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Abstract

Premature ovarian insufficiency (POI) occurs in 1% of reproductive-age
women. The ovarian manifestation ranges from the presence of a variable
population of follicles (follicular) to the absence of follicles (afollicular), and in the
majority of cases the cause is unknown.

The Double Mutant (DM) mouse model of follicular POI, arises from the
oocyte-specific deletion of Mgat1 and C17galt1 required for the generation of O-
and N-glycans respectively. DM females are subfertile at 6-weeks, infertile by 9-
weeks and undergo POI by 3-months of age and exhibit increasing numbers of
primary follicles and a depletion of follicles at the later stages. This is
accompanied by elevated gonadotropins and decreased sex steroids, which is
characteristic of POl in women.

In this thesis, characterisation of follicle development reveals multiple
defects at various stages of development including the presence of abnormally
large primary follicles resulting a block in follicle development, and luteinisation of
unruptured preovulatory follicles resulting in anovulation and infertility. Analysis of
in vitro follicle development demonstrated that follicles retain the potential to
develop indicating that intra-ovarian factors may be playing a role in the follicle
dysfunction. Finally, reaggregated ovaries demonstrate that although DM germ
cells retain the potential to develop follicles, DM somatic cells are imprinted with
the POI phenotype.

These findings highlight new avenues for investigation to further elucidate

the mechanisms underpinning POI as well as targets for treatment.
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1.1 Ovarian function

1.1.1 Overview of follicle development

The ovary is a heterogeneous organ with two key functions; generation and
release of a mature egg and the production of steroid hormones essential for
puberty, follicle development, and supporting the ensuing pregnancy (5, 6).
Follicles are the functional unit of the ovary of which the most simple and
abundant is the primordial follicle. Establishment of the primordial follicle pool
occurs in utero in humans, around 16-weeks’ gestation (6-8), and a few days after
birth in mice (5, 9, 10). Throughout a woman’s reproductive life, primordial follicles
are actively recruited from this quiescent pool, and when the number of primordial
follicles is reduced to a critical threshold of ~1000, reproduction ceases and they

enter menopause (11-13).

Once recruited, the primordial follicle develops through the primary,
secondary, preantral, antral, and preovulatory stages culminating with the
ovulation of a mature egg in a process called follicle development (6). However,
not all follicles complete this development process with the majority of follicles
undergoing atresia via apoptosis (6, 7, 14, 15). In humans, follicle development

takes approximately 6 months, whilst in mice this process is 19-21 days long (16).

Complex bidirectional interactions between the oocyte and somatic cells
(granulosa and theca cells) orchestrate follicle development. The somatic cells
provide a nurturing environment to the oocyte via signalling growth factors and
nutrients. The oocyte reciprocates by secreting factors that regulate proliferation

and differentiation of granulosa cells (GCs) and ultimately follicular growth (17-23).
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1.1.1.1 Classification of follicles

A method of classifying follicles was established in 1968 (24) and is used in
this thesis. Follicles are classified by the number of GCs surrounding the oocyte
on the largest cross-section of the follicle, whilst taking its morphological

appearance into account (Figure 1.1).

Primordial follicles, classified as type 1 and 2 follicles, have a small oocyte
and a few surrounding flat pregranulosa cells. Primary follicles are split into two
types; type 3a, which has a complete layer of up to 20 GCs, and type 3b, which
have 21 to 60 GCs. Secondary follicles are classified as type 4 follicles with 61 to
100 cells. Preantral follicles are classified as type 5a (101 to 200 GCs) or type 5b
(201 to 400 GCs). Antral follicles are classified as type 6 (401 to 600 GCs) and

type 7 follicles (>600 GCs) and finally the preovulatory follicle is classified as a

type 8 follicle.
Preantral
Type 5b
Antral
Secondary 5 201- 400
Type 4 101- 200 follicle cells
&5 follicle cells
61-100 follicle cells
follicle cells
T3b2| o >600
fop 21- folli
"g' follicle cells ollice cells
Medium follicles Large follicles
Type 3a
£20
. % follicle cells
Primary

Small follicles

Type 2
. . Type | 5600
Primordial ® follcle cell

Figure 1.1 Classification of follicles according to Pedersen and Peters criteria

established in 1968 (24).
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1.1.2 Follicle development

Primordial follicles are composed of a meiotically quiescent oocyte
surrounded by a single layer of squamous pregranulosa cells encapsulated by a
basal lamina (BL) (Figure 1.2) (5, 10, 24). The BL maintains the integrity of the
follicle and influences follicle growth by regulating the molecules that enter the
follicle (25, 26) and is discussed in detail in Section 1.1.2.1. The activation of a
quiescent primordial follicle is associated with a number of changes, including
growth of the oocyte (15, 28, 29) and the differentiation (27) and proliferation of
the surrounding pregranulosa cells to become cuboidal GCs (Figure 1.2) (6, 27,
30, 31). The differentiation of the squamous pregranulosa cells to cuboidal GCs is
the hallmark of follicle activation, and the resulting single GC layered follicle is now

referred to as a primary follicle (Figure 1.2).

Primary follicle

Cuboidal

granulosa cells Basal lamina

Primordial follicle

Squamous Zona

pregranulosa cells Activation pellucida
Basal lami

asal lamina Oocyte

Nucleus
Oocvte Theca cells

=
Recruitment of
stromal cells Nucleus

Undifferentiated stromal cells

Figure 1.2 Primordial follicle activation. The activation and transition of a primordial
follicle to a primary follicle involves a number of changes including oocyte growth and GC
differentiation. At the primary follicle stage the oocyte starts secreting zona pellucida

proteins and the theca cell layer begins to develop.
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At the primary stage of follicle development, stromal cells are recruited
outside the BL to start forming the theca cell layer (32), and the oocyte begins
secreting zona pellucida (ZP) glycoproteins (Figure 1.2) (33). As the primary
follicle develops (Figure 1.3), there is continuous oocyte growth and proliferation
of GCs, resulting in the formation of additional GC layers, and proliferation and

vascularisation of the theca cell layer (15, 32).
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Figure 1.3 Development of the follicle from the primary stage to the antral stage.
Follicle growth is associated with growth of the oocyte and proliferation of the
accompanying granulosa and theca cells. Follicles will develop from the primary stage
(split into the 3a and 3b stage), to form multilayerd secondary and preantral follicles,

before acquiring an antral cavity to form antral follicles.

22



Proliferation of both the GCs and theca cells results in the formation of the
multi-layered preantral follicle (Figure 1.3). During these early stages of follicle
development, although follicles are responsive to gonadotrophins, follicular growth
is gonadotrophin independent (6, 34-36). However gonadotrophins are crucial for
progression of follicle development to the antral stage (34, 37) since in female
mice lacking follicle-stimulating hormone [ subunit (FSHB) (34) or follicle-
stimulating hormone receptor (FSHR) (36), follicle development is arrested at the

preantral stage.

Follicle-stimulating hormone (FSH) secreted from the pituitary gland,
augments proliferation of GCs of the preantral follicle and the development of
several small fluid-filled antral cavities to form an antral follicle. Antrum formation
is another hallmark of follicle development, and in antral follicles, oocyte growth is
complete. Follicular fluid contains low molecular weight serum proteins and growth
factors crucial to follicle, GC and oocyte development, and is thought to derive
from components synthesised from GCs and blood flowing through the thecal

capillaries (38-41).

During the transition of an antral follicle to a preovulatory follicle, the fluid-
filed antral cavities coalesce to form a large antrum and GC proliferation
decreases. This antral cavity facilitates the location dependant differentiation of
GCs in the preovulatory follicle (42). GCs in close proximity to the BL become the
mural GCs, whilst those surrounding the oocyte differentiate into cumulus cells

(Figure 1.4) (5, 24).
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The ovulatory luteinising hormone (LH) surge induces cumulus expansion
and ovulation of the cumulus oocyte complex (COC) from the follicle (Figure 1.4).
Cumulus cells play a vital role in maintaining the oocyte in meiotic arrest (43) and
facilitate the transport of the ovulated egg into the oviduct (43, 44). The LH surge
will induce a number of structural changes to the follicle following ovulation. The
BL breaks down and theca and mural GCs invade the follicular cavity and
proliferate to form a highly vascularized endocrine organ, the corpus luteum (CL)

in a process known as luteinisation (Figure 1.4) (45).

The primary function of the CL is to produce progesterone to support the
ensuing pregnancy (6). If, however, pregnancy does not occur, the CL undergoes
morphological and functional regression, characterised by the cessation of
progesterone production and breakdown of cellular components resulting in CL

regression (46-48).

The vast majority of follicles will undergo atresia at various stages of
development (7, 15) via programmed cell death (apoptosis) characterised by DNA
fragmentation, cell shrinkage, and membrane blebbing (49, 50). Apoptosis in
follicles is thought to occur primarily due to the depletion of anti-apoptotic factors
such as oestrogen and gonadotrophins which inhibit apoptosis, or the due to the
increase of pro-apoptotic factors such as androgens (49) death ligand-receptor

systems, and members of the B-cell lymphoma 2 protein family (51-53).
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Figure 1.4 Cumulus expansion, ovulation and corpora lutea formation. Following the LH
surge, cumulus cells undergo expansion and the cumulus-oocyte complex is ovulated. The

remaining follicular cells transition to a highly vascularised corpus luteum.
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1.1.2.1 Function of the basal lamina

The major components of the BL are proteoglycans and glycoproteins,
including type IV collagen, laminin, fibronectin, and heparin sulphate (54-58). The
BL encapsulates the GCs and oocyte, separating them from theca cells to create
a localised avascular microenvironment within the follicle (26, 54). During the
course of follicle development, the BL expands to accommodate the growing
follicle before degrading during ovulation to allow the release of the COC (26, 54,
59, 60). The BL is thought to regulate follicular growth, by controlling entry of
molecules into the follicle by size and charge (57, 61-63), which affects GC
proliferation and differentiation (54, 58, 64). Therefore any changes to the BL are

likely to modify follicle growth and function (57).

1.1.2.2 Theca cells

Theca cells are thought to originate from fibroblast-like precursors from
within the stroma in response to factors secreted from the activated oocyte (65,
66) and play a number of important roles during follicle development including
steroidogenesis (discussed in Section 1.1.3.1). The theca cell layer is vascularised
providing communication with the hypothalamic-pituitary-gonadal (HPG) axis and
essential nutrients to the follicle (32). After ovulation, thecal cells undergo

luteinisation and contribute to the CL.

1.1.2.3 Zona pellucida synthesis

At the primary follicle stage, the oocyte secretes ZP proteins as filaments
(33), which creates the ZP shell as the oocyte matures eventually developing to a

thickness of 7 ym (67, 68). The ZP in mice is composed of three sulphated
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glycoproteins ZP1, ZP2 and ZP3, which are located on chromosomes 19, 7 and 5
respectively (69, 70). ZP2 and ZP3 are present in equal amounts and constitute

~80% of the total ZP protein whilst ZP1 accounts for 20% (71, 72).

Studies using transgenic mice have revealed several vital functions of the
ZP, which including protection of the oocyte during growth and transport once
ovulated, preventing polyspermy during fertilisation and protecting the embryo in
the reproductive tract (71, 73-77). Mice lacking ZP1 (Zp1"‘) have a thinner ZP
around their eggs, due to reduced cross linking and as a result were subfertile
(78). On the contrary, mice lacking ZP2 (Zp2™") or ZP3 (Zp3") were infertile due to
defects in oocyte maturation and fertilisation (79, 80). Furthermore, whilst eggs
from Zp2” mice had a thin ZP, eggs from Zp3" mice completely lacked a ZP.

These findings illustrate the importance of a functional ZP.

1.1.3 Regulation of follicular development

Follicle development is regulated by the coordinated action of the HPG axis

(6, 37, 81), autocrine and paracrine intra-ovarian factors (82, 83).

1.1.3.1 The two cell-two gonadotrophin theory

Gonadotrophin-releasing hormone (GnRH), a vital regulator of the HPG
axis, is released from the hypothalamic neurons in the arcuate nucleus to the
hypophyseal portal circulation, in a pulsatiie manner (84, 85). In the anterior
pituitary, GnRH binds to and stimulates the GnRH receptor resulting in the

secretion of gonadotrophins, LH and FSH, into the circulation (86-90).
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The levels of FSH and LH are regulated by both positive and negative
feedback mechanisms by other hormones such as oestrogen, progesterone and
anti-mullerian hormone (AMH) (6, 91), which are discussed further in Sections

1.1.3.2 & 1.1.3.3.

Both FSH and LH are glycoproteins composed of a common a subunit but
unique B subunit which confers receptor specificity (92). The receptors for both
FSH and LH (FSHR and LHR) are G-protein coupled receptors and are found on
GCs and theca cells respectively (93). The paracrine interaction between GCs and
theca cells and between FSH and LH are required for oestrogen synthesis giving

rise to the two cell-two gonadotrophin theory (Figure 1.5) (94-100).
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Figure 1.5 The two cell-two gonadotrophin theory for oestradiol
production. Luteinising hormone (LH) binds to its receptor (LHR) on theca
cells, results in stimulation of the adenylyl cyclase pathway (cAMP), resulting in
the conversion of cholesterol to androstenedione by a number of enzymes in a
cascade of steps (dotted line). The androstenedione synthesised in theca cells
freely diffuses through the basal lamina into granulosa cells. In granulosa cells,
follicle-stimulating hormone (FSH) binds to its receptor (FSHR) activating the
adenylyl cyclase pathway, stimulating the granulosa cell to produce
aromatase. The androstenedione is first converted to estrone by aromatase

and then to estradiol by 173-Hydroxysteroid dehydrogenase 1 (178HSD1).
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1.1.3.2 Ovarian steroids

The ovarian steroids, oestrogens, progestogens and androgens are all
produced in the ovary from cholesterol, and play important roles in follicle

development (101).

1.1.3.2.1 Oestradiol

The production of oestrogen has been discussed in Section 1.1.3.1.
Oestrogen acts through a positive feedback mechanism to enhance the follicle’s
responsiveness to FSH and LH, resulting in further oestrogen production (102,
103). It is well-known that oestrogens mediate mitogenic effects on GCs by
inhibiting apoptosis (104), and induce GC proliferation by maintaining FSHR levels
on GCs (105, 106). Oestrogen also plays a role in ovulation since it mediates the

upregulation of the LHR on GCs (102, 103, 105, 107).

Oestrogens signal via the oestrogen receptors (ER) of which there are two
forms: ERa and ERB (108, 109). The role of these ERs in ovarian function has
been elucidated from ERa (ERaKO) and ERB (ERBKO) knockout mice. Both
ERaKO and ERBKO possess normal ovaries at birth, however ERaKO are infertile
due to aberrant follicle growth whilst ERBKO are subfertile due to defects in

ovulation (110-112).

Insight into the role of oestrogen in ovarian function comes from the
aromatase knockout mouse (ArKO), which lacks aromatase and therefore is an
unable to produce oestrogen (113, 114). ArKO females are infertile due to a block

in follicle development at the antral stage resulting in anovulation; administration

30



of oestrogen to these mice facilitates ovulation (115). Eventually ArKO females
undergo premature ovarian insufficiency due to the depletion of the primordial
follicle pool (113-115), indicating that oestrogen also plays a role in maintaining

quiescence of the primordial follicle pool.

1.1.3.2.2 Progesterone

Following ovulation, the follicle undergoes extensive remodelling to form a
CL, which secretes progesterone. Progesterone plays key roles during ovulation,
by regulating GC function and follicle rupture, as well as during implantation and

the maintenance of pregnancy (116, 117).

Progesterone mediates its effects through the progesterone receptor (PR),
which similar to the ER, exists in two forms PR-A and PR-B (118). The differential
action of these receptor is illustrated through PR-A (PR-AKO) (119) and PR-B
(PR-BKO) (120) knockout mice. PR-AKO are infertile due to a failure to ovulate
resulting in the presence of unruptured preovulatory follicles in the ovary (119)
whilst fertility is not affected in PR-BKO mice (120). This illustrates the differences
in function of the two receptors and demonstrates that the effects of progesterone

on ovulation are largely mediated through PR-A.

1.1.3.2.3 Androgens

Androgens act via the androgen receptor (AR) and play a major role in the
regulation of follicle development. As previously discussed, androgens are
required as a substrate for the production of oestradiol and thus indirectly

stimulate follicle growth. However, androgens also modulate GC apoptosis (104)
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and inhibit FSH-stimulated LHR expression by GCs (121) which is vital for
successful ovulation. The administration of dihydrotestosterone, a non-
aromatisable androgen, to mice resulted in subfertility due to a reduction of large
follicles (122). Furthermore, female mice lacking AR were also subfertile due to
defective follicular development and reduced ovulation, evident by a marked

reduction in the number of CL (123).

1.1.3.3 The TGF-8 superfamily

The transforming growth factor beta (TGF-B) superfamily include AMH,
bone morphogenetic proteins (BMPs) and growth differentiation factors (GDF)
amongst others (124) and have diverse functions that regulate follicle

development.

1.1.3.31 AMH

The glycoprotein AMH, in addition to inhibiting Mullerian duct development
(125), has a central role in primordial follicle activation. However, unlike other
members of the TGF-B superfamily, AMH also has an inhibitory role in follicle
development. AMH is expressed by primary follicle GCs and is continuously
produced until the antral follicle stage (126). The role of AMH has been elucidated
from AMH knockout mice which exhibit a depletion of the primordial follicle pool
accompanied by increased numbers of growing follicles as a result of unregulated

recruitment of primordial follicles (127).
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1.1.3.3.2 Oocyte-secreted factors GDF9 and BMP 15

Growth differentiation factor 9 (GDF-9) and bone morphogenetic protein 15
(BMP-15) are glycoproteins synthesised in oocytes from the primary follicle stage
onwards and are essential for fertility (128, 129)(37-33). GDF-9 signalling is
mediated through the BMPRII and ALKS receptors resulting in the activation of the
intracellular SMAD2/3 pathway (130, 131). BMP-15 signalling is mediated through
the BMPRIlI and ALK6 receptors activating the SMAD 1/5/8 pathway (132).

Therefore the secretion of these two proteins results in a synergistic effect (133).

Insight into the role of BMP-15 and GDF-9 in follicle development come
from the BMP-15 (Bmp-15"") and GDF-9 deficient (Gdf-97) mice. Whilst Bmp-15"
females are subfertile (134), Gdf-97 females are infertile due to a block in follicle
development at the primary 3b stage (135). Analysis of Gdf-9” primary follicles
revealed the presence of abnormally large oocytes (136) indicating that GDF-9 is
required for the primary to secondary follicle transition. However, a subsequent
study has demonstrated that these effects are a result of GC upregulation of
Inhibin A (137), since mice lacking both GDF-9 and Inhibin A have follicles at the
preantral stage (138). These studies revealed that although GDF-9 is not essential
as a direct promoter for early follicular growth, it mediates its effects through
suppression of Inhibin A, which in turn regulates development of the follicle.
Mutations in GDF-9 and BMP-15 have also been linked with pathological

conditions such as premature ovarian insufficiency (POI) (139, 140).
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1.2 Premature Ovarian Insufficiency

Throughout a woman’s reproductive life span, follicles are actively recruited
from the quiescent primordial pool, and when the number of primordial follicles is
reduced to a critical threshold of ~1000, reproduction ceases and they enter
menopause (11-13). Thus, the finite nature of the primordial follicle pool serves as
a ticking clock to the timely onset of menopause and any imbalances in activation

rate can culminate in conditions such as premature ovarian insufficiency (POI).

POI occurs in women less than 40 years of age and is a clinical condition
characterized by amenorrhea (primary or secondary) for 4 months, oestrogen
deficiency and hypergonadism (FSH levels greater than 40 mIU/ml). POI affects
approximately 1-3% of women under 40 years of age (141-143), however, the
prevalence in the UK is thought to be around ~7% (144). The diagnosis of POI
carries enormous impact for a woman and their partners from both a physical and

psychological perspective.

1.2.1 Causes of POI

POI is highly heterogeneous in nature and despite several causal factors

being identified; the majority of cases (~70%) are idiopathic (141, 143, 145-148).

1.2.1.1 Genetic causes

X-chromosome abnormalities are responsible for the majority of POI cases
with ovarian dysgenesis (143, 149, 150). Two genetic causes of POl which are
readily tested using karyotype analysis are Turner syndrome and Fragile X

(FMR1) syndrome.
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Turner syndrome is characterised by the absence of the second X
chromosome (45 X) and affects 1 in 3000 live female births (151). The absence of
one X chromosome leads to developmental delays, short stature, congenital
lymphedema and gonadal dysgenesis (152, 153). In utero, patients have few
primordial follicles in the ovaries, which undergo follicle depletion due to apoptosis
resulting in streak ovaries and hence POl by adult life (149, 154). The

mechanisms behind this are unknown.

Fragile X syndrome is caused by the expansion of a CGG trinucleotide
repeat in the 5 untranslated region of the FMR1 gene resulting in mental
retardation and autism in affected males and POl in women (155). The normal
repeat length of FMR1 is less than 40 repeats, the permutation is defined as 55 to
200 repeats and over 200 repeats is the full mutation (156). The FMR1 gene
codes for a RNA binding protein called fragile X mental retardation protein
(FMRP). In the full mutation, no FMRP is produced, whilst in the premutation,
there is a normal amount of FMRP but excess messenger RNA production (157).
The FMR1 premutation is responsible for approximately 4-5% of cases of POI
overall (158, 159). Accumulation of the excess messenger RNA is thought to be
the cause of ovarian damage, since FMR1 is found to be expressed in the germ
cell population in mice (160) and humans (161, 162), however, the exact

mechanism is unknown.

Autosomal mutations have also been associated with POIl. Galactosaemia

is caused by a lack of galactose-1-phosphate uridyltransferase (GALT).
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Galctosemia associated POl occurs due to the toxic effects of galactose that

results in impaired folliculogenesis and accelerated follicular atresia (163-165).

1.2.1.2 latrogenic causes

Advances in chemotherapy treatments have resulted in improved survival
rates among cancer patients. One of the side effects of many chemotherapy
regimes in female survivors is the onset of POI. The risk of developing POI
following chemotherapy is dependent on type of drug since alkylating agents are
highly ovotoxic in comparison to platinum agents or plant alkaloids (166). Other
risk factors include age, dose and interval of treatment regime (167). The
mechanism of chemotherapy induced POI is the destruction of growing follicles
and hence removal of inhibitory signals resulting in the overactivation of primordial
follicles as described by the burn-out theory (168), which is discussed in Section

1.2.5.1.

1.2.1.3 Autoimmune causes

Approximately 30% of cases of idiopathic POl are thought to have an
autoimmune cause (169); however in the majority of cases, diagnosis is difficult
due to the lack of high sensitivity and specificity tests (169, 170). POI has been
associated with hypothyroidism (in 25-60% of patients) (171, 172), Addison
disease (in 10-20% of patients) (173) and autoimmune polyglandular syndrome

type | (in ~40 of patients) (173).
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1.2.2 Nosological classification of POI

The nomenclature of the condition has been a matter of debate for several
years (143, 174, 175). Elevated urinary gonadotrophins in non-cycling women,
described as premature menopausal cases, were first reported in the 1930s (176)
and later termed primary ovarian insufficiency by Fuller Albright in 1942 (177).
Since then, the condition has been described using different names including
premature ovarian failure (POF), primary ovarian insufficiency, resistant ovary
syndrome (ROS) hypergonadotropic hypogonadism and premature menopause

reflecting its heterogeneous aetiology (175).

In 2013 a conference on POI was held by European Society of Human
Reproduction and Embryology (ESHRE) during which the nomenclature of the
condition was discussed and the outcomes later published (178). Prior to this
meeting, there was a mutual consensus (174, 175, 179, 180) to use the term
ovarian insufficiency as opposed to ovarian failure, since ovarian insufficiency can
be used to describe a wide range of impaired ovarian function, as demonstrated
by 5-10% of women, who despite being diagnosed with POI, are able to conceive
(181). Furthermore, the term failure has a negative impact as patients can view
themselves as the failure. Primary ovarian insufficiency is the preferred term by
the National Institutes of Health (174, 175) and the consensus in Spain (182) as
they argue the term ‘primary’ emphasises that the primary defect in ovarian
dysfunction is within the ovary, rather than a secondary cause. Whilst this
reasoning is not disputed, the directive of the ESHRE conference attendees was
to use the term ‘premature’ ovarian insufficiency since the terms ‘primary’ and

‘secondary’ are used to classify amenorrhea by gynaecologists, but the terms are
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used in reference to the ovary by endocrinologists, thus creating confusion in a
clinical setting (183). In this situation we find the ESHRE guidelines provide an apt
alternative; the term ‘premature’ should be used as this refers to the onset of

ovarian insufficiency, which occurs prematurely regardless of aetiology.

As it stands, the current nomenclature has limitations in clinical practice
since the term POI alone does not adequately reflect the spectrum of ovarian
function. Usually, disease classification or nosology is based on knowledge of
aetiology, pathogenesis, and clinical diagnosis. However, the clinical presentation
of women diagnosed with POI is heterogeneous. During the earlier stages of POlI,
women present with the presence of follicles at all stages up to the preovulatory
stage (184-189), whilst others present with a total depletion of ovarian follicles.

The mechanisms behind these manifestations are discussed in detail later on.

1.2.2.1 Sub-classification

Despite the advances made by ESHRE, further classification of POI into
subtypes based on histological analyses is required. Recognizing these subtypes
would allow clinicians to distinguish between patients with and without follicles;
since the presence of follicles indicates that recovery of ovarian function, either

spontaneous or induced, might be possible.

In the past, POI has been subdivided into four clinical states (180), mainly
based on FSH levels, fertility and amenorrhea detailed in Table 1.1. The four
clinical states are occult POI, biochemical POI, overt POl and POF. The occult,

biochemical and overt stages of POI are reversible and patients can move from
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one state to another, however these subdivisions do not provide clinical utility in

identifying patients that could benefit from fertility treatment.

Table 1.1 The four clinical states of POl assessed by FSH levels, fecundity and

amenorrhea
Clinical states | FSH levels Fecundity | Amenorrhea | Reversible
Occult Normal Normal No Yes
Biochemical Normal Reduced No Yes
Overt Elevated Reduced No Yes
POF Elevated Reduced Yes No

To this end, we propose classification into 2 different subgroups as
established by Fox (190); follicular or afollicular POI, depending on the presence
or absence of follicles respectively. However, longitudinal examination of women
with POl have reported cases of follicular POl that have progressed to an
afollicular POl demonstrating the progressive nature of the condition (158, 181,
183, 187, 191-195). This indicates that the presentation of follicular POI is not
permanent, and represents a continuum of declining ovarian function, which will

ultimately lead to afollicular POI.

1.2.3 Resistant ovary syndrome

ROS was first described in 1969 as Savage syndrome and is now a well-
known cause of hypergonadotrophic amenorrhoea. Since manifestations of ROS
are identical to POI (196), it is thought 10% of total POI cases are ROS (197). The
characteristic histological finding is abundant primary follicles and an arrest at the
antral stage of development (198). It has been suggested that ROS is an early

stage of ovarian failure before the follicles are lost; this theory is supported in the
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literature by several reports demonstrating that POI cases will transition via a
resistant state (158, 199, 200). It seems reasonable to postulate that ROS
represents a state before the progression to irreversible ovarian failure (afollicular

POI), and we propose ROS to be classified as a follicular form of POI.

1.2.4 Presentations and relationships between different stages of

POI

Overall, there is a continuum of declining ovarian function that ultimately
leads to afollicular POI and the cessation of ovarian function. However, before
reaching this irreversible endpoint, there are a number of presentations with
varying degrees of ovarian function in women diagnosed with POl summarised in
Figure 1.6. Most women diagnosed with POI will have a normal menstrual history
and may have been fertile (Figure 1.6A). Others have dysfunctional ovaries and
despite the diagnosis of POI, spontaneously conceive (192), indicating the
unpredictable ovarian function present. In addition, preovulatory follicles may
undergo premature luteinisation, which has been shown to be a major mechanism
in follicle dysfunction observed (Figure 1.6B) (184). As discussed in section 1.2.3,
a number of women will transition via a resistant ovary state, unable to respond to
gonadotrophin stimulation (Figure 1.6C) whilst others will present with only
primordial follicles (Figure 1.6D) before complete ovarian failure (Figure 1.6E)
where ovaries lack follicles. However not all patients will go through each of these

stages, with some reaching the afollicular stage shortly after birth.

Separation of POl patients depending on the presence or absence of

follicles could help identify independent aetiologies. In the past, the distinction
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between two different ovarian phenotypes (follicular and afollicular) has been
crucial in finding a relationship between POl and FSHR mutations (201, 202).
Furthermore, by distinguishing between the follicular and afollicular forms of POI
and determining the stage at which follicle growth is arrested could orientate
research and also subsequent screening for candidate genes. This will improve
treatment outcomes, provide regulatory guidance for intervention and provide an

opportunity to identify underlying biological mechanisms.
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Figure 1.6 Stages of ovarian function in POI diagnosed with POI. (A) The
majority of women diagnosed with POl undergo a normal puberty and are fertile, whilst
others have (B) dysfunctional ovaries and although some follicles spontaneously ovulate
undergo premature luteinisation (pink follicle). (C) Some women will transition through a
resistant ovary state where follicles present are unresponsive to gonadotrophin
stimulation, whilst others present with (D) only primordial follicles that will eventually
become depleted leading to the (E) afollicular stage. Purple arrows indicate reversible

states, whereas red arrows are irreversible.
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1.2.5 Mechanisms of POI: insights from mouse models

As discussed, POl has a heterogeneous spectrum of ovarian
manifestations resulting in the absence or presence of follicles. Since the size and
activation rate of the primordial follicle pool determines the reproductive lifespan
and fertility (Figure 1.7A) (5, 6), any process affecting folliculogenesis and/or
follicle development will affect the reproductive lifespan. There are two known
mechanisms for the development of POI, follicle depletion and follicle dysfunction.
Insights into how these normal processes are affected in POl have come from

mouse models of POl and patient case studies.

To identity mouse models of POI, a PubMed based literature search was
conducted using a strict diagnostic criterion of significantly elevated FSH levels,
since this is the criterion to diagnose women with POI; the results are summarised

in Table 1.2.
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Table 1.2 Mouse models of POI that exhibit increased FSH levels

Mouse model

Reproductive Phenotype

References

and undergo POI by 3-months of
age; Primordial follicles present

s ) Germ cell deficient Reduced germ cell numbers (203, 204)
53
e E . .
a5 White spotting
8 2, variant (c-kit gene) Reduced germ cell numbers (205)
Pten KO Overactivation of primordial follicles (206)
Foxo3a KO Overactivation of primordial follicles (207)
Omcg1 KO Elimination of early growing (208)
oocytes
Inhibin KO GC tumor development (209)
Reduced numbers of ovarian
Follistatin KO follicles, ovulation and fertilization (210)
defects
. Gpr3 KO Fragmented oocy_tes after 211)
o superovulation
% Mdm2 KO Early follicular loss in mice (212)
s
g Murine Uromodulin- Few discernible follicles in the
g : } ; X (213)
£ like 1 overexpression cortical region
o
k] :
H Al piler Progressive loss of antral follicles (214)
= insufficient
g = : : :
£ Liver Kinase b1 KO Overactivation of primordial follicle (215)
] pool
[
J KitL KO Arrested oocyte maturation. (216)
Follicular depletion in early
Tsc1 KO adulthood (217)
3-phosphoinositide- o . . .
dependent protein Majority of pg??;?(:‘jl follicles are 218)
kinase-1 KO P
Taf4b KO Follicles blocked at pre-antral stage (219, 220)
GDF-9 KO Block at primary follicle stage (135)
c
2
g FSHR KO Block before antral stage (36)
2 ArkO Disrupted folliculogenesis and (114)
-E‘ ovulation failure
E’ DM Transition from subfertile to infertile; (1)
o
L.
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1.2.5.1 Follicle depletion

Follicle depletion results in ovaries devoid of follicles and can be attributed
to either a developmental reduction in the initial follicle pool (due to reduced germ
cell formation or postnatal destruction of germ cells) (Figure 1.7B) or to the
overactivation of primordial follicles resulting in an accelerated expenditure (Figure

1.7C).

Two mouse models of POI, the germ-cell deficient mouse (203, 204) and
the White spotting variant mouse (205), are infertle due to a significant

developmental reduction of germ cells resulting in a small primordial follicle pool.

One potential mechanism of primordial follicle depletion is the ‘burnout’
theory (168). In the absence of growing follicles, (which may be destroyed for
example by chemotherapy), there are reduced inhibitory paracrine factors, in
particular AMH. This lack of inhibitory factors results in increased recruitment of
primordial follicles, thus, “burning out” the ovarian reserve, resulting in afollicular
POI. The absence of inhibitory signals such as Pten (206) and Foxo3a (207) using
knockout mice, that under normal circumstances prevent primordial follicle
activation, also result in the overactivation and depletion of primordial follicles

resulting in afollicular POI.

1.2.5.2 Follicle dysfunction

Follicle dysfunction resulting in follicular POI arises from a pathological
process that prevents follicle maturation (Figure 1.7D). Manifestations vary from

the presence of primordial follicles only, which are unable to activate, to the
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presence of follicle at various stages of development including the presence of
preovulatory follicles that are unable to ovulate and undergo luteinisation (142,
174, 184, 185, 188). The FSHR mutation is a known cause of POl in a small
proportion of women (201) and also in a mouse model (36); both exhibit the
presence of follicles, usually before the antral stage, that are unable to respond to
FSH stimulation. Other mouse models of follicular POI include the GDF-9
knockout mouse (135), which exhibits a block in follicle development at the
primary stage, and the aromatase knockout mouse (114), which exhibits disrupted
folliculogenesis and a failure to ovulate. All the mouse models of follicular
dysfunction discussed above are never fertile and through our search, only one
model was found of follicular POI that is fertile before the onset of POlI, this is the

Double Mutant (DM) mouse model (1).
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Figure 1.7 Mechanisms of POIl. (A) Representation of normal follicle
development. Afollicular POI can occur due to (B) a reduced germ cell pool resulting in
the reduction of the primordial follicle pool or (C) due to the overactivation of primordial
follicle. (D) Follicular POI results in the presence of follicles however various

pathologies prevent follicle maturation.
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1.3 The Double Mutant mouse model

1.3.1 Genetics of the DM mouse

The genetic origin of the DM mouse is oocyte-specific deletion of two
glycosyltransferase genes, Cf1galt1 (also known as T-syn) and Mgat1, that
respectively encode [(1,3-galactosyltransferase  (T-synthase) and N-
acetylglucosaminyltransferase | (GIcNAcT-1). T-synthase is required for the
generation of core 1-derived O-glycans (221, 222) whilst GIcNAcT-1 is required for

the synthesis of complex and hybrid N-glycans (223, 224).

The oocyte-specific deletion is achieved using Cre-LoxP technology; the
gene to be deleted is flanked by /loxP sites and upon expression of the Cre
recombinase enzyme (a type 1 topoisomerase), deletion is achieved (225).
Expression of the Cre recombinase can be controlled by a promoter, which in the
DM is the oocyte-specific Zp3; Zp3 is expressed only in the developing oocyte
from the primary stage of follicle development (33) therefore deletion will occur
from this stage onwards. DM females (Mgat1™"C1galt17F:Zp3Cre) carry floxed
alleles of Mgat1 and C1galt1 and a Zp3Cre recombinase transgene, whilst Control
females lack the ZP3Cre transgene (Mgat1™"C1galt1™") (1, 226). The Zp3Cre

transgene does not affect fertility (226, 227).

1.3.2 Glycosylation

Glycosylation is the most common form of post-translational modification
and glycoproteins play essential roles as secreted, receptor and binding proteins

(228). Changes in the glycosylation may have major implications in the functioning
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of proteins and have been associated with a number of diseases such as

rheumatoid arthritis (229) and diabetes (230).

Glycoproteins also play a critical role in female reproduction and include
hormones such as FSH, LH (231) and AMH (232), as well as oocyte-secreted
GDF-9 and BMP-15 (233). Recently, a number of essential roles of oocyte
generated O- and N-glycans have been implicated in various aspects of follicle
development including maintaining BL integrity (57, 234), GC function (235) and

follicle selection (234, 236).

1.3.2.1 N-glycans

N-glycosylation, a major post-translational modification of proteins, occurs
in the endoplasmic reticulum (ER) and Golgi apparatus (Figure 1.8). First in the
ER, monosaccharides are added onto a dolichol pyrophosphate to form a lipid-
linked oligosaccharide (237). The oligosaccharides are transferred by the
oligosaccharyltransferase (OST) complex onto the asparagine (Asn) residues of

the Asn-X-Serine/Threonine (Ser/Thr) sequence of the nascent polypeptide (237).

Following the removal of glucose residues by glucosidases, and the
removal of a mannose residue by a-mannosidase |, the high mannose N-
glycoprotein is transported to the Golgi. Further mannose residues are removed
by Golgi a-mannosidases, followed by the elongation of the chain by various
glycosyltransferases to form hybrid or complex N-glycans (238). The elongation
process is initiated by the addition of N-acetylglucosamine (GIcNAc) residues to

the N-glycan core structure by six different GIcNAc-glycosyltransferases of which
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GIcNACT-1 is the first. GIcNAcT-1 initiates the synthesis of a large variety of
structurally different complex type N-glycans. In the absence of GIcNAcT-1,
glycoprotein-bound N-glycans are therefore entirely of the high mannose N-

glycoprotein type (238).

High-mannose
N-glycans

2 d \IOST complex
J

[:I Dolichol

pyrophosphate

B N-acetylglucosamine

O Mannose

A Glucose

A Fucose

O Galactose

¢ Sialic acid Complex Hybrid
N-glycans N-glycans

Figure 1.8 A schematic diagram of high mannose, hybrid and complex N-glycan

synthesis pathway.

The mouse model carrying an oocyte-specific deletion of Mgat1 was
generated (235). Ablation of hybrid and complex N-glycans, resulted in a
sustained decrease in fertility and fewer pups per litter. Analysis of ovarian
morphology revealed the presence of a thinner ZP and aberrant development of
preovulatory follicles (235) demonstrating the role of complex and hybrid N-
glycans for the generation of a developmentally competent oocyte. However
fertilization, blastogenesis, and implantation proceeded normally in their absence

(227).
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1.3.2.2 O-glycans

The production of mucin type O-glycans (Figure 1.9) occurs in the Golgi
apparatus, and is initiated by the attachment of N-acetylgalactosamine (GalNAc)
to Ser and Thr residues to produce the Tn-antigen (N-acetylgalactosamine-
serine/threonine). This step is catalysed by up to 20 GalNAc- transferases
(GalNAc-Ts) (239). The Tn-antigen is then elongated by core 1 (1, 3-
galactosyltransferase (C1galt1). The function of C1galt1 is dependent on the
presence of the chaperone core 1 B3GalT specific molecular chaperone (Cosmc)
(240). C1galt1 catalyses the addition of a galactose molecule to the Tn-antigen to
form core 1 O-glycans also known as the T-antigen, which are precursors to more
complex O-glycans. O-glycans play important roles in cell-cell interactions and
receptor signalling (238).

Core 1
(T-antigen)

D GalNAc-Ts Tn- antigen
. —> Core2
Ser/Thr

(1- 20) C1ga|t1
Cosmc
Ser/Tf} -

|:| N-acetylgalactosamine OGaIactose

Figure 1.9 A schematic diagram of the Core O-glycan synthesis pathway. GalNAc-
transferases (GalNAc-Ts) transfer N-acetylgalactosamine (GalNAc) to Serine (Ser) and
Threonine (Thr) residues to produce the Tn-antigen. T-synthase enzyme encoded by
C1galt1 gene required for the synthesis of core 1 O-glycans by transferring galactose to N-

acetylgalactosamine on the Tn-antigen.
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The oocyte-specific deletion of Ci7galt1 (234) results in a sustained
increased fertility in mice which is attributed to increased ovulation rate due to
increased numbers of mature follicles due to decreased apoptosis but increased
ratio of GDF-9:BMP-15 resulting in the generation and survival of more follicles
(2). Ovarian histology revealed the presence of some abnormalities of ovarian
morphology, such as an altered ZP structure and the presence of multiple-oocyte
follicles (2, 57). Furthermore, it was determined that complex O-glycans were not
essential for blastogenesis and implantation, but were required for development

around midgestation (234).
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1.3.3 DM phenotype

As discussed, oocyte-specific deletion of Mgat1 (235) results in a sustained
decrease in fertility whilst oocyte-specific deletion of C1galt1 (234) results in a
sustained increase in fertility. It is interesting to discover that oocyte-specific
deletion of both C1galt1 and Mgat1 results in an age-dependant decrease in

ovarian function and fertility.

Prepubertal DM females at 3-weeks of age have grossly normal ovaries
and contain follicles at all stages of development. At 6-weeks of age, females are
subfertile producing a smaller litter (~50%) than Controls, which is attributed to
delayed embryo development, since ovulation rate is normal (236). Furthermore,
in 6-week DM ovaries, there is delayed CL regression resulting in a larger and
more heterogeneous CL population (236) due to attenuated rates of luteal cell
apoptosis (4). By 9-weeks of age, DM females are infertile, and undergo POI by 3-
months of age (1, 236) accompanied by an altered endocrine profile,
characterized by elevated gonadotrophins and decreased sex steroids, confirming

the DM mouse as a model of POI (Figure 1.10) (1).

The drop in fertility of DM females is also accompanied by a dysregulation
of follicle development, which progressively worsens as female age increases.
Ovaries contain decreasing numbers of developing follicles at the later stages of
development, accompanied by increased number of follicles at the primary 3a
stage. Since this accumulation of primary 3a follicles is accompanied by an
equivalent number of primordial follicles at 3-months of age to Controls, this is

indicative of a block in follicle development.
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Figure 1.10 Endocrine profile of Control and DM females at 3-months.

At 3 months of age, DM females exhibit increased serum gonadotropin and

decreased sex steroids compared to Controls. The number in the bar represents

number of animals. *P<0.05; **P<0.005; ***P=0.001. Adapted from Williams et

al. (217).

The DM mouse model phenotype is concordant with clinical features of POI
and there is a well-defined timeline for the onset of POI, the transition from a fertile
state to an infertile state, which makes it an attractive research model for POI.
This provides a remarkable opportunity to explore possible mechanisms
underlying the onset of POl and investigate how the structure and function of
follicles are modified during this period with the aim of developing interventions to
restore normal ovarian function. Since DM females undergo this age-dependant
demise of ovarian function before undergoing POI, the overarching hypothesis of

this thesis is that follicle development cannot be rescued in the DM mouse model

and to address this hypothesis we will address the following aims:
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To characterise morphological differences in primary follicles between Control

and DM and assess how this is affected by age.

To characterise follicle development in DM females when they transition from a

subfertile state at 6-weeks to an infertile state at 9-weeks.

To characterise follicle development in DM females when they transition from a

subfertile state at 6-weeks to an infertile state at 9-weeks.

To evaluate if DM follicle development can be normalised under controlled in

vitro conditions.

To assess DM germ and somatic cell function using the reaggregated ovary

technique.

To determine if replacing the oocyte environment is able to rescue DM follicle

development.

To investigate if transplantation of a newborn ovary with a DM ovary could

rescue follicle development.
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2.1 Generation of the Double Mutant mouse

DM mice homozygous for floxed Mgat1 and C1galt1 alleles and carrying a
Zp3Cre recombinase transgene were generated as described in Williams et al
(226). The floxed alleles are deleted when exposed to Cre recombinase, the
expression of which is controlled by the promoter of oocyte-specific zona pellucida
3 protein (Zp3). Zp3 is expressed only in the developing oocyte from the primary
stage of follicle development (33). DM females carry floxed alleles of Mgat1 and
C1galt1 and a ZP3Cre recombinase transgene (Mgat1™FC1galt1™F:ZP3Cre),
whilst Control females lack the Zp3Cre transgene (Mgat1™"C1galt1™F) (1, 226).

The Zp3Cre transgene does not affect fertility (226, 227).

Mice were maintained in individually ventilated cages in 12:12 h light-dark

cycles unless specified otherwise. Food and water was provided ad libitum.

2.2 Mouse colonies

2.2.1 Mouse colony management system

There were two systems to manage mouse colonies, the first was Dr.
Williams excel sheets and the second was the official Sanger system used by the
Home Office which was first introduced in 2015. Dr. Williams excel sheets were
used keep track of breeding cage productivity, genotyping of newborns, mice
allocations and use of mice and were updated on a weekly basis. The Sanger
system was used to send requests for ear biopsies, setting up breeding cages and

culling requests.
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2.2.2 Mouse breeding regime

Breeding cages were set-up as pairs/trios consisting of one male
(Mgat17FC1galt17F:Zp3Cre) and one/two females (Mgat1™FC1galt1™). Breeding
cages were set-up when mice reached 6-weeks of age and gestation time is 19-21
days. Mice are able to have litters every 3 weeks due to the post-partum oestrous,
a phenomenon in which females enter oestrus and are receptive to mating after

littering down.

2.2.3 Timed-mating

If a large number of females were required for experiments, temporary
plugging cages were set-up using the breeding cage males
(Mgat17FC1galt17F:Zp3Cre) and 9-10 females (Mgat1™FC1galt1™). Two or three
females were placed with each male and the next morning at ~9am, plugs were
detected by using a probe. If a plug was detected then females were put into a
stock cage, and the male was given a replacement female. Before littering down,
the females were split into 2 females per cage with the male to utilise the post-

partum oestrous.

2.2.4 Ear clipping and weaning

When the newborn pups were 12 days of age, they were ear clipped for
identification and genotyping purposes. To ear clip, the mouse was held by
scruffing and an ear biopsy taken using the biopsy tool (Vet-tech, Congleton, UK)
and placed into a sterile microcentrifuge tube. Between each mouse, the tools

were cleaned with 70% ethanol (EtOH, Sigma-Aldrich, Dorset, UK).
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When mice were 3 weeks old, they were weaned into stock cages. Males
and females are weaned into separate cages; females may be joined together at a
later date, however since males are territorial, unless weaned within a short period
(2-3 days maximum) they cannot be housed together. This also applied to males

who were initially together but had been separated for any purpose.

2.3 Ethical approval

All experiments using mice were carried out with the approval of the Local
Ethical Review Panel at the University of Oxford under licence in accordance with
the UK Animals (Scientific Procedures) Act 1986 in a project license held by Dr.

Williams (Project license number 30/3352).
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2.4 Genotyping

2.4.1 DNA extraction

To obtain DNA for analysis, a single ear biopsy from each female was
digested in 51 pl of a 1.5% mixture of Proteinase K (Roche diagnostics,
Mannheim, Germany) in buffer (100mM Tris-HCI, 5mM EDTA, 0.2M NaCl and
0.2% SDS) overnight at 55°C. A shorter protocol for same day genotyping was
also established; for this, the ear biopsy was cut into quarters using a sterile blade

and digested in the Proteinase K buffer solution for 2 h.

Following digestion, the samples were centrifuged at 13,200 rpm for 8 min
and 40 pl of supernatant was boiled at 99°C for 10 min to deactivate the
Proteinase K. The sample was then diluted with 100 pl of distilled water (Gibco,

Life technologies, UK) and stored at 4°C.

2.4.2 Polymerase chain reaction (PCR)

Each PCR reaction mix (25 pl) contained distilled water, PCR buffer
(Bioline Reagents, London, UK), magnesium chloride (MgCl;) solution (Bioline),
deoxyribonucleotide triphosphates (dNTPs) (Roche, Mannheim, Germany),
primers (Eurogentec, Liege Science Park, Belgium), DNA and Taq polymerase

(Bioline). Quantities of each reagent are detailed in Table 2.1.
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Table 2.1. Volumes of PCR reaction mixes

PCR reaction mix (ul)

Reagents Zp3Cre C1galt1 Mgat1
Distilled water 18.75 19.05 19.3
10x PCR buffer 25 25 2.5
50 mM MgCiI2 0.75 0.75 0.5
10 mM dNTPs 0.5 0.5 0.5
10 mM Primer 1 0.5 0.5 0.5
10 mM Primer2 0.5 0.5 0.5
Taq polymerase 0.5 0.2 0.2
DNA 1 1 1

The primers used to detect the Cre transgene were PS502 and PS607
(227), to detect the C1galt1 floxed allele were FB33 and FB34 (241), and the

Mgat1 floxed allele were PS585 and PS586; primer sequences are stated in Table

2.2.

Table 2.2. Sequences of primers used for the detection of Mgalt1, C1galt1 and Cre

transgene.
Primer Sequence
Mgat PS585 5-TGCAAGCCAACACTTGTCTC-3’

PS586 5-GAGACCTGCTTACTGCAGCC-3

Clgaltt FB33 5-GTCCACAGAGGGCCATTAGA-3

FB34 5 TGCTGATCCACAGAGGAAGA-3
PS502 5-GGACATGTTCAGGGATCGCCAGGCG-3’

Cre PS607 5-CCATGAGTGAACGAACCTGG-3

PCR was performed in three steps after an initialisation step. The
initialisation step was for 2 min at 94°C followed by 35 cycles of denaturation (30

sec at 94°C), annealing (for C7galt1: 30 sec at 66°C, for Mgat1 and Cre: 30 sec at

56°C) and extension (1 min at 72°C).
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2.4.3 Analysis of PCR products by gel electrophoresis

For electrophoresis, a 1.5% agarose gel with 0.01% ethidium bromide
(Fisher Scientific, Loughborough, UK) was prepared by heating a mixture
containing 3 g of agarose (VWR, Leicestershire, UK) in 200ml TAE buffer. TAE
buffer is composed of Trizma base (T1503, Sigma-Aldrich, Dorset, UK), Na,EDTA
(Fisher Scientific, Loughborough, UK) and acetic acid glacial (Fisher Scientific). A
19-well gel comb was placed in the agarose mixture to create DNA loading wells
and the mixture left to set for 1 h. PCR products were mixed with 2 yl of gel
loading dye (New England Biolabs, Hitchin, UK) and loaded into the agarose gel.
For Cre genotyping 8 ul of product was loaded and for Mgat1 and C1galt1
genotyping 15 pyl of product. The first and last well of each lane was loaded with a
100bp DNA ladder (New England Biolabs). Samples were run at 100 millivolts for

55 min and the gel visualised using the LI-COR Odyssey CLx Imaging System.

2.5 Histological processing

2.5.1 Tissue collection and Fixation

Mice were culled by cervical dislocation and death was confirmed by
exsanguination. Using sterile microdissection scissors (Fine Science Tools,
InterFocus Ltd, Linton, UK) and Dumont #5 forceps (Fine Science Tools), each
ovary was dissected into a microcentrifuge tube containing sterile phosphate
buffered saline (PBS). When transferred to the lab, the ovaries were cleaned of
the bursa and fat under the stereomicroscope (Leica DM2500). The clean ovaries

were transferred into labelled microcentrifuge tubes containing 10% buffered
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formalin (Sigma-Aldrich) and were fixed for 8 h before being transferred to 70%

EtOH and placed in the fridge at 4°C until embedding.

2.5.2 Embedding process

Before starting the embedding process, cassettes labelled with
mouse/ovary/experiment details, and plastic moulds and bijou tubes containing
paraffin wax, were placed in the oven at 62°C. If the tissue was too small to
visualise, it was stained in a 1:10 eosin (Sigma-Aldrich) to 50% EtOH solution for
30 min. The embedding process involves two steps; the dehydration step and the

embedding step.

2.5.2.1 Dehydration

The tissue is transferred to PBS before being dehydrated using increasing
concentrations of EtOH followed by xylenes (Fisher Scientific) (Table 2.3). For
EtOH, if a 96-well plate was used, then 200 pl of reagent was used per well; or if a
48-well plate was used then 500 pl/well was used. When transferring the tissue to
xylene, glass embryo dishes containing 1ml of xylene were used, since xylene

melts the plastic plates.

A blunt forcep or a wide bore 200 pl pipette tip was used to transfer the

tissue from well to well to avoid damage to the tissue.
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Table 2.3. Reagents and timings of the dehydration step of embedding

Reagent Time
50% EtOH 15 min
70% EtOH 15 min
80% EtOH 15 min
95% EtOH 15 min
100% EtOH | 15 min
100% EtOH 1l 15 min
100% EtOH 1l 15 min
Xylene | 20 min
Xylene I 20 min
Xylene 1l 20 min

2.5.2.2 Embedding

Following dehydration, the tissue was carefully transferred into the centre of
the plastic moulds containing the melted paraffin wax (provided by Richard Stillion,
Sir William Dunn School of Pathology) and incubated at 62 °C for 2 h. After 2 h the
labelled cassette was placed on top of the mould, if required the mould was
topped up with wax, and the position of the ovary was checked to ensure it was in
the centre. The oven was turned off and the wax was left to set overnight. The
next morning the moulds were placed in the fridge for 1 h to help loosen the wax

block from the mould.

2.6 Sectioning

Paraffin blocks were serially sectioned at 5 ym using a microtome (Leica,
Nussloch, Germany) and sections were mounted onto microscope slides
(SuperFrost Plus, VWR). Slides were heated in the oven at 62°C for 1 h and

stored in slide boxes (Fisher Scientific) until required.
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2.7 Haematoxylin & eosin staining

A regressive haematoxylin staining protocol was used for staining. There are
4 main steps for the haematoxylin (Shandon Gill 2 haematoxylin; Fisher Scientific)
and eosin (H&E) protocol. These are dewaxing, rehydration, staining, and

dehydration, which are detailed in Table 2.4.

Table 2.4. Details of the four steps of H&E staining protocol including reagent and

duration.
Step Reagent Duration
Xylene | 8 min
Dewax Xylene |l 4 min
Xylene Il 4 min
100% EtOH | 3 min
100% EtOH I 3 min
90% EtOH 2 min
Rehydration
70% EtOH 2 min
50% EtOH 3 min
Tap water 3 min
Harris haematoxylin 2 min
Wash in running water 5 min
Destain in acid alcohol 5 sec
Wash in running water 5 min
80% EtOH 1 min
Eosin alcoholic 1 min
95% EtOH 30 sec
100% EtOH | 45 sec
100% EtOH I 1 min
Dehydration > !
100% EtOH IlI 2 min
Xylene | 8 min
Xylene I 8 min
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2.7.1.1 Mounting

Slides were mounted with coverslips using Depex (Fisher Scientific) and

left on a flat surface to dry overnight.

2.7.1.2 Imaging
Sections were visualised using a DM2500 Leica microscope (Microscope
services Ltd, Woodstock, UK) and imaged using a MicroPublisher 5.0 RTV

camera (Qimaging, Microscope services Ltd).

2.8 LacZ staining

2.8.1 Genotyping
Tail tips of PO/P1 pups or ear biopsies from older LacZ mice and a positive
and negative control were incubated in 100 pl of X-gal solution at 37°C for 1 hour.

Tissue from mice carrying the LacZ gene stained blue at the end of the process.

Components of the solutions are detailed in Table 2.5.

2.8.2 LacZ staining of tissue

The tissue was fixed in 200 pl of gluteraldehyde fixative for 1 h at room
temperature and permeabilised by washing three times (15 min each) in 200 ul of
detergent rinse solution. Finally, the tissue was incubated overnight in 100 ul of X-
gal staining solution at 37°C followed by three 15 min detergent rinses and kept in
PBS at 4°C until wax embedding. Details of the components of the solutions are

detailed in Table 2.5.

66



Table 2.5. Composition of X-gal staining solutions required for fixation, detergent

rinse and X-gal staining.

Solution Reagents Vz:;jlrt?t?of:ml;nl
1M MgCl; 2
Fixation 25% glutaraldehyde 8
0.1M PBS (pH 7.3) 990
1M MgCl; 2
Detergent 1% sodium deoxycholate 10
rnse 1% NP-40 20
0.1M PBS (pH 7.3) 968
1M MgCl; 2
1% sodium deoxycholate 10
250 mM potassium ferrocyanide 20
X-gal 250 mM potassium ferricyanide 20
staining 50mg/ml X-gal 20
1% NP-40 20
1M Tris (pH 7.3) 20
0.1M PBS (pH 7.3) 888
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Morphometric analysis of primary follicle

development
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3.1 Introduction

Approximately 50% of women diagnosed with POI have follicular POI (184-
186, 242), and 5-10% of women diagnosed with POI conceive spontaneously
(243). Although several factors have been associated with POI, the mechanisms
that cause ovarian dysfunction are poorly understood and ~70% of cases are
idiopathic. Therefore further research is warranted to decipher the underlying
mechanisms and develop treatments for affected patients; models of POI provide

a useful tool to this end.

The DM mouse is a model of follicular POIl. DM females exhibit a clearly
defined timeline for the onset of the condition since females transition from being
subfertile at 6-weeks to infertile at 9-weeks and undergo POI by 3-months of age
(1). The drop in fertility of DM females was also accompanied by a dysregulation

of follicle development.
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Figure 3.1 Follicle counts for 3-month old Control and DM mice. DM
ovaries (n=3 mice) have an increased number of primary follicles
accompanied by decreased number of developing follicles compared to
Controls (n=3 mice); however total follicle numbers did not differ. *P<0.05,

**P<0.01, ***P<0.001, ****P<0.0001. Adapted from Williams et al. (1)
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Analysis of follicle numbers in DM ovaries at 3-months of age revealed
increased numbers of primary follicles compared to Controls (Figure 3.1) (1, 236,
244), which suggested a block at the primary stage of follicle development existed.
Therefore, we hypothesised that there are abnormal follicles in the DM ovary that

are unable to progress past the primary stage of follicle development.

3.2 Aim

* To characterise morphological differences in primary follicles between Control

and DM and assess how this is affected by age.

To address this, primary follicles were analysed in postnatal (8-days), pre-
pubertal (3-week), post-pubertal sub-fertile (6-weeks) and infertile POI (3-months)
DM ovaries. Using morphometric analysis we analysed the relationship between
GC number and follicle and oocyte size, the packing density of GCs, GC

proliferation and changes in the theca cell compartment.
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3.3 Materials and Methods:

3.3.1 Mice

Female mice with floxed C71galt1 and Mgat1 alleles (C1galt1™" Mgat1™'F)
were Controls and mice also carrying a Zp3Cre recombinase transgene were

experimental DM (C1galt1™™ Mgat17F:Zp3Cre) (1, 226).

3.3.2 Ovarian histology and analysis

Ovaries were collected at 8-days, 3-weeks, 6-weeks and 3-months of age
and fixed, paraffin embedded and sectioned (Section 2.5). Every 10" serial
section was stained with H&E (Section 2.7). Only morphologically healthy primary
follicles with a central oocyte and a visible nucleus were assessed. Primary
follicles were classified based on the number of GC in a cross section (245) as
either primary 3a (9-20 GCs) or primary 3b (21-60 GCs) follicles. Follicle area
(excluding theca cells) and oocyte area (excluding zona pellucida) were measured
using Imaged software (National Institutes of Health, Bethesda, Maryland, USA).
The follicle basement membrane was used as the follicle boundary. GC area was

obtained by subtracting oocyte area from follicle area.

3.3.3 Immunohistochemistry and histochemistry

Immunohistochemistry (IHC) was used to detect the presence of Ki67.
Histochemistry using hyaluronic-binding protein was used to detect the presence
of hyaluronic acid (HA). Sections were dewaxed with xylene and rehydrated using
decreasing concentrations of ethanol and ddH,O. Slides were washed in Tris

Buffered Saline (TBS: 0.1M Tris pH 7.5 and 0.3M NaCl) with 0.05% Tween-20
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(TBST). Endogenous peroxidase was quenched by washing with 3% H20O, (Fisher
Scientific) in Phosphate Buffered Saline (PBS) for 5 min. For HA detection,
sections were blocked with 2% FCS (Sigma-Aldrich) in PBS for 1h, & for Ki67
detection, with 1.5% normal goat serum (Vectastain ABC Kit, Vector Laboratories,
Peterborough, UK) in TBS for 1h. The sections were then incubated with either
0.25mg/ml biotinylated HA binding protein (HABP, Seikagaku, Tokyo, Japan) at
1:50, or rabbit anti-Ki-67 antibody (ab66155; Abcam, Cambridge, UK) at 1:100
and incubated overnight at 4°C. After 3 washes with TBST, all sections were
incubated with biotinylated anti-rabbit IgG secondary antibody (Vectastain ABC
Elite Kit) for 1 h, followed by ABC solution (Vectastain ABC Elite Kit) for 30 min. A
3,3’-Diaminobenzidine (DAB) peroxidase substrate kit (Vectastain ABC Elite Kit)
was used to develop the stain. The slides were counterstained with haematoxylin,

dehydrated, mounted and imaged as described in Section 2.7.

For analysis of Ki67 staining, granulosa cells (GCs) were classified as
either Ki67 negative or positive using an assessment scale (Section 3.4.7). For
HA, theca cells were counted and then classified as positive if at least 50% of the

cell was in contact with detectable HA.

3.3.4 Statistical Analysis

Statistical analyses were performed using Prism GraphPad software
(GraphPad Software, Inc., version 4.0b, 2004). D’Agostino & Pearson normality
test was applied to test Gaussian distribution of samples size n>10. Where sample
size n<10, the Shapero-Wilk test of normality was used. The unpaired t-test was

used to analyse differences between samples with normal distribution. The Mann—
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Whitney U test was performed to detect differences between groups with non-
parametrical distribution and equal variances. A Welch’s correction was applied to
groups with non-parametrical distribution and unequal variances. To assess
correlation between GC number and area, if normally distributed, the Pearson
correlation coefficient was tested; for non-parametric distribution, the non-
parametric Spearman correlation was tested. Differences between GC number
and area at the different ages were analysed using linear regression. To compare
mean area between ages, a one-way ANOVA with Tukeys’ multiple comparison
was used. A few groups were not normally distributed, for these the Kruskal Wallis
with Dunn’s multiple comparisons test was used. Unpaired t test was used to
assess differences in theca cell area whilst a Kruskal Wallis with Dunn’s multiple
comparison test was used to compare theca cell numbers. A P value <0.05 was

considered significant.

3.3.5 Disclaimer

For this chapter, the IHC experiments detecting Ki67 using 6-week old mice
were conducted by Dr. Jassimran Bhansal (FHS student in Dr. Williams’s lab) and
the results were analysed by me. For the HA histochemistry experiments detecting
HABP and subsequent analysis were conducted by Grace Brown (FHS student)

under my supervision.
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3.4 Results

3.4.1 Primary 3a follicles: Morphology of follicle, oocyte or GC
area

As this study was focusing on primary follicles, primary 3a (9-20 GCs) and
3b (21-60 GCs) follicles with a visible nucleus were analysed at 8-days, 3-weeks,
6-weeks and 3-months in Control and DM ovaries. Images revealed (Figure 3.2)
that primary follicles from 8-day ovaries looked larger than primary follicles from
older ovaries despite having the same number of GCs (as categorized by GC

number) indicating differences in GC density.

Control

DM

Figure 3.2. Images of primary 3a follicles in Control and DM ovary sections at 8-

days, 3-weeks, 6-weeks, and 3-months. Scale bar= 20 pm.
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3.4.2 Primary 3a follicles: Analysis of linear relationship between

follicle, oocyte or GC area with GC number

To investigate these differences, first, the relationship of how follicle, oocyte
and GC area related to GC number in primary 3a follicles was assessed. In both
Control (Figure 3.3A) and DM (Figure 3.3B) ovaries at all ages, follicle, oocyte and
GC area increased proportionally with GC number. Although area increased as
expected with GC number, follicles from 8-day ovaries appeared to be larger as
and followed a different growth trajectory to follicles

first observed (Figure 3.2),

from the other ages.
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Figure 3.3 Analysis of primary 3a follicles. The relationship between
follicle, oocyte and GC area with GC number in primary 3a follicles in (A) Control
and (B) DM was analysed at 8-days (open circles; Control n=3 mice, n=19
follicles, DM n=3 mice, n=38 follicles), 3-weeks (open squares; Control n=3 mice,
n=37 follicles, DM n=3 mice, n=36 follicles), 6-weeks (open triangles; Control n=3
mice, n=23 follicles, DM n=3 mice, n=38 follicles) and 3-months (crosses; Control

n=3 mice, n=22 follicles, DM n=3 mice, n=46 follicles).
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A linear regression revealed that there were significant differences in
slopes between all areas (follicle, oocyte and GC) at 8-days and all other ages for
Controls, whilst no differences in slopes existed between the other ages (Table
3.1). For DM, a significant difference in the slopes existed when comparing follicle
and oocyte areas at 8-days to 6-weeks or 3-months however when comparing GC
area and all areas (follicle, oocyte and GC) at 8-days to 3-weeks although the
slopes did not differ, the intercepts did. Further differences in areas existed

between 3-weeks to 6-weeks and 3-months (Table 3.1).
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Table 3.1 Analysis of linear relationship between follicle, oocyte and GC area with GC
number in primary 3a follicles in Control and DM ovaries at 8-days, 3-weeks, 6-weeks and 3-
months. Linear regression data for 3a follicles showing P values. If slopes are not significantly

different, then differences between intercepts were calculated.

Control DM
Ages Slopes Intercepts Slopes Intercepts
(P values) (P values) (P values) (P values)

8-days vs 3-weeks <0.0001 N/A 0.56 <0.0001
8-days vs 6-weeks <0.0001 N/A 0.001 N/A
8-days vs 3-months 0.0002 N/A 0.0184 N/A

&8 | 3-weeks vs 6-weeks 0.09 0.3 0.0154 N/A

% 3-weeks vs 3-months | 0.0619 0.0075 0.0037 N/A

;,‘; 6-weeks vs 3-months | 0.71 0.2567 0.6400 0.1412
8-days vs 3-weeks <0.0001 N/A 0.56 <0.0001
8-days vs 6-weeks 0.0002 N/A 0.001 N/A
8-days vs 3-months 0.0013 N/A 0.0003 N/A

3 | 3-weeks vs 6-weeks 0.08 0.005 0.0008 N/A

g 3-weeks vs 3-months | 0.21 0.0003 0.0002 N/A

&S | 6-weeks vs 3-months | 0.85 0.48 0.8021 0.364
8-days vs 3-weeks 0.0225 N/A 0.473 0.0038
8-days vs 6-weeks 0.0124 N/A 0.4525 <0.0001
8-days vs 3-months 0.006 N/A 0.2539 <0.0001
3-weeks vs 6-weeks 0.28 0.55 0.09 0.0007

(LD(g 3-weeks vs 3-months | 0.09 0.2032 0.0304 N/A

&S | 6-weeks vs 3-months | 0.5363 0.2282 0.6400 0.1574
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3.4.3 Primary 3a follicles: Analysis of average follicle, oocyte or

GC area within Control and DM ovaries

To assess if there was a difference in 3a follicle area between 8-day, 3-
week, 6-week and 3-month ovaries, we determined average follicle, oocyte and
GC area at each age. Control 8-day ovaries (Figure 3.4A) had larger follicles, and
increased oocyte and GC area than those from 3-week, 6-week and 3-month
ovaries. No further differences were observed when comparing the older ovaries

(3-week, 6-week and 3-month).
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Figure 3.4 Analysis of primary 3a follicles. Comparison of follicle, oocyte and GC
area of primary 3a follicles within (A) Control and within (B) DM ovaries at the different
ages. Results are expressed as meantSEM. *P<0.05,

**P<0.01, ***P<0.001,

****P<0.0001.

A similar pattern was observed in 3a follicles from DM 8-day ovaries
(Figure 3.4B) compared to 3a follicles from 3-week, 6-weeks and 3-months
ovaries; however GC area did not decline as uniformly as in Controls and thus did

not differ at 3-weeks. The oocyte size remained higher and more variable in DM at
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3-weeks resulting in a difference when comparing oocyte area at 3-weeks to 6-

weeks and 3-months.

3.4.4 Primary 3a follicles: Comparison of areas between Control

and DM ovaries

To determine if the 3a follicle dysregulation in DM ovaries was due to the
presence of abnormal sized follicles, we compared follicle, oocyte and GC areas

between Control and DM at the 4 different ages (Figure 3.5).

No differences in follicle, oocyte and GC area between Control and DM
were observed at the earliest (8-days) (Figure 3.5A) or the latest (3-months) age
analysed (Figure 3.5D). However, at 3-weeks of age, DM follicles were larger than
Control follicles due to increased follicle, oocyte and GC area (Figure 3.5B).
Furthermore, at 6-weeks of age oocyte area was larger in DM ovaries compared

to Controls, whilst follicle and GC area did not differ (Figure 3.5C).
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Figure 3.5 Comparison of follicle, oocyte and GC area of primary 3a follicles
between Control and DM at (A) 8-days, (B) 3-weeks, (C) 6-weeks and (D) 3-months

Numbers in bars represent follicle numbers. Results are expressed as meantSD

**P<0.01, ***P<0.001.
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3.4.5 Analysis of primary 3b follicles

Having examined primary 3a follicles, we then analysed primary 3b follicles
(21-60 GCs) to ascertain if the changes observed in 3a follicles persisted. Once
again images (Figure 3.6) revealed that primary follicles from 8-day ovaries looked
larger than primary follicles from older ovaries, indicating differences in GC

density.

6

Figure 3.6 Images of primary 3b follicles in Control and DM ovary sections at 8-

days, 3-weeks, 6-weeks, and 3-months. Scale bar= 20 pm.
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As expected, follicle, oocyte and GC area of 3b follicles increased

proportionally with GC number in Control (Figure 3.7A) and DM (Figure 3.7B) at all

ages.
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Figure 3.7 Analysis of primary 3b follicles. The relationship between follicle, oocyte
and GC area with GC number in primary 3b follicles in (A) Control and (B) DM was
analysed at 8-days (open circles; Control n=3 mice, n=16 follicles, DM n=3 mice, n=34
follicles), 3-weeks (open squares; Control n=3 mice, n=21 follicles, DM n=3 mice, n=29
follicles), 6-weeks (open triangles; Control n=3 mice, n=17 follicles, DM n=3 mice, n=11
follicles) and 3-months (crosses; Control n=3 mice, n=28 follicles, DM n=3 mice, n=25

follicles).

The average size of 3b follicle and oocyte area at each age was
determined (Figure 3.8). Similar to Control 3a follicles, Control 3b follicles (Figure
3.8A) from 8-day ovaries were larger with an increased follicle and GC area than
the older ages, however oocyte area mirrored the plateau observed in Figure

3.7A, and was only larger compared to 6-weeks (Figure 3.8B).
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Figure 3.8 Analysis of primary 3b follicles. Comparison of follicle, oocyte and GC
area of primary 3b follicles within (A) Control and within (B) DM ovaries at the different ages.

Results are expressed as mean+SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

A different pattern was observed amongst DM 3b follicles (Figure 3.8B), 8-
day ovaries compared to 6-week and 3-month ovaries, contained larger follicles
and oocytes accompanied with increased GC area; however follicle and GC area
were increased but oocyte area did not decline as uniformly as in Controls and
thus when comparing follicles from 8-days to 3-weeks oocyte size did not differ at
3-weeks. The oocyte size remained higher and more variable in DM at 3-weeks
relating in a difference when comparing oocyte area at 3-weeks to 6-weeks; whilst

follicle, oocyte and GC area was larger when comparing 3-weeks to 3-months.

Finally, comparison of 3b follicle, oocyte and GC area between Control and

DM ovaries revealed no differences (Figure 3.9).
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Figure 3.9 Comparison of follicle, oocyte and GC area of primary 3b follicles
between Control and DM at (A) 8-days, (B) 3-weeks, (C) 6-weeks and (D) 3-months.

Numbers in bars represent follicle numbers. Results are expressed as meantSD.

3.4.6 Analysis of number of GC layers

When analysing follicle images, it became apparent that despite having the
same range of GCs, some follicles had a partial second layer of GCs. To
determine if follicles at the different ages were developing faster (i.e. were they
developing a second layer sooner), follicles were classified as either follicles with
1 layer of GCs (1 layer), follicles that had started developing the second layer (1+
layers) or follicles that had developed 2 complete layers (2 layers) (Figure 3.10A).
The proportion of 3a follicles (Figure 3.10B) and 3b follicles (Figure 3.10C) in

these categories was analysed.
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We first observed that a higher proportion of primary 3a and 3b follicles had
1+ and 2 layers from 8-day ovaries, which was in agreement with our observation
that 8-day ovaries contain larger follicles. At 3-weeks of age, a higher proportion of
DM 3a (Figure 3.10B) and 3b follicles (Figure 3.10C) had 1+ layer compared to
Controls, suggesting DM follicles were developing differently, which is consistent

with the larger follicles observed in DM 3-week ovaries (Figure 3.5B).
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Figure 3.10 Analysis of GC layer formation. (A) All primary follicles were
classified as follicles with 1 layer of GC (1 layer), follicles that had started developing
the second layer (1+ layer) or follicles that had developed 2 complete layers (2 layers).
The proportion of (B) primary 3a and (C) primary 3b follicles classified with 1 layer

(magenta), 1+ layer (blue) and 2 layers (yellow) were analysed.
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3.4.7 Ki67 labelling of follicles at 3- and 6-weeks of age

Since differences in area between Control and DM follicles existed at 3-
and 6-weeks, and follicles from DM 3-week ovaries develop a second layer of GC
earlier, we examined whether these changes were accompanied by changes in
GC proliferation (Figure 3.11A). The proportion of Ki67 positive GCs per follicle
were analysed in all primary follicles and for 3a and 3b follicles separately using

the GC assessment scale (Figure 3.11B).

At 3-weeks of age (Figure 3.11C) when DM ovaries contain larger follicles
than Control, the proportion of Ki67 positive GCs was higher in all primary follicles
from DM ovaries than Controls however when separated into 3a and 3b follicles,
significance was not quite achieved when comparing Control to DM.Since in 6-
week DM ovaries we do not see an increase in follicle or GC area accompanying
the presence of large oocytes (Figure 3.5C), we examined changes in GC
proliferation (Figure 3.11D). Although no differences were observed in the
percentage of Ki67 positive GCs in all primary follicles, when split into 3a and 3b,
DM 3a follicles contained a lower proportion of proliferating GCs compared to
Controls; no differences existed at the 3b stage. Therefore, although the oocyte
continues to grow this is not accompanied by an increased proportion of
proliferating GC surrounding DM oocytes in 3a follicles, and thus as observed,

overall follicle size does not vary between Control and DM (Figure 3.5C).
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Figure 3.11 Analysis of GC Ki-67 labelling. (A) Images of Ki67 labelling of GCs
of primary 3a and 3b follicles from Control and DM. (B) GC proliferation intensity was
used to assess percentage of Ki67 positive GC cells in primary follicles from (C) 3-
week and (D) 6-week Control (3-week total follicles n=28, 3a follicles n=11, 3b follicles
n=17; 6-week total follicles n=33, 3a follicles n=16, 3b follicles n=14) and DM ovaries
(3-week total follicles n=34, 3a follicles n=13, 3b follicles n=21; 6-week total follicles

n=50, 3a follicles n=28, 3b follicles n=14). Scale bar= 25 ym. *P<0.05, **P<0.01.
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3.4.8 Analysis of theca cell compartment

Since GC proliferation at 6-weeks was reduced in DM 3a follicles, this
prompted us to assess theca cell development, since factors secreted by GCs are
thought to recruit and promote theca cell proliferation. Histochemistry was used to
detect HA, which localizes to the theca cell layer. In both Control and DM ovaries,
HA was detected in the extracellular matrix (ECM) of the theca and GCs of

primary follicles (Figure 3.12A).

Upon analysis of HA distribution, it was noted that for some theca cells HA
was not detected in the surrounding ECM. To investigate these differences, first,
all theca cells were analysed and classified as HA positive (HA+) theca or HA
negative theca (Figure 3.12B). HA+ theca cells were classified as a theca cell with
at least 50% of the cell in contact with detectable HA. Next, theca cell area and
number were quantified in 3a and 3b follicles (Figure 3.12C). There were no
differences in theca number or area in Control and DM 3a or 3b follicles. However,
DM 3a follicles had a greater proportion of HA+ theca cells, which did not persist
at the 3b stage. Comparison of follicle, oocyte and GC area of follicles with 100%
HA+ theca did not differ between Control and DM for this cohort of follicles (data

not shown).
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Figure 3.12 Analysis of theca cells and HA production. (A) HA was localised to the theca cell
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to the right showing HA+ and HA negative theca. Scale bar= 10 ym. (C) No differences existed in
theca area and total theca number in 3a or 3b follicles between Control and DM however DM 3a
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numbers. Results are expressed as mean+SD. **P<0.01.
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3.5 Discussion

Whilst follicle dysregulation is one of the known causes of POl (246), the
mechanisms and aetiology underlying the development of POI are unknown. In
the DM mouse model of follicular POI, follicle development is modified with an
increase in primary follicle numbers accompanied by fewer developing follicles
indicative of a block in follicle development (1, 236, 244). DM females are sub-
fertile at 6-weeks of age, producing one small litter, infertile by 9-weeks of age and
undergo POI by 3-months of age. We hypothesised that there is an accumulation
of primary 3a follicles due to the presence of abnormal follicles that are unable to
progress past the primary stage of follicle development. Here, we investigated
morphology of primary follicles in postnatal (8-days), pre-pubertal (3-week), post-

pubertal sub-fertile (6-weeks) and infertile POI (3-months) DM ovaries.

First, in functionally wildtype Control ovaries (C1galt1™™ Mgat1™), this
study revealed interesting aspects of early follicle development. Primary follicles
from 8-day ovaries are larger in size, with larger oocytes than primary follicles in 3-
week, 6-week and 3-month Control ovaries. Follicles in the 8-day ovaries are the
first cohort of follicles activated shortly after birth, responsible for establishing the
HPG axis, and perhaps may be functionally different to follicles that will follow,
which we have shown is reflected in differences in size. The difference in
developmental dynamics of follicles from 8-day ovaries may also be attributed to
differences in location and rate of follicle growth, with follicles developing in the
medulla in 8-day ovaries growing faster (5, 247-251) than follicles from older
ovaries, which are located in the cortex. These differences in location of growth

may be affecting the developmental dynamics of follicles we observed.
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Furthermore, in Controls, the GCs of primary follicles from 8-day ovaries
are less compact than primary follicles from the other older ages, which may be
accredited to differences in the composition of ovarian stroma. Neonatal ovarian
stroma is composed of fibroblast-like cells and undifferentiated stroma before the
interstitium develops at P11 (252) and perhaps is more permissive of follicle

growth resulting in the less compact GCs observed in 8-day ovaries.

A vital difference between 8-day ovaries and the older ages is the lack of
larger developing follicles. Since these larger follicles are present in 3-week, 6-
week and 3-month ovaries, there is an upregulation of extracellular matrix
components, such as laminin and collagen around these larger follicles (64) which
could physically restrict growth of the primary follicles as it is known that dominant
growing follicles inhibit neighbouring follicles (253). Furthermore, these large
follicles secrete hormones such as AMH, which is known to inhibit the growth of
smaller follicles and FSH-induced follicle growth (127, 254, 255) and could

ultimately result restrict follicle growth in these ovaries.

Another difference between the younger (8-day) and older mice which may
be impacting GCs, is the neonatal gonadotrophin surge which occurs in mice
during the first 2 weeks post-birth before declining to adult levels (248, 256-261).
GCs from neonatal ovaries are reported to have large intercellular spaces and well
defined round nuclei (261), as observed in 8-day ovaries. GCs of mice deprived of
endogenous gonadotrophins, by administration of rabbit anti-rat gonadotrophins,

have reduced intercellular spaces and irregular shaped nuclei (261) similar to our
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observations of older ovaries (3-weeks, 6-weeks and 3-month). The authors
speculated (261) that gonadotropin deficiency resulted in increased intracellular
pressure, since GC membranes were in constant contact with neighbouring GCs
and the basal lamina, resulting in more compact cells. Additionally, a decline in
GC proliferation as GCs reach a maximal packing density has been observed,
suggesting that a degree of contact inhibition occurs in GCs on the basal lamina
(250). Since administration of FSH to gonadotropin deprived mice was able to
partially reverse effects of gonadotropin deficiency (261), this indicates that FSH
plays a role in the integrity of the GC membrane. Therefore, we speculate the
gonadotropin surge in neonatal mice stimulates the advanced follicle growth

observed in 8-day ovaries.

Moving on to compare DM to Controls, in addition to the presence of larger
follicles in 8-day DM ovaries, further differences were observed when comparing
follicles from 3- and 6-week Control and DM ovaries. When compared to Controls,
DM ovaries at 3-weeks contained abnormally large primary 3a follicles and
oocytes, accompanied by accelerated development of a second GC layer and
increased GC proliferation. It has recently been shown that the absence of O-
glycans in oocytes altered follicle development with follicles showing higher
sensitivity to FSH and reduced apoptosis (2, 234). Therefore, it is plausible the
DM follicles are more sensitive to FSH mediated GC proliferation, which results in

the precocious follicle growth observed.

Contrary to 3-weeks, 6-week DM primary 3a follicles contain larger oocytes,

accompanied by decreased GC proliferation when compared to Controls. Since
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the main difference between 3- and 6-week DM ovaries is the presence of CL, we
believe these maybe playing a role. We have previously reported an accumulation
of CL in 6-week DM ovaries due to a delayed CL regression (236, 244). The
presence of increased CL in DM ovaries at 6-weeks of age may be preventing GC
proliferation by physically restricting expansion since CL exert anti-folliculogenic
effects on neighbouring follicles (262). Furthermore, secretion of progesterone by
CL inhibits early follicle growth by suppressing the FSH-mediated proliferation of
GCs (263-266), which may be preventing DM GCs from proliferating whilst the

oocyte continues to grow, resulting in the discrepancy observed.

As GCs play a vital role in oocyte viability by maintaining prophase | arrest
(267), therefore the changes in GC proliferation observed in DM ovaries at 3- and
6-weeks, may affect meiotic progression of oocytes and hence prevent these
follicles from further development in DM ovaries. Although various studies have
reported that GC proliferation is not directly associated with oocyte growth (5, 250,
268, 269), the reciprocal signalling between oocyte and GCs is required for normal
follicle development to occur (23) and therefore any disruption will affect follicle
development potentially leading to the block in follicle development as observed in
DM ovaries. Furthermore, at both age’s abnormalities in DM follicles exist only at

the 3a stage, suggesting that follicles that get through this block are normal.

Contrary to previous reports that theca cells first appear at the secondary
follicle stage (reviewed by Young and McNeilly (32)), we confirm the presence of
theca cells in primary follicles, by morphological analysis. Furthermore, we confirm

the localization of HA in the ECM of theca cells surrounding some primary follicles
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(39, 270, 271). During follicular growth, since angiogenesis is restricted to the
theca cell layer and the presence of HA is known to have anti-angiogenic activity
(272, 273), we postulate the increased HA in the DM theca ECM may restrict the
nutrients available to the follicle as well as being a source of rigidity that constrains
follicle growth and theca cell proliferation, resulting in a reduced theca cell layer in
developing follicles as previously reported (244). Furthermore, in PCOS ovaries,
where there is an upregulation of ECM components, a phenomenon termed
‘stockpiling’ ensues which results in a 6-fold increase in primary follicles (274,

275).

Our results demonstrate that presence of morphologically abnormal follicles
in DM ovaries are causing the observed block in follicle development; however,
there were a number of limitations. To avoid any bias, during the experiments and
analysis, the investigator was blind to the genotype of the mice, which were called
group 1 and group 2. In addition, the number of mice used per age group were low
(n=3-4), however the mice used in both groups (Control and DM) were littermates
from 3-4 different litters, which ensures we have a representative sample.
Furthermore, ovaries from 6-week and 3-month females were collected post-
mating and therefore there are no variations due to different timings in oestrous

cycle.

For IHC experiments, since all experiments were not conducted at the same
time, there may be variation in the intensity of staining between experiments. This
was controlled for within each experiment, since DAB exposure time was kept

consistent and each experiment was repeated a minimum of three times and
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contained an equal number of slides from all mice. Since Ki67 staining intensity
was visually quantified, this has limitations due to lack of uniformity and
consistency in quantification. However, it has been demonstrated that this manual
method is the gold standard in assessing the Ki67 proliferative index of a number
of tumours including gastroenteropancreatic neuroendocrine tumours (276). To
limit variation in future studies, the use of software such as Image J could be
adopted to quantify the intensity of DAB staining per cell as a percentage, which

will be less subjective.

In conclusion, the results of this chapter demonstrate that (i) the first cohort
of activated follicles, in both Control and DM ovaries, are larger in size, perhaps
reflecting the functional difference of this cohort of follicles and that (ii) there are
differences in follicle dynamics in the prepubertal and postpubertal DM ovaries
compared to Control. Precocious follicle growth is observed in 3-week ovaries with
follicles developing a second GC layer earlier. At 6-weeks, DM ovaries contain
abnormally large primary 3a follicles accompanied with decreased GC proliferation
but increased proportion of HA positive theca. These findings support our
hypothesis that the presence of morphologically abnormal follicles may be
responsible for the accumulation of primary follicles, resulting in a block of follicle
development and ultimately POI. It remains to be determined whether follicles that
develop pass the follicle development block in DM ovary are morphologically and

functionally normal since only primary follicles were assessed in this chapter.
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Characterisation of follicle development
during the onset of Premature Ovarian

Insufficiency
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4.1 Introduction

There is a clearly defined onset of POI in the DM mouse model; females
are subfertile at 6-weeks, infertile at 9-weeks and undergo POI by 3-months of age
(1, 236). This drop in fertility of DM females is accompanied by a dysregulation of
follicle development and an altered endocrine profile at 3-months (1). Although
DM females have decreased fertility at 6-weeks, they have a normal ovulation
rate; however, DM ovaries contain a larger and more heterogeneous population of
CL (236). By 3-months of age, DM ovaries lack developing follicles and abnormal
luteinised structures are present (1). In the previous chapter, morphometric
analysis of primary follicles revealed the presence of abnormal follicles, which may

be causing the accumulation of primary follicles.

As DM females age, there is a demise in ovarian function, indicating the
absence of oocyte-specific N- and O-glycans is affecting follicle development in an
age-dependant manner. Indeed, the absence of oocyte-specific Core 1 O-glycans
results in changes in the follicle structure such as the theca cell layer (1).
Therefore we hypothesise that the absence of oocyte-specific N- and O-glycans is

inducing morphological and functional changes in DM follicles.
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4.2 Aim

* To characterise follicle development in DM females when they transition from a

subfertile state at 6-weeks to an infertile state at 9-weeks.

To address this, we used ovary sections from 6- and 9-week old mice and

analysed follicle numbers, apoptosis using the TUNEL assay, and levels of laminin

and 3[3-hydroxysteroid dehydrogenase using immunohistochemistry.
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4.3 Materials and Methods

4.3.1 Mice

Female mice with floxed C7galt! and Mgat1 alleles (C1galt1™™ Mgat1™F)
were Controls and mice also carrying a Zp3Cre recombinase transgene were

experimental DM (C1galt1™™ Mgat17F:Zp3Cre) (1, 226).

4.3.2 Ovarian histology and follicle counts

To ensure ovaries were collected from mice at the same stage of the
oestrous cycle, females were joined with males at 6- or 9-weeks of age and
ovaries collected on the day after mating as determined by a vaginal plug. Ovaries
were collected from females that mated within 7 days of joining to ensure the age
group was contained to 6-7 and 9-10 weeks. Ovaries were weighed, fixed in 10%
buffered formalin (Sigma-Aldrich) for 8 h and fixed, paraffin embedded and

sectioned (Section 2.5).

To determine follicle numbers, every 10" serial section was stained with
H&E for analysis (Section 2.7). Only morphologically healthy follicles with a central
oocyte and a visible nucleus were assessed. Follicles were classified as follows
(Section 1.1.1.1): primary (3a and 3b) secondary (type 4), preantral (5a and 5b)
and antral (including 5a+A, 5b+A (which develop an early antrum (A)), 6 and 7).
The number of luteinising unruptured follicles (LUFs) were also recorded. LUFs

are large antral follicles that contain an oocyte and show signs of GC luteinisation.
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4.3.3 Immunohistochemistry

Immunohistochemistry (IHC) was performed on 5 um paraffin embedded
sections to detect laminin and 3p-hydroxysteroid dehydrogenase (3gHSD).
Sections were dewaxed with xylene and rehydrated using decreasing
concentrations of ethanol in ddH,O. Slides were washed in Tris Buffered Saline
(TBS: 0.1M Tris pH 7.5 and 0.3M NaCl) with 0.05% Tween-20 (TBST).
Endogenous peroxidase was quenched using 3% H>O; (Fisher Scientific) in PBS
for 5 min. Non-specific primary antibody binding was blocked using goat serum in
TBS (NGS: Vectastain ABC Elite kit, Vector Laboratories). Primary antibodies
were diluted in the blocking solution and incubated overnight at 4°C. The rabbit
anti-laminin  (L9393; Sigma-Aldrich) was used at 1:500 and anti-3HSD
(generously donated by Professor lan Mason from the University of Edinburgh)
was used at 1:2000 dilution; blocking solution was used as a negative control.
After 3 washes with TBST, sections were incubated with biotinylated anti-rabbit
IgG secondary antibody (Vectastain ABC Elite Kit) for 1 h, followed by ABC
solution (Vectastain ABC Elite Kit) for 30 min. A 3,3’-Diaminobenzidine peroxidase
substrate kit (Vector Labs) was used to visualise localisation. The slides were
counterstained with haematoxylin, dehydrated, mounted with DEPEX (VWR,
Leicestershire, UK) and imaged. Follicles were classified as positive or negative
for the presence of 3HSD in GCs, whilst laminin detection was classified as low
or high. The number of theca cell layers was counted and the depth of theca layer

measured using Image J (National Institutes of Health, Bethesda, Maryland, USA).
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4.3.4 TUNEL assay

Apoptosis of follicles was detected on formalin fixed ovarian sections from
6- and 9-week Control and DM females using the TUNEL assay (Apoptag Kit;
Mereck Millipore Watford, Hertfordshire). Sections were dewaxed using xylenes
and rehydrated in increasing concentrations of ethanols. Sections were then
incubated with 20 ug/ml of Proteinase K (Roche Diagnostics, Welwyn Garden
City, Hertfordshire, United Kingdom) for 15 min at room temperature followed by
3% H20, (Thermo Fisher Scientific) in PBS for 5 min to block endogenous
peroxidase. Following this, sections were incubated with equilibration buffer for 10
min at room temperature before incubation with 30% terminal deoxynucleotidyl
transferase enzyme in reaction buffer for 1 h at 37°C. Control sections were
incubated with reaction buffer only. Sections were then incubated with stop buffer
for 10 min at room temperature, followed by 30 min incubation at room
temperature with anti-digoxigenin conjugate. Using the 3,3’-Diaminobenzidine
peroxidase substrate kit, antigen-specific localization was revealed. The slides

were dehydrated, mounted with Depex, and imaged.

Only follicles sectioned through the oocyte were analysed and follicles were
assessed as being either healthy, containing low or high levels of apoptosis, or
dead. Healthy follicles had no apoptotic cells and a healthy oocyte. Follicles
classified with low levels of apoptosis had some apoptotic cells and a healthy
oocyte. Follicles classified with high levels of apoptosis had numerous apoptotic
cells but an intact follicle structure. Follicles classified as dead or dying follicles
had lost their follicular structure and/or oocyte structure and had large amounts of

apoptosis in GCs and oocyte blebbing.
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4.3.5 Statistical Analysis

Statistical analysis was carried out using GraphPad Prism software
(GraphPad Software, Inc., version 4.0b, 2004). D’Agostino & Pearson normality
test or Shapiro-Wilk normality test was applied to test Gaussian (normal)
distribution of the samples. The Mann—-Whitney U test was performed to detect
differences between groups with non-parametrical distribution and equal
variances. Unpaired T test was used to analyse samples with normal distribution.
A one-way ANOVA followed by multiple comparisons test was used to analyse the
mean number of follicles per ovary. Results are presented as meantSD/SEM.

P<0.05 was considered significant.

4.3.6 Disclaimer

For this chapter, the experiments were conducted by MSc and FHS
students (detailed below) whilst | reanalysed the results and generated the data.
The following students in Dr. Williams’s lab conducted experiments; Dr. Nicole
Krzys (FHS student) assessed follicle development and conducted 3pHSD IHC
experiment. Dr. Sabah Janjua (FHS student) did basal lamina and theca cell
analysis, and laminin IHC. Dr. Pamela Nawaggi (MSc student) carried out the

TUNEL assay.

The results of this chapter have been published in collaboration with Dr.

Patricia Grasa, Dr. Nicole Krzys, Dr. Sabah Janjua and Dr. Pamela Nawaggi (4).
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4.4 Results

4.4.1 Follicular development in DM post-pubertal females is

altered

As reported previously, DM females undergo POI by 3-months of age and
this is accompanied by a decrease in the number of developing follicles from the
secondary stage onwards (1). Therefore we first wanted to investigate the onset of
ovarian failure defined by a decline in follicle numbers. Follicle development was
evaluated (in ovaries collected post-mating to ensure cycle synchronization) at two
time points, when females were subfertile at 6-weeks (Control 6.5£0.1 weeks;
n=3, DM 6.4+0.1 weeks; n=3) and infertile at 9-weeks (Control 9.4+0.0 weeks;
n=3, DM 9.41+0.1 weeks; n=3) (hereafter referred to as 6-weeks and 9-weeks)

(Figure 4.1).

First, morphological analysis of Control ovaries at both 6- and 9-weeks
demonstrated the presence of many follicles including antral follicles, however DM
ovaries, at both ages, predominantly exhibited early stage follicles and numerous
corpus luteum (CL) (Figure 4.1A). Classification of follicles into the stages
revealed significantly more primary follicles in the DM ovaries compared to
Controls at both ages (Figure 4.1B). Further detailed analysis of follicles, by
classifying into the sub-groups revealed DM ovaries contained more 3a follicles
than Controls, with an increase of 116% at 6-weeks and 140% at 9-weeks (Fig.

1C), consistent with the previously reported findings at 3 months (1).
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Figure 4.1 Assessment of follicle development in 6- and 9-week old mouse
ovaries. (A) Ovarian morphology at 6- and 9-weeks revealed the presence of all types
of follicles and CL in Control ovaries whereas DM ovaries mainly display the presence
of early follicles and CL with very few developing follicles. Scale bar 500um. (B)
Average number of follicles at the primary, secondary, preantral and antral stages of
development from 6- and 9-week old Control (n=3 mice) and DM (n=3 mice) ovaries
collected the day after ovulation. (C) Average number of follicles at each discrete
stage of development (3a, 3b, 4, 5a, 5a+A, 5b, 5b+A and 6 as per Grasa et al. (2))
from 6- and 9-week old Control (n=3 mice) and DM (n=3 mice) ovaries collected the

day after ovulation. (B-C) Results are expressed as meantSEM. *P<0.05, ***P<0.001,

**+P<(0.0001. Figures from publication (4).
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4.4.2 DM ovaries at 9-weeks contain a higher proportion of

healthier follicles

Apoptosis was assessed in follicles from 6- and 9-week ovaries by TUNEL
analysis and follicles were classified as either being healthy, having low or high
levels of apoptosis, or dying/dead (Figure 4.2A). Although no differences in the
proportion of Control versus DM follicles in each of these categories was observed
at 6-weeks, at 9-weeks of age, of the few follicles that were present in DM ovaries,

a higher proportion of these follicles were healthier compared to Controls (Figure

4.2B).
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Figure 4.2 Assessment of apoptosis follicles from 6- and 9-week old mouse ovaries.
(A) Representative images of TUNEL staining scale used to assess levels of apoptosis in
follicles. Arrow shows apoptotic cells. (B) Levels of apoptosis detected in follicles at 6-weeks
of age and (Controls n=96 follicles; n=3 mice, DM n=90 follicles; n=3 mice) 9-weeks of age
(Controls n=116 follicles; n=3 mice, DM n=34 follicles; n=3 mice). Results are expressed as

meantSD. *P<0.05. Figures from publication (4).
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4.4.3 DM follicles have a modified basal lamina

Next, to determine if the follicles present in DM ovaries at 9-weeks of age
were morphologically healthy, first we assessed the integrity of the basal lamina
(BL) (Figure 4.3). Follicles were classified as having a BL that was less than 50%
(=50%) defined, where the BL was too thin to identify or was indistinguishable
from the surrounding stroma, or more than 50% defined (>50%) defined, where
the BL was clearly seen surrounding the majority of the follicle (Figure 4.3A).
Compared to Control follicles, a higher proportion of DM follicles had <50%
defined BL at follicle stage 4 and 5a (Control n=11 follicles; n=3 mice, DM n=9

follicles; n=3 mice) (Figure 4.3B).
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Figure 4.3 Analysis of basal lamina. (A) Representative images BL was classified as
either <50% or >50 BL defined. Follicles classified as <50% defined have large regions of the
follicle where the BL is undistinguishable from surrounding GC and theca cells whereas follicles
in classified as >50% defined BL surrounding the majority of the follicle. The area in the red box
is enlarged to the right showing <50% defined or >50 defined BL. (B) Proportion of Control and
DM follicles at 9-weeks of age (Control n=11 follicles; n=3 mice, DM n=9 follicles; n=3 mice)
classified as having less than or equal to 50% or more than 50% BL defined. Results are
expressed as meantSEM. Numbers in columns represent number of follicles. *P<0.05. Figures

from publication (4).
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4.4.4 DM follicles have a decreased number and depth of theca
cell layers

Next, morphology of the theca cell layer was assessed. Analyses revealed
that DM follicles at the secondary stage of development have a decreased theca
depth compared to Control follicles (Figure 4.4A), which is attributed to a reduced
number of theca cell layers compared to Control follicles (Control n=106 follicles;

n=3 mice, DM n=28 follicles; n=3 mice) (Figure 4.4B).
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Figure 4.4 Analysis theca cell layer. (A-B) The theca cell depth and the
number of theca cell layers are both reduced in DM follicles compared to Controls at
9-weeks of age (Control n=106 follicles; n=3 mice, DM n=28 follicles; n=3 mice).
Results are expressed as mean+SEM. Numbers in columns represent number of

follicles. *P<0.05. Figures adapted from publication (4).

4.4.5 DM follicular theca cell layer has increased laminin content

Finally, extracellular (ECM) laminin content within the thecal compartment
was analysed by immunohistochemistry and categorised as ‘high’, where intense
staining of laminin was detected around the entire BL, or ‘low’ content, where
there was faint or no visible staining. The percentage of DM follicles with high

laminin content was higher at the secondary stage when compared to Controls
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and levels did not drop until the antral stage whereas Control follicles exhibited a

gradual increase in laminin content during development (Figure 4.5A).
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Figure 4.5 Analysis of theca cell laminin by immunohistochemistry. (A)
Laminin detection in ovary sections using immunohistochemistry revealed DM
follicles at the secondary stage (stage 4) have a higher laminin content in the theca
compartment than Controls at 9-weeks of age. Results are expressed as
mean+SEM. Numbers in columns represent number of follicles. *P<0.05. Figures

adapted from publication (4).
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4.4.6 DM follicles have equivalent 3 HSD expression to Control

follicles

To assess steroidogenic function, changes in the levels of 3pHSD, an
enzyme involved in the synthesis of progesterone, were assessed using IHC.
Follicles were classified as either positive or negative for detection of 3HSD in
the GCs (Figure 4.6A). Positive 3HSD follicles were present in Control and DM
ovaries at both 6- and 9-weeks of age, however no differences in the proportion of
positive 3pHSD follicles between DM and Control ovaries were found (6-weeks:
Control n=23 follicles; n=3, DM n=24 follicles; n=3 and 9-weeks: Control n=70

follicles; n=3, DM n=15 follicles; n=3) (Figure 4.6B).
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Figure 4.6 3pHSD detection in Control and DM ovarian follicles using IHC. (A) Follicles
not incubated with antibody (No Ab), follicles incubated with 3HSD antibody and were either
negative for 3pHSD (3BHSD negative follicle) or 3HSD was detected (3pHSD positive follicle)
at 6- and 9-weeks of age (scale bar=50um). (B) Proportion of follicles in Control and DM
ovaries either positive or negative for 3BHSD detection. (Control n=3, DM n=3). Results are

expressed as mean+SEM. Figures adapted from publication (4).
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4.4.7 The decrease in ovulation rate in DM ovaries at 9-weeks
post-mating is due to premature luteinisation of
preovulatory follicles

During 3BHSD analysis, the presence of large unruptured preovulatory
follicles was detected in both Control and DM ovaries. Since ovaries were
collected post-mating, we did not expect any preovulatory follicles since they
should have ovulated. These large unruptured preovulatory follicles had GCs
staining strongly positive for 3HSD and thus were classified at luteinised
unruptured follicles (LUFs) (Figure 4.7A). Interestingly, the oocytes of some DM
LUFs lacked cumulus cells (Figure 4.7A1 and 2), though LUFs with cumulus cells

were also present (Figure 4.7A3).
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Figure 4.7 Detection of LUFs through 3pHSD detection using IHC in Control and
DM ovaries. (A1-3) Luteinised unruptured follicles (LUFs) in Control and DM ovaries at
9-weeks of age. Scale bars correspond to 100um. (A1) Follicles not incubated with
antibody. (A2) Arrow shows an oocyte free of cumulus cells in a LUF. (A3) A cumulus
oocyte complex (COC) within a LUF. (B) To assess if LUFs accounted for the previously
reported drop in ovulation rate (OR) in DM between 6- and 9-weeks of age, the right
ovary OR for Control and DM ovaries at 6- and 9-weeks of age was assessed by
number of eggs collected from the right ovary. The OR at 9-weeks was added to the
number of LUFs present in the right ovary at 9-weeks to calculate the ‘Potential OR’
(Control n=3 mice, DM n=3 mice). Results are expressed as mean+SEM. Figures from

publication (4).
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Next, we wanted to determine if premature luteinisation of preovulatory
follicles was the cause for previously observed decreased ovulation in DM females
at 9-weeks. To do so, first we examined the ovulation rate of the right ovary
(determined by the number of eggs collected from the right oviduct) and the
numbers of LUFs present in the right ovary (counted by histological analysis). The
number of LUFs in Control ovaries was very low, with less than one found on
average, however, in DM ovaries, >4 on average were present (Figure 4.7B). To
compare ovulation rate, we also determined ovulation rate at 6-weeks of age. The
ovulation rate at 6-weeks did not differ between DM (5.67+2.08 eggs ovulated;
n=3 mice) and Controls (4.33+1.53 eggs ovulated; n=3 mice) (Figure 4.7B); overall
average ovulation rate per mouse did not differ between Controls and DM (both
ovaries: DM 8.00£3.00; n=3 Control 8.33+0.58; n=3), consistent with previous
findings (236). However, at 9-weeks of age, although the eggs ovulated from the
right ovary for Controls (4.33+1.53 eggs ovulated) was consistent with right ovary
ovulation rate for Controls at 6-weeks of age (4.33+£1.53 eggs ovulated), the DM
right ovary ovulation rate had declined dramatically (1.00£1.73 eggs ovulated)
(both ovaries: DM 1.0£1.73 eggs ovulated; n=3 mice Control 9.00+2.65 eggs

ovulated; n=3 mice).

Next, a ‘potential ovulation rate’ was calculated, which was determined by
adding the number of eggs collected from the right oviduct and the number of
LUFs present in the right ovary (assessed by histologically analysis) (Figure 4.7B).
The ‘potential ovulation rate’ calculated for DM females at 9-weeks of age

matched that of DM females at 6-weeks of age, suggesting the decrease in
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ovulation rate at 9-weeks of age may be due to premature luteinisation of

preovulatory follicles.
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4.5 Discussion

Although several factors have been associated with POI, the mechanisms
that cause ovarian dysfunction are poorly understood. Since DM females exhibit a
rapid deterioration of ovarian function from a subfertile state at 6-weeks to being
infertile at 9-weeks and exhibiting POI at 3 months of age (1, 236), this provides
us with the opportunity to investigate how the structure and function of follicles is
modified during the onset of POI with the aim of elucidating the mechanism(s)

responsible for the reproductive dysfunction.

Follicle counts at both 6- and 9-weeks of age revealed increased numbers
of primary follicles, which can be attributed to either an over activation of
primordial follicles or a block in follicle development. As the increase in primary
follicle number does not correspond with an increase in the number of developing
follicles, this suggests that the disruption of glycans impacts either growth of

follicles or their progression to advanced FSH-dependent stages.

We hypothesised that the absence of oocyte-specific N- and O-glycans is
inducing morphological and functional changes in DM follicles resulting in the age-
dependant demise of ovarian function. Our findings support this hypothesis since
ovaries from prepubertal DM mice at 3 weeks of age are grossly normal and
contain follicles at all stages of development, whilst postpubertal ovaries have a
dysregulation of follicle development. Recently, it has been identified that two
waves of follicle activation exist within the mouse ovary, the first (prepubertal) and
second (postpubertal) waves (251, 277, 278). A recent study (251) has shown this

first wave of follicles are responsible for the induction of puberty, the establishment
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of the hypothalamic-gonadal axis and are ovulated, thus contributing to early
fertility. These are progressively replaced by follicles from the second wave, which
last through the remaining reproductive lifespan. The decline in DM ovarian
function is temporally similar to the demise of the first wave of follicle
development. In the DM mouse, some follicles grow and ovulate in early
adulthood, when the first wave of follicle development contribute to fertility,
however at 3-months of age, when only the second wave of follicle development
exists in the ovary, DM females undergo POI. Hence we postulate that in DM
females there are defects in the post-pubertal wave of follicle development, which
is driving the POI phenotype. Unfortunately, we have been unable to determine a
way to test this hypothesis at the present time since the reporter mouse used to
reveal these two waves utilises floxed genes and a Cre recombinase and since
our DM mice contain floxed genes and a Cre recombinase, the reporter system

would no longer function as designed if the two transgenics were combined.

Ovaries from 9-week DM females contained a higher proportion of healthier
follicles compared to Controls. This potentially indicates that follicles that pass the
developmental ‘block’ are more likely to survive and may be linked to the altered
endocrine profile of DM in particular the increased FSH levels (1). FSH has been
reported to promote survival of developing follicles (279), therefore the increased
FSH levels in DM females, due to decreased ovarian negative feedback, may play
a role in promoting follicle survival. Oocyte-specific factors are also known to play
a role in apoptosis and we have recently shown that female mice generating
oocytes devoid of O-glycans have a higher expression ratio of GDF-9:BMP-15

accompanied with reduced apoptosis (2, 234). Furthermore, mutations in GDF-9
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and BMP-15 have been reported in some women with POl and are believed to
play a role in ovary dysfunction (139, 140) and hence we propose the high FSH
levels and possible alterations in GDF-9 and BMP-15 could be promoting DM

follicle survival.

Next, we assessed the structure of the surviving follicles to determine if
these were morphologically normal. Secondary DM follicles had a thinner theca
cell layer and an indistinct BL. At the secondary follicle stage, theca cells are
recruited from the stroma and produce testosterone which is crucial for the growth
and development of the follicles (32). In chapter 1, we demonstrate that there is no
difference in theca cell number at the primary stage between Control and DM,
indicating their recruitment to the follicle is not affected. Therefore, a reduced
theca cell layer at the secondary stage indicates a problem with proliferation of
theca cells, which could in turn affect adequate follicle development and in
combination with the decreased number of developing follicles found in DM

ovaries could explain the low serum levels of testosterone found at 3 months of

age (1).

Previously, we have shown that the lack of Core 1 O-glycans on oocyte
glycoproteins regulate the expression of ECM proteins and also the form and
function of the BL (57). As discussed in section 1.1.2.1, the BL regulates follicle
growth by controlling entry and exit of molecules into the follicles, therefore the
changes in the structure of the BL we observe in DM follicles may alter the traffic
of regulatory molecules that are required for follicle remodelling and for the

release of the oocyte at ovulation. The ECM protein laminin has been reported to
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play a role in luteinisation however the reports are conflicting. Rat GCs cultured
with laminin were stimulated to produce progesterone and exhibited luteinising
effects (280). However, when human GCs were cultured with laminin,
progesterone synthesis was suppressed (281). Thus, alterations in laminin levels
and structure of the BL may prevent ovulation of the oocyte from preovulatory

follicles, resulting in their premature luteinisation at 9-weeks of age.

Successful ovulation implies meiotic resumption and release of the oocyte,
and the structural remodelling and luteinisation of the follicle. These processes are
regulated by complex signalling between the somatic cells and the oocyte in
response to a properly timed LH surge (83, 282, 283). Alterations in signalling, as
a consequence of modified structure/function of oocyte-glycoproteins and their
paracrine interactions, would result in premature luteinisation and ovulation would
likely be compromised as we observe in DM ovaries and has been reported in
karotypically normal women with POI (184). Previously we have reported that 9-
week DM females are infertile with scarce ovulations (236). In this study, DM
ovaries collected after ovulation contain LUFs, suggesting the absence of both O-
and N-glycans results in defects in preovulatory follicles resulting in a failure to
ovulate. The exact mechanism by which preovulatory follicles fail to ovulate is
unclear, however, evidence that the high circulating FSH levels in DM females
may be inducing luteinisation comes from an in vivo study by van de Lagemaat et
al. (284), who demonstrated oral administration of short-acting FSHR agonist
induced luteinisation of preovulatory follicles in various female animals. It has
been suggested the FSHR agonist mimics the rise of cAMP in GCs that is seen

following the LH surge (285) and thus induce a suboptimal ovulation that results in
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the generation of a LUF. Indeed, it has been established that the actions of FSH
are mediated through secondary messengers including cAMP (286, 287) and
therefore we speculate that the high circulating FSH levels in DM are responsible

for the ovulation failure, resulting the production of LUFs.

The results from this chapter present data that may improve our
understanding of the biology of POI. However, the study has a number of possible
limitations to consider. Foremost, the number of mice used per age group was low
(n=3); to control for this, each group (Control and DM) contained a littermate from
3 different litters, which ensures we have a representative sample. Furthermore, to
avoid any bias during the experiments and analysis the investigator was blind to
the genotype of the mice. Also, to limit variations due to differences in timings in
oestrous cycle, ovaries from 6-week and 3-month females were collected post-
mating which ensures all mice are at the same stage of the cycle. Once again for
IHC experiments, the staining intensity was visually quantified; therefore this
approach has the limitation of being semi-quantitative. Since analysis was
performed at the same time, variations are equally represented in both groups
however, to validate our findings future experiments could adopt the use of

software such as Image J, which will accurately and consistently quantify staining.

In summary, the results of this chapter support our hypothesis that the lack
of complex N- and O-glycans results in multiple defects in follicle development.
These defects are leading to the premature luteinisation of preovulatory follicles
and as a result sub-optimal ovulation and infertility occur in DM females at 9-

weeks of age. Although rodent ovarian function and luteal control is different to
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women, many of our reported findings have already been observed in women
suffering from POI. Thus, identifying these follicular modifications have provided
insight into the mechanisms driving the development of POI and highlight the

opportunity to develop new fertility treatments that would restore ovarian function.
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Analysis of in vitro follicle development
during the onset of Premature Ovarian

Insufficiency
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5.1 Introduction

It is believed that 50% of women with POI have the follicular form (184, 185),
this indicates that significant numbers of women could benefit from therapies

focusing on reactivation of follicle development.

Ovarian function is normal in DM females since they undergo puberty and
are initially fertile at 6-weeks (1); however females become infertile by 9-weeks
and undergo POI by 3-months of age (1, 236). Since the genetic modification is
oocyte-specific, it is conceivable that follicle development is compromised by
extra-follicular factors. DM ovaries contain a larger and more heterogeneous
population of CL, which may be affecting follicle development since CL exert anti-
folliculogenic effects on neighbouring follicles. Therefore, if intra-follicular
mechanisms are still intact in DM follicles after the onset of POI, it is likely that
follicle growth could resume if the extra-follicular blocking signalling is removed.
Furthermore, the DM mouse presents a POl phenotype comparable with follicular
POI displayed by women and therefore provides a useful model to study POI

follicle development in vitro.

DM ovaries contain more 3a follicles as characterised in Chapter 3; however
they also contain developing follicles characterised in Chapter 4. In the previous
chapters we observe structural differences in the ECM surrounding DM follicles
compared to Controls. Therefore, we hypothesise that the increased ECM
surrounding DM follicles is restricting follicle growth and development to the

advanced stages.
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5.2 Aims

* To evaluate if DM follicle development can be normalised under controlled

in vitro conditions

To address this, we dissected preantral follicles and cultured these in vitro for
6-days. Follicle culture has resulted in live births in mice (288-290), and is a
powerful tool that allows us to study the dynamics of follicle growth in real time.
Utilising this technique will allow us to study the rate of DM follicle development
compared to Controls, since follicles are at the same stage at the start of culture.
Furthermore this will allow us to observe how DM follicles grow in a hormonally

controlled environment compared to Controls, free of any external stimuli.
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5.3 Material and methods

5.3.1 Mice

Age-matched Control and DM female littermates at 3-, 6- and 9-weeks of

age were designated for follicle culture.

5.3.2 Follicle culture

Before collecting ovaries (~2 hours), culture media was made and

equilibrated in the incubator at 37°C, 5%CO: in air.

Culture media was composed of 30 pl of minimum essential medium (MEM
Alpha Modification, HyClone-Thermo, Fisher Scientific) supplemented with 140
mM ascorbic acid (Sigma-Aldrich), 5% fetal bovine serum (FBS, Biosera, Ringmer,
UK; same lot number used in all experiments) and 2.5 IU/ml recombinant human
FSH (r-hFSH, Gonal-F, Merk Serono, Feltham, UK). The culture medium, was
filtered using a 22 ym pore syringe filter, placed in individual wells of a 96-well
plate and overlaid with 75 pl of silicone oil (Dow Corning, BDH, VWR) to prevent
evaporation of the media. The culture media was equilibrated in the incubator at

37°C, 5%CO, in air.

Mice were culled by cervical dislocation and death confirmed by
exsanguination and ovaries were dissected and placed in warm Leibovitz’s L-15
culture medium (HyClone-Thermo, Fisher Scientific) supplemented with 3mg/ml of
bovine serum albumin (BSA fraction V, Fisher Scientific). To ensure there was

limited variation in temperature when transferring ovaries from the animal house to



the laboratory, ovaries were transported in a polystyrene box containing a heat

pad.

In the lab, ovaries were placed in glass embryo dishes containing the BSA
supplemented Leibovitz’'s L-15 culture medium. The bursae and fat surrounding
the ovary was removed and the ovary was cut into quarters. Each quarter was
placed into a separate embryo dish containing fresh media and placed on the
heated microscope stage of a stereomicroscope (Leica M125; Microscope
Services Ltd., Woodstock, United Kingdom). Using 30G insulin needles, preantral
follicles ~140 to 200 um in diameter, with an undamaged basal lamina and some
theca tissue surrounding the follicle were microdissected. Any excess extracellular
matrix (ECM) or attached tissue/ neighbouring follicles were carefully removed
using acupuncture needles. Using a mouth pipette, follicles were placed into
individual wells of the 96-well plate and cultured for up to 6 days as previously

described (291, 292).

Follicles were evaluated daily and transferred to a new well with freshly
prepared culture medium. Images were also taken daily with a Leica M125
microscope (Leica Microsystems) and MicroPublisher 5.0 RTV camera
(Qimaging). Not all follicles survived for the 6 days of culture; therefore only viable
follicles that grew beyond day 3 were included for the follicular growth curve
analysis. A preliminary dose response experiment was conducted by Dr. Heidy
Kaune using 2.5, 5 and 7.5 IU of rFSH. Dr. Kaune found that follicle development
was equal under all conditions and therefore, a concentration of 2.5 |IU of rFSH

was selected (data not shown).
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5.3.3 Morphology assessment

Certain morphological features, such as an intact basal lamina, a visible
oocyte and antrum formation were assessed daily throughout the culture period.
Multiple measurements of the diameter of the follicle from the edge of the basal
lamina, using an ocular reticle at 5x magnification were taken daily.
Measurements were confirmed using the images taken ImagedJ software (version
1.46r, National Institute of Health). To avoid any bias, during analysis the

investigator was blind to the genotype of the mice.

5.3.4 Statistical analysis

Statistical analysis was carried out using Prism software version 4.0b
(GraphPad Software, Inc., version 4.0b, 2004). D’Agostino & Pearson normality
test was applied to test Gaussian (normal) distribution of the samples. The Mann—
Whitney U test was performed to detect differences between groups with non-
parametrical distribution and equal variances. Unpaired t-test was used to analyse

samples with normal distribution.

5.3.5 Disclaimer

Experiments using 6-week mice were conducted by Dr. Heidy Kaune (a
previous PhD student in Dr. Williams group) and analysis and generation of data

for this chapter was shared equally.

The results have been published in collaboration with Dr. Heidy Kaune (3).
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5.4 Results

5.4.1 Follicle culture using 9-week old DM was not possible due

to isolation of inadequate numbers of preantral follicles

For each follicle culture experiment, ~12 follicles per mouse were dissected
within 1 hour. In order to isolate the follicles, we gently teased the Control ovaries
apart between follicles, which allowed isolation of numerous intact follicles.
However, we were unable to tease the 9-week old DM ovaries apart as this
resulted in the shredding of follicles in the process. We then attempted to cut out
follicles from the 9-week old DM ovaries using microdissection scissors; however
we were also unsuccessful in doing so. From 9 DM females, 30% of DM females
yielded zero follicles, 55% of DM female’s yielded one follicle, and one female
yielded two follicles. Since, we were unable to obtain sufficient numbers of intact

follicles from the DM ovaries, follicle culture was not conducted at this age.

Whilst dissecting DM ovaries to isolate follicles, we noticed that DM ovarian
tissue was more rigid and fibrous than Controls, especially at 9-weeks of age,
which gave the ovaries a distinctive opaque appearance compared to Controls

(Figure 5.1).
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Figure 5.1 Images of Control and DM ovaries. Representative images of Control and DM

ovaries from 3-, 6- and 9-week old females. Scale bar 200 ym. Figures from publication (3).
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5.4.2 A decreased survival rate of follicles isolated from 3- and 6-

week old DM females is observed in vitro

Twelve ovarian follicles were dissected from each 3- and 6-week DM (3-
weeks n=8 mice and 6-weeks n=4 mice) and Control female (3-weeks n=7 mice
and 6-weeks n=4 mice) and cultured for 6 days (Figure 5.2). Follicles that stopped
growing on day 0 or stopped growing by day 3 of culture were classified as

unviable and were excluded from the growth analysis.
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Figure 5.2 Ovarian follicle development in vitro. Representative images of follicle grown
in vitro from 3-week old (Control n=69 follicles n=7 mice, DM n=56 follicles n=8 mice) and 6-week
old (Control n=42 follicles n=4 mice, DM n=23 follicles n=4 mice) Control and DM females.
Ovarian follicles were dissected (d0) and cultured with 2.5 1U of r-hFSH for up to 6 days. Scale

bar 200 um. Figures from publication (3).
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The survival rate of follicles was significantly decreased in DM compared
with Controls at both, 3-weeks (Control 98.81+1.2% versus DM 87.18+4.2%) and
6-weeks (Controls 97.92+2.1% versus DM 50.57+8.5%). Furthermore, an age-
dependant decrease in survival rate of DM follicles was observed from 3- to 6-

weeks (3-weeks 87.18+4.2% versus 6-weeks 50.57+8.5%) (Figure 5.3A).
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Figure 5.3 Survival rate and growth arrest of Control and DM follicles during in vitro culture.
(A) Survival rate of Control and DM ovarian follicles dissected from 3- (Control n=69 follicles n=7
mice, DM n=56 follicles n=8 mice) and 6-week (Control n=42 follicles n=4 mice, DM n=23 n=4 mice)
old females. Growth arrest of follicles dissected from (B) 3- and 6-week old females and assessed
as the day when follicle growth stopped during culture. Results are expressed as meantSEM of

follicles. *P<0.05, **P<0.01. Figures from publication (3).

Next, we analysed the day on which the follicles stopped growing, however
only one Control follicle stopped growing at both the 3- and 6-week cultures thus
we were unable to compare this aspect between Control and DM. Analysis of DM
follicle growth termination between 3- and 6-weeks revealed no difference in the

day the follicles stopped growing (Figure 5.3B).
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The diameter at collection (d0) of the unviable follicles was compared with
the diameter of the follicles that grew normally in order to assess whether the
survival rate was related with differences in the type of follicle collected in both
groups or was intrinsic to the mice genotype. However, no differences were
detected in the diameter between viable and unviable Control and DM follicles
collected at 3- and 6-weeks (3 weeks: Control viable 183.7£1.5 ym n=69 follicles,
DM viable 182.5£1.9 um n=56 follicles, Control unviable 182.4+4.6 pm n=8
follicles, DM unviable 175.8+2.1 pym n=25 follicles; 6 weeks: Control viable
185.3+2.0 ym n=42 follicles, DM viable 188.0+4.8 ym n=23 follicles, Control

unviable 195.4+8.3 ym n=4 follicles, DM unviable 177.7+4.0 um n=24 follicles).

5.4.3 Follicles from 3- and 6-week old DM females have

accelerated growth in vitro

Surprisingly, the final diameter reached by DM follicles, was similar to the
Control group in both 3- and 6-week follicles demonstrating that DM follicles are
able to grow and develop in vitro (Figure 5.4). However, the growth curve of DM
follicles differed to Controls. Follicles (n=56) collected from 3-week DM females
grew significantly larger for the duration of the culture but had reduced growth
during the final day of culture and thus were the same size as Controls (n=69) at
the end of the culture period (Figure 5.4A). A similar situation was observed in
follicles (n=23) isolated from 6-week DM females, however follicles were
significantly larger than Controls (n=42) for the first 3 days of culture only (Figure

5.4B).
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Figure 5.4 Assessment of Control and DM follicle development. (Growth curve of
Control and DM follicles dissected from (A) 3- (Control n=69 follicles n=7 mice, DM n=56
follicles n=8 mice) and (B) 6-week old (Control n=42 follicles n=4 mice, DM n=23 follicles
n=4 mice) females; results are expressed as meantSEM. *P<0.05, **P<0.01, ***P<0.001,

****P<0.0001. Figures from publication (3).

5.4.4 In vitro antrum development of DM follicles differs to

Controls at 3- and 6-weeks

The day and the size of the follicle when the antrum was first detected was
assessed. There was no difference in the day that a follicular antrum developed
between Control and DM in both 3- and 6-weeks follicles (Figure 5.5C and D),
however the diameter of DM follicles when the antrum was first visible, was
increased compared with Controls at both ages (DM 263.0+2.2 ym and Controls
246.1+2.4 pm for 3-week follicles and DM 288.6+6.4 ym and Controls 266.7+5.9

pum, respectively for 6-week follicles) (Figure 5.5E and F).
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Figure 5.5 Assessment of Control and DM antrum formation in vitro. Day of

culture when Control and DM follicles isolated from (C) 3- and (D) 6-week mice

developed antrum. (E-F) Size of Control and DM follicles isolated from (E) 3- and (F)

6-week mice when an antrum was first detected. Results are expressed as meanzSD.

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Figures from publication (3).
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5.5 Discussion

Understanding follicle development during the onset of POl and thus
developing therapies focusing on reactivation of follicle development for women
with follicular POI is essential (184, 185). Glycans have important functions,
including providing structural components to the ECM, modification of protein
properties, mediating protein trafficking and cell signalling (293, 294). Therefore
we hypothesised the absence of hybrid and complex N- and core 1-derived O-
glycans, is likely to be disturbing intra-ovarian signalling in DM ovaries and

inducing changes in the ECM which is ultimately affecting follicle progression.

In order to eliminate potential suppressing intra-ovarian factors, we isolated
preantral follicles from 3- and 6-week old DM ovaries to evaluate growth under
controlled in vitro environment. The survival rate of DM follicles exacerbates with
age with less follicles surviving at 6-weeks, showing an age-dependent decrease
in survival. Furthermore, survival rate of DM follicles was less than Controls
indicating that intrinsic follicular factors are present in preantral follicles before and
after puberty in DM females preventing follicle development. Interestingly, DM
follicles that did survive initially grew faster than Control follicles but reached an
equivalent final size to Controls supporting our hypothesis. Since the growth of
DM follicles slows towards the end of culture, it is possible that if cultured for
longer periods of time, they may stop growing altogether. However this is also the
case for Controls as follicle size is finite and shortly after day 6 of culture using this
system, they either ovulate an egg and structurally collapse, or die. Therefore, it is
unknown if this decrease in DM follicle growth rate was due to follicle deterioration

or due to physiological constraints and the fact that a larger size was attained
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prematurely. However, although Control or DM follicle growth or egg competence
was not assessed beyond 6-days of culture, culture of wildtype preantral follicles
for 6-days is sufficient for maturation of oocytes in vitro (295) and therefore it is not

unreasonable to assume that eggs could be retrieved from DM follicles at day 6.

The finding that DM ovaries have observable changes in rigidity and density,
compared with Controls that is exacerbated with age and coincides with the
decreased survival rate of DM follicles, indicates that components of the ECM are
affected and therefore it is likely that intra-ovarian factors and communication are
abnormal in the DM mouse as hypothesised. The rigidity observed in DM ovaries
is unlike ovaries of aged mice, which are fibrous due to the loss of growing follicles
which changes the relative proportions of cortex:medulla, and is therefore
considered abnormal. This also indicates that these modifications accumulate with
age and are coincident with the change in the DM phenotype from fertile to
infertile and may provide a cause for the previously reported block in primary
follicle development (1) and also for the ovary dysfunction as observed in PCOS.
Changes in ECM components such as laminin and collagen IV have been
reported in mice with an oocyte-specific deletion of C7galt1 (57) and in the
previous chapter we have reported changes in the ECM composition of the DM
ovary, which leads to a disruption of follicle development and anovulation. This is
also evident in women with PCOS who have a denser ovarian cortex due to higher

levels of collagen than the cortex of normal ovaries (296).

Recently, the role of the environmental rigidity in follicle development has

been investigated through the use of alginate in follicle culture systems. Follicles
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cultured in a less rigid matrix exhibit an increased follicular growth and a higher
rate of antrum and theca formation than follicles cultured in a more rigid
environment (297, 298). The increased density observed in DM ovaries could
potentially act as a growth-restriction agent to limit the expansion and
development of the DM follicles. Our results demonstrate that the removal of DM
follicles from their ovarian environment to a less-rigid environment in culture
appears to have allowed DM follicles to have better development as they initially
grew faster. We speculate that the more rigid ECM surrounding the isolated DM
follicles provides support for the follicle in culture mimicking the normal ovarian
environment, whereas removing Control follicles from the ovary to a culture
environment results in the disruption of their follicular architecture and removal of
structural support, limiting their ability to grow as well in culture initially. This
hypothesis is supported by the fact that DM follicles grew faster during the first
days of culture and were larger than Control follicles when they developed an
antrum. The antrum cavity is filled with follicular fluid composed of serum
transudate as well as secretory products of GCs such as mucopolysaccharides,
steroids and hormones (299-301). The composition of the follicular fluid is related
to the physiological status of the follicle and has been suggested to reflect the

fertility potential of the oocyte inside in both, humans (302-304) and cattle (305).

The study has a number of possible limitations to consider. Females were
not assessed for timing of oestrous cycle; however since we used littermates, any
variations due to different timings in oestrous cycle are equally represented in both
groups. To avoid any bias during the experiments and analysis the investigator

was blind to the genotype of the mice. FBS is rich in growth factors, vitamins,
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hormones and other nutrients that are essential for cell proliferations (306);
however, since FBS is batch produced there is variation in composition of FBS
with each batch, as well as with FSH activity. To limit this variation, we have used

the same batch of both FBS and FSH for all experiments.

In summary, the findings of this chapter support our hypothesis since DM
follicles are able to grow in vitro reaching the same size as Control follicles at 3-
and 6-weeks of age. However, the survival rate of DM follicles is compromised
with age and also when compared to Control follicle survival at both ages.
Furthermore, the observable changes in the ECM of the DM ovary could be
affecting follicle development in vivo since the growth curve of DM follicles differs
to Controls demonstrated by an initial acceleration in follicle growth and a different
pattern in antrum development. Despite these uncertainties, our results
demonstrate that a population of DM follicles retain the potential to develop better
in vitro and therefore follicle culture offers a reliable method to generate antral

follicles from preantral after the onset of POl in these females.
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Analysis of DM germ and somatic cell
function using the reaggregated ovary

technique
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6.1 Introduction

Approximately 50% women diagnosed with POI have follicles present in their
ovaries (184, 185) indicating that a significant number of women could benefit

from therapies focusing on reactivation of follicle development.

Currently, in vitro activation is the only method for women with POI to have
their own biological child (307). However this has not been successful for all
women with only 2/37 women giving birth and in this instance there is a need to

develop further treatments.

DM females are fertile at 6-weeks, infertile at 9-weeks and progress to POI
by 3-months of age exhibiting the classical features of POI pathology including
lack of ovulation, altered hormone levels and abnormal follicle development (1).
DM ovaries have an increased number of primary follicles at the 3a stage
accompanied by a decrease in developing follicles indicating a block of follicle
development at the primary stage (1, 4, 24). In Chapter 3, we found the presence
of abnormal follicles containing large oocytes, demonstrating a discrepancy
between oocyte and GC communication. Furthermore, similar to the DM, women
diagnosed with resistant ovary syndrome, have a characteristic histological finding
of abundant primary follicles and an arrest at the antral stage of development
(198). Therefore, the DM mouse is a valuable model to explore potential
interventions to rescue egg development and restore fertility after the onset of

POI.
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Previously, to determine if a normal endocrine environment could facilitate
the resumption of DM ovarian follicle development, ovarian tissue from 9-week
DM or Control mice was transplanted under the kidney capsule of
immunocompatible sibling Control females for 4 weeks. Whilst both Control whole
ovaries (Figure 6.1A) and graft ovaries (Figure 6.1C) from mice at 9 weeks of age
contain follicles at all stages of development as well as multiple CL, DM whole

ovaries (Figure 6.1B) and graft ovaries (Figure 6.1D) contained only small follicles.

Figure 6.1 Control and DM ovarian morphology and follicle density. (A)
Control 9-week ovaries contain numerous follicles at different stages of development
and corpora lutea whereas (B) DM 9-week ovaries contain only small follicles. After 4
weeks of ovarian tissue transplantation to a wildtype immunocompatible host (C)
Control graft tissue had normal ovarian morphology containing all stages of follicle
development whilst (D) DM graft tissue exhibited morphology comparable to a 9-
week DM ovary. AF: antral follicle, Cl: corpus luteum, KC: kidney capsule, K: kidney

tissue. Scale bar= 100 um.
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Comparison of follicle development between Control and DM grafts (Figure
6.2A) revealed significantly more primary follicles in DM grafts, accompanied by a
decrease in follicle from the secondary stage onwards (Figure 6.2A). Analysis of
3a and 3b primary follicles in graft ovaries revealed over a 100% increase in 3a
follicles in DM ovaries compared to Control, whilst 3b follicle numbers did not differ
(Figure 6.2B). Therefore, follicle development in the DM grafted ovaries was not
normalised by exposure to a normal hormonal environment as the block at the 3a

stage of follicle development still existed in the grafted ovaries.
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Figure 6.2 Comparison of Control and DM follicle development in whole ovaries
to ovarian tissue graft. (A) Comparison of the number of follicles at each stage of
development in the Control and DM ovarian tissue graft. (B) Number of primary follicles
(3a and 3b) in Control and DM whole ovary and ovarian tissue graft. Results are

expressed as meantSEM. *P<0.05, **P<0.01, ***P<0.001.

Successful follicle development is dependent on appropriate endocrine
support and requires intricate two-way communication between the oocyte and the
somatic cells (22). The oocyte produces factors that modulate somatic cell
development and differentiation inducing follicle development (20, 133, 308). In

addition, oocyte development is regulated by factors secreted by somatic cells that
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also provide optimum conditions for the oocyte to develop competence for

ovulation and fertility (309, 310).

Since normalising the endocrine environment did not rescue DM follicle
development, we investigated the role of the ovarian somatic cells on the
developmental potential of DM oocytes using the reaggregated ovary (RO)
technique. The RO technique is based on the differential separation of ovarian
germ and somatic cells followed by the reaggregation of both cellular types
allowing the generation of a reaggregated pellet with two different cell sources.
Generation and analysis of ROs enables us to determine the separate influence of
the somatic and germ cells on follicle development and was established using

newborn somatic and germ cells from mice up to 12 days of age (22, 311, 312).

Although DM mice have an oocyte-specific deletion, DM females quickly
transition from a fertile state at 6-weeks to undergoing POI by 3-months of age,
affecting the entire ovarian morphology. In the previous chapter we demonstrate
that removal of DM follicles from the current architecture to an in vitro environment
is able to support follicle growth. Therefore, we hypothesise that modifying the
oocyte environment using the RO technique could rescue the ability of DM germ

cells to coordinate follicle development.
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6.2 Aims

* To assess DM germ and somatic cell function using the RO technique.
* To determine to replace oocyte environment is able to rescue DM follicle

development.

To address this, we assessed germ cell function by generating ROs using DM
germ cells and newborn somatic cells, whilst to assess somatic cell function, ROs
were generated using DM somatic cells and newborn germ cells. ROs were
transplanted into an immunocompromised mouse and were retrieved after 21

days and follicle development was assessed by histological analysis.
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6.3 Material and methods

6.3.1 Mice

To generate ROs assessing DM germ cell function, DM or Control females,
aged between 9-10-weeks were used as the source of germ cells and neonatal
(PO-P1) B6SJLF1/J mice (WT) or mice ubiquitously expressing the LacZ gene

(313) were used as the source of somatic cells.

To generate ROs assessing DM somatic cell function, the reciprocal cells
were used; DM or Control females, aged between 9-10-weeks were used as the
source of somatic cells and neonatal (PO-P1) B6SJLF1/J mice (WT) or mice
ubiquitously expressing the LacZ gene (313) were used as the source of germ

cells.

6.3.1.1 Breeding

To produce large numbers of mice from the DM colony (Per RO: n=7-10

mice were required), mice were bred by timed-mating (section 2.2.3).

To produce B6SJLF1/J pups, the first generation (F1) produced by mating
C57BL/6 female mice with SJL/J males by plugged mating. To produce LacZ
expressing pups, C57BL/6 female mice were mated with LacZ expressing males

by timed-mating; newborns were genotyped as described in section 2.6.1.

In order to avoid host rejection of the transplanted ROs,
immunocompromised mice (C.B-17 SCID or B6Rag1) were used as recipients

since these mice lack functional immune systems.
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LacZ expressing mice were generously provided by Professor Elizabeth
Robertson, Sir William Dunn School of Pathology, University of Oxford. SJL/J,
C57BL/6 and C.B-17 SCID mice were obtained from Harlan. B6Rag1 mice were
generously provided by Professor Fiona Powrie, Nuffield Department of Medicine,

University of Oxford.

Mice were kept under controlled conditions in 12:12 hour light-dark cycles.

Food and water was provided ad libitum.

6.3.2 Generation of reaggregated ovaries

The generation of ROs involved the dissociation of ovaries into germ and
somatic cells followed by the exchange and combination of both cell populations

to form a reaggregated pellet (Figure 6.3) as previously described (312).
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Figure 6.3 Generation of a reaggregated ovary. (1) Ovaries are digested
with trypsin into a single cell suspension. (2) Somatic cells and germ cell
populations are differentially separated since somatic cells are able to adhere to
treated tissue culture dishes. (3) Somatic and germ cells from different sources
are aggregated to form a pellet which, after overnight culture, is transplanted into

an immuno-compromised mouse for 21 days.
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6.3.2.1 Ovary collection and digestion

For the production of one RO, 7-10 adult mice and 4-6 neonate mice were
used. Mice were culled by cervical dislocation and death was confirmed by

exsanguination.

Ovaries were collected into warm sterile phosphate buffered saline (PBS;
Sigma-Aldrich) supplemented with 1mg/ml BSA (PBS/BSA) (BSA fraction V,
Thermo Fisher Scientific). Under the stereomicroscope, ovaries were released
from the bursa and fat was removed. For adult ovaries, these were minced by
cutting using 30G insulin needles until the tissue was small enough to fit through a
P1000 tip. Ovarian tissue was then washed twice with PBS/BSA and transferred
to a 35x10 mm dish containing 0.05% trypsin and 0.53mM EDTA (GIBCO),

supplemented with 0.02% DNase-| (Sigma-Aldrich).

Ovaries were enzymatically dissociated into a single cell suspension by
digesting for 15 min at 37°C and 5% CO; in air. After 15 min, the cells suspension
was mixed by pipetting up and down repeatedly and returned to the incubator for 5

mins. This step was repeated 3 times, total digestion was 30 mins.

The single cell suspension was transferred into a 15 ml centrifuge tube with
equal volume of warm Medium 199 (M199, GIBCO) supplemented with 31.3mM
sodium lactate (Sigma-Aldrich), 10mg/mL Penicillin-Streptomycin (Sigma-Aldrich)
and 10% fetal bovine serum (FBS; Biosera; same lot number used in all

experiments), centrifuged at 663x g for 5 min. Next, the supernatant was carefully
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discarded ensuring the pellet was not disturbed, followed by resuspension of the

pellet in fresh M199 supplemented media.

6.3.2.2 Differential separation

The cell suspension was transferred to a 35x10 mm cell culture treated dish
for overnight culture at 37°C and 5% CO;in air (Figure 6.4A). The following
morning the non-adhered cell population was separated from the adhered cells.
Non-adhered cells, which included germ cells, non-viable somatic cells and red
blood cells, were collected and filtered using a 30 uym pre-separation filter (Miltenyi
Biotec GmbH, Germany). This filtering step excluded any remnant undigested
tissue and more developed oocytes and thus collect only germ cells from follicles
up to the early secondary stage of follicle development; this was transferred to a

new tissue culture dish with fresh M199 supplemented media (Figure 6.4B).

The remaining somatic cell monolayer was washed three times with
PBS/BSA to remove any residual unattached cells (Figure 6.4C and D). The
adhered somatic cells were then treated with trypsin for 5 min at 37°C, neutralised
with equal amounts of M199 supplemented media and transferred into a 15 ml
centrifuge tube and centrifuged at 663x g for 5 min. After centrifugation, the
supernatant was discarded and the cell pellet was resuspended in fresh M199
supplemented media and transferred into a new 35x10 mm cell culture-treated
dish and cultured for a further 6 h. The second round of differential adhesion and

separation was carried out to ensure complete separation of cell types.
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Figure 6.4 Representative images of cells and reaggregated ovaries. (A)

Image of single cell suspension containing both germ and somatic cells. Following a
second differential separation a clean pool of (B) germ and (C & D) somatic cells are
isolated. The two cell types are combined in the desired ratio and centrifuged to form
a (E) reaggregated pellet, which is left to culture overnight to form a (F) rounded

pellet.
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6.3.2.3 Assessing cell numbers and live/dead cells

After 6 h, germ and somatic cells were individually collected as previously,
centrifuged and re-suspended in 100yl of M199 supplemented media. To
determine total cell numbers and live-dead cell numbers, 10 pl of the cell sample
was mixed with 10 yl Trypan Blue (Sigma). From this mixture, 10 pl were loaded into
the Neubauer Improved haemocytometer haemocytometer and cells were counted in
each corner quadrant (each quadrant contains 16 squares; 4 quadrants per
haemocytometer grid) and averaged. To determine the remaining total number of
cells (190 pl cell suspension since 10ul were used for cell counting) the following

formula was used:

Cells
= Average number of cells in the quadrants
m
x 10*(Volume factor for the haemocytometer)
x 2 (due to 1: 1 dilution with Trypan Blue)
Cells Cells ,
190 4l = - x 0.2 (cells were resuspended in 200 ,u,i')

*x 0.95 (10 wl was taken for haemocytometer assessment)

6.3.2.4 Generation and overnight culture of cell pellet

For ROs made using adult germ cells and newborn somatic cells, 100% of
cells isolated were combined; however for ROs made using adult somatic cells
and newborn germ cells, only 30% of the newborn germ cell population was used

(routine ratio used with newborn ovaries (312)).

Germ and somatic cells were combined in the desired ratio with 0.25 ug of

phytohemagglutinin (PHA; Sigma-Aldrich) and centrifuged at 10,000 x g for 30 s.
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To form a compact pellet, the tube was then rotated 180° and centrifuged for a
further 30 s. The cell pellet is fragile at this point and is carefully transferred with a
Pasteur pipette to a 24 mm diameter Millicell-PC membrane with a pore size of 4
gm (Millipore) with Waymouth medium MB 752/1 (Sigma-Aldrich) supplemented
with 10% FBS for overnight culture (Figure 6.4E). Following overnight culture the

pellet rounded up and was sturdy for transplantation (Figure 6.4F).

6.3.3 Surgical transplantation of reaggregated pellets

6.3.3.1Transplantation of pellet under the kidney capsule

Recipients were anesthetised with isoflurane and the surgical area
prepared by removing the fur with clippers and cleaning with chlorhexidine
solution. The anesthetised animal was placed on a heated pad at 37°C and
injected subcutaneously with 0.05-0.1 mg/kg of Buprenorphine (Vetergesic, Alstoe
Limited, York, UK) to provide analgesia after surgery. Under magnification, the left
kidney was exteriorised through a dorso-lateral incision and a small opening on
the kidney capsule made using a pair of fine tip forceps. The pellet was placed
beneath the kidney capsule with a sterile fine tip plastic pipette and pushed away

from the capsule opening, and the kidney was returned to the body cavity.

6.3.3.2 Bilateral ovariectomy

Next, a bilateral ovariectomy was carried out on the recipient females.
Using fine tip forceps the bursa was opened and the ovary completely exposed.
The ovarian vasculature was ligated using silk suture and the ovary removed
using small spring scissors. The body wall closed with interrupted suture using

absorbable suture material (vicryl, Ethicon, US). Using the same skin incision, the
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opposite side of the body wall was opened and the contralateral ovariectomy
performed, followed by the suturing of the body wall and skin with interrupted

suture (vicryl, Ethicon, US).

6.3.3.3 Mouse recovery

The animal was placed in a warm recovery chamber and evaluated
constantly until fully recovered from anaesthesia. Two hours after surgery animals
were returned to the animal house maintenance room and they were evaluated
daily for signs of distress and infection for the first week after the surgery. During
the first 48 h after surgery, mice had easy access to food pellets, mashed pellets,
water and medicated jelly with meloxicam (Metacam, Boehringer Ingelheim,

Bracknell, UK) to provide analgesic.

6.3.4 Collection of ROs

Pellets were grafted in the recipient mice for 21 since follicle development
in mice takes 21 days. At 21 days after transplantation, mice were killed by
cervical dislocation and the kidney exposed and explored under the microscope to
identify the RO (Figure 6.5A). Since the RO becomes attached to the kidney
capsule, the kidney capsule is carefully peeled using watchmakers’ forceps and

cut using small spring scissors and collected into cold PBS on ice (Figure 6.5B).
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Figure 6.5 Images of collection of ROs. ROs are collected from (A)

the kidney after 21 days. (B) ROs demonstrate the presence of follicles at

various development stages.

6.3.5 Processing of ROs

ROs were fixed for 8 h in 10% buffered formalin (Sigma-Aldrich) before being
transferred to 70% ethanol for storage at 4°C. If ROs were generated using LacZ
mice, then ROs were subjected to LacZ staining as decribed in section 2.6.2. ROs
were embedded and histologically processed (section 2.5) and all sections were

used for follicle counts using the classification system described in section 1.1.1.1.

6.3.6 Statistics

Analysis was carried out using Prism software version 4.0b (GraphPad
Software, Inc., version 4.0b, 2004). D’Agostino & Pearson normality test or
Shapiro-Wilk normality test was applied to test Gaussian (normal) distribution of
the samples. The Mann-Whitney U test was performed to detect differences
between groups with non-parametrical distribution and equal variances. Unpaired

t-test was used to analyse samples with normal distribution and equal variances
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whilst Welch's correction was used to analyse samples with normal distribution
and unequal variances. A One-way ANOVA followed by Dunn’s multiple
comparisons test was used to analyse proportion of Control and DM follicles in
whole ovary versus ROs and to analyse the mean number of follicles per RO.

Results are presented as mean+SEM. P<0.05 was considered significant.
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6.4 Results

6.4.1 Formation of ROs using adult germ cells.

Previously, the generation of ROs has only been achieved using mice up to
12 days of age (22, 311). Therefore, to make ROs using adult germ cells, the
protocol was tested, adjusted and evaluated in preliminary experiments. ROs were
generated using neonatal (P0-1) B6SJLF1/J somatic cells and germ cells from
C57/BL6 ex-breeder mice (6-month old). Twenty-one days after the transplant,
gross morphological analysis, indicated the presence of multiple follicles
evidenced by the presence of rounded semi-transparent structures (Figure 6.6A).
Histological analysis demonstrated the presence of follicles at the preovulatory

stage of development (Figure 6.6B).

Figure 6.6 Generation of ROs using ovaries from adult mice. (A) ROs were
generated using germ cells from ex-breeder adult mice and somatic cells from neonatal mice
show the presence of follicles. (B) Histological analysis of ROs revealed the presence of

preovulatory follicles.
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6.4.2 Validation of cell isolation

To confirm efficient separation of adult germ cells and newborn somatic
cells, ROs were generated using ovaries from mice ubiquitously expressing LacZ
gene and wildtype (WT) mice (Figure 6.7A). ROs were stained for LacZ by
incubation with X-gal (Section 2.8), revealing blue staining of the oocytes
originating from the LacZ mice (Figure 6.7B). Histological analysis revealed no
blue somatic cells (counterstained with eosin) and thus all somatic cells originated
from WT ovaries, demonstrating clean somatic cell and germ cell isolation (Figure

6.7C and D).
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Figure 6.7 Generation of ROs to assess successful cells isolation. ROs
were generated using germ cells from mice ubiquitously expressing LacZ, to
demonstrate clean separation of somatic and germ cells. Image of RO 21 days
post-transplantation (A) before and (B) after incubation with X-gal revealing the
presence of oocytes expressing the LacZ gene stained blue and unstained somatic
cells. (C) Histological analysis of RO sections confirmed 100% of oocytes were
from the LacZ mice (counterstained with eosin; n=5) and (D) High magnification
image of a cumulus-oocyte-complex showing blue oocyte and unstained cumulus

cells.
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6.4.3 DM germ and somatic cells are able to generate follicles in a

reaggregated ovary

Control or DM ovaries were digested into a single population and separated
into germ and somatic cells. The number of live and dead cells in each cell
suspension was assessed using Trypan Blue. No differences were found in the
number of Trypan blue positive dead germ cells from Control and DM ovaries and
no dead somatic cells were observed in either group. Total cells numbers also did

not differ between Control and DM.

ROs were generated using germ cells from 9-week old DM or Control germ
cells and newborn WT somatic cells (referred to as either DM germ or Control

germ ROs, respectively).

6.4.4 DM germ cells are able to overcome primary follicle arrest

First, analysis of total follicle counts revealed the presence of follicles in
both Control and DM germ ROs. Surprisingly, DM germ cells were able to
generate follicles to the same extent as Controls (Control: 4 £ 1.73 and DM: 2.83 +

1.47; Control n=5 ROs, n=20 follicles, DM n=6 ROs, n=27 follicles).

Next, the stage at which follicles existed was categorised and follicle were

counted and compared to 9-week whole ovary (Figure 6.8A and B).

Control germ ROs contained many developing follicles and these were
distributed between the primary and antral stage, in numbers comparable to

Control whole ovary (Figure 6.8A). Remarkably, DM germ ROs generated using
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germ cells from infertile 9-week DM ovaries contained follicles at later stages of
development as opposed to DM ovaries that contained predominantly primary

follicles (Figure 6.8B).

Comparison of follicle numbers between Control germ and DM germ ROs
revealed no differences (Figure 6.8C), however the number of follicles that
developed in both DM and Control ROs were low compared to whole ovaries.
Despite this, since DM ROs contained follicles at all stages of follicle development,

this indicated that the block at primary development was overcome.
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Figure 6.8 Comparison of the proportion of follicles at each stage of
development in (A) Control whole ovaries (n=3) and Control ROs (n=5) and (B) DM
whole ovaries (DM n=3) and DM ROs (DM n=6). (C) Comparison of follicle numbers

between Control and DM ROs. Results are expressed as mean+SEM.
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6.4.5 Suboptimal follicle development observed in ROs using DM

somatic cells

ROs were generated from 9-week old DM or Control somatic cells and
newborn WT germ cells (referred to as either DM somatic or Control somatic ROs,
respectively). Analysis of total follicle counts revealed the presence of follicles in

both Control and DM somatic ROs.

The stage at which follicles existed was categorised; Control somatic
ROs contained follicles at all stage of development, whereas the DM somatic ROs

contained follicles predominantly at the primary stage (Figure 6.9).
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Figure 6.9 Comparison of the number of follicles at each stage of development
Control and DM somatic ROs. Control somatic ROs contained follicles at all stages of
development, however DM somatic ROs contained follicles predominantly at the primary

stage of follicle development. Results are expressed as meantSD.

161



6.5 Discussion

DM females transition from an infertile state at 9-weeks to developing POI by
3 months of age accompanied by aberrant follicle development. Morphometric
analysis of the primary follicles in Chapter 3, revealed that presence of abnormal
follicles which may be contributing to the infertility and causing the POI phenotype

in DM females.

Follicles are present in approximately 50% of women diagnosed with POI
after diagnosis. The presence of follicles in DM ovaries after the onset of POI
provides a unique opportunity to develop novel therapies to resume follicle
development. The aim of this chapter was to assess the function and role of DM

germ and somatic cells in the follicle dysfunction, using the RO technique.

The RO technique allows us to study the different influences of the somatic
cells and germ cells individually on follicle development and the interactions that
occur between the two cell types. Previously, this technique was established using
newborn somatic and germ cells from mice up to 12 days of age (22, 311, 312).
Here, we have implemented this technique for the first time using adult germ and
somatic cells. ROs produced using 9-week Control or DM germ cells were able to
generate follicles at all stages of development, from primary to antral. This was an
unexpected finding since at 9-weeks of age DM females are infertile with ovulation
rate just above zero (Chapter 4) and ovarian morphology revealed a lack of follicle
development. These findings confirm our hypothesis, that modifying the oocyte
environment using the RO technique rescued the ability of DM germ cells to

coordinate follicle development.
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The fact that DM 9-week oocytes retain the ability to sustain follicle
development, when associated with WT somatic cells indicates that the genetically
altered oocyte is inducing changes in the physiology of the somatic cell
compartment resulting in aberrant follicle development and oocyte growth.
Therefore, we assessed the ability of DM somatic cells to support follicle
development. To our surprise, DM somatic cells exhibited a follicle development
profile similar to DM whole ovaries with a block in primary follicle development and

a lack of follicles developing to the later stages.

ROs generated using newborn germ cells and either Control or DM somatic
cells contained over ten times the number of follicles than ROs generated using
newborn somatic cells and either Control or DM germ cells. One explanation for
this is the higher number of germs cells obtained from newborn ovaries compared
to adult ovaries, though no differences existed between Control and DM (data not
shown). Primordial follicles in newborn ovaries are dormant and have not yet
undergone activation since this occurs a few days after birth in mice (5, 9, 10).
However, in adult ovaries there are fewer primordial follicles since there have

been numerous rounds of follicle activation.

In addition to this, there are a number of limitations of these experiments.
Firstly, females were not assessed for timing of oestrous cycle when ovaries were
collected; however, as with previous experiments, we used littermates to limit any
variation due to different timings in oestrous cycle and thus these are equally

represented in both groups. Furthermore, to avoid any bias, during the
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experiments and analysis the investigator was blind to the genotype of the mice.
As with the previous chapter, the same batch of both FBS and FSH were used for
all experiments. Finally, the number of ROs generated using Control and DM
somatic cells was low (n=3 per group). However, despite the low number of ROs
generated, as previously discussed, these ROs contain a 10-fold more follicles
than the ROs generated using Control and DM germ cells (n=5 per group). This
suggests that the low number is unlikely to have an effect on the follicle numbers

we observe.

Successful follicle development requires interactions between the follicle and
the surrounding ECM environment, which remodels to adapt to the growing
follicle. Our results demonstrate that the interactions between the oocyte and
somatic cells are altered in the DM ovary. This indicates that the DM oocyte is
affecting somatic cell physiology, imprinting the POI phenotype in this cell
compartment and therefore their ability to sustain follicle development. These
results provide an explanation for the failure of the DM transplantation to restore

follicle development, since the existing DM somatic cells are unable to function.

The generation of ROs using adult ovaries is a newly established and
requires further optimisation to establish exact germ and somatic cell number:
follicle number ratios. as well as optimisation with human tissue. The results
presented in this chapter indicate the RO technique as a promising therapeutic

tool to re-establish follicle development in the DM and POI in humans.
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Grafting a DM ovary fragment with a
newborn ovary fragment is unable to

rescue follicle development
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7.1 Introduction

There is a growing need to identify novel interventions and treatment
strategies for women diagnosed with POl who wish to conceive, since there are

limited treatment options.

A treatment for women with POl who wish to conceive using their own eggs
was recently developed, using in vitro activation (307, 314). This involved the
disruption of the Hippo pathway by ovarian fragmentation followed by Akt
stimulation resulting in the resumption of follicle growth. However, this regime did
not work for all patients and resulted in only 2 live births out of 37 patients treated
(307, 314). Furthermore, we have previously shown that fragmentation of the DM
ovaries and transplantation to a normal endocrine environment was not successful

in resuming follicle development (unpublished data).

Both of the above discussed treatments are based on the assumption that
the existing ovarian architecture is functioning correctly and able to support follicle
development. However, in the previous chapter, we demonstrate DM somatic cells
were unable to support follicle development indicating that the DM oocyte-specific
gene deletion is affecting somatic cell physiology. Oocyte-secreted factors are
essential for GC function therefore the oocyte-specific deletion of Mgat1 and
C1galt1 and therefore the absence of hybrid and complex N-and core 1-derived
O-glycans, is likely to be disturbing intra-ovarian signalling in DM ovaries and

affecting follicle progression.
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It is well known that follicles secrete factors that can affect the development
of other follicles (291) since co-culture of follicles in vitro resulted in growth
inhibition (292). Previously, to test the function of chemotherapy treated ovary
environment novel techniques such as the intraovarian transplantation of
primordial follicles into chemotherapy induced POI mouse ovaries failed to rescue
ovarian function (315) suggesting that the source of the rescue substance is the
ovarian stroma or growing follicles. Furthermore, the transplantation of human
adipose-derived mesenchymal stem cells into a chemotherapy-damaged ovary
resulted in improvement of ovarian function (316); however there was no direct
differentiation of these stem cells into oocytes or GCs. The authors speculated
these stem cells may survive in the interstitium, providing essential support to

oocytes.

Therefore, we hypothesised transplantation of a newborn ovary attached to a
DM ovary could rescue follicle development by restoring signalling between
oocytes and GCs, either by secreting factors essential for development which may
be absent in the DM ovary, or by cells migrating from the newborn ovary to the

DM stroma and supporting follicle development.
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7.2 Aims

* To investigate if transplantation of a newborn ovary with a DM ovary could

rescue follicle development

To address this, we transplanted a graft ovary, consisting of a newborn ovary
joined to a DM ovary, into an immunocompromised mouse for 21 days to allow
follicles to develop. Following retrieval, histological analysis was preformed to

assess follicle development.
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7.3 Materials and Methods

7.3.1 Mice

Ovaries from littermate Control and DM female pairs aged between 9-10
weeks were combined with LacZ positive (LacZ+) PO-P1 ovaries. LacZ expressing
pups were generated and genotyped as described in Chapter 6.2.1.1. In order to
avoid rejection of the grafted ovaries, immunocompromised mice (B6Rag1) were

used as recipients since these mice lack functional immune systems.

7.3.2 Splice experiment

Ovaries were harvested from DM or Control mice into a dish containing
sterile phosphate buffered saline (PBS) and the right ovary was divided into two
equal fragments by cutting with microdissection scissors under the
stereomicroscope. Ovaries were harvested from a newborn LacZ+ donor mouse
and the right ovary halved. In a sterile dish 0.25 pg phytohemagglutinin (PHA) was
placed as a 20 u drop, the DM or Control ovary were placed into this drop using
watchmakers forceps, and the newborn ovary was placed on top ensuring the
internal edges of each tissue were in contact. Both ovaries were kept in the drop
of PHA until transplantation under the kidney capsule of an ovariectomised
B6Rag1 mouse, as (described in section 6.3.3). Mice were sacrificed after 21 days
and ovaries were collected, fixed and subjected to X-gal staining (described in
section 2.8) expect ovaries were fixed for 2 h instead of 1 h. Ovaries were
histologically processed (described in section 2.5) and every 10th section was

used to analyse follicle development.
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7.4 Results

7.4.1 Spliced ovaries are able to develop follicles in vivo

Since an experiment splicing ovaries was not reported in the literature, prior
to conducting this experiment, we first evaluated if the two ovaries would remain

adhered together and develop.

From here on we will refer to the donor (LacZ+ ovary) and the experimental
(Control or DM) ovary combined together as a Control or DM graft, respectively. In
total, eight grafts were transplanted (Control n=4 grafts and DM n=4 grafts)
however only seven grafts were harvested from host females after 21 days

(Control n=4 grafts, DM n=3 grafts) (Figure 7.1).

Control graft DM graft

Figure 7.1 Representative images of Control and DM grafts collected 21 days after
transplantation. Control or DM grafts consisting of a LacZ+ and experimental (Control or

DM), harvested 21 days after surgery, contained follicles at various stages of development.

Next, we determined whether the grafts contained both experimental and
LacZ+ donor ovaries. Following fixation and X-gal staining, ovaries were

embedded, sectioned and mounted to determine the presence of the donor LacZ+
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ovary (staining blue) and experimental Control/DM ovary (unstained). Out of the
seven grafts obtained only four were technically successful (Control n=2 grafts,
DM n=2 grafts); contained two ovarian pieces, one -galactosidase staining and
the other largely unstained (Figure 7.2). Two unsuccessful grafts (Control n=1
graft, DM n=1 graft) contained only the unstained experimental ovary, whilst one
Control graft contained only LacZ+ ovarian tissue. For all unsuccessful grafts, we
speculate that following transfer although we placed the graft away from site of
insertion, it may have been dislodged and displaced from the kidney capsule

whilst the mouse was moving around.

It was also noted that within each graft, size varied between the two
ovaries. It was apparent in the Control grafts that the Control ovary tissue was
larger than the LacZ+ ovary tissue, whereas in the DM graft, the LacZ+ ovary

tissue was larger than the DM ovary tissue.

Control graft DM graft

|

Figure 7.2 Representative images showing successful grafts containing both a
LacZ+ ovary (blue) and Control or DM ovaries. Within Control grafts, the Control ovaries
(unstained) are larger in size than the LacZ+ ovary (blue), whilst in DM grafts, the LacZ+

ovaries (blue) were larger in size that the DM ovary. (Control n=2 grafts, DM n=2 grafts).
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7.4.2 Control grafts have more advanced follicle development

compared to DM grafts

Sections were subjected to eosin staining to enhance follicles. Within each
graft, follicles were present in both ovaries. It was evident that within Control grafts
the Control ovary tissue had more progressed follicle development than the DM
ovary tissue in the DM graft (Figure 7.3). From the successful Control grafts (n=2),
a total of 6 preovulatory follicles were present in Control ovary tissue, whereas in
successful DM grafts (n=2), the most developed follicles present were only at the

preantral stage in one whilst in the second, only secondary follicles were visible.

Control

DM

Figure 7.3 Follicle development in Control and DM spliced with LacZ+ grafts.
Control ovary tissue had preovulatory follicles present, whereas DM ovary tissue had

only a few preantral follicles present.
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Although within Control grafts, the Control ovary was larger than the LacZ+
ovary, follicle development was equivalent in both the Control and LacZ+ ovaries
since both contained preovulatory follicles. Interestingly in DM grafts, although DM

ovaries did not have any preovulatory follicles, the LacZ+ ovaries did.

7.4.3 Intermingling of cells was detected by X-gal staining

Next, we wanted to assess if any cell migration occurred between the two
ovaries within the graft. The contribution of cells from the LacZ+ ovarian fragments
were identified by ubiquitous B-galactosidase staining. There was a LacZ
penetration issue in the large newborn ovary; however the area of interest
(adjacent to the experimental ovary) was still easily distinguishable since only the
centre of the newborn ovary tissue had not stained. LacZ staining and hence cell
mixing between the two ovaries was evident, however no blue oocytes were
evident in any healthy follicles in Control or DM ovary tissue within their respective
grafts. LacZ+ staining was detected in somatic cells around follicles in the stroma
in both Control and DM ovary tissue (Figure 7.4). We also observed intense LacZ
staining around dead/dying follicles including the oocyte, and inside CL (Figure

7.4).
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X5 magnification High magnification

Control

DM

Figure 7.4 Analysis of cell migration between experimental and

LacZ+ ovary. LacZ+ staining was detected in the stroma and in dying

follicles containing dead oocytes and in CL.
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7.5 Discussion

There is a growing need to identify novel treatments for women with POI.
The experiment in this chapter was designed to test whether a graft of a newborn
ovary fragment could rescue follicle development in the DM ovary by re-
establishing signalling between the oocytes and GCs or preferentially replace

dysfunctional somatic cells.

If the LacZ+ ovaries were able to rescue DM ovaries, we would expect
follicle development to be equal in both Control and DM ovaries, however this was
not the case. Although there were only two grafts per group, it is evident that
follicle development has not been rescued in DM ovaries since only a few follicles
progressed to the preantral stage in one whilst only secondary follicles were
present in the second, whilst in Control ovaries follicles developed to the
preovulatory stage, with some containing oocyte-cumulus complexes. Therefore

no further analysis was carried out.

Injection of human adipose-derived mesenchymal stem cells into a
chemotherapy-damaged ovary resulted in stem cells survival in the interstitium
and subsequent improvement of ovarian function (316). Similar to this, although
no healthy blue oocytes or GCs were detected in Control and DM ovary tissue,
LacZ staining was located in the stroma of both ovaries. This demonstrates that
there was crosstalk within the grafts however this was unable to restore follicle
development in DM ovaries. Therefore since results did not indicate recovery of

DM ovarian function, we decided not to pursue this experiment any further.
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Conclusions and future work
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Despite advancements in research and clinical studies, our understanding of
the aetiology and pathophysiology of POI is severely limited. The diagnostic
evaluation for POI is unavoidably complex due to the highly variable presentation
of affected individuals. Since approximately 50% of women with POI have follicles,
developing novel therapeutics and diagnostic tools based upon an understanding

of how follicle development is affected is critical.

In the DM mouse model of follicular POI, ovarian function progressively
declines with age. Though females undergo a normal puberty, they are sub-fertile
at 6-weeks of age, producing one small litter, before progressing to an infertile
state by 9-weeks of age and undergoing POI by 3-months of age. Since DM
females undergo this age-dependant demise of ovarian function before
undergoing POI, we hypothesised that follicle development could not be rescued
in the DM mouse model. Therefore, the focus of this thesis was to explore
potential causes of the deteriorating ovarian function prior to the onset of POI and

develop interventions to rescue follicle development.

The findings of this thesis highlight new avenues for investigation to further
elucidate the mechanisms underpinning POl as well as targets for treatment.
Future work can be split into two parts (i) firstly, taking the existing work forward
based on the results and conclusions generated in this thesis and (ii) secondly,
developing alternative strategies to address the questions about the nature of the

DM phenotype.
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Follicle development is modified in DM females with an increase in primary
follicle numbers accompanied by a depletion of developing follicles indicating a
block in follicle development (1, 236, 244). Using morphometric analysis of
primary follicles (Chapter 3), data from Control mice revealed novel insights into
early follicle development. We report differences in follicle developmental
dynamics with age, with follicles from neonatal mice having accelerated growth
compared to post-pubertal mice which may be attributed to differences in location
of follicles (medulla vs cortex), composition of the stroma (252), and/or the

hormonal profile (248, 256-261).

In DM ovaries, we find abnormal primary 3a follicles containing large
oocytes, which we speculate could be contributing to a malfunction and thus the
accumulation of primary follicles (1). Deletion of the two glycosyltransferases
occurs only in DM oocytes from the primary stage of follicle development onwards,
which is when the block in follicle development exists. Here, we see the first
evidence of malfunction between oocyte and somatic cell communication in DM,
since oocyte growth and GC proliferation are not in synchrony. It is clear that the
absence of oocyte produced N- and O-glycans play a role in regulating follicle
growth; glycoproteins play important roles in bidirectional signalling with the
surrounding GC (1, 2, 20, 23), and hence in their absence; DM primary follicles

undergo precocious growth.

Next, assessment of those developing follicles that have progressed past

the primary stage revealed multiple defects in follicle development prior to the

presence of the POI. Assessment of follicle dynamics over time before the onset
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of POI could facilitate stage-specific diagnosis of early follicle dysregulation in
POI. We elucidate that the decline in ovulation rate at 9-weeks (236), resulting in
an absence of a second litter in DM females (1), is due to the premature
luteinisation of unruptured preovulatory follicles (LUFs). LUFs have been reported
in women with POl (184) and as well as being a major pathophysiological
mechanism impairing follicle function, the occurrence of LUF has been linked to
many conditions such as unexplained infertility and endometriosis (317-319). This
finding demonstrates the relevance of the DM as a mouse model of POI, and
highlights the unique opportunity it presents to develop therapeutic interventions
treatments for POl and prevention of LUFs. Future work would look to use human
ovarian tissue from POI patients to understand whether a similar dysfunction in

follicle development is observed in women at the clinical onset of POI.

Despite the technique of follicle culture existing for decades (320), follicle
culture is still considered a research technique and not considered an assisted
reproductive technology (ART). However, our results demonstrate the potential
usefulness follicle culture offers as a method to generate antral follicles from
women with follicular POI. Since DM females were initially fertile at 6-weeks of
age, it is conceivable that follicle development is compromised by extra-follicular
factors such as ECM or gonadotrophin balance. Therefore, follicle culture was
conducted to assess if removal of extra-follicular blocking signal would permit
follicle development to resume. Once again, we see indications that the somatic
environment may be impeding follicle development since DM follicles were able to
grow in vitro, reaching the same size as Control follicles; however survival rate of

DM follicles was compromised.
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There is a burgeoning body of evidence for the role of the ECM in regulating
follicle development. The initial evidences for this came from studies of PCOS,
where there is an upregulation of ECM components and aberrant follicle
development (296). Alginate culture systems have also supported this theory,
since follicles cultured in rigid matrix exhibited aberrant follicle growth and poor
quality oocytes (297, 298). Recently, the role of the Hippo pathway in coordinating
follicle development and ovarian function has been demonstrated within the
mammalian ovary (321, 322). Pioneering work (307) demonstrated that the Hippo
pathway is downregulated by fragmentation resulting in resumption of follicle
development in POI ovaries; this also explains the success of techniques such as
ovarian wedge resection (323), used for treating patients with PCOS to induce
follicle growth. However, since the Hippo pathway is disrupted by fragmentation
(307), our results from the DM transplantation experiment (unpublished data)
discussed in the introduction of Chapter 6, demonstrate that fragmentation alone
is not sufficient to resume follicle development, though downregulation of the

Hippo pathway has not been measured directly.

Our results demonstrate that that the physiological conditions in which
follicles grow play a vital role in regulating their development since ECM changes
in the DM are apparent at 3-weeks of age, much earlier than the onset of POI. The
increased rigidity and density of DM ovaries is largely conjecture drawn from IHC
and follicle dissection experiments. Thus further experiments to determine this
need to be undertaken. One method to measure rigidity in the DM ovary is using a
rheometer, which has been used to measure mechanical properties using various

tissues (324). If changes are detected, these could be an early marker of follicle
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dysregulation and thus it may be possible to develop non-invasive diagnostic test

to diagnose POI.

Currently, in vitro activation (185) is the only ART method for POI patients
to have their own biological child; however, this has yielded a low success rate
with only 62% of patients responding (307). Furthermore, this treatment is based
on the assumption that the ovaries current architecture and somatic cells are able
to support follicle development. However, this technique is rendered ineffective
since our results in Chapter 6 reveal that DM somatic cells are unable to support
successful follicle development. Since DM females have an oocyte-specific
deletion and are initially fertile prior to POI, it is clear that the oocyte is inducing
changes to the somatic cell compartment. These changes accumulate over time,
affecting somatic cell function and inadvertently affecting oocyte function. This
also explains why previously, fragmentation and transplantation of DM ovaries
was unsuccessful in restoring follicle development. In this instance, the RO
technique can be developed as a clinical therapeutic tool to recover follicle
development in women with POl and enable them to have their own biological
children since we show that follicle dysregulation can be rescued using the RO
technique. The data presented in this thesis, although at the proof of concept
level, may have an impact on the future therapeutic approaches to re-establishing
follicle development in POIl. An important next step is simply demonstrating

successful follicle development in ROs generated from human ovaries.

From a biological aspect, the RO technique provides a unique opportunity

to interrogate the process of follicle development. Recently the Williams lab have
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successfully cultured ROs in vitro, surpassing the need to transplant ROs into an
immunocompromised mouse. This system enables us to watch follicles develop
over time and could be used to determine the effects of molecules such as
hormones and growth factors on this process. Immediately after generation, a RO
is a heterogeneous mixture of germ and somatic cells; how this mixture of cells
coordinate follicle development is unknown. Are somatic cells surrounding the
oocyte, transdifferentiated into GCs or are GCs actively recruited to the oocyte?
To investigate this, ROs using specific cell lineage tracing can be generated, for
example using fluorescence labelled GCs, using a GC-specific marker such as

FoxI2; this would allow us to trace the fate of the cells.

Abnormalities in mitochondrial structure of GCs from small growing follicles
in a fragile X mouse model of POl have been reported (325). Whether
mitochondrial abnormalities or death (mitophagy) is playing a role in the demise of
ovarian function in DM mice, could be elucidated by assessing mitochondria of
somatic cells. In provisional experiments (in collaboration with Eszter Dombi, a
PhD student in Prof. Joanna Poulton’s lab (Nuffield Department Obstetrics and
Gynaecology)) we have visualised mitochondrial (TOM20) co-localisation with
LC3-Il positive autophagosomes, which is indicative of mitophagy, using newborn
somatic cells (Figure 8.1) using the protocol described in Diot et al, (326). The
next step would be to compare mitochondrial content and mitophagy in DM
somatic cells at the different ages. Furthermore, using technologies such as ChlP-
Seq or RNA-Seq will allow deep interrogation of the DM somatic cell transcriptome
and reveal the role of specific molecular and cellular mechanisms of epigenetic

regulation in ovarian function.
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Nuclear stain Mitochondrial marker

Autophagosome marker LC3

Figure 8.1 Visualisation of autophagosomes in newborn somatic cells. Newborn
somatic cells were seeded in a Nunc F 96-well plate (Thermo Scientific) overnight. Cells
were fixed with 4% paraformaldehyde for 15 min and immuno-stained, at room
temperature in the dark, using a monoclonal anti-TOM20 (dilution 1 in 200) and a
polyclonal anti-LC3 (dilution 1 in 500) antibodies for 2 hours. Alexa Fluor 488 Goat anti-
rabbit (dilution 1 in 500) and Alexa Fluor 546 Goat anti-mouse (dilution 1 in 200)
secondary antibodies were then incubated for 1 hour with the respective primary antibody
preparations. After a DAPI staining, dilution 1 in 1000 for 5 min, the cells were imaged

using the IN Cell 1000 analyser (GE Healthcare Life sciences).
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Finally, in the introduction of this thesis (Section 1.2.4), we discussed the
stages of ovarian failure in women and the relationships between these stages.
The findings in this thesis strengthen the DM as a mouse model of POI since
females exhibit all stages of ovarian dysfunction and failure (Figure 8.2). At 6-
weeks of age, DM females have normal ovulating ovaries and are able to
conceive (1, 236). Females quickly transition to the early dysfunctional stage at 9-
weeks with the presence of LUFs. Hereafter, the follicles in the ovary do not
respond to gonadotrophin stimulation (1) demonstrating the resistant ovary-like
phase at 3-months. Finally, analysis of 1-year old ovaries revealed that although
DM have primordial follicles there are significantly fewer compared to Controls
(unpublished data). Since gene deletion occurs after the formation of the
primordial follicle pool, this suggests there is an overactivation of primordial
follicles, possibly due to the absence of negative feedback from more developed

follicles and indicates that DM females are moving towards an afollicular state.
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Figure 8.2 Stages of ovarian dysfunction and failure exhibited by the DM mouse

model. At 6-weeks of age DM females are fertile but quickly transition to the early
dysfunctional stage by 9-weeks, characterised by the presence of luteinised unruptured
follicles (LUF, pink follicle). At 3-months of age, females undergo POI and are unresponsive to
gonadotrophin stimulation (resistant ovary state) and by 1-year of age, DM ovaries have
significantly fewer primordial follicles compared to Control ovaries. The primordial follicle pool

is eventually exhausted and the ovary becomes afollicular.
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With the majority of POl cases remaining idiopathic, it is extremely
challenging to diagnose patients in the early stages of POI. Animal models remain
an invaluable tool in understanding the pathophysiology of POI, as an inability to
study women before the clinical onset of POI severely limits our ability to conduct
this work into humans. The DM mouse model therefore provides a unique
opportunity to develop interventions and treatments at each stage of ovarian

failure to try and recover ovarian function.
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