the theca layer

is observable in both Control and Mutant is the Primary Inc. stage (Fig. 5.10),
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Figure 5.10. Size of the theca layer in growing follicles in 3 week-old ovaries.
Measurement of the area taken up by theca cells in growing follicles. Note that transitional
follicles are not plotted, as they have not formed a theca cell layer yet. Primary Inc; primary
and primary plus, secondary Inc; secondary, secondary plus and secondary plus with
antrum. For Control, n=4 ovaries, n=160 transitional, n=41 Primary Inc., n=18 Secondary
Inc., n=6 Early antral and n=12 Late antral follicles. For Mutant, n=4 ovaries, n=134
transitional, n=37 Primary Inc., n=35 Secondary Inc., n=13 Preantral, n=7 Early antral and

n=11 Late antral follicles. *p<0.05.
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and this is in agreement with other scientific reports (Peters 1969). The size
of the theca layer is similar between Control and Mutant follicles in all
growing follicle stages, up to Late antral follicles. At the Late antral stage,
Mutant follicles have an increased size of theca cell layer compared to

Controls.
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5.5 DISCUSSION

Activation of primordial follicles and the process of follicle growth are
complex developmental processes with a multitude of autocrine and
paracrine factors acting on follicles. The role of oocyte-secreted factors
(OSF) in reqgulating follicle development has become increasingly
acknowledged and appreciated. In this chapter a detailed study of the role of
oocyte-produced core 1-derived O-glycans on follicle dynamics and growth is
undertaken, with novel findings for the importance of these glycans. In
addition, the work undertaken in this Chapter has addressed a proposed
hypothesis that the increased fertility phenotype in Clgaltl Mutant mice is
due to slower follicle growth which results in follicle accumulation and more

available follicles for ovulation.

Total follicle number in Control and Mutant ovaries

Interestingly, Clgaltl Mutant ovaries have increased numbers of
medium-sized growing follicles (Secondary Inc. and Preantrals) compared to
Controls at 3 weeks of age, which could be the result of (i) increased
primordial follicle activation or (ii) decreased follicle apoptosis in medium-
sized growing follicles. The ZP3 protein is reported to be expressed from the
primary follicle stage onward (Philpott et al. 1987), therefore the Clgaltl
gene deletion occurs following primordial follicle activation; indeed, numbers
of quiescent and small growing follicles at 3-weeks of age are similar

between Control and Mutant ovaries. As a result, the observed increase in
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medium-sized follicles is likely to be due to decreased follicle apoptosis
compared to Controls, and not due to increased primordial follicle activation.
Furthermore, according to the proposed model of prolonged follicle
development in Clgaltl Mutants (Williams & Stanley 2008) it would be
expected that the Mutant has less Late antral follicles compared to Controls,
as they would require longer time to reach that stage. In contrast, data
presented in Fig. 5.5 show that the Mutant has similar numbers of Late antral
follicles compared to Controls, suggesting that Mutant follicles are not

growing slower than Controls.

As detailed in Section 5.3.4, follicle counts were done for every 40"
section through mouse ovaries. Sampling at such a frequency could mean
that counts of larger follicles (i.e. Antrals) carry a bigger error compared to
counts of small follicles and therefore the data do not allow definitive
conclusions regarding rates of follicle growth and follicle activation. An
improved method of sampling would be to sample sections more frequently

through the ovary, for example every 20™ section.

Morphological changes in small growing follicles in the Mutant

As the oocyte-specific Clgaltl deletion affects the whole follicle
population, we next aimed to investigate whether follicle morphology is
altered in the Mutant. The oocyte diameter in Control follicles are in
agreement with other studies that show that oocytes in transitional follicles

are ~17um in diameter, reaching a maximum of ~70um in antral follicles
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(Carabatsos et al. 1998, Da Silva-Buttkus et al. 2008). Transitional follicles in
Mutant mice are smaller than Controls, with smaller oocytes but equivalent
GC numbers to Controls. Due to the stage-specific expression of the ZP3Cre
transgene, Clgaltl gene deletion is improbable in transitional follicles.
Paracrine signalling is common in-between follicles therefore a possible
explanation is that growing follicles in Mutant mice exert altered paracrine
signalling on neighbouring activated primordial follicles, causing the
observed changes in transitional follicles. As the GC number of Mutant
transitional follicles is similar with Controls, it appears that potential paracrine
signalling either (i) limits the growth of the oocyte relative to GC number, or
(i) induces more GC proliferation relative to oocyte size, compared with
Controls. Transgenic female mice deficient in GDF9, an oocyte-secreted
glycoprotein member of the TGF-B superfamily, have bigger oocytes with
relation to follicle size, which could be due to (i) accelerated oocyte growth
relative to GC number, or (ii) retardation of GC proliferation relative to oocyte
growth (Dong et al. 1996, Carabatsos et al. 1998). Clgaltl Mutant mice
present an opposite pattern to GDF9” female mice, suggesting a modest
elevation in GDF9 production by the oocyte compared to Controls. An
increased GDF9:BMP15 ratio has been shown to be correlated with species
with increased ovulation rates (Crawford & McNatty 2012). Indeed, Clgaltl
Mutant mice have an increased GDF9:BMP15 ratio (mMRNA levels) at
diestrus (Grasa et al. 2015). The results presented here suggest that a
modest elevation of GDF9 causes (i) slower oocyte growth in small growing

follicles in the Mutant or (ii) accelerated GC proliferation. To determine the

110



precise effects of GDF9 on growth of small follicles, small follicles could be
cultured in vitro with increasing doses of GDF9 and quantification of the
effects that GDF9 has on follicle growth with time (e.g. oocyte diameter, GC

number etc).

Retardation of Mutant oocyte growth is observable up until the
Secondary Inc. follicle stage suggesting that core 1-derived O-glycans are
required for optimum oocyte growth, at least for the small growing follicles.
Surprisingly, even though follicles up to the Secondary Inc. stage in the
Mutant have smaller oocytes, the GCs that surround the oocyte are found at
similar number as Controls, suggesting a change in the relationship between

the oocyte and surrounding somatic cells.

Morphological changes in large growing follicles in the Mutant

Mutant follicles at the Late antral stage are bigger in size compared to
Controls. Further investigation into the Mutant Late antral follicles, revealed
that their bigger size is the result of both more GCs and larger theca cell
layer. These results raise 2 questions, (1) why do Mutant Late antral follicles
have a bigger theca layer, and (2) why do Mutant Late antral follicles have
more GCs compared to Controls? With relation to question (1), studies
performed in vitro have shown that GCs have the capability to induce theca
cell differentiation and recruitment from ovarian stromal cells (Orisaka et al.
2006, Young & McNeilly 2010). Therefore, the presence of a larger theca

layer in combination with more GCs in the Clgaltl Mutant supports the role
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of GCs in theca cell recruitment. With relation to question (2), it has been
shown that culture of goat preantral follicles with GDF9 improves follicular
growth rate to antral follicles, i.e. the diameter of antral follicles treated with
GDF9 is bigger than controls (Almeida et al. 2011). In Clgaltl Mutant Late
antral follicles a similar improvement in follicle size is observed as in goats.
The results presented here provide further evidence of elevated GDF9 levels
in Mutant oocytes, as well as showing that GDF9 has potentially similar roles

in promoting late follicle growth as in goats.

Conclusion

In conclusion, results presented in this chapter indicate novel roles of
oocyte-produced Clgaltl on inter-follicular communication, evident from the
fundamental differences in Mutant transitional follicles. Furthermore, oocyte
Clgaltl plays a significant role in the development of the growing follicle
population, as ablation of this gene from oocytes alters follicle numbers at
specific stages. A hypothesis was proposed in 2008, suggesting that the
increased fertility phenotype in Clgaltl Mutant mice is due to slower follicle
growth; work presented in this chapter provides evidence that the hypothesis
is not correct. Lastly, through detailed analysis of follicle characteristics, it
has become apparent that oocyte Clgaltl has a central role in defining key
aspects of follicle development (e.g. oocyte size, GC number, theca layer

size) throughout the entire growing phase of follicles.
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Chapter 6: Investigating the mechanism of
increased fertility in Clgaltl Mutant mice:
part |

Assessment of apoptosis
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6.1 INTRODUCTION

Ovarian follicle development is regulated by a multitude of factors
including endocrine, paracrine and autocrine signals. The process of follicle
development refers to the growth of a primordial follicle to a pre-ovulatory
follicle; however, most ovarian follicles will never complete this
developmental process. From the population of both resting and growing
follicles, more than 99.9% follicles in humans (Baker 1963) and rats
(Beaumont & Mandl 1962) will undergo atresia before successfully ovulating

an eqg.

The characteristics of atretic follicles suggest that follicle atresia is
mediated via apoptosis and not necrosis (Hsueh et al. 1994). Apoptosis is
programmed cell death and cellular apoptosis is characterised by membrane
blebbing, activation of caspases and DNA fragmentation, the latter being the
hallmark of apoptosis (Wyllie et al. 1980, Duke et al. 1983). Apoptosis in
follicles is thought to result from depletion of cell survival factors (e.g.
steroids, gonadotrophins and local ovarian factors, discussed in Chapter
1.1.3) and exposure to atretogenic factors, such as the FAS ligand and FAS
system and members of the B-cell lymphoma 2 (Bcl2) family of proteins

(Tsujimoto et al. 20014, van Delft & Huang 2006, Taylor et al. 2008).

The Bcl2 protein family comprises a large number of both pro- and
anti-apoptotic members, whose interplay with one-another is crucial in
regulating mitochondrial cytochrome c release, and subsequent apoptosome

assembly (Taylor et al. 2008). Two members of this family, Bcl2 and Bax,

114



were selected for assessment in Control and Clgaltl Mutant mice as they
are the best characterised from the family and their role in ovarian cell

survival has been established in vivo, using several rodent models.

Bcl2 is an anti-apoptotic protein that promotes cell-survival (Vaux et al,
1988). Bcl2-deficient mice have decreased numbers of healthy primordial
follicles compared to controls, and increased numbers of primordial follicles
with atretic or absent oocytes (Ratts et al. 1995). Bcl2 overexpression in
mouse oocytes from primary follicles onward results in more, healthy growing
follicles and less atretic growing follicles compared to Controls (Morita et al,
1999). Bcl2 overexpression in mouse granulosa cells (GCs) leads to

decreased levels of ovarian apoptotic DNA fragmentation (Hsu et al. 1996).

Bcl2—associated X protein (Bax) is a pro-apoptotic molecule (7). Bax-
deficient mice have more primordial follicles and more growing follicles at
both the start of post-pubertal life and at 20 months of age (Perez et al.
1999). The increased number of healthy follicles was accompanied by
reduced follicle atresia in Bax-deficient mice compared to Controls, assessed
by morphological analysis, highlighting the crucial role of Bax as an

apoptosis-inducing molecule.

Bcl2 and Bax can form homodimeric or heterodimeric complexes
(Oltvai et al. 1993). The varied interactions between the 2 molecules and the
ratio of Bcl2 to Bax has been shown to determine cell susceptibility to
apoptosis (Raisova et al. 2001, Salakou et al. 2007); a lower ratio, and thus

dominance of Bax over Bcl-2, denotes accelerated apoptosis.
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The abovementioned link between increased follicle numbers and
decreased levels of follicle atresia prompted us to investigate follicle atresia
in the Clgaltl Mutant, as the oocyte-specific Clgaltl deletion results in

increased numbers of healthy growing follicles (Williams & Stanley 2008).

In an effort to explain the increased numbers of growing follicles in
Clgaltl Mutant mice, previous assessment of 3 week-old Control and Mutant
ovaries was done which indicated increased numbers of growing follicles and
decreased levels of apoptosis through assessment of DNA fragmentation
(Williams & Stanley 2008). However, the results obtained from these pre-
pubertal mice should be used with caution when trying to explain the
increase in growing follicle numbers. This is because ovarian dynamics and
follicle development at 3 weeks of age in mice is not reflective of the
dynamics in post-pubertal mice, which is when the increase in follicle

numbers is observed.

Assessment of the healthy follicle population in post-pubertal Mutant
mice revealed increased numbers of growing follicles compared to Controls
(Grasa et al. 2015). A link between levels of O-glycosylation and cell
apoptosis was made in a pancreatic cell line in vitro, when general inhibition
of O-glycosylation led to reduced cell apoptosis, assessed by DNA
fragmentation (D'Alessandris et al. 2004). Therefore, as O-glycosylation can
modify cell apoptosis, we hypothesise that the growing follicles in the post-
pubertal Mutant have lower levels of apoptosis compared to Controls, which

enables them to persist in the ovary and ovulate more fertilisable eggs.
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The results presented in this chapter are based on raw data
generated by the author that have been published in a different format

(Appendix B).
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6.2 AIMS

- To assess the effect of the oocyte Clgaltl mutation on follicle
apoptosis in post-pubertal mice by detection and quantification of DNA
degradation (using TUNEL assay) in a follicle-specific and estrous

stage-specific manner.

- To investigate whether the oocyte Clgaltl mutation affects the

mechanism of follicle apoptosis by assessment of Bcl2 and Bax

molecules.
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6.3 MATERIALS AND METHODS

6.3.1 Tissue collection

Ovaries from 8- to 10-week-old Control and Mutant mice were
collected at each stage of the estrous cycle, fixed in 10% buffered formalin
(Sigma-Aldrich, Dorset, UK) for 8 h, and washed in 70% ethanol. Ovaries

were embedded in paraffin, sectioned at 5 um and mounted on glass slides.

Estrous cycle evaluation from Grasa et al. 2015 (not performed

by author)

The estrous cycle of female mice has 4 distinct stages (proestrus,
estrus, metestrus, and diestrus) identified by the analysis of the cell types
present in the vagina (Nelson et al. 1982). Estrus cyclicity was evaluated in
8- to 10-wk-old Control and Mutant females by daily analysis of vaginal
smears collected between 8:00 and 10:00 am. Vaginal cell smears were
obtained by rinsing the vagina with 100 ml of 0.9% sodium chloride. This was
placed on a glass slide, air dried, and stained with Giemsa (Sigma-Aldrich,
Dorset, United Kingdom). Cell type was evaluated, and the stage of the
estrous cycle was determined. During diestrus, vaginal washes were
characterized by high leukocyte content, whereas during proestrus nucleated
epithelial cells appear. Estrus was identified by the presence of cornified

enucleate epithelial cells, and in metestrus leukocyte infiltration starts.
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Smears were used to establish that an animal was having regular cycles, as

evidenced by at least 2 complete estrous cycles, before sample collection.

6.3.2 TUNEL assay

Apoptosis was detected using terminal deoxynucleotidyl transferase-
mediated nick end labeling (TUNEL) staining (Apoptag kit; Chemicon,
Temecula, CA, USA) of ovarian sections. Sections were deparaffinised and
rehydrated as described in Chapter 2.3. Antigen retrieval was performed
using 20mg/ml of Proteinase K (Roche Diagnostics, Welwyn Garden City,
Hertfordshire, United Kingdom) for 15 min at room temperature. Endogenous
peroxidase was blocked with 3% H,0O, (Thermo Fisher Scientific) in PBS for
5 min. Equilibration buffer (Apoptag kit) was added to the sections for 10 min
at room temperature. Sections were then incubated with 30% terminal
deoxynucleotidyl transferase enzyme (Apoptag kit) in reaction buffer for 1 h
at 37°C. Control sections were incubated with reaction buffer only. All
sections were then incubated with Stop/Wash buffer (Apoptag kit) for 10 min
at room temperature, and then anti-digoxigenin conjugate (Apoptag kit) was
added to the sections for 30 min at room temperature. Antigen-specific
detection was revealed using a DAB kit (Vector Laboratories). Slides were
then dehydrated, mounted with Depex, and imaged under the same

microscope conditions (Leica DM 2500; Microscope Services Ltd.).
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6.3.3 Immunohistochemistry (IHC) for Bcl2 and Bax detection

The general protocol for IHC was followed as described in Chapter 2.3,

with additional specific details provided in Table 6.1.

Table 6.1. Specific details of IHC protocol used for detection of Bcl2

and Bax to complement the basic method described in Chapter 2.3.

Molecule detected
Bcl2 | Bax
Ant!gen None
retrieval
Block agent | 10% dry milk, 1 h 5% BSA, 1 h
rabbit anti-mouse | rabbit anti-mouse
Bcl2 polyclonal Bax polyclonal
Primary (PRS3335; (SAB4502549;
antibody | Sigma-Aldrich) at| Sigma-Aldrich) at
1:50, 4°C 1:100, 4°C
overnight overnight
Secondary | anti-rabbit IgG (Vectastain ABC Elite
antibody Kit, Vector Laboratories), 1 h at RT

6.3.4 Classification of follicles assessed for apoptosis

Only morphologically healthy follicles sectioned through the oocyte, to
enable consistent follicle staging, were analyzed. Slides were counterstained
with Hematoxylin (method described in Chapter 2.4) and re-imaged to enable

visualization of follicle histology and cell boundaries. The criteria for
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classification of follicles up to the Preantral stage are described in Chapter
5.3.2. Classification of Early antral and Late antral follicles is based on the

methodology outlined in Chapter 5.3.3.

6.3.5 Quantification of TUNEL, Bcl2 and Bax staining

Assessment of GC staining for DNA fragmentation (TUNEL), Bcl2 and
Bax was carried out. To quantify TUNEL assay, Bcl2 and Bax in follicles,
mean pixel intensity (MPI) of the GCs of individual follicles (excluding antrum
and oocyte) was determined using ImageJ (National Institutes of Health,

Bethesda, MD, USA).

6.3.6 Determination of Bcl2/Bax ratio

Experiments were designed as to allow Bcl2 and Bax staining in the
same follicles in consecutive sections which then permitted the determination

of the Bcl2/Bax ratio in individual follicles.

6.3.7 Statistical analysis

A minimum of 3 IHC experiments were done for all antigenic reactions
presented (i.e. TUNEL, Bcl2 and Bax). Data are presented as mean = SD.
Statistical comparisons were performed using Prism GraphPad software

version 6.0 (GraphPad Software, La Jolla, CA, USA). An unpaired t-test was
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used for normally-distributed data. A Mann-Whitney test was used for non
normally-distributed data. Differences were considered significant when

p<0.05.
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6.4 RESULTS

6.4.1 Clgaltl Mutant follicles have lower levels of apoptosis

compared to Controls at metestrus.

To investigate whether follicle atresia is altered in the hyperfertile
Clgaltl Mutant (Williams et al. 2007; Grasa et al. 2015), apoptosis was
assessed by detection of DNA fragmentation (TUNEL assay) in granulosa
cells (GCs). Ovarian sections that were not incubated with the terminal
deoxynucleotidyl transferase enzyme (and therefore negative for TUNEL
detection) showed no immunoreactivity (Fig. 6.1A) whereas sections

incubated with the enzyme showed TUNEL staining (Fig. 6.1B).

Follicles with varied levels of TUNEL staining intensity were observed
at all follicle stages analysed (Fig. 6.1C-F). Follicles with clear histological
signs of atresia (e.g. oocyte membrane blebbing) had elevated TUNEL

staining in GCs (Fig. 6.1F).
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Figure 6.1. Ovarian sections from Control and Mutant mice showing

follicles undergoing apoptosis as assessed by TUNEL. (A) Control (no
enzyme) section. Scale bar: 200um. (B) TUNEL enzyme- treated section. Scale
bar: 200um. Antral follicle with (C) undetected levels of apoptosis, and (D)
elevated levels of apoptosis. Preantral follicle with (E) undetected levels of
apoptosis, and (F) marked levels of apoptosis and oocyte membrane blebbing

(arrow). For C-F scale bar: 100um.
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As post-pubertal mice are hormonally cycling and levels of apoptosis
may fluctuate depending on the specific stage of the estrous cycle, apoptosis
was assessed at 2 stages; proestrus (the day before ovulation) and

metestrus (midway through 4-day cycle).

At proestrus, the levels of TUNEL staining were similar when
comparing Control and Mutant follicles at each follicle stage (Fig. 6.2A).
There was, however, an increase in TUNEL staining intensity in Early antral
Control follicles compared to Preantral Controls, which was absent from
Mutant follicles. At metestrus, Secondary Inc. and antral follicles (Early antral
and Late antral) in the Mutant had lower levels of apoptosis compared to

Controls (Fig. 6.2B).
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Figure 6.2. Assessment of apoptosis by the use of TUNEL assay at different
stages of follicle development at proestrus and metestrus. Mean pixel intensity (MPI) of
TUNEL staining in follicles of mice at (A) proestrus and (B) metestrus. Asterisks and hash
indicate the following p values, between the Control and Mutant data at that stage of follicle
development at that stage of the estrous cycle: *p<0.05, *p<0.01, “p=0.06. Comparisons were
made between follicle types both within each estrous stage and across the 2 stages. Columns
with the same letter differed according to the following p values: a, b, ¢, p<0.05. Control, n=4
mice, n=47 follicles at proestrus and n=66 follicles at metestrus; Mutant, n=4 mice, n=49 follicles

at proestrus and n=46 follicles at metestrus.
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6.4.2 Oocyte-specific Clgaltl deletion affects Bcl2 regulation

in surrounding granulosa cells.

Having established that oocyte-specific C1lgaltl deletion affects follicle
apoptosis, we next aimed to investigate the molecular basis for this alteration.
The levels of the anti-apoptotic molecule Bcl2 were assessed in granulosa
cells (GCs) (Fig. 6.3A-C), as increased Bcl2 levels promote growing follicle

survival and reduce levels of apoptosis (Hsu et al. 1996, Morita et al. 1999).

The levels of Bcl2 detected in Control follicles were consistent at all
stages of development at proestrus (Fig. 6.3D). The same was evident at
metestrus (Fig. 6.3E), but surprisingly, the levels at metestrus were
approximately twice those at proestrus (p<0.0001). In Mutant follicles, a
similar rise in Bcl2 intensity from proestrus to metestrus was not observed.
There was, however, decreased intensity detected at the Late antral follicles

at metestrus compared to proestrus.

In addition, at proestrus, Mutant Primary Inc., Secondary Inc. and Late
antral follicles had increased Bcl2 staining intensity compared to Controls
(Fig. 6.3D) whereas this pattern was reversed at metestrus, where Mutant
follicles had decreased Bcl2 levels compared to Controls (Fig. 6.3E). Fig.

6.3F compares Bcl2 levels for Control follicles at proestrus and metestrus.
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Figure 6.3. Analysis of Bcl2 levels at different stages of follicle development at
proestrus and metestrus. (A) Control (no antibody) section. Scale bar: 200um. (B) Bcl2 antibody-
treated section. Scale bar: 200pm. (C) Higher magnification of a Bcl2 antibody-treated section. Note
differential Bcl2 staining pattern between small growing follicles (arrowhead) and a corpus lutem
(arrow). Scale bar: 100um. Mean pixel intensity (MPI) of Bcl2 staining in follicles of mice at (D)
proestrus, (E) metestrus and (F) Control follicles at proestrus and metestrus. Asterisks indicate the
following p values, between the Control and Mutant data at that stage of follicle development at that
stage of the estrous cycle: *p<0.05, ***p<0.001, ****p<0.0001. Comparisons were made between
follicle types both within each estrous stage and across the 2 stages. Columns with the same letter
differed according to the following p values: e, i, h, p<0.05; g, p<0.01; f, p<0.001; a, b, c, d, p<0.0001.
Control, n=4 mice, n=44 follicles at proestrus and n=85 follicles at metestrus; Mutant, n=4 mice, n=81

follicles at proestrus and n=62 follicles at metestrus.



6.4.3 Oocyte-specific Clgaltl deletion affects Bax regulation

in surrounding granulosa cells.

Following the assessment of Bcl2 levels, we examined a pro-apoptotic
member of the Bcl2 family proteins, Bax (Fig. 6.4A-C). Bax was selected due

to reported Bax involvement in promoting follicle atresia (Perez et al. 1999).

Bax levels at proestrus in Control follicles at the Secondary Inc.,
Preantral and Early antral stages were lower compared to Mutant follicles at
proestrus (Fig. 6.4D). They were also lower when compared to the same
stage Control follicles at metestrus (Fig. 6.4E). The observed differences in
Bcl2 levels in Control follicles between proestrus and metestrus suggest
estrous stage-specific expression of Bcl2; the absence of such a pattern in
Mutant follicles suggests altered Bcl2 expression, at least in the 2 stages of

estrous studied.

Mutant Early antral follicles at metestrus exhibited lower levels of Bax
staining both compared to Control Early antral follicles at metestrus, but also

compared to Mutant Early antral follicles at proestrus (Fig. 6.4E).
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Figure 6.4. Analysis of Bax levels at different stages of follicle development at
proestrus and metestrus. (A) Control (no antibody) section. Scale bar: 200pm. (B) Bax
antibody-treated section. Scale bar: 200um. (C) Higher magnification of a Bax antibody-
treated section. Scale bar: 100um. Mean pixel intensity (MPI) of Bax staining in follicles of
mice at (D) proestrus and (E) metestrus. Asterisks indicate the following p values, between
the Control and Mutant data at that stage of follicle development at that stage of the estrous
cycle: *p<0.05, **p<0.01, **p<0.001, ****p<0.0001. Comparisons were made between follicle
types both within each estrous stage and across the 2 stages. Columns with the same letter
differed according to the following p values: a, b, f, p<0.05; d, e, p<0.01; c, p<0.0001.
Control, n=4 mice, n=28 follicles at proestrus and n=62 follicles at metestrus; Mutant, n=4

mice, n=66 follicles at proestrus and n=52 follicles at metestrus.
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6.4.4 Clgaltl Mutant follicles have altered ratio of Bcl2 and

Bax molecules, compared to Controls.

Although the patterns of anti-apoptotic Bcl2 and pro-apoptotic Bax
detection indicate clear stage-specific regulation of both molecules in
Controls and Mutants, the intracellular ratio between these 2 molecules has
been shown to determine the vulnerability of cells to apoptosis (Yang &
Korsmeyer 1996). A follicle stage-specific assessment of the Bcl2/Bax ratio
in mouse ovaries has not been reported in literature, therefore here we

aimed to investigate this relationship within Control mice and Mutant mice.

Analysis of the intrafollicular ratio of Bcl2/Bax was based on fewer
numbers of follicles compared with follicles analyzed for Bcl-2 or Bax
because not all follicles were present in consecutive sections, and thus

Preantral, Primary Inc. and Secondary Inc. follicles were grouped together.

At proestrus, the individual levels of Bcl2 and Bax were similar for
Control follicles at all stages (Fig. 6.3D and Fig 6.4D respectively), therefore
it was unsurprising to find that the ratio of Bcl2/Bax in Controls did not differ
between follicle stages at proestrus (Fig. 6.5A). The same pattern is
observed at metestrus, where the Bcl2/Bax ratio is not different between
follicle stages in Control (Fig. 6.5B). However, the Bcl2/Bax ratio is
consistently elevated in all Control follicle stages at metestrus compared to

proestrus.

At proestrus, a rise in Bcl2/Bax ratio was observed from the Early

antral to Late antral Mutant follicles which supports their enhanced survival
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prior to ovulation. In Mutant follicles, the Bcl2/Bax ratio did not differ between
follicle stages at metestrus (Fig. 6.5B) similar to the pattern in Controls at
metestrus, but the ratio was lower than Controls. Fig. 6.5C shows the

comparison of the Bcl2/Bax ratio for Control follicles at proestrus and

metestrus.
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Figure 6.5. Ratio of Bcl2 to Bax detected in follicles of Control and Mutant mice
at proestrus and metestrus. (A) Bcl2/Bax ratio at proestrus. (B) Bcl2/Bax ratio at metestrus.
(C) Comparison of Bcl2/Bax ratio for Control follicles at proestrus and metestrus. Asterisks
indicate the following p values, between the Control and Mutant data at that stage of follicle
development at that stage of the estrous cycle: *p<0.05, **p<0.01, ****p<0.0001.
Comparisons were made between follicle types both within each estrous stage and across
the 2 stages. Columns with the same letter differed according to the following p values: a, b,
c, e, p<0.05; d, p<0.01. Control, n=4 mice, n=16 follicles at proestrus and n=36 follicles at

metestrus; Mutant, n=4 mice, n=17 follicles at proestrus and n=22 follicles at metestrus.
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6.5 DISCUSSION

Mammalian ovarian follicle development is characterised by cell
growth, proliferation and differentiation but also by high levels of follicle
atresia as a result of cell apoptosis. Atresia is a characteristic of follicles at all
stages of follicle development in mice (Gosden et al. 1983). The transition of
Preantral follicles to an Early antral appears to be the critical point at which
the fate of a follicle is decided, as the majority of growing follicles undergo

atresia at this transition point (Hirshfield & Midgley 1978, Hirshfield 1988).

Although a lot of evidence exists regarding follicle-specific atresia at
all stages of follicle development, the precise mechanisms and pathways
involved in follicle apoptosis are unclear. Here, we hypothesised that the
increased number of growing follicles in the post-pubertal Mutant is due to
lower levels of apoptosis compared to Controls, therefore we investigated the

role of oocyte produced O-glycans on granulosa cell (GC) apoptosis.

Assessment of follicle atresia

The study of follicular atresia is challenging due to (i) the number and
(i) the variety of follicles in the ovary at any given time, but also (iii) the

hormonally cycling environment of the species studied.

Hirshfield and Midgley (1978) assessed the incidence of follicle atresia
in cycling rats, however their experimental design was limited because even

though rat ovaries were categorised based on their estrous stage, an n<3
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samples per estrous stage (often n=1 per estrous stage) is not sufficient to
draw convincing conclusions (Hirshfield & Midgley 1978). In addition,
follicles were classified as atretic solely based on morphological criteria, with
follicles of 2 or more pyknotic cells considered as atretic; however, the
presence of a small number of pyknotic cells might not necessarily imply
follicular atresia as cell pyknosis has been reported to be part of normal
cellular homeostasis (Van Wezel et al. 1999, Rosales-Torres et al. 2000).
Lastly, follicles were classified based on their diameter, whereas considering
the complex and multi-dimensional nature of follicle development a more

sophisticated classification system would be more appropriate.

Work from a different group reported the proportion of atretic to
healthy follicles in 2-month old mice (Gosden et al. 1983). Even though
follicles were classified based on the widely accepted Pedersen and Peters
classification system (Pedersen & Peters 1968), numbers per follicle stage
were from cycling mice of undefined estrous stage. Therefore, it is not

possible to conclude estrous stage-specific changes in follicle atresia.

Conversely, a study with rat ovaries assessed the numbers of atretic
follicles for each day of the estrous cycle (n=5 samples per group) but
presented combined atretic follicle numbers without follicle classification

according to stage (Hirshfield 1988).

In this Chapter, follicle atresia has been studied as a function of DNA
fragmentation in the mouse in such a way as to consider all the

abovementioned factors, i.e. in a follicle-specific manner at particular stages
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of the estrous cycle. The detection of DNA fragmentation (by means of the
TUNEL assay) was used to assess the incidence of follicle apoptosis, as the
cleavage of genomic DNA is considered the hallmark of apoptosis (Wyllie,

1980; Duke et al. 1983).

In order for Clgaltl Mutant mice to have more growing follicles post-
pubertally (Williams & Stanley 2008) there has to be a decrease in apoptosis
in the growing follicle pool. This is because expression of Cre recombinase
(which deletes exons 1 and 2 of Clgaltl) is under the ZP3 promoter; ZP3 is
first expressed in primary follicles, and thus in Clgaltl Mutants the number
of follicles leaving the quiescent pool should remain unaltered. Indeed,
TUNEL analysis did reveal a decrease in apoptosis levels in Mutant follicles
compared to Controls at metestrus. The observed decrease in TUNEL levels
at metestrus in the Mutant accompanies the increased number of healthy

growing follicles (Williams & Stanley 2008).

Several studies show that the largest incidence of atresia in growing
follicles takes place from the transition of FSH-independent Preantrals to
FSH-dependent Early antral follicles (Hirshfield & Midgley 1978, Dorrington
et al. 1983). Data from Control mice presented in this Chapter support this
observation, as there are increased levels of TUNEL staining at Early antral
follicles compared to Preantrals at proestrus. Clgaltl Mutant follicles do not
exhibit such elevation in TUNEL staining from Preantral to Early antral
follicles. This could be due to increased sensitivity to FSH at the Preantral to
Early antral transition that could rescue Mutant follicles from atresia and aid

in becoming pre-ovulatory. Indeed, Clgaltl Mutant follicles cultured in vitro
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show increased FSH sensitivity following the Preantral to Early antral

transition (Grasa et al. 2015).

Assessment of Bcl2 and Bax levels

Anti-apoptotic Bcl2 and pro-apoptotic Bax molecules have vital roles
in ovarian follicle selection as demonstrated in vivo in rodent models (Ratts
et al. 1995, Hsu et al. 1996, Morita et al. 1999). Several attempts have been
made in the past to elucidate the spatio-temporal expression pattern of Bcl2
and Bax in the rodent ovary. Analysis of whole rat ovaries revealed changes
in both Bcl2 and Bax protein levels according to estrous stage, but the nature
of the experiment did not allow follicle stage-specific analysis of levels of
these proteins (Slot et al. 2006). Other studies report immunohistochemical
approaches to assess changes in Bcl2 and Bax levels in various follicle
stages but their approach to measure staining intensity has the limitation of

being semi-quantitative (Slot et al. 2006, Gursoy et al. 2008).

Here, levels of Bcl2 and Bax proteins have been quantified from
immunohistochemical detection, in a follicle stage- and estrous stage-specific
manner in Control and Clgaltl Mutant ovaries. In Control follicles there is
marked elevation in Bcl2 and Bax levels from proestrus to metestrus for all
growing follicle stages studied, indicating estrous stage-dependent regulation

of apoptosis molecules.
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However, in Mutant follicles, such variations in Bcl2 and Bax between
the 2 stages of the estrous cycle were almost entirely eliminated. This could
be due to altered intra-follicular regulation which arises directly from oocyte-
specific deletion of Clgaltl. Alternatively, the effects observed in Bcl2 and
Bax levels could be an indirect response to the altered endocrine profile
observed in Clgaltl Mutant mice (Grasa et al. 2015). What is evident
nonetheless from comparisons between the Control and Mutant data, is that
oocyte-secreted core 1-derived O-glycans affect the levels of Bcl2 and Bax in

surrounding GCs.

The ratio of Bcl2/Bax which has been reported to be important for cell
fate determination (Oltvai et al. 1993) has not been previously studied in
mouse ovaries in a follicle stage-specific manner. Here, we explored the

Bcl2/Bax relationship in all growing follicles at proestrus and metestrus.

An astonishing and novel finding of this study is how firmly the
Bcl2/Bax ratio is maintained in Control follicles at all stages of development,
within proestrus and metestrus. Interestingly, metestrus Bcl2/Bax levels are
higher than proestrus in Control follicles, suggesting cycle stage-specific

changes in the expressed ratio of these molecules.

Considering that Clgaltl Mutant ovaries have more growing follicles,
we hypothesised an elevation of the Bcl2/Bax ratio which would support
enhanced follicle survival. However, the Bcl2/Bax ratio was not elevated in
Mutant follicles compared to Controls. At proestrus, the day preceding

ovulation, Mutant Late antral follicles had increased Bcl2/Bax ratio compared
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to Mutant Early antral follicles, and this increase could make Mutant follicles

at the last stages of development less susceptible to apoptosis.

Conclusion

In conclusion, even though TUNEL assessment confirmed reduced
follicle apoptosis in the Mutant, the levels of Bcl2 and Bax detected were not
in agreement with the decreased apoptosis phenotype as would be expected
from the literature. Other apoptosis-inducing pathways (e.g. the Fas-Fas
ligand system, (Jose de los Santos et al. 2000)) may be leading to
decreased follicle apoptosis as observed through TUNEL assessment.
Alternatively, apoptosis has been reported to result from depletion of cell
survival factors (e.g. estradiol), therefore an alteration in cell survival factors

in the Mutant could be contributing to the increased fertility phenotype.
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Chapter 7: Investigating the mechanism of increased
fertility in Clgaltl Mutant mice:
part I1

Assessment of regulation of follicle development
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7.1 INTRODUCTION

In mammals, the process of ovarian follicle development is the result of
a highly regulated balance between follicle survival and follicle atresia. In
particular, granulosa cells (GCs) have been demonstrated both in vivo and in
vitro to secrete a wide array of proteins that act both on GCs themselves
(autocrine) and on neighbouring follicular cells (paracrine) to determine the

follicle’s survival fate.

Roles of estrogen in follicle survival

Among the many GC-produced proteins that promote cell survival are
growth factors, sex steroids and cytokines (Tilly et al. 1992). Estrogen in
particular has been studied extensively for its mitogenic and anti-apoptotic
effects on follicular cells. Estrogen has been shown to increase GC
proliferation both in vivo (Goldenberg et al. 1972), and in vitro (Goldenberg et

al. 1972, Rao et al. 1978).

GCs synthesise estrogen from thecal androgens (Dorrington et al.
1975, Hillier & De Zwart 1981) catalysed by the enzyme aromatase (also
known as CYP19); secretion of estrogen is greatly stimulated by FSH in vitro
and in vivo (Erickson & Hsueh 1978). Collectively, research into GC estrogen
biosynthesis led to the ‘2-cell 2-gonadotrophin’ model, whereby theca cells
produce androgens in response to LH (Fortune & Armstrong 1977) and the

androgens then diffuse through the follicle basal lamina and into GCs. FSH
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stimulates aromatase in GCs, and aromatase catalyses the conversion of

androgens to estrogens (Dorrington et al. 1975).

The aromatase enzyme in the mature ovary has a specific spatial
expression pattern. Aromatase expression in rats is undetectable in small
and medium-sized growing follicles, and it is only expressed in large antral
and preovulatory follicles (Guigon et al. 2003). Particulary, the expression
and localisation of aromatase in rats has been shown to be highest in mural
GCs closest to the basal lamina compared to levels in mural GCs lining the

antrum and is undetectable in cumulus cells (Sakurada et al. 2006).

Roles of AMH in follicle survival

The glycoprotein anti-mullerian hormone (AMH) is a member of the
TGF-B superfamily. Despite its role in mammalian fetal development as an
inhibitor of Mullerian duct development (Munsterberg & Lovell-Badge 1991),

AMH has central roles in ovarian function and follicle development.

AMH expression is restricted to the GCs of growing follicles (Hirobe et
al. 1992, Salmon et al. 2004). Specifically, in the immature rat ovary, AMH
MRNA is found evenly distributed in the GC population of follicles from the
primary stage to the multi-layered preantral stage (Ueno et al. 1989, Hirobe
et al. 1992). However, in antral follicles AMH immunolocalisation becomes
heterogeneous with the highest signal detected in GCs closest to the oocyte.

AMH localisation in pre-ovulatory follicles is at low levels, predominantly from
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the cumulus cells that are closest to the oocyte. Atretic follicles (assessed by

morphological observation) do not show AMH presence (Ueno et al. 1989).

The role of AMH in the post-natal mammalian ovary became clear
from studies of female AMH™ mice and in vitro studies. AMH-deficient female
mice have a severely depleted primordial follicle pool and more growing
follicles at 4 months of age (Durlinger et al. 1999), indicating a role of AMH in
inhibiting primordial follicle activation. Also, in vivo and in vitro studies reveal
that AMH causes inhibition of the FSH-stimulated growth of preantral follicles

to antral follicles (di Clemente et al. 1994, Durlinger et al. 1999).

Roles of the oocyte on estrogen and AMH production by GCs

Despite the hugely important involvement of GCs and GC-produced
factors in follicle survival, the oocyte has been demonstrated to have a
central role in GC development and function and therefore the oocyte
actively participates in determining the follicle’s survival status (for a wider

discussion of the role of the oocyte on follicle development, see Chapter 1.1).

Particularly, the oocyte regulates the steroidogenic function of the
follicle, despite the fact that the oocyte itself is not steroidogenic
(Vanderhyden & Tonary 1995). In vitro studies show that oocytectomised
complexes secrete less estradiol compared to intact oocyte-granulosa
complexes, highlighting the role of the oocyte in inducing estradiol secretion

(Vanderhyden & Tonary 1995). AMH production by GCs is also enhanced by
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oocytes since cultured GCs produce more AMH in the presence of oocytes

(Salmon et al. 2004).

Hypotheses and Clgaltl Mutant

Assessment of the follicle population in post-pubertal Clgaltl Mutant
mice revealed increased numbers of growing follicles compared to Controls
(Grasa et al. 2015). In addition, work presented in Chapter 6 shows that
Mutant follicles have lower levels of apoptosis. As estradiol has both pro-
survival and anti-apoptotic roles, we first hypothesised that there is elevated

estradiol in Mutant follicles compared to Controls.

Our second hypothesis is related to the elevated FSH sensitivity of
follicles from Clgaltl Mutant mice in vitro (Grasa et al. 2015). As AMH is
thought to affect the FSH-induced growth in preantral follicles, we
hypothesised that reduced AMH levels in Mutant follicles result in increased

FSH-sensitivity permitting more follicles to progress to the antral stage.
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7.2 AIMS

To assess the effect of oocyte Clgaltl deletion on estrogen synthesis
in post-pubertal mice by detection of the aromatase enzyme in a

follicle-specific and estrous-stage-specific manner.

To investigate whether the oocyte Clgaltl deletion affects AMH levels

in Early and Late antral follicles by immunolocalisation and

guantification of AMH.
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7.3 MATERIALS AND METHODS

7.3.1 Tissue collection

Ovaries from 8- to 10-week-old Control and Mutant mice were
collected at all 4 stages of the estrous cycle, fixed in 10% buffered formalin
(Sigma-Aldrich, Dorset, UK) for 8 h, and washed in 70% ethanol. Ovaries

were embedded in paraffin, sectioned at 5 um and mounted on glass slides.

Estrous cycle evaluation (not performed by author)

As described in Chapter 6.3.1
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7.3.2 Immunohistochemistry (IHC) for Aromatase and AMH

detection.

The general protocol for IHC was followed as described in Chapter 2.3,

with additional specific details provided in Table 7.1.

Table 7.1. Specific details of IHC protocol used for detection of AMH

and Aromatase to complement the basic method described in Chapter 2.3.

Molecule detected

AMH | Aromatase
Antigen . . ,
. Heat-induced high pH solution
retrieval
Block agent 5% NGS, 2 h

mouse anti-human [ mouse anti-human
AMH monoclonal Cytochrome P450
Primary (MCA2246T; AbD aromatase
antibody | Serotec, Kidlington, | (MCA2077S, AbD
UK) at 1:100, 4°C | Serotec) at 1:50, 4°C
overnight overnight

Secondary | Biotinylated goat anti-mouse IgG (BA-9200,
antibody Vector Laboratories), 1 h at RT

7.3.3 Classification of follicles.

Only morphologically healthy follicles sectioned through the oocyte, to
enable consistent follicle staging, were analyzed. Slides were counterstained
with Hematoxylin (method described in Chapter 2.4) and re-imaged to enable
visualization of follicle histology and cell boundaries. The criteria for
classification of follicles up to the Preantral stage are described in Chapter
5.3.2. Classification of Early antral and Late antral follicles is based on the

methodology outlined in Chapter 5.3.3.
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7.3.4 Quantification of AMH and aromatase staining.

Assessment of GC staining for detection of AMH and aromatase was
carried out. To quantify AMH and aromatase localisation, mean pixel
intensity (MPI) of the GCs of individual follicles (excluding antrum and
oocyte) was determined using ImageJ (National Institutes of Health,

Bethesda, MD, USA).

7.3.5 Statistical analysis.

A minimum of three IHC experiments were done for all antigenic
reactions presented (i.e. AMH and Aromatase). Data are presented as mean
+ SD. Statistical comparisons were performed using Prism GraphPad
software version 6.0 (GraphPad Software, La Jolla, CA, USA). An unpaired t-
test was used to assess statistical differences for normally-distributed data,
whereas a Mann-Whitney test was used for not normally-distributed data.

Differences were considered significant when p<0.05.

Correlation between AMH and aromatase mean pixel intensity (MPI)
was determined by using bivariate correlation statistics and is expressed as
Spearman correlation coefficient, r>. A strong correlation was considered

when r>>0.8
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7.4 RESULTS

7.4.1 Clgaltl Mutant follicles have higher levels of AMH

compared to Controls at estrus and diestrus.

Clgaltl Mutant follicles show increased FSH-sensitivity when cultured
in vitro (Grasa et al. 2015). As AMH secretion from GCs has been shown to
attenuate the FSH-induced growth of follicles transitioning to the antral stage
(di Clemente et al. 1994, Durlinger et al. 1999), we investigated AMH levels
in growing follicles of mice at all 4 estrous stages; proestrus, estrus,

metestrus and diestrus.

Ovarian sections that were not incubated with AMH antibody showed
no immunoreactivity in GCs and oocytes, but showed non-specific staining of
the antral fluid and zona pellucida (Fig. 7.1A). Sections incubated with the

antibody showed GC-specific AMH staining (Fig. 7.1B).

The intensity and distribution of AMH staining varied according to
follicle stage. All follicles at the Preantral stage or smaller showed
homogeneous AMH staining throughout the entire GC population (Fig. 7.1 C,
arrowhead). In contrast, follicles larger than Preantral showed
heterogeneous pattern of AMH staining, with increased AMH intensity in the
GCs close to the oocyte (Fig. 7.1 D). The theca cell layer did not show any

immunoreactivity to the AMH antibody (Fig. 7.1 E-F).
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Figure 7.1 AMH immunohistochemical detection. (A) Control (no antibody) section.

(B) AMH antibody-treated section. Scale bar for A and B: 200um. (C) Differential AMH staining
depending on follicle stage; follicles up to the preantral stage had homogeneous AMH staining
throughout the GC population (arrowhead) whereas antral follicles had heterogeneous GC
staining (arrow). (D) Antral follicles had high AMH immunoreactivity in the GC layers
immediately surrounding the oocyte (arrowhead), but low immunoreactivity in the peripheral
GCs (arrow). Hematoxylin staining shows the presence of the theca cell layer (E, arrowhead)

which was AMH-negative for follicles at all stages (F, arrowhead). For C-F scale bar: 100um.
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At proestrus, the levels of AMH were similar when comparing Control
and Mutant follicles at each follicle stage (Fig. 7.2A). However, there was a
decrease in AMH staining intensity in Control Late antral follicles compared
to less developed, Early antral follicles. The same pattern of AMH levels in

Controls was also observed at estrus, metestrus and diestrus.

At estrus, Primary Inc., Secondary Inc. and Preantral follicles all had
elevated levels of AMH intensity in Mutant mice compared to Controls (Fig.
7.2B). In addition, Secondary Inc. Mutant follicles had lower levels of AMH
compared to Primary Inc. Mutant follicles, and Preantral Mutants had lower
levels than Secondary Inc. Mutant follicles; these differences were not

observed in Control follicles.

At metestrus, Mutant Early antral follicles had lower levels of AMH

compared to Controls (Fig. 7.2C).

At diestrus, Mutant follicles at the Secondary Inc., Early antral and
Late antral stages all had elevated AMH levels compared to Controls (Fig.

7.2D).
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Figure 7.2. Assessment of AMH levels at each stage of the estrous cycle. (A) Mean pixel
intensity (MPI) of AMH staining in follicles of mice at (A) proestrus, (B) estrus, (C) metestrus and (D)
diestrus. For (A) to (D) asterisks indicate the following p values, between the Control and Mutant data
at that stage of follicle development at that stage of the estrous cycle: *p<0.05, **p<0.01, ***p<0.001,
**+*n<(0,0001. Comparisons were made between follicle types within each estrous stage. Columns with
the same letter differed according to the following p values: For (A) a, p<0.05. For (B) a, ¢, p<0.05; b,
p<0.01. For (C) a, p<0.01. For (D) a, b, p<0.05. Control, n=4 mice, n=48 follicles at proestrus, n=54
follicles at estrus, n=54 follicles at metestrus and n=86 follicles at diestrus. Mutant, n=4 mice, n=76

follicles at proestrus, n=83 follicles at estrus, n=70 follicles at metestrus and n=72 follicles at diestrus.
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To assess the changes in AMH levels of follicle categories between
the 4 stages of the estrous cycle, AMH levels were compared for each follicle
stage at all estrous stages (Fig. 7.3). Sample number for Preantral follicles
was low for the majority of the estrous stages, therefore comparison of

Preantral follicles at each estrous stage is not provided.

Control Primary Inc. follicles show a cyclical fluctuation in AMH levels,
whereby AMH levels increase from proestrus to estrus and decrease from
diestrus to proestrus. Mutant Primary Inc. follicles also follow a similar
cyclical variation in AMH levels. At estrus specifically, Mutant Primary Inc.
follicles have higher AMH levels than Controls (Fig. 7.3A). Control and
Mutant follicles at Secondary Inc., Early antral and Late antral stages also
show a cyclical pattern of AMH detection, but the rise and fall of AMH levels

occurs at different estrous stages for each follicle type.

Mutant Secondary Inc. follicles were found to have higher AMH levels
compared to Controls at estrus and diestrus, and lower AMH levels

compared to Controls at metestrus (Fig. 7.3B).

Mutant Early antral follicles have lower AMH levels at metestrus and

higher levels at diestrus, compared to Controls (Fig. 7.3C).

Mutant Late antral follicles at diestrus have higher AMH levels than

Controls (Fig. 7.3D).
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Figure 7.3. Assessment of AMH levels at each follicle stage. (A) Mean pixel
intensity (MPI) of AMH staining in (A) Primary Inc., (B) Secondary Inc., (C) Early antral,
and (D) Late antral follicles at all 4 stages of the estrous cycle. For (A) to (D) asterisks
indicate the following p values, between the Control and Mutant data at that stage of follicle
development at that stage of the estrous cycle: *p<0.05, **p<0.01, ***p<0.001,

*0k<0,0001.

Comparisons were made between estrous stage within each follicle stage.
Columns with the same letter differed according to the following p values: For (A) b,
p<0.05; a, p<0.01; d, p<0.001; c, e, p<0.0001. For (B) c, p<0.01; d, p<0.001; a, b,
p<0.0001. For (C) b, d, e, p<0.05; a, c, p<0.01. For (D) a, b p<0.01. Control, n=4 mice,
n=99 follicles at Primary Inc., n=62 follicles at Secondary Inc., n=37 follicles at Early antral
and n=32 follicles at Late antral. Mutant, n=4 mice, n=89 follicles at Primary Inc., n=122

follicles at Secondary Inc., n=43 follicles at Early antral and n=21 follicles at Late antral.
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7.4.2 Aromatase levels in Clgaltl Mutant follicles at all

stages of estrous are similar to Controls.

Clgaltl Mutant ovaries have increased number of growing follicles
(Grasa et al. 2015) and reduced levels of follicle apoptosis (Chapter 6)
resulting in larger litters (Grasa et al. 2015; Williams & Stanley 2008). As
estrogen has been demonstrated to have mitogenic and anti-apoptotic
effects on GCs (Goldenberg et al. 1972), we investigated the levels of the
estrogen-producing aromatase enzyme in follicles at all stages of the estrous

cycle.

Ovarian sections that were not incubated with aromatase antibody
showed no immunoreactivity in GCs, theca and oocytes, but showed non-
specific staining of the antral fluid and zona pellucida (Fig. 7.4A). Sections
incubated with the antibody showed GC-specific aromatase staining in large

antral follicles only (Fig. 7.4B, arrowheads).

The pattern of aromatase localisation in the large antral follicles was
heterogeneous (Fig. 7.4C and D). The mural GCs lining the follicle basal
lamina had more intense aromatase staining, whereas GCs closest to the
oocyte and cumulus cells had undetectable aromatase levels. The theca cell
layer did not show any immunoreactivity to the aromatase antibody (Fig. 7.4

C and D, arrowheads).
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Figure 7.4. Aromatase immunohistochemical detection. (A) Control (no
antibody) section. (B) Aromatase antibody-treated section. Note aromatase positive
antral follicles (arrowheads). Scale bar for A and B: 200um. (C) and (D) Differential
aromatase staining in an antral follicle. Mural GCs near the basal lamina are more
intensely stained compared to the rest of the mural GC population and cumulus cells.
Hematoxylin staining shows the presence of the theca cell layer (C, arrowhead) which
was AMH-negative for follicles stained with aromatase antibody (D, arrowhead). For C-

D scale bar: 100um.
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Aromatase detection using IHC was only observed in Early antral and
Late antral follicles, in both Control and Mutant ovaries. However, the sample
size of Early antral follicles was less than 3 in all estrous stages in both
Control and Mutant mice, therefore no statistical comparison could be

performed.

The levels of aromatase in Late antral follicles were found to be
similar in Control and Mutant, across the compared stages of the estrous

cycle (Fig. 7.6)
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Figure 7.5. Assessment of aromatase levels in Late antral follicles at each
estrous stage. Mean pixel intensity (MPI) of aromatase staining in at all 4 stages of the

estrous cycle. Control, n=4 mice, n=24 follicles. Mutant, n=4 mice, n=24 follicles.
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Immunolocalisation of aromatase and AMH in adjacent ovarian
sections revealed the differential and specific presence of these molecules in
different follicles. AMH predominantly is detected in growing follicles before
the antral stage (Fig. 7.5A), whereas aromatase is detected in the large

antral follicles (Fig. 7.5B)

AMH Aromatase

Figure 7.6. Comparison of Aromatase and AMH immunohistochemical
detection. (A) AMH antibody- treated section and consecutive (B) aromatase

antibody-treated section.
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A subset of the follicles at the Early antral and Late antral stages were
positive for both aromatase and AMH. Therefore, the levels of aromatase
and AMH were correlated in a follicle-specific manner in Early antral and
Late antral follicles (Fig. 7.7). The correlation between aromatase and AMH
suggests a positive relationship between the two molecules, however the
correlation coefficient (r’<0.8) does not suggest a strong relationship

between aromatase and AMH in either Control or Mutant follicles.
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Figure 7.7. Correlation analysis between aromatase and AMH levels.
Individual follicle analysis of correlation between aromatase and AMH levels in Early
antral and Late antral follicles from all estrous stages, expressed as mean pixel intensity

(MPI) per follicle. Control, n=9 mice and n=16 follicles. Mutant, n=11 mice and n=16

follicles.
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7.5 DISCUSSION

Mammalian ovarian follicle development is characterised by cell
growth, proliferation, differentiation and apoptosis. The transition from a
preantral to an early antral follicle is FSH-dependent and is the critical point
at which the fate of a follicle is decided as the majority of growing follicles
undergo atresia at this transition (Hirshfield & Midgley 1978; Hirshfield 1988).
The precise regulatory mechanisms that control the FSH-sensitivity of each
preantral follicle are unclear, however both estradiol and AMH have been

implicated as important players in this process.

Role of AMH in FSH sensitivity

In the AMH”" female mouse, there are (i) increased numbers of small
preantral and large preantral follicles at all stages of the estrous cycle, (ii)
increased numbers of small antral follicles at the estrus stage and (iii) similar
numbers of large antral follicles as Control mice (Visser et al. 2007). The role
of AMH as an inhibitor of primordial follicle activation (Durlinger et al. 1999)
explains the observed rise in small and large preantral follicles. For the
observed increase in small antral follicles at estrus in AMH” ovaries
compared to Controls, the authors provide 2 alternative hypotheses (Visser

et al. 2007):

Hypothesis 1: The increased number of preantral follicles in AMH” mice

compared to Controls allows more follicles to acquire FSH sensitivity to

progress to the early antral stage.

159



Hypothesis 2: AMH attenuates FSH-induced growth to the early antral stage,
therefore the absence of AMH in AMH” enables more follicles to progress

through this crucial FSH-dependent growth.

The authors appear to favour the second hypothesis implicating AMH
in FSH-induced follicle growth, with arguments used from in vitro studies as
well (Durlinger et al. 2001). The observed rise in early antral follicles at
estrus in AMH™ is not observed in late antral follicles. Late antral follicles are
found in similar numbers between control and AMH”" mice, whereas it would
be expected that late antrals would also be found at increased numbers
compared to Controls. This observation suggests that even if AMH regulates
FSH-sensitivity in preantral follicles, other ovarian mechanisms regulate the

progression of early antral to late antral follicles.

However, the first hypothesis is not explored further, even though it is
possible that the sole reason of increased early antral follicles in AMH™
females compared to controls is due to increased preantral follicles. It can be
argued that the larger growing follicle population, as a result of increased
primordial follicle activation, cannot be supported to growth beyond the early
antral stage due to the precise balance of intra- and extra-ovarian factors
that tightly regulate ovulation number and that is why there is not an increase

in late antral follicles in the Mutant compared to Controls.

In Clgaltl Mutants, growing follicles at various estrous stages show
raised levels of AMH compared to Controls. Based on the reported role of

AMH as an inhibitor of the FSH-induced transition from preantral to the antral
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stage, the Clgaltl Mutant would be hypothesised to have a phenotype of
reduced numbers of growing antral follicles. In contrast, the Clgaltl Mutant
has ~40% more preovulatory follicles at proestrus (Grasa et al. 2015), which

leads to a similar rise in ovulation and litter size (Williams & Stanley 2008).

Therefore, the AMH data from analysis in Clgaltl Mutant mice
suggest 2 hypotheses: either the observed AMH rise in Mutant follicles is not
sufficient to negatively impact their FSH-sensitivity or the reported role of
AMH on FSH-sensitivity in vivo is not accurate. Nonetheless, the results
presented in this Chapter show that oocyte core 1-derived O-glycans have
an inhibitory effect on GC-produced AMH at estrus and diestrus, since

deletion of core 1-derived O-glycans results in increased AMH levels.

Role of aromatase in follicle survival

The aromatase enzyme, expressed exclusively in the GCs of antral
follicles, aromatises theca-produced androgens intro estrogen (Dorrington et
al. 1975, Hillier & De Zwart 1981). Estrogen has a multitude of trophic effects
on ovarian cells, including the support of follicle survival, increase in GC

proliferation and a decrease in follicle apoptosis (Goldenberg et al. 1972).

The aromatase enzyme in the mature rodent ovary is expressed in
large antral and preovulatory follicles (Guigon et al. 2003) and in particular,
the expression of aromatase has been shown to be highest in mural GCs

closest to the basal lamina, and lower in mural GCs lining the antrum and
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undetectable in cumulus cells (Sakurada et al. 2006). Our
immunohistochemical studies confirmed the abovementioned pattern of
aromatase localisation, as both Control and Mutant follicles showed more
intense staining on the peripheral mural GCs and lower staining in the inner

mural GCs.

Interestingly, aromatase levels per Late antral follicle in the Mutant
were similar to Controls at all stages of the estrous cycle. This observation
suggests that Clgaltl Mutant late antral follicles are functionally normal with
respect to the steroidogenic abilities of cells. In addition, the presence of
normal levels of aromatase in Clgaltl Late antral follicles, in combination
with increased numbers of large antral follicles in the Mutant (Grasa et al.
2015) suggests increased production of estradiol from the Mutant ovary.
Indeed, endocrinology analysis from serum samples showed that the levels
of estradiol approached a significant increase (p=0.08) in the Mutant
compared to Controls at the proestrus stage (Grasa et al. 2015). Collectively,
these results show that Clgaltl Mutant females have (i) more large antral
follicles, (ii) each capable of normal estradiol production resulting in (iii)

elevated total estradiol production in the ovary.
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Importance of proposed elevated aromatase levels per Clgaltl Mutant

ovary:

() Intra-follicular communication

Estradiol production in follicles has trophic and anti-apoptotic effects
on cells producing the estradiol (autocrine action) but also on other cells
within the follicle as well (paracrine action), supported by the presence of the
estrogen receptor (ER) in theca cells (Billig et al. 1993, Revelli et al. 1996).
Late antral follicles in Clgaltl Mutant mice have normal levels of aromatase,
indicating normal estradiol production per follicle in vivo. Therefore, we
hypothesise that maintenance of normal estradiol levels within Late antral
follicles contributes to the survival of these follicles through the last stages of

follicle development, to enable successful ovulation.

(i) Inter-follicular communication

The estrogen receptor (ER) is present in rat ovaries 4 days after birth
(Drummond & Findlay 1999). During this early post-natal period, the rodent
ovary is only inhabited by primordial and primary follicles, suggesting ER
expression in quiescent and/or small growing follicles. Immunohistochemical
studies confirmed that ER is indeed expressed in primary follicles but not in
primordial follicles (Sar & Welsch 1999). As estrogen production is a function

of large antral follicles, the presence of estrogen receptor on small growing
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follicles suggests an inter-follicular effect of estrogen, e.g. produced by large

antral follicles and acting on small growing follicles.

Therefore, the overall increase in estradiol production in Clgaltl
Mutant ovaries could be contributing to the elevated numbers of growing

follicles in the Mutant ovary, resulting in increased fertility.
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Chapter 8: Conclusions

165



Conclusions

This thesis explored the effects of oocyte-produced core 1-derived O-
glycans on the process of follicle development and function. Through the
work presented here, novel findings have been made regarding (i) the
normal physiology of follicle development in mice (from data of Control mice),
and (ii) the role of oocyte-produced core 1l-derived O-glycans in primary
follicles onward, on various aspects of follicle development by use of the

Clgaltl Mutant mouse.

8.1 Novel findings on follicle development

physiology

Although the primary aim of this thesis was the exploration of the
Clgaltl Mutant mouse and subsequent comparison between Control and
Mutant, consideration of data solely from Control mice is of great interest as

it reveals novel insights into follicle development.

In Chapter 3, analysis of the central section of cumulus-oocyte
complexes (COC) (9 h post-hCG injection) revealed details on dynamics of
cumulus formation. Characteristics of the COC such as cell density and
cumulus size were quantified and describe the COC just prior to ovulation. A
novel approach was taken to assess levels of various cumulus extracellular
matrix (ECM) proteins within individual follicles, thereby providing information

on the relationship between the different molecular. Surprisingly, correlations
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between molecules, and between molecules and cumulus expansion did not
reveal strong relationships (Ploutarchou et al. 2015), despite the reported
importance of each individual molecule in the formation of a stable cumulus
complex (Sato et al. 2001, Zhuo et al. 2001, Fulop et al. 2003, Salustri et al.
2004, Scarchilli et al. 2007). This finding reveals that the cumulus ECM
proteins exist in varying levels, above a set threshold, without compromising
the process of cumulus expansion. When levels fall below the threshold (as
in the case of the various ECM protein knockout mouse models) cumulus
expansion is negatively compromised and subsequently affects other

processes like ovulation and fertilisation.

Note should be made of the differences in the size of the cumulus
between hormonally-injected and naturally ovulated cumulus-egg complexes
(CECs). Exogenous hormone induction of ovulation results in cumulus
complexes which are smaller in terms of diameter in comparison to naturally
ovulated complexes. Despite extensive research in literature, it appears that
the effect of hormone injection on cumulus expansion has not been reported
before. Therefore, when aiming to investigate the normal physiology of
follicle development in the mouse, other experimental animals and human,
the results obtained through hormone injection should not be considered as

an exact representation of natural processes.

The growth and atresia of follicles are associated with major structural
and functional changes, therefore classifying follicles (based on morphology)
with the aim of investigating individual follicle stages needs to be as precise

and inclusive of various follicle factors as possible. A widely used
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classification system was proposed by Pedersen and Peters (Pedersen &
Peters 1968) based on GC number in the follicle’s central section. However, |
believe that other follicle characteristics in addition to GC number need to be
incorporated into the classification method to more closely resemble the
functional status of the follicle. For instance, the Pedersen system classifies
all follicles with 20 or less GCs as type 3a. However, a follicle with less than
20 cells could be a transitional follicle (transitioning from primordial to
primary) or a primary follicle, depending on the extent of GC cuboidalisation,
a feature which is readily distinguishable morphologically. In addition, the
Pedersen and Peters system classifies follicles of 201-400 cells as type 5b.
Through personal experience during this DPhil, it became apparent that
follicles with 201-400 cells may or may not have a small antrum — a feature
which is likely central in determining the functional properties of the particular
follicle. Therefore, these additional features to GC number were taken into

consideration to classify follicles in a more precise manner (Chapter 5).

Using our enhanced follicle classification system, an in-depth analysis
of oocyte nuclei sizes measured from follicles at all stages is provided in
Chapter 5. Although not an aim of this thesis, it would be interesting to
correlate the growth dynamics of oocyte nucleus size with whole oocyte size.
In addition, the detailed analysis of various follicle characteristics at all follicle
stages (Chapter 5) provides the dynamics of follicle growth at 3 weeks of age
in the mouse. Indeed, such data could be used beyond this thesis for
correlations with functional properties of the follicle to further understand

follicle growth.
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In Chapter 6, follicle stage-specific and estrous-stage specific
guantification of DNA fragmentation (TUNEL assay), Bcl2 and Bax levels in
ovaries was performed. Such analysis of apoptosis and apoptosis-related
proteins has not been done before; previous research reports do not explore
apoptosis changes at (i) different estrous stages, and/or (ii) different follicle
stages (Gosden et al. 1983, Slot et al. 2006). The hormonal environment
indeed affects the survival of follicles, suggesting changes in apoptosis levels
through the estrous cycle, and also follicles at different stages have varying
susceptibility to apoptosis. Therefore, both factors (estrous stage and follicle

stage) were taken into consideration when assessing apoptosis in this thesis.

Assessment of Bcl2:Bax ratio revealed 2 novel findings: (i) the
consistency of the ratio at all follicle stages within proestrus and metestrus
and (ii) the increase of the ratio from proestrus to metestrus for all follicle
stages. The increase of Bcl2:Bax ratio from proestrus to metestrus could be
due to (i) increased Bcl2, (ii) decreased Bax or (iii) both. Individual analysis
of Bcl2 and Bax levels revealed that both molecules increased from
proestrus to metestrus, but Bcl2 increased more than Bax therefore leading

to a higher ratio at metestrus.

The observed changes in Bcl2:Bax ratio between proestrus and
metestrus highlight direct or indirect regulation of these molecules by
hormones. Considering the anti-apoptotic roles of Bcl2 and pro-apoptotic
roles of Bax, the rise in Bcl2:Bax ratio at metestrus suggests varying

susceptibility of follicle to apoptosis depending on estrous stage.
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To conclude, despite the fact that investigation in the Clgaltl Mutant
mouse was the primary aim of this thesis, new findings have furthered our

knowledge into the physiology of Control mice.

8.2 Novel findings on the roles of oocyte derived O-

glycans in follicle development

The oocyte-specific mutation of Clgaltl in mice resulted in modified
cumulus expansion without negatively affecting fertility (Williams et al. 2007).
The central role of cumulus expansion in ovulation and fertilisation has been
emphasized numerous times in the past (Chen et al. 1993, Tanghe et al.
2002) (Ng et al. 1999), therefore the Clgaltl Mutant provided a unique
model for studying cumulus expansion.

In Chapter 3, the modified cumulus matrix of C1lgaltl Mutant COCs was
investigated and shown to result predominantly by fewer CCs with additional
minor changes in cumulus ECM proteins. It has been suggested that
cumulus complex assessment can be an informative predictor of oocyte
developmental potential, since CC number and proliferarion is positively
correlated with oocyte maturation and fertilisation potential (Gregory 1998,
Khurana & Niemann 2000). The results presented in this thesis indicate that
a ~23% decrease in CC number associated with oocytes in Clgaltl Mutants

is not detrimental to ovulation or oocyte quality as determined by live births.
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Therefore a reduction of CC number of this magnitude is not a reliable
assessment to predict oocyte developmental potential. As a result, a partially

expanded cumulus complex may not be the best indicator of oocyte quality.

These data have wider implications in the field of Assisted
Reproductive Technologies (ARTs) since selection of developmentally
competent eggs should not be judged solely by the size of the cumulus
complex and the number of CCs surrounding an egg. In addition, using a
novel method of correlating the levels of cumulus ECM molecules within
individual cumulus complexes, evidence is provided that considerable
variation exists in the composition of the cumulus ECM, which are tolerated
without adverse effects on fertility in both the Control and the Mutant, as long
as all components are present above a threshold level.

Furthermore, the abovementioned results support the well-known role
of oocyte-produced factors in cumulus expansion, shown both in vivo and in
vitro (Su et al. 2004, Dragovic et al. 2005, Peng et al. 2013). The individual
oocyte glycoproteins that are affected by the Clgaltl deletion cannot be
identified at this point in time due to the absence of reports on the O-
glycosylation status of all oocyte proteins. Recombinant human BMP15 (an
oocyte growth factor) has been shown to be O-glycosylated (Saito et al.
2008). However, the specific structure of O-glycosylation (e.g. core 1 to 8) on
BMP15 is not known, therefore it remains to be identified whether BMP15
has core 1-derived O-glycans and also if these exist on native mouse BMP15.
In BMP15" female mice the process of cumulus expansion is compromised

to the extent that some oocytes in preovulatory follicles are not associated
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with any cumulus cells therefore preventing ovulation (Yan et al. 2001). In
the case that BMP15 has core 1-derived O-glycans, the absence of these
glycans in Clgaltl Mutant oocytes could be altering BMP15’s function so
that cumulus expansion is compromised but to a lesser extent than BMP15"

mice.

A very intriguing aspect of C1lgaltl Mutant mouse has always been its
sustained increased fertility (Williams & Stanley 2007). Therefore, one of the
primary aims of this thesis was to investigate this phenotype further, and try
to elucidate the changes in follicle development that result in increased
numbers of growing follicles in the Mutant compared to Controls (Grasa et al.
2015).

An early model proposed for the increased fertility in Clgaltl Mutant
mice, hypothesised that follicles take longer to develop, therefore
accumulating at the gonadotrophin-responsive stages and increasing the
number of follicles available for ovulation (Williams & Stanley 2008). The
results presented in Chapter 5 reveal that antral follicles are found in similar
numbers between Control and Mutant mice. Furthermore, according to
recent studies on the dynamics of follicle development, primordial follicles in
prepubertal mice take ~23 days to become antral (Zheng et al. 2014).
Therefore, the Late antral follicles observed at 3 weeks (Chapter 5) are
presumably the very first antral follicles formed in the mouse ovary. If the

model on accumulation of slower growing Mutant follicles was valid, it would
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be expected that less antral follicles are observed in the Mutant ovary.
However, as this is not the case, the model is flawed.

One of the most important findings in this thesis was reduced follicle
apoptosis in the Mutant at metestrus. The reduced follicle apoptosis in the
Mutant provides a mechanism for the elevated number of growing follicles.
An alternative or supplementary hypothesis for the increased number of
growing follicles in the Mutant is the activation of more primordial follicles,
leading to a larger growing pool. However, this seems unlikely as (i) oocyte
gene deletion only occurs at the primary follicle stage, therefore the
primordial follicle is unaffected, and (ii) follicle counts of Mutant transitional
and primary follicles are similar to Control at both 3 weeks (Chapter 5) and 6
weeks (Grasa et al. 2015) indicating that primordial follicle activation is
unchanged. Therefore, the reduction in apoptosis presented here provides a
probable explanation for the increased follicle numbers phenotype in Clgaltl
Mutants.

Another aspect of post-pubertal mice investigated were the levels of
aromatase; aromatase levels in Late antral follicles from Clgaltl Mutants
were similar to Controls (Chapter 7), suggesting similar estradiol production
by each Late antral follicle in the Mutant. Clgaltl Mutants have increased
numbers of antral follicles (Grasa et al. 2015) therefore the overall production
of estradiol from the Mutant is expected to increase. Indeed, estradiol levels
in serum in the Mutant are 25% higher than Controls (Grasa et al. 2015).
Estradiol has been shown to have both pro-survival and anti-apoptotic effects

on follicles (Goldenberg et al. 1972, Lund et al. 1999). Therefore, the overall
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increase in estradiol production in the Mutant could be contributing to both
the increased numbers of growing follicles and the decreased levels of
apoptosis observed in the Mutant compared to the Control. However, this
hypothesis creates a paradox: even if increased estradiol supports the
growth of more follicles, there had to be more follicles there in the first place
to produce more estradiol. Therefore, the elevated estradiol levels in Mutant
ovaries could be acting as a secondary supportive mechanism in follicle
survival, but the original cause of increased follicle numbers is likely a factor
other than estradiol.

In addition, estradiol induces an increase in GC proliferation
(Goldenberg et al. 1972, Rao et al. 1978). Interestingly, Mutant Late antral
follicles at 3 weeks of age have more GCs compared to Controls (Chapter 5),
further supporting the role of estradiol in GC proliferation. It should be noted
that GC counts were done in 3 week old mice, whereas estradiol levels were
assessed in post-pubertal mice; even though the results from the two studies
are not directly related, inferences can be made about the biological

importance of the results.

Molecular origin of increased fertility in Clgaltl mice

The specific oocyte protein(s) responsible for increased fertility and
reduced apoptosis in Clgaltl are currently unknown. Heterozygous
mutations in GDF9 or BMP15 result in increased ovulation rates in ewes
(Galloway et al. 2000, Souza et al. 2014), however increased fertility in mice

as a result of GDF9 or BMP15 mutations has not been shown. Interestingly,
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the ratio of levels of GDF9 and BMP15 expression has been shown to be
highly correlated within various species studied (Sheep, pig, cow, rat, mouse,
deer) and the ratio is different between species (Crawford & McNatty 2012).
Poly-ovulatory animals have an increased GDF9:BMP15 ratio compared to
mono-ovulatory animals. Indeed, Clgaltl Mutant mice have been shown to
have an increased ratio of GDF9:BMP15 expression levels from whole ovary
analysis (Grasa et al. 2015). However, it was unclear whether this is purely
due to increased numbers of growing follicles in the Mutant ovary (whereby
the increase in GDF9 is larger than the increase in BMP15), or due to more
GDF9 and/or less BMP15 secreted by each growing oocyte. Results
presented in Chapter 5 with relation to the growth characteristics of small
and large growing follicles, suggest that each follicle is under the effect of
elevated GDF9 levels or more active GDF9, therefore providing a possible

explanation for the origin of elevated GDF9:BMP15 levels in the serum.

Mechanism of increased fertility in Clgaltl mice

The presence of multiple sheep strains with genetic mutations that
lead to increased fertility (Galloway et al. 2000, Wilson et al. 2001) has
fascinated reproductive researchers for decades. In an effort to explain the
increased fertility in sheep, Scaramuzzi et al. presented 2 alternative
mechanisms by which sheep become poly-ovulatory (Fig. 8.1) (Scaramuzzi
et al. 1993). One mechanism favours the temporal widening of the ‘window’
during which follicles can respond to gonadotrophins, i.e. if growing follicles

are exposed to FSH for longer, then a greater number of preantral follicles
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will become FSH-dependent and proceed to the preovulatory stage. A
second mechanism favours an increased activation of primordial follicles,
therefore increased numbers of all growing follicles, leading to more
ovulations.

Clgaltl Mutant mice have similar numbers of small growing follicles
(Chapter 5 and Grasa et al. 2015) but more follicles at the preantral and
subsequent stages. Clgaltl Mutant follicles also exhibit increased FSH-
sensitivity in vitro (Grasa et al. 2015). Therefore, the mechanism by which
Clgaltl Mutant mice have increased fertility more likely matches mechanism
A (Fig. 8.1). However, it should be noted that the models in Fig. 8.1 refer to
sheep mechanisms, and mechanisms may vary between species. An
alternative mechanism by which Clgaltl Mutant follicles have increased
sensitivity allowing more follicles to reach the pre-ovulatory stage (not
proposed in Fig. 8.1), could be elevated FSH-R in growing follicles, which
again makes the growing follicle population more sensitive to FSH. FSH-R
expression was assessed in whole ovaries from Clgaltl Mutants, revealing
no differences between Control and Mutant at any estrus stage (Grasa et al.
2015). However, as such levels are representative of whole ovary expression,

it remains to be elucidated whether FSH-R in individual follicles are elevated.
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Poly-ovulatory Poly-ovulatory
Mono-ovulatory Mechanism A Mechanism B

Functional Functional Functional
class_ class_ class

___________

o Time (days) 180 . Time (days) 30 "o Time (days) 180

Functional class of follicies
2 = Committed

3 = Gonadotrophin-respansive
4 = Gonadotrophin-dependant
5 = Ovulatory

Figure 8.1. Mechanisms for increased ovulation rate in sheep.
Developing follicles are shown by the vertical arrows. The shaded vertical area is the
‘window’ during which growing follicles become FSH-dependent and progress to the
antral stage. Multiple ovulations in sheep are proposed to result either as a result of
mechanism A, whereby follicles have a wider ‘window’ of opportunity to become FSH-
dependent, or mechanism B, whereby recruitment of more follicles from the primordial
follicle pool results in more follicles available for further development. Adapted from

Scaramuzzi et al. 1993.

To conclude, investigations into the Clgaltl Mutant mouse revealed
novel insights into the roles of oocyte-produced core 1-derived O-glycans in
cumulus expansion, follicle development and follicle survival. Detailed
structural and molecular analysis of cumulus expansion showed that
modifications in cumulus expansion are not always detrimental to ovulation
or fertilisation. In addition, Clgaltl Mutants have altered (i) follicle growth
characteristics, (ii) levels of apoptosis-related molecules and (iii) levels of
AMH, all of which could be directly or indirectly contributing to the increased

fertility phenotype.
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Abstract

During follicle development, oocytes secrete factors that influence the development of granulosa and cumulus cells (CCs). In response to
oocyte and somatic cell signals, CCs produce extracellular matrix (ECM) molecules resulting in cumulus expansion, which is essential for
ovulation, fertilisation, and is predictive of oocyte quality. The cumulus ECM is largely made up of hyaluronan (HA), TNF-stimulated gene-6
(TSG-6, also known as TNFAIP6), pentraxin-3 (PTX3), and the heavy chains (HCs) of serum-derived inter--inhibitor proteins. In contrast to
other in vivomodels where modified expansion impairs fertility, the cumulus mass of C7galt7 Mutants, which have oocyte-specific deletion of
core 1-derived O-glycans, is modified without impairing fertility. In this report, we used C7galt? Mutant (C1galt1™:ZP3Cre) and Control
(C1galt1™) mice to investigate how cumulus expansion is affected by oocyte-specific deletion of core 1-derived O-glycans without
adversely affecting oocyte quality. Mutant cumulus—oocyte complexes (COCs) are smaller than Controls, with fewer CCs. Interestingly,

the CCs in Mutant mice are functionally normal as each cell produced normal levels of the ECM molecules HA, TSG-6, and PTX3. However,
HC levels were elevated in Mutant COCs. These data reveal that oocyte glycoproteins carrying core 1-derived O-glycans have a

regulatory role in COC development. In addition, our study of Controls indicates that a functional COC can form provided all essential
components are present above a minimum threshold level, and thus some variation in ECM composition does not adversely afiect oocyte
development, ovulation or fertilisation. These data have important implications for IVF and the use of cumulus expansion as a criterion

for oocyte assessment.
Reproduction (2015) 149 533-543

Introduction

The process of follicle development begins with the
activation of a quiescent primordial follicle and
culminates with the ovulation of a single fertilisable
egg. During the early stages of follicle development, the
granulosa cells that surround the oocyte proliferate to
form multiple layers of cells. As the follicle develops,
antral fluid is deposited between the granulosa cells
which facilitates the physical separation and differen-
tiation of the granulosa cell population into mural
granulosa cells (mGCs; which line the wall of the
follicle) and cumulus cells (CCs) that are associated with
the oocyte.

Prior to ovulation, an extracellular matrix (ECM) is
assembled between the CCs leading to expansion of the
cumulus mass that surrounds the oocyte. The expanded
cumulus mass is believed to facilitate efficient capture of
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an ovulated egg by the oviductal fimbriae and transport
into the oviduct (Chen et al. 1993, Tanghe et al. 2002).
Furthermore, oocyte quality has been linked to the
degree of cumulus expansion in humans (Ng et al. 1999).
Therefore, ECM deposition and cumulus expansion are
important for ovulation, fertilisation and implantation.
Owulation is stimulated by the release of luteinising
hormone (LH), which initiates two signalling events.
First, mGCs secrete epidermal growth factor-like (EGF-L)
peptides that bind to EGF receptors on CCs (Park et al.
2004). Secondly, also acting on CCs, the oocyte
produces soluble growth factors termed as oocyte-
secreted factors (OSFs) that are required for cumulus
expansion in mice; these include members of the
transforming growth factor beta (TGF-B) superfamily
(e.g. GDF9 and BMP15) (Su et al. 2004, Dragovic et al.
2005, Peng et al. 2013). Binding of TGF-B ligands to
cognate receptors on CCs results in the activation of

This work is licensed under a Creative Commons
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signal transduction pathways mediated via either
SMADZ2/3 or SMAD1/5/8 (Knight & Glister 2006).
Although OSFs have a central role in cumulus
expansion in mice, a similar role has not been shown
in mono-ovulatory species. Cow and ovine cumulus—
oocyte complexes (COCs) undergo follicle-stimulating
hormone-induced cumulus expansion in witro in the
absence of the cocyte, suggesting that OSFs are not
vital for cumulus expansion in all species (Gilchrist
et al. 2008, Varnosfaderani Sh et al. 2013). The role of
O5Fs in COC expansion in humans is currently unclear
{Gilchrist et al. 2008).

Following the LH surge, the activation of EGF- and
OSF-mediated signalling pathways induces CCs to
express hyaluronan synthase 2 (HAS2) and synthesise
the glycosaminoglycan hyaluronan (HA) (Fulop et al.
1997 a), the major structural component of the viscoe-
lastic cumulus ECM (Salustri et al. 1989). The organis-
ation and stability of the cumulus matrix are dependent
on cross linking of the HA polysaccharide, which is
mediated by several proteins, including pentraxin-3
(PTX3), TSG-6 (which is the secreted protein product of
TNFAIPG, hereafter referred to as TSG-6) and the heavy
chains (HCs) of inter-z-inhibitar {lal) and pre-s-inhibitor
(Pal) (Sato et al. 2001, Zhuo et al. 2001, Fulop et al.
2007, Salustri et al. 2004, Scarchilli et al. 2007).

Izl and Pzl are synthesised in the liver and transported
in serum, but their size and charge cause them to be
excluded from the follicle by the basal lamina (Hess et al.
1998). At ovulation, the LH surge initiates the break-
down of the blood—follicle barrier (McClure et all 1994,
Irving-Rodgers et al. 2002), allowing Izl and Pzl to
diffuse into pre-ovulatory follicles where the HC
components are incorporated into the cumulus ECM
(Chen et al. 1996). In cumulus expansion, the HCs are
transferred from l=l and Pzl onto HA to form covalent
HC-HA complexes; this process is catalysed by TSG-6
and occurs via T5G-6-HC intermediates (Rugg et al.
2005, Sanggaard et al. 2008). Mice that are deficient
in the expression of either bikunin (and hence unable
to assemble lzl) or Tnfaipé fail to support COC
expansion (Sato et al. 2001, Zhuo et al. 2001, Fulop
et al. 2003), indicating that the covalent modification
of HA with HCs is essential for the assembly and cross
linking of a stable cumulus ECM.

T5G-6 participates in multiple ECM remodelling
processes (Milner & Day 2003, Milner et al. 2006) and
is secreted by CCs and mGCs in response to ovulatory
stimuli (Fulop et al. 1997 b, Yoshioka et al. 2000, Carrette
etal. 2001, Mukhopadhyay et al. 2001). As noted above,
T5G-6 binds covalently to HCs during the catalysis of
HC-HA formation (Rugg et al. 2005, Sanggaard et al.
2005, 2008). TSG-6-deficient female mice lack HC-HA
complexes and are severely sub-fertile, which has been
attributed to an unstable cumulus ECM leading to an
absence of cumulus expansion (Fulop et al. 2003).
Although TSG-6 contains a link module domain
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(in common with most other HA-binding proteins (Day
& Prestwich 2002, Higman et al. 2014)) and binds
directly to HA (Kohda ef al. 1996), it is unclear whether
TSG-6 is incorporated into the cumulus ECM.

PTX3, which is also secreted by CCs and required
for ECM formation, is a multimeric protein, belonging to
the pentraxin superfamily (Garlanda et al. 2005,
Inforzato et al. 2010). COCs of PTX3-deficient mice
have disorganised CC layers and females are sterile
(Salustri et al. 2004). PTX3 has been found to interact
with HCs (Scarchilli eral. 2007, levoli et al. 2011) and 1o
play a key role in the organisation and cross-linking of
HC-HA (Baranova et al. 2014).

As described previously, compromised COC expan-
sion negatively affects female fertility in mice; in human
IVF, the degree of cumulus expansion has been shown
to be positively correlated with oocyte quality and
thus fertilisation and implantation rates (Ng et al. 1999).
However, the Clgalt] mouse model is unique since
it exhibits defective cumulus expansion, but fertility is
not compromised (Williams & Stanley 2008, Grasa et al.
2014). These observations suggest that some aspects
of cumulus expansion are redundant to successful
fertilisation and the aim of this study was to identify
these aspect(s).

Eggs ovulated from Clgalt] Mutant mice are sur
rounded by a cumulus mass that is denser and more
resistant to hyaluronidase treatment compared with
Control, indicating altered structure and function
(Williams & Stanley 2008). Interestingly, Clgalt]
Mutant mice exhibit increased fertility due to more
follicles reaching the pre-ovulatory stage (Williams &
Stanley 2008, Grasa ef al. 2014}, Clgalt] encodes the
glycosyltransferase T-synthase, also known as core 1 1,
3-galactosyltransferase (Clgaltl), which is responsible
for the synthesis of core 1-derived O-glycans (Fig. 1).
O-glycosylation is a common post-translational modifi-
cation and has important implications in determining the
structure and function of glycoproteins. O-glycans have

Core 2
C1igalt1 GCNT1 Tarminal
I;' muodifications
=) ST ST
. Core 1
Tn antigen N Caore 2
(T antigen)

DGE]NA(: OGEI .Gl.:m.c

Figure 1 Action of Clgaltl in O-glycosylation. Core 1 Bl 3-galacto-
syltransferase 1{C1galt1) catalyses the addition of a galactose molecule
to the Tn-antigen (N-acetylgalactosamine — serinefthrecnine] to form
core 1 O-glycans, which are precursors to more comples O-glycans,
Core 2 GUNTT (-1, 6-N-acetylglucosaminyliransferase) extends core 1
O-glycans by the addition of N-acetylglucosamine to form core 2
O-glycans. In the O galtT Mutant mice, socytes do not produce
Clgaltl and thus core 1-derived C-glycans are no longer synthessed

on oocyte glycoproteins.

woaw repraductionsonline.org,

200



been shown to be important in receptor signalling
iStanley 2011), cell-cell interaction (Yago et al. 2010),
cell-matrix interaction (Tian et al. 2012), and can
provide protective roles for glycoproteins against
proteclytic degradation (Fan et al. 2014). In the
Clgalt? Mutant, use of the ZP3Cre transgene enables
deletion of Clgalt] (and hence a lack of core 1-derived
O-glycans on glycoproteins) specifically in oocytes
from the primary follicle stage onwards (Philpott et al.
1987). The effects of oocyte-generated core 1-derived
O-glycans, including those of O5Fs, on surrounding CCs
have not been investigated and therefore the Clgalt?
Mutant mouse provides a good model to investigate
the role of these glycans on cumulus function.

Therefore, on the basis that the cumulus expansion
defect in Clgaltl Mutant mice does not lead to a
respective compromise in subsequent fertility (as
opposed to other mouse models with cumulus defects),
our first hypothesis was that the altered cumulus mass
was due to molecular changes in the cumulus ECM.
Changes in any of the cumulus molecules would
indicate either redundancy or plasticity in the function
of the cumulus complex. In addition, considering the
importance of the different cumulus ECM molecules
(evident from the knock-out mouse models described
previously) our novel intra-follicular approach, compar-
ing ECM molecules of individual COCs, enabled us to
determine the degree of correlation between these
molecules in Control cumulus complexes.

In this study, we demonstrate that the modified
cumulus matrix of Clgalt] Mutant COCs results
predominantly from the reduced Mutant cumulus size
brought about by fewer CCs with additional minor
changes in cumulus ECM proteins. These data have
wider implications in the field of assisted reproductive
technologies (ARTs) since selection of developmentally
competent eggs should not be judged solely by the size
of the cumulus complex and the number of CCs
surrounding an egg. In addition, using this novel method
of correlating the levels of cumulus ECM molecules
within individual cumulus complexes, we provide
evidence that considerable wvariations exist in the
composition of the cumulus ECM, which are tolerated
without adverse effects on fertility in both the Control
and the Mutant, as long as all components are present
above a threshold level.

Materials and methods
Animals and hormone treatments

Clgalt™:ZP3Cre male mice (Mus musculus) were mated with
Clgalt1™ female mice to generate CTgali?™-2P3 Cre (Mutant)
and Clgalt1™ (Contral) female mice (Williams et al. 2007).
Mice were kept in a 12 h light:12 h darkness cycle with lights
on at 0700 h. For superovulation, mice were injected
intraperitoneally  with 51U of pregnant mare serum
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gonadotrophin (PMSG, Biosupply, Bradford, UK} at 1600 h
and, 48 h later, with 5 IU of human chorionic gonadotrophin
(hCG; Chorulon, Biosupply). All experiments were approved
by the Home Office and the Clinical Medical Local Ethical

Review Committee.

Genotyping
Mice were genotyped using protocols adapted from Williams
etal (2007). Each 25 pl PCR contained 2.5 plof 100% PCR buffer
(Bioline, London, UK), 0.75 pl of 50mM MgCly solution
(Bioline), 0.5 plof 10 mM dNTP (Roche, Mannheim, Germany),
0.5 pl of each primer (Eurogentec, Liege Science Park, Seraing,
Belgium), 1 pl of genomic DNA (ear) and 0,15 pl of Tag
polymerase (Bioline) for the detection of floxed Clgaltl or
0.5 pl of Tag polymerase for the detection of the Cre transgene.
The primers used to detect the CTgaltT floxed allele were either
T51 (Williams ef al. 2007) and TS8 (TCTGCATTGAAGTT-
CATCTOT) or FB33 and FB34 (Batista et al. 2012) and the
Cre transgene was detected using primers PS502 and PS607
{Shi ef al. 2004).

Ovary collection and histology

Criaries from & to 9-week-old mice were dissected 9h
post-hCG, fixed in 10% buffered formalin (Sigma-Aldrich,
Dorset, LK) for & h and washed in 70% ethanol. The ovaries
were embedded in paraffin, sectioned at 5 pm and mounted
on glass slides.

Histochemistry and immunohistochemistry

The sections were deparaffinised and rehydrated. Antigen
retrieval was performed to enable detection of TSG-6, Ki-67
and pSMAD2? (low pH solution, Vector Labs, Peterborough,
UK} and pSMADT/5/8 (0.01 M citrate buffer). Endogenous
peroxidase was blocked with 3% MOy (Fisher Scientific,
Loughborough, UK} in PBES for 5min. The sections were
blocked with 2% FCS (Sigma-Aldrich) in PBS for 1 h before HA
detection, or with 1.5% normal goat serum (MNG3, Vectastain
ABC Kit, Vector Labs) in TBS for 1 h before TSG-6, Ki-67 and
PSMAD2 detection, or with 10% dry milk (Alcafe, Reading,
LK) i PBS for 1 h before PTX detection, or with 5% dry milk
in PBS for 2 h before HC detection, or with 5% BSA (Fisher
Scientific) in PBS for 1 h before pSMAD1/5/8 detection. The
sections were then incubated with either 0.25 mg'ml bio-
tinylated HA binding protein (bHABP (Clark et all 2011),
Seikagaku, Tokyo, Japan) at 1:50, or rabbit anti-mouse TSC-6
polyclonal anti-sera (Carrette et al. 2001) at 1:150, or 1T mg/ml
rabbit anti-human PTX3 polyclonal antibody ((Scarchilli ef al.
2007), generously supplied by Dr Antonio Inforzato) at 1:200,
or 7.6 mg/ml rabbit anti-human lzlPxl polyclonal antibody
at 1:100 (to detect HCs) {((Carrette et al. 2001, Mukhopadhyay
ef al. 2001); Dako, Glostrup, Denmark), or rabbit anti-Ki-67
antibody (Abcam, Cambridge, UK} at 1:100, or rabbit
anti-pSMAD2 polyclonal antibody (0.25 mg'ml; Life Techno-
logies, lnvitrogen, Paisley, UK) at 1:100, or anti-pSMAD1/5/E
polyclonal antibody (Cell Signalling, Beverly, MA, USA) at
1:250; all reagents were diluted in their respective blocking
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solution and incubated for 2 h at room temperature (HA,
Ki-67 and pSMAD?2) or at 4 °C ovemnight (TSG-6, PTX3, HC
and pSMAD1/5/8). The specificity of anti-pSMAD1/5/8 was
determined by westemn blot analysis of BMP2-treated Hela
and MEF cells (Cell Signalling), anti-pSMAD2 was shown
to be specific by western blot analysis of TGF-f-stimulated
HepG2 cells (Life Technologies), immunogen affinity-purified
anti-Ki-67 was assessed using immunohistochemistry with
positive control tissue (Abcam; Chen et al. 2014, Nenicu
et al. 2014). The specifities of the anti-lzl (Carrette et al.
2001, Mukhopadhyay et al. 2001, Salustri et al. 2004), anti-
TSG-6 (Carrette et al. 2001, Mukhopadhyay et al. 2001) and
anti-PTX3 reagents (Salustri et al. 2004) have all been demon-
strated by western blot analysis in the context of murine
COC extracts.

Al immunohistochemistry slides were incubated with
biotinylated anti-rabbit IgG secondary antibody (Vectastain
ABC Elite Kit, Vector Labs) for 1h at room temperature,
followed by ABC solution (Vectastain ABC Elite Kit) for
30 min at room temperature. Antigen-specific detection was
revealed using a DAB Kit (Vector Labs). The slides were then
dehydrated and mounted with Depex (VWR, Leicestershire,
UK) and imaged using the same light microscope (Leica
DM 2500, Microscope services Ltd, Woodstock, UK).

Experiments to detect HA and protein antigens using bHABP
or antibodies, respectively, were all performed a minimum
of three times.

Characterisation of cumulus complex

Molecules detected in CCs and cumulus ECM were quantified
using Image) Software (National Institutes of Health, Bethesda,
MD, USA). In Image), each pixel is given an intensity value
from 0 (black) to 255 (white); based on this, total pixel
intensity and mean pixel intensity are calculated. The values
for total pixel intensity, number of pixels, and mean pixel
intensity for each cumulus complex were all calculated and
exported from Imagej. The pixel values were then inverted,
therefore O=white and 255=black, to facilitate data
interpretation. Finally, mean pixel intensity was expressed as
a percentage (i.e. scale 0-100). To normalise to CC numbers,
the value of total pixel intensity was simply divided by
CC numbers.

To analyse the size of cumulus complexes, the section
closest to the centre of the cocyte was chosen. Cumulus area
was quantified by selecting the space occupied by CCs
(Fig. 2A), and average cumulus diameter was determined by
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Figure 2 Oocyte-derived O-glycans modify
cumulus expansion. The central section through
each cocyte was selected and the size of

the cumulus complex assessed by determining the
area occupied by the CCs (A) and by averaging the
two largest perpendicular diameters of the COC
(B). The following values were determined for
Control and Mutant COCs: size of the cumulus
area in COCs (C), average diameter of COCs (D),
total CC number making up the cumulus complex
(E), density of CC distribution in COCs (F), number
of CCs making up corona radiata (G), average
distance between adjacent CCs in the corona
radiata (H) and average distance between corona
radiata CCs and the centre of the oocyte (1). Data
are presented as mean values +s.0. (C, D, E and F):
n=16 Control and n=22 Mutant COCs. (G, H
and 1): n=13 Control and n=29 Mutant COCs.
*P<0.05; **P<0.01 and ***P<0.001. Scale bar:

50 pm.
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averaging the two largest perpendicular diameters in the
cumubes complex (Fig. 2BL. To count the total numiser of CCs
in each COC and the aumber of OO in the conona radats,
the centremost section of the COC was counterstained with
hasermatoylin (Shandon Gill 2 Haematosylin, Fisher Scientific)
and the aumbser of CCs was determined wing the count ool
in Image]. To mexsure the disance between each corona
radista CC and the distance between corona radiata CCs
and the pocyte, the straightdine tool in Image] was used.
The numisers of complexes analysed are given in respective
figure: legends.

Statistical analysis

Al bar graphs vahses are presented o meantso and
dats were analysed wing Student’s Hest (GraphPad Prism
Software, Inc., San Diego, CA, USAL A P valee of <0.05
wir considered to be statistically signifbcant. For cormeations
of BECM modecules and cumulus expansion, the coefiicient
of determination () was caboulated (GraghPad Prigm) b
establish the degree of asociation Between the variables.
An r* valee of =08 was considered 1o indicate a sirong
assnCEation.

Resulis
Cumulus expansion in the Clgaltl Mutant is reduced

Eggs irom superovulated Clgali! Mutant female mice
are surrounded by modified cumulus masses compared
with Controls (Williams & Stanley 2008). To charac-
terise and quantify the Mutant phenotype in expanded
COCs, Cigalr Mutant and Control females were
induced to ovulate using exogenous gonadotrophins.
Crvaries were collected 9h post-hCG and sections
through the centre of each were  selected
fior subsequent analysis {oocyte diameter did ot differ
between Contral and Mutant follicles, data not
shown). Analysis of these sections revealed that
cumulus mass area (Fig. 24) and diameter {Fig. 2B)
were bath significantly decreased in Mutant follicles
(~32% decrease; Fig. 2C amd ~16% decrease;
Fig. 2D ively). Cumulus cell (CC) counts further
revealed that the reduced cumulus mass area con-
tained a significantly smaller number of CCs in the
Mutant [~24% fewerl compared with Controls
(Fig. 2E).. Therefore, although the amount of s
occupied by each CC {ie. densit) did not differ in
Controls and Mutants, there was a ~ 139 decrease
in average area per CC im the Mutant, reflecting a
mon-significant increase in density (Fig. 2F).

The innermost layer of the cumulus mass is known as
the corona radiata. The number of CCs in the corona
radiata was similar in Mutant amd Control (Fig. 2G).
However, the distance between each corona radiata
CC and the distance between corona radiata CCs and
the oocyte were hoth decreased in the Mutant (Fig. 2H

and | respectively).
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Comelers BCM ©
in the Elg.alﬂ Murtant

Hawving determined that Cigalt! Mutant COCs have
smaller cumulus masses, we investigated the molecular
origin of this ph by analysing the cumulus ECM
m{rpumﬂi 'Ilm-?—tha:;zplialgcled t rnngghnut the cumulus
BECM and also around the peripheral mGCs closest to
the CCs (Fig. 3Ai). Quantification revealed that even
though the mean intensity of HA staining in the COC
was increased imthe Mutant (Fig. 3Aii), when normalised
to OC number the stain density was similar in Contral
and Mutant COCs (Fig. 3AdiTL PTX3 was also detected
(Fig. 3B0) and although mean staining intensity was
increased in the Mutant (Fig. 3Bii), intensities per CC
were similar in Control and Mutant (Fig. 3Biii). TSC-6
was detected surrounding the ©Cs (Fig. 3CH), amd the
staining intensities were comparable in Mutants
and Controls (Fig. 3Cii and iii). 21 and Pal enter ovarian
follicles fram serum and the HC components become
covalently attached to HA. The presence of HCs in the
cumulus mass was assessed using an anti which
detects bikunin and the HCs of b2l and Pal; this analysis
is hereafter referred to as HC (Fig. 30§, HC detection
revealed a similar pattern to that seen for HA, with an
increase in staining intensity in Mutants compared with
Controls (Fig. 3Dii). However, in contrast to the other
matrix components investigated here, HCs were found
to be more densely distributed in Autant cumulus BCA

red with Controls (Fig. 3Diil). Overall, these
results indicate that the CCs surmounding the Mutant
oocytes are not functionally different compared with
Controls, as they produce mormal levels of ECM

nents. However, there is evidence of molecular
and therefore strectural differences betwesn the cumulus
miatrix in Mutant and Control mice.

omposition is altered

Quantification of cumulus intracellular molecules

Cumulus expansion rel:l_:irﬁ O5F action on the CCs.
As the Clgalt! Mutant has an oocyte-specific deletion
which affects secreted core 1-derived O-glycoproteins,
we hypothesised that this mutation might directly ar
indirectly affect the function of one or more CO&Fs.
To assess the function of the O5SF involved in cumulus
expansion, we examined intracellular signalling path-
ways activated in response to TGF-f ligands (key O5Fs
are}l members of the TGF-f supErfaﬁily]: ﬂ., the
SMAD2 and SMAD1/%E pathways. Localisation of
PEMADZE was cell-associated as expected (Fig. 4A4)
and mnormalisation of the stain to OC numbers revealed
similar levels in Controls and Mutants (Fig. 4B). In
addition, the levels of pSMAD1/SE, which was also
cell-associated (Fig. 4C), did not differ between Controls
and Mutants (Fig. 40,

As modified cumulus expansion in the Clgalt!
Mutant is not associated with changes in the ability

Foproclecvos (2005 149 533543
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Figure 3 Localisation and quantification of HA, PTX3, TSCG-6 and 1ad in preavulatory cumulus masses. Localiations of (Al HA, (Bi) PTX3, (Ci) TSG-6,
(D) HCs were determined in preovulatory follicles (molecule used for detection in beackets). Respective mean pixed intensities (Aii), (8i), (Cii), (Dii)
and total pixel insensities nommalised to CC number (Aii), (Biii), (Ciit) and (Diit) were determined for each of the matrix companents. The upper
pancls of (Ai), (Bi), (Ci) and (Dx) show representative images from COCs stained with bBHABP or a peotein-specific antibody; lower panels show
sections counterstained with haemataxylin in the absence of any bHABP or primasy antibody (i.e. anly secondary desection reagents were applied).
Data are presented as mean values £ s.0. (Ali and Aiil): n=17 Control and n=21 Mutant. (Bii and Biii): n=17 Control and n=23 Mutant. {Cii and
Ciii)z n=20 Control and n= 20 Mutant. (Dii and Diiik: n=16 Control and n=21 Mutant. *P<(.05; **P<0.01 and ****P<0.0001. Scale bar: 50 pm.

Ab, antibody.

of CCs to deposit ECM, we investigated whether the
proliferative potential of CCs was altered in the
Mutant leading to changes in CC counts. Localisation
and quantification of Ki-67, a nuclear marker of
proliferation (Fig. 4E), revealed that levels of Ki-67
were similar in Control and Mutamt CCs (Fig. 4F)
indicating that cell proliferation was unaltered at 9h
post-hCG.

Correlations between cumulus expansion and
cumulus molecules

Although the requirement for HA, PTX3, TSG-6 and
HCs in cumulus expansion and their inter ndence
during ECM deposition are well described, the
relationship between the available concentrations of

Reproducnion (2015) 149 533-543

these molecules and the extent of expansion have
not been analysed in detail. In this study, we tested
whether there was any correlation between the
amount of each molecule present in the cumulus
mass (as determined by staining intensity) and the
cumulus area (Supplementary Figure 1, see section on
supplementary data given at the end of this article).
Surprisingly, in Controls, the extent of cumulus
expansion did not correlate with the quantity per
CC of HA, TSG-6, PTX3 or HCs (Supplementary
Figure 1A, B, C and D) nor did levels of OSF-induced
PSMAD2 per CC correlate with cumulus size
(Supplementary Figure 1E). Furthermore, in Clgalt]
Mutant mice, the lack of oocyte glycoproteins
with core 1-derived O-glycans did not alter the
relationship between ECM molecules or pSMAD?2
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Figure 4 Localisation and quardification of pSsasD?, pSsaln s and
Ki-&7 in precreulatory cumulus masses. Localisations of (4) pSMALE,
() pSMALAM, (E) K67 and respective total pixe] intensity
revmialised fo OC ramber (B, (09 and (F) weere determiined for Mautand
ard Cortral preovulatory follicls=. Left panels of (A), (C) ard (E) show
representative images from COCs stained with each of the protein-
specifiic antibodies; ight panels chow sectiors without addition of
primary antibody, showing no visible DWB staining. Data ane presented
as mean values £ wn. (B n=15 Conired and n=18 Mutant O0Cs,
(0} =19 Contral ard n=20 Mutant OO s, §F): m=16 Conbmd and
n=1% Mutant OOz, Scale bar: 50 gmi.

with cumulus size, as no correlations were observed
(Supplementary Figure 1F, G, H, | and [} similar o
Controls.

Correlations between different cumulus molecules

In light of the interdependencies between ECM com-
ponents during cumulus expansion (Fulop et al. 2003,
Salustri et al. 2004, Scarchilli et al. 2007), the
relatinnships between the quantities of these molecules
within individual COWCs were also investigated (Sup-
plementary Figure 2, see secfion on supplementary data
given at the end af this article). Somewhat surprisingly,
no comelation was found between any combination
of cumulus ECM profeins in either Control or Mutant
revealing unexpected flexibility in the system. As
activation of the SMADZ3 pathway in OCs is essential
for cumulus expansion, we also investigated the
relationship between the levels of CC-derived ECM
components and the levels of pSMAD2 in CCs. Again,
no correlations were ohserved in either Controls (Supple-
mentary Figure 34, B and C} or Mutants (Supplementary
Figure 30, E and FL

Discussion
Cumulus mass expansion has important roles in cocyte
development, ovulation amd is believed to facilitate
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the tramsfer of ovulated eggs to the oviduct. Indeed,
historically, ©C numbers surrounding for human
IVF have beem thought to be a wseful marker of
implantation potential (G 1998). Cumulus expan-
sing in the I:|:|||:IrE|:|'l.-'uIaI|:|r'r|.-$f‘)|:'?i'u:l:Eﬁ of mice r:::lres
paracrine signals from the oocyte, which act on CCs to
promote the formation of a HA-rich ECM. Even though
the programming of the granulosa cells surrounding
the oocyte to difterentiate into CCs is understood to be
dependent on (05Fs, the specific OSFis) critical for
regulating cumulus expansion in mice have not yet
been determined.

Or results revieal that reduced cumulus size does not
prevent ovulation and subsequent ferfilisation, as these
processes are not compromised in the Cigalr! Mutant
dsﬁile a ~321% decrease in cumulus size comparned
with Controls. These data suggest that there is a
minimum size of cumulus required, below which
ovulation and fertilisation are negatively affected. If this
is the case, then the extent of cumulus matrix expansion
within Clgalt! Mutant follicles is sufficient to support
ovulation and fertilisation. We also present nowvel
analysis of the associations between the different
cumulus ECM maolecules by determining the levels of
essential cumulus matrix molecules (ie. HA, HCs,
T5C-6 and PTX3) within individual COCs. These
analyses reveal that there are no strong comelations
either between the amount of amy one of these ECM
miclecules and the size of the cumulus mass or betwesn
the relative levels of any of the matrix components in
both Control and Mutant COCs. This suggests a highly
flexible system whereby the relative amounts of HA,
HCs, T5G-6 and PTX3 can wvary quite substamtially
but can still form a functional matrix provided that
they are all present at, or above, the minimum level
required. Furthermore, the degree of cumulus expansion
does not predict the respective levels of cumulus ECM
miclecules,

The role of the cumulus complex in supporting oocyte
maturation (e Matos et al. 2008, Lu et & 2013) has
been identified as an important factor in determining
the success of some human-ART methods (e.g. in vitno
maturation (IVM)). The low success rate of ARTs (1WA
< 35% (Ellenbogen et al. 2014) and IVF <40% (Hogue
2002 is partly atributed to the selection of that,
despite possessing a normal complement of chromo-
somes, have other impairments. Therefore, the develop-
ment of objective criteria to define oocyte quality is of
great importance. 1t has been suggested that CC
assessment can be an informative predictor of oocyte
developmental potential, becauwse CC proliferative
paotential has been positively correlated with pregnancy
rates (Gregory 1998, Khurana & Miemann 2000). The
results presented im this report indicate that the ~23%
decrease in OC mumber associated with oocytes in
Cigalt! Mutants is not detrimental to fertilisation and
implantation and therefore a reduction in this magnitude
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hal TSG6 PTX3 HA chains

Figare 5 Propased model of modified cumulus expansion in Clgalt? Mutant mice. (A) Schematic model of the interactions between HA and
HA-binding proseins in ECM from Contral COCs. 121 family proseins are transported by blood and following the ovulatory LH surge, they diffuse into
the preovulatory follicle. TSG-6 molecules, secreted by cumulus cells, act as catalysts in the transder of the heavy chains (HCs) components of 1zl
onio HA chains. HA is the structural backbone of cumulus ECM and interactions with the multimeric PTX3 and HC enable HA chain crass linking.
(B) The cumulus mass of Mutant COCs accupies ~32% less area compared with the Contral (Fig. 20), and also contains fewer CCs (Fig. 2E). In
addition, the area per CC in the Mutant is ~ 13% less than Controls (Fig. 2F). The cumulus ECM of the Mutant contains increased amounts of HCs per
CC (red arows; Fig. 3Diii), while levels of HA, PTX3 and TSG-6 per CC remain similar to Controls (Fig. 3Aii, Bisi and Ciil). The modified basal
lamina of Mutant follicles (Christensen ef al 2014) may allow the influx of mare 1ad malecules during follicle development and the peniovulasory
period (double arrows from blood vessel); this could result in increased transfer of HCs anso HA (arrows with broken boeder), resulting in a hagher
degree of HA chain cross linking. As a result, the Mutant develops a smaller, denser, cumulus mass compared with Controls. The relative sizes of the
malecules and cells and the relative sizes of each of the components of lad are not to scale, as HCs are bigger compared with the Bikunin component.
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in CC number is not a reliable assessment to predict
oocyte developmental potential. As a result, a partially
expanded cumulus complex in human ARTs may not
be the best indicator of uality.

To investigate the origin of the reduced cumulus size
ohserved in the Cigaltl Mutant, we examined two
parameters that underlie the formation of the cumulus
matrix during the pericvulatory period: i) the number of
CCs that make up the CC complex and ii) the ability of
each individual CC to produce cumulus ECM molecules.
Mutant CCMCs were shown to oooupy ~32% less area
compared with the Control, which is accompanied by
fewer CCs in the enfire complex. Furthermore, the
corona radiata CCs in the Mutant were more tightly
packed and were also closer to the oocyvte compared
with Control indicating aberrant expansion. In addition,
the area occupied per CC in the Mutant is ~13% less
than Controls, making the Mutant COC ~13% more
dense. As a result aof this, the mean intensity of HA
and PTX3 molecules was higher in the Mutant COC,
although when analysed per CC, the intensity of these
twio molecules was similar between Control and Mutant,
indicating that each individual CC in the Mutant
functions as Control. Interestingly, the levels of HCs
detected, which are the only cumulus ECM component
not produced within the follicle, were increased in
Mutants compared with Controls. An increased pro-
duction of lal, and thus HC, by the liver due ta the cocyte
madification is unlikely. However, it has been observed
that the basal lamina of Mutant follicles is altered
durirg%afnllicle development (Christensen ef al. 2014).
Therefore, in these mice the basal lamina may be
permeable to lxl even in the absence of an ovulatory
stimulus, such that the infrafollicular presence of lal,
and hence HCs, is elevated compared with Controls
during the pericvulatory period. Increased levels of
HCs could result in more extensive HA cross linking
(Baranowa ef al. 2014) and hence a more compact
cumulus matrix. Therefore, although CCs in Clgalt!
Mutant mice appear functionally normal, as demon-
strated cumulus intracellular signalling pathways
and the ability of OCs to produce ECM components,
the combined effects of fewer CCs and more HCs
could result in the production of a cumulus matric
with altered nisation in CTgalt! Mutant mice (see
proposed mnﬁain Fig. 5).

The decreased number of CCs in Mutant preovulatory
follicles suggests that these cells have an altered
proliferative potential, but there was no difference in
Ki-67 levels between Control and sMutant. However, the
reduced CC number in Mutant follicles s 15 that:
il there was altered proliferation of CCs in Eaﬁier stages
of cumulus expansion, or i) there were fewer somatic
cells associated with the oocyte from the outset, or
iii} CC apoptosis is elevated in the Mutant resulting in
fewwer COCs at 9 h post-hCG. The second hypothesis is
consistent with the characteristics of Booroola sheep that
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exhibit increased fertility (similar o Cigalt! Mutant
mice) resulting from heterozygosity of a mutation in
bone morphogenetic protein receptor 18 (BMPR1B; a
receptor for TGF-fi superfamily molecules). In these
sheep, the increased number of preovulatory follicles
is anied by a smaller number of granulosa
cells per follicle, resulting in fewer cells contributing to
the cumulus complex (McMatty & Henderson 1987).
However, as SMAD signalling (activated by TGF-B
supertamily molecules) was unaltered in C1gait! Mutant
mice, it is unlikely that TGF-f signalling is modified at
this stage by the oocyte-generated core 1-derived
Oglycans, including those of O8Fs. This does not rule
out changes in COC signalling at earlier stages of Mutant
follicle development which may be the origin of the
reduced number of CCs.

In conclusion, the absence of core 1-derived
O-glycans from oocyte-expressed glycoproteins has
effects on the whole follicle that are evident from
il greater levels of HCs of 1zl and Pal in the follicle and
i) altered mumbers of CCs. This highlights the critical
role of the oocyte in follicle development. The effects
of Clgalt! deletion on the cumulus mass surrounding
the oocyte could be a direct result of changes in the
05Fs that determine the proliferative potential of CCs
or an indirect outcome relating to the effects of O5Fs
on EGF-ligandsEGF-receptors, whereby if these are
altered, the LH signal is not properly transmitted to
CCs. The observation that mouse COCs with reduced CC
numbers can function nomally without compramising
the developmental potential of oocytes is intriguing
and raises the question of why do Control COCs have
an apparent excess of CCs? In addition, it will be
interesting to investigate whether this observed CC
redundancy in mouse COCs applies to human COCs,
in which case, assessment of the cumulus complex
as an indication of oocyte quality for IVF needs o be
used with caution. Finally, the lack of any strong
correlations between the levels of different ECM
molecules relative to each other or to the size of the
cumulus mass indicates that, providing the minimum
requirements for matrix formation are met, this system
possesses a high degree of flexibility. It remains to be
determined wtl'ghelherEThE specific EI;IITEEEiDﬂ patterns of
individual ECM molecules by human CCs might be
predictive of oocyte quality.
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Oocytes lacking O-glycans alter follicle development
and increase fertility by increasing follicle FSH
sensitivity, decreasing apoptosis, and modifying

GDF9:BMP15 expression

Pairicia Grasa, Panayiota Ploutarchou, and Suzannah A. Williams'
Muffield Department of Obstetrics and Gynaecology, University of Oxford, Women’s Centre, John

Radcliffe Hospital, Oxford, United Kingdom

ABSTRACT The number of eggs ovulated varies within
and between spedes and is influenced by many variables.
However, the regulatory mechanisms remain poorly un-
derstood. We previously demonstrated a key role for the
oocyie becanse mice generating oocytes deficient in core
1-derived ovulate ~40-50% more eggs than
Controls. Here we analyze the basis of this phenotype usi
Mutant [core 1 #1,3-galactosyltransferase 1 (Clgaltl)'":
zona pellucida glycoprotein 3 Cre (ZP3Cre) | and Control
{C]'guEtI"'} female mice. In culture, Mutant follicles ex-
hibited delayed antrum formation [ndicative of follicle
extended, comprehensive endocrine changes were not
observed; rather FSH, LH, inhibin B, and ant-Mullerian
stage-specific modifications to the hypothalamic-pituitary-
gonadal axds. At proestrus, when FSH levels were deareased
in Mutants, ovaries contained more, smaller, preantral
follicdes. Mutant follides exhibited reduced levels of apo-
ptosis, and both B-cell mphoma 2 (Bel2) and BCL-2-
Controls. Mutant ovaries also had an increase in the ex-
pression ratio of growth differentiation factor 9 (GDFS):
bone morphogenetic protein 15 (BMPI5) at diestrus. On
the basis of these data, we propose that modified oocyte
ghcoproteins alter GDFR:BMPIS expression modifyving
follide development resulting in the generation of more
follicles. Thus, the oocyte is a key regulator of follicle de-
velopment and has a crucial role in iming ovulation
rate.—Grasa, P, Ploutarchou, P., Williams, 5. A. Qocytes
lacking Otglyeans alter follicle development and increase
fertility by increasing follicle FSH sensitivity, decreasing
apoptosis, and modifying GDF3:BMP15 expression.
FASER J. 29, 525-539 (2015). www.fasebj.org

Abbreviations: ALRG, activindike kinase 6; AMH, anti-
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THE vreer LT oF FEMALE fertility in mammals is limited by
the number of eggs ovulated. However, the mechanisms
that regulate the ovulation rate (OR) of each species re-
main unclear (1), Each ege develops within an ovarnan
follicle and becanse follicle development takes multple
estrows cveles, the ovary contains many follicles at all dif-
ferent stages of development. Follicle development is
a complex and highly regulated process and has many
different developmental stages that are both morphologi-
cally and molecularly distinct. The process of follicle de-
velopment starts when a primordial follicle, containing
a meiotcally arrested ooovie, s recruited and begins o
grow. Each follicle that enters the growing pool has 1 of 2
outcomes: either full development accompanied by pro-
liferation and differentiation of granulosa and theca cells
until the follicle reaches the preovalatory stage or death
(2). Follicle death ocours via programmed cell death
known as apoptosis, which is regulated by distinct protein
families such as the Boell hmphoma 2 (Bel-2) famaily (3-5) .
Bel-2 is antiapoptotic, promoting cell survival (6), whereas
BCL-2-associated X protein (Bax) is proapoptotic (7)., and
both have been shown to be important in ovarian follicle
apoptosis (8, 9). Although the levels of the different pro-
and anti-apoptotic molecules are important, it s the rado
of Bel-2 to Bax that determines cell susceptibility to apo-
prosis; a lower ratio, and thus dominance of Bax over Bel-2,
denotes accelerated apoptosis (10). Inital follicle de-
velopment does not require gonadotropins although fol-
licles are able o respond to follicle stimulant hormone
(FSH) (11-13), whereas antral follicles are dependent on
FSH (12, 14, 15). The vanstion of preantral to antral fol-
licles also requires FSH and involves morphological separs-
tion and differentiation of preantral granulosa cells into the
cumulus cells, which surround the oocvte, and mural gran-
ulosa cells, which line the follicle, by the formation of a fluid-
filbed cavity known as the antrum (16). The ability of a follicle
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toy develop from the late preantral to the preovalatory stage
depends on the sensitivity of the follicle w FSH, as well as
serumn concentrations of this gonadotropin (17, 18).

Follicle development is regulated by endocrine signals
but i also modulated by a number of locally produced
intra-owarian factors that act in both paracrine and anto-
crine ways (19, 20). The oocvte iself plays an active mole in
this regulation through coovite secreted factors that act on
granulosa and theca cells (21-25). Many of these intra-
ovarian regulators belong to the TGES superfamily (20,
27). Some of these factors including inhibins, activins, and
anti-Mullerian hormone (AME, also known as Mullerzan
mhubiting substance) are secreted by granulosa cells and
modulate the response of the follicle o gonadotropins,
AMH inhibits both primordial follicle growth & o
(28, 29) and FsHstmulated follicle growth in wiro and in
vivo (30). Among the ooovespecific factors, growth dif-
ferentiation factor 9 ( GDEFD) is required for primary follicle
progression, because GDFRnull mice are infertile due o
an arrestat this stage of folbicle development (21, 31). Bone
morphogenetic protein 15 (BMP15), also oocytespecific,
induces granulosa cell proliferation in wiro (32, 35); how-
ever, its acton varies between species (34). Mice deficient
in BMP15 are subfertile, whereas sheep heteroevgous for
BMP15 exhibit an increased OR and sheep lacking BMP15
are completely infertle (35). GDFY and BMP15 also act
symergistically o regulate follicle development (36-38).
Furthermore, the ratio of these growth factors o each
other has been implicated in the speciesspecific regula-
o of OR (39).

Orulation rate in mice is relatively consistent within each
strain, and studies investigating the regulation of follicle
development in transgenic knock-out/4n or mutant mice
have resulted almost without exception in decreased fe-
male fertility as reviewed by Barnett (40). However, since
that review was published, we described a transgenic
mouse model that exhibits a sustained increase in OR
and fertlity (41). This phenotype results from oooptespecific
ablation of core 1 B1, 3-galactosyltransferase 1 (also known
as T-synthase, Clgaltl), which is required for the genera-
tion of core 1—derived Crglyeans. Ovaries from Clgali ]
Mutant mice generate ooccvtes that lack T-symthase
from the primary follicle stage onward by deletion of
floxed alleles by Cre recombinase under the control
of a rona pellucida glveoprotein 3 (£P3)  promoter.
Clgalt] Mutant ovanes generating oocytes lacking core
1 Bl 3galactosyliransferase contain higher numbers of
developing follicles; this is not cansed by altered re-
cruitment of primordial follicles because gene deletion
occurs after this stage (41). Since we first described
this Mutant in 2008, a few other mouse models have
been described with increased fertility (42-46). Mice
lacking GPCR 149 (Gprl49), an oocyte enrnched
transcript, have higher numbers of developing follicles

(eonitineied from frevious page)

FsH, follicle stimulating hormone; FSHE, follicle stimulating
hormone receptor; GDFY, growth differentiation factor
Gprldd, GPCR 1449; IVC, individually ventilated cages; LH,
luteinizing hormone; LHE, LH receptor; OR, ovulation rate;
Ppibl, peptidvlproly] isomerase B (cyclophilin B); RIA, radic-
immumnoassay;, TINFe, tumor necrosis Bactor o T-snthase, core 1
Bigalactosylransierase; ZF3, zona pellucida ghvooprotein 3
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and exhibit an enhanced OR, which 1s associated with
an increase in GDFY and FSH receptor expression (42).
Tumor necrosis factor (TNF-o)—deficient mice have
increased fertility, ikely resulting from altered follicle
development because ovaries contain more developing
follicles (45). A decrease in granulosa cell apoptosis
could be the cause of the increased fertlity of aguaporin-
B—deficient females (43), whereas mice heterosvgous
for deleted i arocspermirlike (DAZL) exhibit an in-
creased OR associated with an increase in sensithaty of
the folliclke o FSH in culire (44). Overexpression of
Forkhead box O3 (FOXO3) in oocvtes attenuates the
postnatal decline of primordial follicles resuling
enhanced fertility (46). Using a different approach,
outhred mice lineswith high fertlity have been obtained
by selective breeding for more than 40v (47).

The aim of this study was to determine the mechanism of
the increased fertility phenotvpe in females with oocyte-
specific deleton of Clgalt] by evaluating follicolar de-
velopment, apoptosis, the endocrnology, and expression
levels of ovarian regulators of female fertility.

MATERIALS AND METHODS
Mice

Female mice with floxed Clgalt! alleles l:{.‘Igu'JHFF} were mated
with males f.'fga.MF'F carrving a £P3Crerecombinase transgene, to
obtain Control Clgaltl”™ and Mutant (.‘Ignﬂ'fF'_lFfiﬁw females
(41). The LP3C ransgene does not affect ferilite (43, 49). Mice
were maintained in indvidually ventilated cages (IVC) in 12212 h
lighedark oyces. Bedding from mabe cages was added o female stock
cages weekly to ensure females maintained normal esrous cycles
in the absence of males (30, 51). All experiments were approved by
the Home (ifice and the Local Ethical Review Comumitiee.

Genotyping

Mice were genotyped using protocols adapted from Willkams & al
(49). Each 25 pl PCR reaction contained 2.5 ulof 103 FCR buffer
(Bioline, London, United Kingdom), .75 gl of 50 mM Mgl
solution (Bioline), 0.5 ul of 10 mM deoxyribonucleotide -
phosphates {Eoche, Mannheim, Germany), 005 ul of each primer
{Ewrogentec, Liege Science Park, Belgium), 1 wlof genonmic DNA
{ear), and 0.15 gl of Taq pobmerase {Bioline) for the detection
of floxed Clgalt! or 0.5 ul of Taq polymerase for the detection of
the Creransgene. The primers used o detect the Clgalt ] floxed
allele were either TS1 (49) and TS8 (TCTGCATTGAAGTT-
CATCTGT) or FB33 and FB34 (52), and the Cre ransgene was
detected using primers PSH02 and PS607 (45).

Estrous cycle evaluation

The estrous cycle of female mice has 4 distinct stages (proestms,
estras, metestnas, and diestnis) identified by the analysis of the
cell types present in the vagina (53). Estrus cyclicity was evaluated
in & to 1awk-old Control and Mutant females by daily analysis of
vaginal smears collected between S0 and 10200 as. Vaginal cell
smears were obtained by rinsing the vagina with 100 ul of 0.94%
sodlium chloride, which was placed on a glass slide, air dried, and
staired with Giemsa (Sigma-Aldrich, Dorser, United Ringdom).
Cell tvpe was evaluated, and the stage of the estrous oycle was
determined. During diestrus, vaginal washes were characterized
by high leukocyte content, whereas during proesims nucleated
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Figure 1. Estrous cycle evaluation. A) Representative images of

Ciemsa-siained vaginal smears at proesiris, esiris, metesirs,
and diecstrus. Estrous cycle was evaluated by cvologic
examination of Giemsastained vaginal smears. During di-
estrus, vaginal washes were charactenized by high leukocyte
content, whereas during proestrus clhsters of nucleated
epithelial cells appear. Estrus was ideniified by the presence
of cornified enucleate cpithelial cells present in densely
packed clusters, and in metestrus cornified epithelial cells and
pelimorphonudear leukocytes are seen. ) Graph showing
the wotal lengih of estrous cycle in Control (white) and Muano
{black) females and the tme spent in cach stage of the cycle.
Conmrol, »n= 65; Mutant, r» = 50,

epithelial cells appear. Estrus was identified by the presence of

cornified enucleate epithelial cells, and in metests leukooyte
infiliration staris (Fig. LA). Smears were used to establish that an
animal was having regular cycles, as evidenced by at least 2 com-
plete estrous cycles, before death and sample collection.

The onset of pubernty was determined as the day of vaginal
opening. Control and Mutant females were examined daily
from 5wk of age.

Tissue and serum collection

Ciontrod and Mutant 5 to 1awk-old females were anesthetized by
intraperitoreal injection of 5 el of pentobarbitone sodim W%
{w/v) (Animalcare Lid, York, United Kingdom), and blood was
collecied by cardiac punciure between 1000 as and 2:00 pa.
Blood samples were kept at room temperaiure for 90 min o
coagulaie and then cenirifuged ar 2004 %Jlnr 15 min. The serum
was collected and samples stored at —70°C uniil analysis. The
right ovary was fixed in 10% budfered formalin {‘ILELTBMM]'[}
for 8 h, whereas the left ovary was snap frozen in liquid nitrogen
and kept at —T0°C until RNA exiraction.

Fuollicle culture

Crvaries from 5 o dwk-old Control and Mutant females were
dissevted in Leibovitz L-15 medium (Hycdlone; Thermo Fisher
Scentific, Loughborough, United Kingdon) supplemented with
3 mg/ml bovine serum albumin (BSA; Sigma-Aldrich), weder
a stereomicroscope on a heated stage (Leica M125; Microscope
Services Lud., Woodstock, United Kingdom). Preantral follicles
with a diameter of 200 = 10 pm were placed individually inio
awell ol a %well plate cach containing 30 gl e-minimal essential

OOCYTE GLYCOPROTEINS REGULATE FCLLICLE FUNCTION

medium (Hyclone; Thermo Fisher Scientific) enriched with 5%
fetal bowine serum (Biosera, Ringmer, United Kingrom), 25 wg/ml
(142 pM) asscorbic ackd (Sigma-Aldrich), and 0.1-5 IU/ml
recommbinant human FsH  (GonalF, Merck Serono, Feltham,
United Kingdom), and covered with 75 gl of silicone oil {Dow
Coming thud; VWR International Lid., Lutterworih, United
Kingdom) {54). The B6awel] plates containing the culiure medium
owverlaid with oil were placed in the incubator i equilibrane at 3770
with air containing 5% C0g, for at least 2 h. Follicles were cultured
for wp o 6 d with mansfer 1w a new well with fresh pre-equilibrated
medium every day. Follicle diameter was measured using a pre-
calibrated ocular micrometer. Morphology, follicle survival, and
the presence of an antral cavity were abo evahmated. A wial of 44
mice were wsed for the smdy: 22 Control and 22 Mutant. Only
viable follicles that grew beyond day 2 were included inthe analysis.

Serum analysis

Serum levels of FSH, LH, estradiol, inhibin A, inhibin B, AMH,
progesterone, ad testosterone were determined by the Center
for Rescarch in Reproduction ar the University of Vieginia
{Ligamd Assay and Analysis Core Laboratories, [J'larh'.»ltcwﬂlc

VA, USA). ‘l.-'ﬂ'l.crmtr Pl:ﬁﬁ.lﬂﬂ the same sample was analyzed for
muliiple hormones with LH, FSH, estradiol, inhibin A, and in-
hibin B asessed in the same sample for 84 of 101 samples. Go-
nadotropin levels were asayed with a FSH/LH Muliplex assay.
The reportable range for FSH was 2 430000 ng/ ml, with an inora-
assay cocfficient of variation (CV) of 7.9% and 3.5% for low and
high coniral samples, respectively. Mouse LH had a readable
range of 0. 24-30.0 ng/ml, with a CV of 2.4% and 4.0% for low and
high control samples, respectively. Progesterone and testosterone
seTUm  concentrations were measured by radiolmmunoassay
(RIA), with a repomable range of 0.089-13.9 ng/ml and 1.06-
94.74 ng/ml, respectively. The CV for the low and high controls
assayed for testosierone was 6.8% and 006%, respectively. The CV
for progesterone was 2.7% and 4.2% for low and high control
samples, respectively. Estradiol, AMH. inhibin A, and inhibin
B were assaved by ELISA. The readable range for estradiol was
5500 pg/ml and had a OV of 1.5% and 12.8% for low and high
control samples, respectively. The OV of AMH was 16.1% and
4.4% for low and high control samples, respectively, and had
a reportable range of 0.1 7-24.0ng/ml. The inhihin A assay had
a CV of 4.1% and 1.6% for low and high control samples, re-
spectively, and a reportable range of 10-1000 pg/ml. The read-
ahle range of inhibin Bassaywas 9 4-951 0 pg/ml, and the CVwas
13.2% and 3.2% for low and high control samples, respectively.

Owarian histology

Formalin-fixed ovaries were paraffin embedded and sectioned
(5 pm). Every 1ikth serial section was counterstained with hema-
toeeling (Shandon Gill 2 hematoxyling Thermo Fisher Sciennfic)
and eosin {Sigma-Aldrich), mounted, and photographed using
a DM 2500 Leica microscope (Microscope Services Lid.) and
a MicroPublisher 5.0 KTV camera ((Qimaging: Microscope Serv-
ices Lad ). Owvaries at procstrus and metesirus were assessed,
and follicles were classified according to Pedersen and Peters
(55) based on the number of granulosa cells in a central sec-
tion through the oocyte nucleus. Primary follicles have a single
layer of cuboidal granunlosa cells and include tvpes 3a (=20
granulosa cells) and 3b (2160 granulosa cells). Type 4, also
known as secondary follicles, corresponds to follicles with 2
layers of granulosa cells (61-100 granulosa cells). Preantral
follicles contain multiple layers of granulosa cells and include
type 5a (101-200 granulma cells) and type Ghb -[JLIIl—'HHI gran-
ulosa cells). Types 6 (401-600 granulosa cells) and 7 (=600
granulosa cells) were grouped as antral follicles; ivpe 6 contains

527

213



arcas of antral fluid, whereas type 7 has a larger single antral
cavity. To discriminate follicles showing an early antral cavity, 2
new types, Satantmm  (5a+A) and Shdantrum (5b+A), have
been introduced in this study. Where follicles were com-
bined o a group known as antral follickes, types ba+A, bb+A, G,
and 7 were inchided. Only morphologically healthy follicles
sectioned through the center of the cocyvie with avisible nucleus
were analvzed. The number of granulosa cells present in small
follicles (3a, 3b, 4, and 5a) were counted twice using microscopy
at >4 magnification. To determine the number of granulosa
cells from larger follicles {5b, G, and 7), high magnification
images were used. The presence of a small antmm was recor-
ded, and antrum size was expressed as the number of granulosa
cells that would be required to fill the antral space. The number
of corpora lutea (CL) in each ovary was recorded, and CL
area was determined in the largest cross section using Image]
{Mational Institutes of Health, Bethesda, MD, USA).

Immunohistochemistry

Onvaries from & o ibwk-old mice were dissected, and the stage of

the estrous cyele of the mice was determined as described above.
The ovaries were fixed in 10% buffered formalin (Sigma-Aldrich)
for & h and washed in 70% ethanol. Ovaries were embedded in
paraffin, sectioned at 5 pm and mounted on glass slides.

Sections were de ized and rehydrated. Endogenous
peroxidase was hlocked with 3% Ha(y {Thermo Fisher Scientific)
in PBS for 5 min. Sections were blocked with 109 drymilk (Alcate,
Feading, UK) in PBS for 1h prior to Bel2 detection orwith 5% BSA
{Thermao Fisher Scientific) in PBS for 1 h prios i Bax detection.
Sections were then incubated with either rabbit antHmouse Bel2
polyclonal antibody (PRS3535; Sigma-Abdrich) at 150 or rabba
ant-mowse Bax polyclonal antibody (SABAS0E254Y; Sipma-Aldrich)
at L1k Both antibodies were diluted in their respective blocking
selution, ared incubations were at 47C overnight.

All immunohistochemistry slides were incubated with bio-
tinylated anti-rabbit 1gls secondary antibody (Vectastain ABC
Elite kit; Vector Laboratories, Peterborough, United Ringdom)
for 1 b at room temperature, followed by ABC solution {Vectas-
tmin ARC Elite Kit Vector Laboratories) for 30 min at room
temperature. Antigen-specific detection was revealed wsing a
DAB kit {(Vector Laboratories). Slides were then delwdrated,
mounted with Depex (VWE, Leicestershire, United Kingdom),
and imaged wsing the same light microscope (Leica DM 25000,
Microscope Services Lid. ).

TUMNEL assay

Apoptosis was detected using TUNEL staining  (Apoptag kit
Watford, Hertfordshire, United Kingdom) on 10¢%  buffered
formalio-fimed  ovary sections. Sections were  deparaffinized,
rehydrated, and incubated with 20 pg/ml of Proteinase K {Roche
Digmastics, Welwyn Garden City, Hentfordshire, United Ringdom)
for 15 min at moom temperamire. Endogenous peroxidase
was blocked with 3% HyeOy (Thermo Fisher Scientific) in PBS
for 5 min. Equilibration buffer was added to the sections for
10 min at romm temperamre. Sections were then incubated with
30% terminal decsgmuclentidy] transferase eneyme in reaction
buffer for 1 h at ‘-i""\f. Control sections were nu:ubau:d with
reaction buffer only. All sections were then incubated with Swop/
Wiash bauffer for 10 min at room temperature, and then ant-
digoxigenin conjugate was added to the sections for 500 min at
rooim temperatre. Antigen-specific detection was revealed using
a DAB kit (Vector Laboratories). Slides were then debydrated,
mounted with Depex, and imaged using the same light mi-
croscope [Leica DM 2504 Microscope Services Lid. ).
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Characterization of follicles assessed for apoptosis

Omly morphologically healthy follicles sectioned through the oo-
oyvte were analyred. Slides were counterstained with hematoecylin
{‘i‘la.udnn Gillg Hematosyling Thermo Fisher Scientific) to enable
visnalization of follicle h:smlag} and orll boumdaries. The mumber
of granulosa cells was counted (using the count tool of Image |
software) to classify follicles as pe 4, 5a, Sa+A, 5h, ShedA, and
6 (described above). To quantify Bel-2, Bax, and TUNEL assay
in follicles, mean pixel intensity of the granulosa cells of individ-
ual follicles (excluding antmum and ococvte) was determined
using Image].

REMNA extraction and real-time PCR
RNA extraction and clINA synithesis

Total RNA was extracted and purified from ovaries at each stage
of the estrous cycle, using the NucleoSpin RNAC I kit (Thermo
Fisher Scientific), and the quality and quantity of exiracted RNA
were then assessed using Nanodrop. Firstsorand cDMA was syn-
thesized using the Superscript kit (Life Technologies Limited,
Paisley, United Kingdom). Random primers were used at a con-
centration of 250 ng/ul, and 0.5 ug of toial RNA was used in
cach reaction. Samples were made in triplicate, and 2 controls
were synthesized: 1 devoid of BENA and 1 without reverse tran-
SCTIHASE CIEVINe.

(Juantitalive PCR

The expression levels of GDFY, BMPL5, FSH receptor (FSHE),
LH receptor (LHE), and cyclophilin B [peptidylprolyl isomerase
B (FPpil); as a reference gene] (56, 57) were quantified by SYBE
Green quantitative PCR (MESA Green qPCR kit Eurogentec).
Primers were synthesized from the 5 to 37 end, and the sequences
were as follows: CDFS forward, TAC CGT OOG GUT CTT CAG T
GOFS reverse, TTA AAC AGC AGG TOC ACC ATC: BMPES for-
ward, CACG TAA GGC CTO OCA GAG GT; BMPIS reverse, AAG
TTGATG GOG GEA AAC Ay FRHR forward, OGO AAA GGO
AAA GG CCA GO FSHE reverse, ACA GGA GUA GGE TGO
GAT G LHRforward, TAG TOGGGO GAG GUC AGC TG, LHR
reverse, UGG GTO COG GUT CTG AGA CA; Pl forward, TG
AGA GOA OCA AGA CAG ACA; PRilt reverse, TGO CGG AGT
CGACAATCA T, All primers were tested by PCR to evaluate their
specificity. Several dilutions of cDNA samples were tested, and a
125 dilution was selected for amplification. The total vohones of
reagents used per well were 10 gl of 23 reaction balfer, 0.5 gl of
the forward primer, 0.5 gl of the reverse primer, 8 gl of water, and
1 gl of the cDNA sample. Experiments were performed using an
ABRI Prism 7500 reaHime PCR instrument {Applicd Biosystems,
Life Technologics Lid., Pakley, United Kingdom). Gene ex-
pression data were nonmalized using Fpill as the reference gene
for the ovary (56, 57).

Staristical analysis

Al data are presented as mean + sew. Control and Mutant data
were compared using { tests. For data that did not have a normal
distribution or if the sample size was small, a Mann-Whitney Lltest
was performed. The Pearson correlation coctficient was caleu-
lated vo assess correlations berween 2 variables (e, follicle di-
amcter and day of culture i vitre, and number of granulosa cells
and antnum size in vioe), with an Fvalue of 1 indicating a perfect
correlation and a value of I indicating no comrelaton. All statis-
tical analyses were performed using Prismn GraphPad software
version 4.0b (version 4.0b, 2004; GraphPad Software, La Jolla,
CA, USA). P = 005 was considercd significant: however, if the
Pvalue approaches significance, it is provided in the figures.
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RESULTS

Clgalt] Mutant females have longer cycles due to an
increased time in estrus

The increased fertility phenotype of Clgalt] Mutant
mice was proposed to result from prolonged follicle de-
velopment (41). To assess whether the proposed pro-
longed follicle development is related to cycle length, the
stage of cycle was determined daily by analysis of vaginal
smears (Fig. 14). Analyses confirmed that Mutant females
have longer cycles (4.95 = 0.10 d) than Control females
(4.60 * 0.04 d. P < 0.05) due to an increased tme at the
estrus stage (P < 0.01: Fig. 18). However, the onset of
puberty did not differ between Control (31.4 = LOd of age,
n= 18) and Mutant females (31.8 * 1.0 d, n=24).

Follicles with oocytes lacking Clgalt] are more
sensitive to FSH in vitro

Since the estrous cycle is determined by follicles growing
in the ovary, follicle development was assessed in vitro
in different concentrations of FSH (5, 25, 05, and
0.1 TU/ml). In excess FSH (5 and 2.5 IU/ml), Control
and Mutant follicles showed similar growth rates (Fig.
24). In contrast, the growth of Control follicles cultured
with 0.5 IU/ml FSH was retarded from day 3 onward. On
day 6, the mean diameter of Control follicles (3154 *
47.7 pm) was less than Mutant follicles (337.7 = 7.2;
P < 0.05). In the lowest concentration of FSH analyzed,

A . 5UImIFSH 200, 2.51U/mil FSH

i —~a80
S 5.
5 B
g= ™
& 20 Bam
e
'33. 1 234886 ‘mo 1 234656
Days of culture Days of culture

R P<0.01

gs -
2 6200000 PPy
e

“hhna

SZ covawon ana

&

400 0.51U/mi FSH

0.1 TU/ml, Mutant follicles grew larger than Controls
from day 4 to day 6 of culture (Fig. 24).

Follicles with oocytes lacking Clgalt] exhibit delayed
antrum formation

A crucial aspect of follicle development is antrum forma-
tion, and therefore, the day the antrum was first observed
in cultured follicles was assessed by image analysis (Fig. 2B)
inexcess FSH (51U /ml; Fig. 20). Although Mutant follicles
demonstrated a greater sensitivity to FSH in witro (Fig. 24),
when growth was equivalent in excess FSH, antrum de-
velopment was delayed (3.6 = 0.2 d) compared with
Control follicles (2.7 = 0.2 d, P < 0.01; Fig. 2C). How-
ever, the follicle size at which an antral cavity is first
detected in witro did not differ between both Control
(3029 = 4.5 pm) and Mutant follicles (3009 * 3.8 pm)
(Fig. 2D). There were no correlations between the size
of early antral follicles and the day of culture in Control
(R = 0.332) and Mutant follicles (R = 0.007; Fig. 2F).

Endocrine profile of Clgalt] Mutant females is modified

To investigate whether the changes in Mutant follicle de-
velopment are reflected in changes in the endocrine pro-
file, the serum levels of FSH, LH, estradiol, inhibins Aand B,
AMH, progesterone, and testosterone were measured at
each stage of the estrous cycle. None of the hormones
analyzed showed a uniform increase or decrease at all 4

Figure 2. In vitro follicle growth
and antrum development. A)
Follicle growth during 6 d of
cultwre with 5, 2.5, 0.5, and
0.1 IU/ml of FSH (Control,
open circles; n = 27, 19, 26,
and 17 follicles: Mutant, black
triangles: n = 29, 24, 24, and
24 follicles for 5, 2.5, 0.5, and
0.1 1U FSH, respectively. Fol-
licles with a diameter of 200 =
10 pm were obtained by dissec-
tion of ovaries from 3- 1o 4-wk-
old females. Follicles were
placed in individual wells of
a 96-well plate, cultured for 6 d
in the presence of FSH, and
transferred daily o a new well
with fresh medium. Follide
di T was ed daily
using a precalibrated ocular
micrometer. B) Representative
images of follicles at days 0,
3, and 6 of culture with 5 IU
FSH. Black amows indicate an-
tral spaces. €) Day of culture
when an antral cavity s first
observed in follicles cultured
with 5 IU FSH. D) Follicle size

<00+ 0.11U/ml ESH

Control Mutant

2 3 4 5 6

when the antrum is first ob-
Day of culture

served. E) Relationship between

the day of culture when a cavity is detected and follicle diameter in Control (solid line) and Mutant (broken line). Control, n =

25; Mutant, n = 20. *P < 0.05, **P < 0.01.
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to Control samples and black bars o Mutant samples. The numbers in each column indicate the sample size.
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developmental stage.

stages of the estrous cvele in Mutants compared with Con-
trols, However, FSH concentrations were lower in Mutant
females at the proesorus stage (Fig. 3), whereas LH was also
decreased at diestrus and metestrus, Despite the decrease
i FSH concentrations in Mutant females at proestrus,
neither estradiol nor inhibin A or B concentrations were
sgmificantly increased. However, inhibin A and estradiol
were norssignificantly elevated, and therefore, the com-
bined influence of these 2 hormones most likely led wo the
decrease in FSH dunng proestrus. In contrast, inhibin B
levels were significantly decreased during the hoeal phase.
Granulosa cell generated AMH levels were higher in
Mutanis at proestrus and lower at estrus, Concentrations of
testosterons and progesterone in Mutants were unaltered
at all 4 stages of the estrous cycle.

OOCYTE GLYCOPROTEINS REGULATE FOLLICLE FUNCTION

Clgalt]! Mutant ovaries contain increased numbers of
preantral follicles at proestrus containing fewer
granulosa cells

To relate the changes in endocrinology o follicle de-
velopment, the number of follicles at each stage of
development in postpubertal Conrol and Mutant females
was evaluated at 2 stages of the estrous cyvele. Proestrus and
metestrus were selected because they represent the first
day of the follicular and luteal phase, respectively. No
differences were found between the number of Control
and Mutant follicles at any of the developmental stages
(Fig. 44, B). However when follicles were grouped in
primary {3a-3h), secondary (4). preantral (5a=5h), and
antral [5a and 5bwith precocious antrum (Sa+A, SbeA)
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and 6-7] Mutant ovaries contained more preantral fol-
licles at proestrus (F < (005; Fig. 40C) compared with
Controls. However, this increase in Mutant preantral
follicles was not evident at metestrus (Fig, 400). The
number of follicles at each developmental stage, com-
pared between the 2 stages of the estrous cvele, did not
differ in Controls or Mutants,

To determine whether follicle size was altered by
oocytes lacking core l-derived Oglyeans, the number
of granulosa cells present in follicles ar each de-
velopment stage was evaluated. At proestrus, large
preantral (5b) follicles in Mutant ovaries contained
less granulosa cells (2585 * 9.1) than Control follicles
(2895 * 14.5; Fig. 4F). In contrast, 3a and 5a Mutant
follicles contained more granulosa cells than Controls at
metestrus (Fig, 4F).

Some follicles classified as 5a and 5b according to the
numbser of granulosa cells (55) also exhibited an incipient
or small antral coaty (Ga+A and 5bh+A; Fig. 54-D). At pro-
estrus, the antral cavity of ba and 5b follicles was smaller in
Mutant follicles than Control follicles (Fig. 5E5); however,
2 d Later at metestrus, follicles did not exhibat this differ-
ence (Fig. 5F).

The number of granulosa cells in a follicle and the size of
the antmum in Control or Mutant follicles at proestrus or
metestrus were not correlated (Fig, 50, 7).
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The decrease in the number of granulosa cells was
reflected in CL siee (Fig, 6), with Mutant CL smaller than
contral CL {0,537 = 0.01 mm® and 0.28 = 0.01 mm®,
respectively; P2 0.001). However, as expected based on
the increased OR of Mutant mice (41), Mutant ovanes
contained double the number of CL than Controls at
proestrus, but this increase did not quite achieve sig-
nificance, most likely due to the assessment of only
I ovary per mouse, resulting in more variability in CL
number per ovary (7.25 = 1.5 per Mutant ovary and
375 = 0.5 per Control ovary; P= 0.06; Fig. 6).

Analysis of apoptosis

An important aspect of follicle selection s the pro-
grammed apoptosis of follicles. To determine whether
a decrease in follicle apoptosis was a factor in the increased
number of follicles observed in Mutant ovaries, we ana-
Iyveed ovarian sections at the proestrus and metestrus stages
of the cyele (Fig, 7A-C). These analses revealed a decrease
in TUNEL staining of Mutant antral follicles, including
those with an incipient antnuom, at metestros (Fig, 70).

To investigate the molecular basis for this alteration in
follicle apoptosis, the ant-apoptotc molecule Bo-2 and the

pro-apoptotic molecule Bax were investigated (Fg. TE, F).
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Figure 6. CL. evaluation. Repre-
sentative images of (A) Control
and (8 Mutant ovaries at pro-
estrus, stained with hematoxylin
and eosin. Asterisks indicate CL.
€} Number of CL present in
Control {white bars) and Muo-
tant (black bars) ovaries (one

0o Fome ovary only counted per mouse).
Iy Areas of the CL found in
7.5 - T hid Control {open circles) and Mu-
E‘ 'E 3500001 Sga ha tant (black triangles) ovaries. (L
_E 80 = i 1‘1“ areas were measured in the
o g higgest cross section of each CL.
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oo T 150000 7 .
Contrel Mutant Controd Mutant

The levels of Bel2 detected in Control follicles were con-
sistenit at all stages of development at proestns, and
the same was evident at metestrus, but surprisingly, the
levels at proestrus were approsamately half those at
metestrus (P =< 0.0001). In Mutant follicles, the levels of
Bel2 only differed between the 2 d of the estrous ovele
in stage 4 follicles, whereas the levels in the remainder of
the follicle stages remained constant at metestrus and
proestrus (Fig, 7E). Furthermore, within each stage of
the cycle, the levels of Bel2 in Mutant follicles were con-
sistent except when comparing stage 544 o stage 6 in
proestrus (P <2 0005). Therefore, when comparing the
levels of Bol2 between Mutants and Controls, the levels
of Bek2 in the Mutants are higher at all stages of follicle
development at proestrus, whereas at metestrus, Mutant
levels are lower than Controls at stages 4, 5+A, and 6 be-
cause of the changes in Control levels at the 2 stages of
the estrous cvele.

When examining the pro-apoptotic factor Bax (Fig. 7F),
a similar profile to Bol-2 was observed in Control follicles
with consistent levels of Bax at all stages of development
at proestrus or at metestius. However, the levels of Bax
in Control follicles during proestrus are lower than those
at metestrus (P o< 0,05). In Mutant follides, both 5+A
and 6 follicles had increased levels of Bax at proestrus
compared with metestrous (P < 0.01 and P =< 005, re-
spectivelv). Interestingly, similar w Bel2 (Fig. 7E), the
levels of Bax for 5+A follicles were higher than stage
6 but only at proestrus (Fig. 7F). Therefore, again similar
tor Bel-2, Bax levels in Mutant follicles were higher than
Control follicles atall stages of development (P 0001} at
proestrus, whereas at metestrus, Muant follicle levels
of Bax were lower than Control at stages 4 (< (L05) and
6 (F=0.01).

Although these patterns indicate clear regulation of
both Bol-2 and Bax in both Controls and Mutants, the in-
tracellular ratio between these 2 molecules has been shown
tor e important for induction of apoptosis. Analysis of
the intrafollicular ratio of Bol-2:Bax was based on fewer

OOCYTE GLYCOPROTEINS REGULATE FOLLICLE FUNCTION

numbers of follicles compared with follicles anabyeed for
Bel2 or Bax becanse not all follicles were present in con-
secutive secions, and thus follicles 4 and 5 were grouped
together (Fig. 70). Based on the Bel-2 and Bax data de-
seribed above, it was unsurprising to find that the mto of
Bel2:Bax in Control follicles was consistent at either pro-
estrus or metestis but was increased in metestrus come-
pared with proestrus (P < 0001 for 4 and 5 follicles and <
0000 for 6 follicles; Fig. 7). In Mutant follicles, this ratio
did not differ between follicle stages at proestrus but was
increased in metestrus, when comparing type 6 follicles w4
and 5 (P < 0.01). Therefore, when comparing the ratios
between Mutants and Controls within each estrous stage,
because both Bel-2 and Bax levels were higher in Mutant
follicles at proestrus, no difference in the ratio of Bel-2:Bax
was observed at proestrus. However, at metestrus, the ratio
of Brl-2-Bax was lower in Mutant follicles compared with
Controls at both stages 4 and 5 (P< 0U001) and stage 6 (P
0.0001; Fig. 7).

Clgalt! ovaries have a higher ratio of GDF%:BMPI5
expression

To investigate regulators of follicle development that may
be altered due to oootespecific deletdon of Clgaltl, ovar-
ian expresion of gonadotropin receptors and 2 oocyte-
specific genes GOF9and BMPIS was determined for the 4
stages of the estrous cvele (Fig. 8). Although there were no
significant differences in mBENA level for any of the genes
studied, Mutant CIFY was increased at diestrus 1.74old
compared with Controls. To anahee gene expression fur-
ther, the matio of GIFD w BMPIS was assessed because
changes in this ratio have been linked to the different OFs
of different mammalian species (39). Analysis of Mutants
reveualed the mtio of expresson of GDFY w BMPIS was
higher (P= (0L.05) compared with Contols at diestrus, This
increased ratio is consistent with the elevated mtio in

mammals with higher ORs (39).
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DISCUSSION

Female mice with oocyvtespecific deletion of Clgaif] have
modified follicle development that results in a sustained
increase in R and fertility that is non-pathological (41). We
reveal here that the bk of oocyte core 1-derved Carlyeans
results in multiple changes in follide development in-
duding enhanced sensitivity of follicles w FSH o viim,
a decrease in the degree of apoptoss, and an altered GOF9
to BMPIF expression rato. Clgalt] Mutant females have
longrer estrons cycles than Controls because of an increase in
the length of the estrus phase. The endoomne profile of
Mutant females & also modified with decreased  levels
of gonadotropins, inhibin B, and AMH at specific stages of
the estrous cvele and higher levels of AME at proestus.
The hormonal changes most likely reflect the modified
follicle development in Mutant cvanes. Moreover, the siae of
the canvaty of early antral follicles in Mutants at this stage
of the cyele 1s smaller than in Control follicles, and i vim
antrum development in Mutant follices s delaved. Mutant
follicles also develop a higher sensitivity to FSH by the third
day of culture that may well contribute to an increase in
follicle survival. Indeed, analvsis revealed a decrease inoap-
opotic follicles in Mutant ovares, which likely contributes to
the resulting increased number of follicles. Finally, asa result
of ooovte ghooprotein modification in Mutant females, an
increase in the rato of GIFSEMPIS expresson was found
at diestrs.

Follicle development is modified in prepubertal Clgalt]
Mutant fermnales with ovaries containing increased numbers
of preantral and antral follicles {41); however, the critical
point in Mutant follicle development was unclear. In this
study, we investigated follicle development in postpubertal
fermales. At proestrus, Muotant females contained higher
numbers of preantral follicles than Controls, but these
follicles contaimed less granulosa cells resulting in smaller
CL. The smaller CL size most likely reflects the reduced
size of Mutant follicles. Smaller CL have also been ol
served in ewes with a natural mutation i the BMP15 re-
ceptor activin-like kinase 6 (ALKS; also known as BMPRIB
tvpe 1 receptor). Like the Clgalf! Mutant mice, these
females have a hagher OR than wild-tvpe females (58). Thas
decrease in follicle sie at ovulation accompanying an
overall increase in OR in both speces mmphes that there
may be a common molecular mechanism.

Dhunng the transition from a preantral to an antral stage,
follicles are highly susceptble to atresia, and FSH can be
considered a survival factor (59, 60). This mansbon s
a critical point and unless follicles are provided with the
FSH thevrequire, they will undergo atresia (59, 61). fu v,
Clgalt] Mutant follicles are more sensitive to lower FSH

concentrations after ransition to an FsH-dependent an-
tral follicle and grow larger than Controls. Therefore, it is
likely that im wve more Mutant follicles would be more
resistant to the decrease of FSIH in the Bate follicular phase,
escape atresia, and continue o develop. However, the ex-
pression of the FSH receptor appears to be unmaodified in
Mutant ovaries, but only whole ovaries were analveed in this
instance. Therefore because the modifications in muotant
follicle development are very much stage specific, anabysis
of the whole ovary may have masked subtle changes in the
FSH receptors of individual follicles.

For there to be an increase in the number of developing
follicles, there has to be a decrease in apoptosis. This is
because the genetic modification in Mutants only occurs in
the oocyte after this point, and thus the number of follicles
leaving the quiescent pool should remain unaltered.
TUNEL analysis did indeed reveal a decrease in apoptotic
follicles in Mutant ovaries at metests. Anabysis of follicular
levels of the proapoptotce Bax (7) and the antapoptotic
Bicl-2 (6) revealed stoiking observations in both Control and
Mutant omvaries. In Control follicles, marked differences
were observed between the proestrus and metestrs stages
of the estrons cvele for both Bel-2 and Bax, indicating es
trones cvcle-dependent regulaton of apoptosis molecules.
Estrons evelespecific changes in these maolecules have been
previcusly observed by anabysis of whole rat ovaries (62):
however, our anahses reveal that in Control ovaries these
changes ocenr in follicles atall stages of development rather
than those more susceptible to apoptosis. However, in
Mutant follicles, the varatons in Bol-2 and Bax between the
2 stages of the estrous cycle were almaost entirely eliminated.
There are various possible explanations for this obsena-
tion, including altered intradollioular regulagon or a re-
spaonse to the altered endocrine profile (for example, AMH
has been proposed as an inhibitor of follicular atresia) (63).
However, becawse follicle development s a continuous
process, we cannot be certain on which day the mod-
ihcations are mutated, and thus what mechamsms are -
volved, versus the day we are observing the differences.
Furthermore, the rato of Bel2:Bax, which has been
reported to be mportant for cell fate determimaton (100
was not elevated i Mutant follicles, which was surprising
considenng that Mutant ovares contain more healthy fol
heles. Although other factors, meluding GDFY, can modify
the functon of members of the Bel-2 fammly (64), overall
levels of Bel-2 or Bax may not reflect function. It 1s also
possible that other members of the Bel-2 family are in-
volved in the regulaton of apoptosis in Mutant follicles.
Clearly, the tn vrpeinfluences regulatng follicular apoptosis
are complex. Owr cumrent understanding s that follcles
are selected from a pool subjected w a careful balance of

61-100) granulosa cells, type 5a follicles have 100-2(0) granulosa cells, and 5b follickes have 2001—400 granulosa cells. Types 5a and
b follicles were classificd as Sa+A and Sb+A iF an incipient antrum was present. Tvpe 6 follicles contain 401-600 granulosa cells
with antral fluid. Representative images of TUNEL staining (A) and detection of Bek2 (8) and Bax (). Mean pixel intensity of
TUNEL staining in follicles of mice at proesirus and metestmus (). Mean pixel intensity of Bel2 detection in follicles of mice at
procstrmis and metestrus (£). Mean pixel intensity of Bax detection in follicles of mice at proestrs and metestrus (F). Ratio of Bel-
2 to Bax detected in follicles of mice at proestmus and metestrus (). Asterisks indicate significant differences between the
Control and Mutant data at that stage of follicle development at that stage of the estrous cycle: ®*P < 0005, %P <0 (001, #%% P (LN,
R < 00001, Letters below the data points within a panel indicate a significant difference for either Control or Mutant follicles
between the 2 stages of the estrous cycle or between different stages of follicle development at the same stage of the estrous cycle:
b, f h. I, and m, P<< 005 i j, n, p. and r, P< 001 k, P< 0001; a, ¢, d, e, g, and q, P <X 00001, Control, # = 4; Mutant, n = 4.
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intra- and extraovarian hormonal support of follicles at
specific stages of development (65), and therefore, al-
though follicle apoptosis in the Mutant is reduced, the
specific molecular mechanisms are not clear.

Among the intra-ovarian factors that regulate follicular
growth, oocyte-speciiic factors play an essential role (22).
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Two major factors, GDFY and BMP15, are important reg-
ulators of female fertlity through modolaton of pro-
liferation dndtllﬁ':ﬂ:utuu.uunfgralmltmctllﬁ I:"E ﬁ-ﬁ, 67).
Mice lacking COFY are sterile, whereas BMPI5~ mice
have decreased fertlity (21, 36). Both are members of the
TGES family, have smergic actions on granulosa cells
(38, bB), and can form heterodimers enhancing their actvity
(37, 69, 70). In Clgalt] Mutant females, the expression
lewels of BMPIF and GIFY are not modified; however,
there 1s an merease in the GOFSEMPIS ratio. A recent
study has shown that the rato of GIFSEMPIS differs be-
tween species and s related o the speciesspecific regula-
tion of OR (39). This ratio is higher in mice compared with
species with low ORs such as sheep, cows, or deer (39).
However, the simple change in ratio of GDFS to BMP15
cannot be the only OR regulating factor because mice
|1tu:m£vgnu:| for BMP15 would have a |1L1.;1u:r GDFS:
BMP15 rato, but fertlity s not mcreased in BMPTS -
mice (56). Furthermore, sheep heteroogous for 8PS
or the receptor, ALKG, have increased fertlity (35).
Therefore, the increase in GIF9-BEMPL 5 rado in Mutamt
females at diestrus is unlikely to be the sole mechanism
behind the increased OR. However, since GDF9 sup-
presses granulosa cell apoptosis durng the transition
from the preantral to early antral stage and stimulates
FSHR expression (71), whereas BMP15 inhibits FSAR
expression (72), the mereased ratio of COFSEMPTS most
likely contributes to the Mutant phenotvpe.

Antrum development both i vieoand in vt is delaved
in Mutant females, consistent with the proposed model of
prodonged development of Mutnt follicles (41). Likewise,
the lower circulating levels of FSH are consistent with the
slower preantral dn:!.'cl{}plm:ur. and a delay in antrum for-
mation (15). This “delay” in Mutant fedlicle development
and the higher FSH sensitiviaty of antral follicles could lead
tor a higher number of follicles that are able to progress
beyond the critical point, and continue o grow and ook
late. The decrease in FSH is likely due o elevated negative
feedback from the increased numbers of Mutant follicles
progucing estradiol and nhibin.

As a result of the altered follicle development, the en-
docrine profle of Clgall females s modified. The de-
crease in FSH concentration observed in our model also
ocours in females heteroeygous for DAZL, which also ex-
hibit increased FSH sensitivity and mereased fertilite like
the Clmait] Mutants, However, in DAZEY ™ females, the
decreased FSH levels were modulated by an increase in
inhibin B producton by larger follicles (44), whereas n
our Mutant, inhibin B concentrations were not elevated at
any stage of the cycle but were actually reduced at metes
trus and diestrus. Without IEAsuring inhibin production
by individual Mutant follicles, one explanaton for the
decrease in inhibin B might be the reduced sive of the
preantral follicles because inhibin B s generated by gran-
ulosa cells of preantral and small antral follicles (73).
Estrogens are also modulators of FSIH levels and consid-
enng the estrogen and inhibin A levels in Mutant females
were both 25% higher than Controls, although these
increases did not atain significance, it would not be in-
appropriate to propose that the combined negative feed-
back of these 2 hormones is primarily responsible for the
decrease in FSH at proestrus. AMH is another intra-ovanan
molecule secreted by granulosa cells and modulates FSH
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Figure 9. Proposed model of the modified
follicle development in Clgalt] Mutant females.
[1] The ratio of CINFSBMPIS is modified in
Mutant ovaries compared with Controls at the
diestrus stage of the cycle and affecs follicle
function leading to an increase in follice
sensitivity 1o FSH. [2] These changes result in
increased numbers of viable preantral follicles
present at the proestrus siage in Mutant ovaries
(data from Fig. 4C). [3] The increased number
of preantral follicles at proestrus in Mutants
resulis in an increase in AMH and also a decline

Mutant

GDFHEMP15
F5H sensitivity
FSH

Owulatory
follicke
{FEH depandent)

in FSH most likely due to combined negative
feedback by the clevated estradiol and inhibin A
(data from Fig. 3). For clarity, only FSH and
AMH are represented in this figure. [4] The
preaniral follicles at the proestms stage develop
to become large antral follicles at procstrus of
the next cycle and are more resistant to
apoptosis. [5] At procsirus of the next estrous
ovcle, more large antral Mutant follicles are
available to undergo sclection for ovalation
than Conmols (data from Fig. 44). [6] Due to
the increase in number of large antral follicles
and increased FSH sensitvity (data from Fig.
2A). more follicles are able (o become ovulatory
in Mutant ovaries leading to a 50% increase in

Large antral fodicle
(stage T)

OR (41).

(FEH depandent)

Preantral

follicke
[FEH responsiv)

responsiveness of the follicles (28-30). In our Mutant,
AMH levels are mereased at proestrus, most likely doe to
the mereased number of preantral follicles, and decreased
at estrus after the ovalation of the large antral follicles. The
lower levels of AMI found at estrus could be responsible
for the increased FSH sensitivity of the new batch of
growing follicles (29). Surprisingly, progesterone concen-
trations were unaltered in Mutant females despate the Gact
that Mutant ovares contain double the number of CL than
Controls, Since Mutant CL are smaller than Controls, it s
likeely that the lack of a real change inserum progesterones
concentrations is at least doe in part to the decrease in CL
stres. Therefore, the mcrease in estrus ovele length found,
i combinanon with the altered gonadotropins and ovar-
ian hormone levels, suggests the involvement of the
hypothalamic-pituitarys-gonadal axis in the phenotype de-
veloped by Mutant females.

We propose a model based on the data described i thas
paper to explamn the mechamsm for the mcreased ferulity
phenotype (Fig, 9). Since the ongin of the phenotype is the
oocyte as this s where the genetic modification ocours, this
is the starting point for the proposed mechanism. The ratio
of COFSREMPLY is modified in Mutant ovaries compared
with Controls at the diestrus stage of the ovele affecting
follicle functon, leading toan mcrease in follicle sensitvity

OOCYTE GLYCOPROTEINS REGULATE FOLLICLE FUNCTION

toy FSH and decreased apoptosis at the metestns stage of
the cvele. These changes result in increased numbers of
viahle preantral follicles present at the proestrus stage in
Mutant ovaries resulting in an increase in AMH and also
a decline in FSH, most likely because of combined negative
feedback by the elevated estradiol and inhibin A, The
preantral follicles at the proestrus stage develop to become
large antral follicles at proesirus of the next oycle, and thus
more Mutant follicles are available to undergo selection
for ovulation than Controls, leading to a 50% increase in
OR (41).

In conclusion, the modification of ooovtespecific gh-
coproteins by deletion of Clgall] inorease the rabo of
CIFSEBMPIS expression, which most ikely alters follicle
development leading to changes in hormonal  profile
resulting in increased fertility. Determining the mecha-
nisms that regulate OR & critical o further our un-
derstanding of how follides, and thus indmduval eggs, are
selected for ovulation.
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