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Summary

Summary

The study presented in this PhD dissertation thesis was performed at the: 1) Dept. of Life,
Health and Environmental Sciences of the University of L’Aquila and, 2) Dept. of
Anatomy, Histology, Forensic Medicine and Orthopaedics, Sapienza University, Rome,

Italy.
Introduction

Immature oocytes can be an alternative source of oocytes for Assisted Reproductive
Technologies (ARTSs). These oocytes can be retrieved by patients undergoing different
controlled ovarian hyperstimulation protocols (COH), such as the conventional “full”
(FCOH) or the less aggressive “mild” (mCOH) protocols. These, so-called “leftover”
oocytes can increase the yield of total available oocytes, especially for poor responder
patients or those having an unsynchronized cohort of follicles. The present PhD thesis
aimed to evaluate the effects of two different COH protocols, a GnRH agonist (fCOH)
stimulation and a GnRH antagonist (mCOH) stimulation, on the fine structure of fresh
human immature GV-stage oocytes, to consider the ultrastructure of well-preserved

organelles as indicator of GV quality preservation.
Methods

Fresh GVs were retrieved from consenting donor women undergoing ARTs due to tubal
or male infertility factors. COH was achieved by: 1) a standard long protocol, with GhnRH
agonists (FCOH protocol) or 2) a mild protocol, with GnRH antagonists (mCOH
protocol). After retrieval, oocytes were washed in phosphate buffered saline (PBS)
solution, fixed in 2.5% glutaraldehyde/PBS and subjected to standard preparative for light
(LM) and transmission electron microscopy (TEM). The following parameters were
evaluated by LM and TEM and taken into consideration for qualitative assessment of the
ultrastructural preservation of oocytes: general features (including oocyte shape and

dimensions); morphology of the nucleus, nucleolus, chromatin and nuclear envelope
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(including nuclear membrane integrity); microtopography, type and quality of the
organelles; mitochondria shape, number and dimensions; presence and extent of
ooplasmic vacuolization; position, number and dimensions of cortical granules; integrity
of the oolemma and microvillus pattern; appearance of the perivitelline space (width,

presence of fragments); zona pellucida texture.

Results

Most of fCOH and mCOH oocytes were well preserved and showed a roundish and
centrally located nucleus. The nucleolus was reticulated and connected with dense
heterochromatin spots in both oocyte groups. Mitochondria were usually located in a
perinuclear position, sometimes associated to small vesicles; in the mCOH group, they
showed a significant increase in the number, respect to fCOH. Numerous electron
negative and membrane-bounded vacuoles were located close to the nucleus in both
groups, but they appeared significantly larger in fCOH than in mCOH oocytes. Cortical
granules were located both in the subplasmalemmal area and dispersed throughout the
whole ooplasm, even if less abundant; the number of cortical granules was significantly
higher in mCOH oocytes, compared to the fCOH ones. An intact and continuous zona
pellucida were present in both groups; microvilli were uniformly distributed in both

groups, with some areas of rarefactions in fCOH oocytes.

Conclusion

The data of the present study showed organelle-specific alterations in the oocytes
observed, probably related to the applied COH protocol. In particular, the significantly
lower number of mitochondria and the biggest size of vacuoles in fCOH oocytes TEM:
transmission electron microscopy, respect to what observed in mCOH oocytes, may
suggest that some microdomains of the GV-stage oocytes may be affected by the

hormonal stimulation.
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Part 1: Introduction

1.1 An in vivo approach of human oocytes enclosed in ovarian follicles: follicular and
oocyte development, protein interactions, hormonal control and morphology of

oocytes by Transmission Electron Microscopy

1.1.1 Ovarian physiology in regard to follicle and oocyte development

Human ovaries are enclosed in a fibrous and thick connective-tissue capsule, the tunica
albuginea layer, consisting of the outer cortex and the inner medulla. All the follicles and
the remains of ruptured follicles attached in vascular fibrous tissue are in the cortex. The
inner medulla is highly vascular, including blood and lymphatic vessels and few follicles
(Fig. 1B) (Johnson ef al., 2004). In humans, initial cells .transform into the primordial
follicles in the embryonic development and initial cells called primordial germ cells
(PGC) form the gametes by migrating from the yolk sac to the genital ridge/primordial
gonad where they transform into oogonia (7™ week of gestation). The PGC proliferate
during migration and continue to proliferate at the genital ridge (oogonia proliferation).
In females are present an estimated number of 7 x 10% to 8 x 10> GC (5™ week of
gestation). The transformation of oogonia into oocytes occurs once the division of
oogonia stops and starts the meiosis (11-12™ week of gestation) (Baker, 1963). During
meiosis, the oocytes go through different stages: leptotene, zygotene, pachytene, and
diplotene (dictyate) (Franchi and Baker, 1973) characterized by the distinctive feature of
the nucleus. Oocytes arrested at the dictyate stage of meiosis I, are called primary oocytes
(Pan and Li, 2019). The total number of GC reaches a maximum of 6 x 10°- 7 x 10°. The
2/3 are primary oocytes (20" week of gestation). At 4™ month of fetal life initiates the
formation of the follicles and between the 6 and the 9" month of gestation all the
primordial follicles (oocytes) are formed. The duration and rate of oogonial proliferation
and the extent of atresia are determinant for the number of oocytes in the ovaries at birth.
The total number of GC at birth is around 1 x 10° to 2 x 10° and approximately 6 x 10°
to 7 x 10° of them represent primordial follicles. Only about 3 x 10° to 4 x 10° follicles
remain in puberty, and 95% of them represent the primordial follicle pool (Baker, 1963).
For many decades, an equal number of follicles in both ovaries are in the primordial stage
constituting the non-growing follicle pool, and once they activate, they start to grow (Fig.
1A) (Gougeon and Chainy, 1987). In humans, the process of activation, growth, and
development of a primordial follicle containing an immature oocyte to a pre-ovulatory

follicle including a mature oocyte has been described as folliculogenesis. The target of
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Part 1: Introduction

folliculogenesis is to produce a single dominant follicle from a pool of growing follicles.
During this process, are acquired the competence and the capacity of the oocyte enable
to fertilize and to support a viable pregnancy (Sarma et al., 2019). Human folliculogenesis
is divided in two distinct phases: (i) gonadotropin-independent (preantral stages) and (i)
gonadotropin-dependent (antral stages). Distinct follicles represent each phase and local
produced autocrine or paracrine factors as hypothalamus-pituitary hormones, and
systemic growth factors are involved. The first phase lasts for about 300 days and is
characterized by continuous recruitment and growth of non- growing follicles to primary
follicles followed by progressive growth of primary follicles (initial follicle growth) into
secondary (early follicle growth) and then large follicles (pre-antral follicle growth). The
second phase occurs approximately 50 days and characterized by the growth of pre-antral
follicles into early antral follicles evidenced by the appearance of fluid-filled cavities that
aggregate to form the antrum. Further accumulation of fluid in the antrum along with
follicle growth leads to the development of recruitable follicles from which is selected
the dominant follicle for growth into the pre-ovulatory follicle (Rodgers and Irving-
Rodgers, 2010). For ovulation, only one dominant follicle is chosen, and the rest of the
recruited follicles undergo atresia. Noteworthy is the estimation that only about 4 x 10?
of the primordial follicles ever develop into ovulation throughout the entire reproductive
life of women. From the primordial to the pre-ovulatory stage, the follicle includes a
diploid primary oocyte, and at the end of this stage, the oocyte resumes meiosis upon the
ovulatory gonadotropin (LH) surge. In this process are acquired the expression and the
accumulation of gene programs required for fertilization and early cleavage. The passage
of a non-growing follicle growing into a pre-ovulatory follicle occurs as the result of the
following successive events: (i) gonadotropin independent phase and (ii) gonadotropin-

dependent phase (Fig. 1B and Table 1).
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Primordial germ cell  Germ cell syncytium Invasion by pre- Encapsulation of oocyte  Primordial follicles
A Arrival at the gonad (oocyte cyst) granulosa somatic cells by pre-granulosa cells

P. Bagavandoss

Tunica-._

‘ Mesovarium and
™. albuginea . _ o~ Mesovarium ¢
Degenerating ™. Primary ™.,
corpus luteum x.\iolhclers

(corpus albicans)
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Germinal ; . follicle
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folliculi

Medulla

Corpus luteum Developing
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P. Bagavando.

S. Gschmeissner

P.M. Motta, J. Van Blerkom

Figure 1. A) Division of germ cells and the formation of follicles. Representative Scanning Electron
Microscopy (SEM) micrographs of germ cells (a, b) and of an isolated oocyte surrounded by granulosa
cells (c). (Modified by Bristol-Gould et al., 2006). B) Follicular development in the mammalian ovary.
(Modified by Marieb, 2001). Representative SEM micrographs (a, b, c, d, e) show the ultrastructure of
follicles in each developmental stage.
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Oogenesis

Oocytogenesis

Ootidogenesis/Folliculogenesis

Germ cell and follicle
stages

Oogonia

Primordial follicle
(primary oocyte)

Primary follicle
(primary oocyte)

Secondary follicle
(primary oocyte)

Tertiary follicle-early
antral (primary
oocyte)

Tertiary follicle-late
antral (Graafian)
(primary oocyte)

Graafian follicle (pre-
ovulatory oocyte)

- LH Surge

Graafi an follicle (pre-
ovulatory oocyte)

Ovulatory follicle
(secondary oocyte)

Time span or period
of existence

Fetus

Fetus, newborn to
adult

Fetus, newborn to
adult

Fetus, newborn to
adult

Fetus, newborn to
adult

Puberty (menarche)
to adult

Puberty to adult

Puberty to adult

Puberty to adult

Cell cycle phase of
germ cells

Mitosis

Interphase: G1, S (DNA
replication), G2
Meiosis I: Prophase I:
leptotene, zygotene,
pachytene, diplotene

G2/Prophase I*
Arrest at diplotene
(GV stage oocyte)

G2/Prophase |
Diplotene (GV stage
oocyte)

G2/Prophase |
Diplotene (GV stage
oocyte)

G2/Prophase |
Diplotene (GV stage
oocyte)

G2/Prophase |
Diplotene (GV stage
oocyte)

G2/Prophase | (GV
stage oocyte)

Diakinesis (fully
chromosome
condensation)
(GV->GVBD—>MI stage
oocyte)

Extrusion of the fi rst
polar body and oocyte
arrest at metaphase of
meiosis Il (MII)

After fertilization,
meiosis Il in oocytes
ends with the
extrusion of the
second polar body

DNA status

2n2C

2n4C

2n4C

1n2C

1n1C

1n2C

1n1C

1n2C

Table 1. Folliculogenesis and oogenesis in humans. (Modified by Sadeu and Nogueira, 2011).
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1.1.2 Folliculogenesis: Preovulatory stages of follicular growth in humans

1.1.2.1 Gonadotropin independent phase

1.1.2.1.1 Primordial follicle growth

The entry of primordial follicles in the growing phase is known as initial recruitment, and
it occurs continuously throughout reproductive life from fetal development until
menopause. This process is characterized by the reduction in the number of primordial
and/or primary follicles due to their entry from the non-growing pool to the growing
phase, and it is regulated by many stimulatory and inhibitory hormones and/or growth
factors of local and/or systemic origins. Based on the morphological characteristics, there
are three types of non-growing follicles (Westergaard et al., 2007): (i) primordial, (ii)
intermediary; and (iii) small primary follicles. All the non- growing follicles differ on the
proportion of flattened and cuboidal granulosa cells and in their diameter due to different
numbers and sizes of granulosa cells, but they do not differ in oocyte and its mean nuclear
diameters (Gougeon and Chainy, 1987). Even if morphometric studies suggested that the
differentiation of flattened to cuboidal granulosa cells could be the marker- mechanism
of the follicle growth initiation, the factors that trigger the follicle growth activation are
still not fully investigated. Due to the above-mentioned morphological features, the
transition from primordial to small primary follicles has been considered as a slow
maturation process (Gougeon, 1996), but the small primary follicles are considered as
growing follicles (Hirshfield, 1989). Morphologically, primordial follicles (~35 pm in
diameter) are small primary oocytes (~32 pm in diameter), surrounded by a monolayer of
flattened or squamous (pre)granulosa cells and a basal lamina without blood vessels
(Reynolds, 1950) and high transcriptional or translational activity (Fig. 1B). By virtue of
the basal lamina, the (pre)granulosa cells and the oocyte are present in a
microenvironment in which contact with other cells is not evident. The primordial
follicles do not have a proper blood supply (Reynolds, 1950), and it seems that they have
limited access to the endocrine system. Intermediary follicles (~38 um in diameter)
includes an oocyte (~32 um in diameter) surrounded by a mixture of flattened and

cuboidal granulosa cells and small primary follicles (~46 um in diameter) show an oocyte
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(~33 um in diameter) surrounded by a monolayer of cuboidal granulosa cells (Gougeon
and Chainy, 1987).

In the past, discrepancies have been developed regarding the involvement of
gonadotropins in primordial follicle recruitment with some studies to suggest that
gonadotropins may play a role (Wang and Greenwald, 1993; Ataya et al., 1995; Flaws et
al., 1997) and others to demonstrate that primordial follicle recruitment is gonadotropin
independent (Kumar et al., 1997; Diedrich and Felberbaum, 1998) and that the primordial
follicle does not have functional gonadotropin (FSH and LH) receptors (Oktay et al.,
1997; O'Shaughnessy et al., 1997). However, it is considered as gonadotropin-
independent with indirect facilitation to follicles by FSH or pituitary factors (Williams
and Erickson, 2000). It has been suggested that the role of the oocyte during this follicle
growth phase is passive since the mean diameter of the oocyte does not seem to increase
prior to primary follicle development (Tsafriri, 1997). However, there are several shreds
of evidence derived from animal models suggesting that autocrine and/or paracrine
signalling involving growth factors from the (pre)granulosa cells, the interstitial stromal
cells and the oocyte regulate the primordial follicle recruitment (Lee et al., 2004; Ding et
al., 2013). In these factors are included the retinoblastoma (Rb) protein (Bukovsky et al.,
1995) and Myc oncogene (Li et al., 1994) that are expressed in oocytes and links to the
inhibition of granulosa cell proliferation (Picton et al., 1998) in non-growing and growing
follicles. Another crucial regulator of primordial follicle recruitment is the anti-Mullerian
hormone (AMH) that inhibits primordial follicle recruitment towards the growing phase
of early folliculogenesis and is secreted by granulosa cells of growing follicles (Durlinger
et al., 1999). AMH is found to modulate the sensitivity of growing follicle to FSH
(Durlinger et al., 2001) and the expression of AMH mRNA is appeared to be regulated
by the oocyte (Salmon et al., 2004). Other factors shown to be important for primordial
follicle growth are the Forkhead box L2, fibroblast growth factor 2 and 7, leukaemia
inhibitory factor, epidermal growth factor, insulin-like growth factor, transforming
growth factor (Palma et al., 2012), as well as factors that stimulate cyclic adenosine 3°,5’-
monophosphate production (Buffet and Bouchard, 2001). As for the rate of non-growing
follicles stimulation to grow is found to be directly proportional to the number of non-

growing follicles (Gougeon, 1996).
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1.1.2.1.2 Primary follicle growth

A primary follicle (~46 um) consists of one or more cuboidal granulosa cells that are
arranged in a single layer surrounding the oocyte. The development of the follicle is
characterized by the differentiation of elongated somatic (pre-granulosa) cells of
primordial follicles (~35 pm) into cuboidal granulosa cells (Fig. 1B). The cuboidal-
shaped granulosa cells express the FSH receptor (Oktay et al., 1997). Even if the
granulosa cells express the FSH receptors, the normal levels of plasma FSH during
regular menstrual cycle do not influence granulosa responses due to the lack of an
independent vascular system in primary follicles (Nakamura et al., 1993). However, high
levels of plasma FSH showed an acceleration in primary follicle development (Fortune et
al., 2000), but knockout mouse models for GnRH or FSH revealed that the follicles are
capable of growing until pre-antral follicle (Cheon, 2012). Based on these pieces of
evidence, FSH seems to take part in the development of primary follicles without being
necessary to the growth of the follicle, demonstrating a gonadotropin-independent grow
until the early antral follicle. In the oocyte, it is noticed a progressive increase in the level
of RNA synthesis. Ribosomal mRNAs are synthesized and accumulate for the production
of proteins necessary for later stages of oocyte maturation. At this phase, several
important oocyte genes are transcribed and translated. The oocyte synthesizes the
glycoprotein of zona pellucida (ZP) that consists of a layer around the oocyte. Genes
encoding the ZP proteins (i.e. ZP-1, ZP-2, and ZP-3) translated, thus contributing to
oocyte growth and maturation (Wassarman et al., 1996). The importance of the zona
pellucida is due to the fact that the carbohydrate moiety of ZP-3 is the species-specific
sperm-binding molecule (Gong et al., 1995) indispensable for initiating the acrosome
reaction in capacitated sperm during oocyte fertilization (Wassarman, 1988). Important
molecular factors that take part in normal primary follicle development is the growth
differentiation factor-9 (GDF-9) and bone morphogenic protein-15 (BMP-15) that they
found to be expressed in oocytes at early follicle development in humans (Aaltonen et al.,
1999).

During primary follicle growth, the granulosa cells send processes through the zona layer,
where they establish specialized cell contact systems, the gap or adherent junctions with
the oocyte cell membrane, or oolemma (Gougeon, 1996). Adherent junctions are
associations of filamentous proteins on the intercellular sides of the plasmalemma. They

are essential in order to maintain communication within the avascular granulosa cell
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layer. Gap junctions are composed of proteins called connexins. There are 13 members
of the connexin family. They may directly couple adjacent cells to allow the diffusion of
ions, metabolites, and other low-molecular-weight signalling molecules such as cyclic
AMP (cAMP) and calcium (Beyer, 1993; Kumar and Gilula, 1996) with the Connexin 37
(Cx37) to be an oocyte-derived connexin that forms gap junctions between the oocyte and
surrounding granulosa cells (Simon et al., 1997). Cx43 is also a major gap junction
protein expressed in the granulosa cells (Beyer et al., 1989). The impact of gap junctions
on the primary follicle is that it is a metabolically and electrically unit and the

intercommunication of oocyte with granulosa cells continues throughout follicle growth.

1.1.2.1.3 Secondary follicle growth

The transition from a primary to a secondary follicle (0.12-0.2 mm) is characterized by
the composition of at least two layers of granulosa cells and the acquisition of the theca
(ovarian stroma cells) layer, forming parallel sequence next to the basal lamina (Fig. 1B).
Oocyte-derived factors (GDF-9, BMP-15, and Cx43 molecules) found to be essential for
the formation of the secondary follicle (Galloway et al., 2000). Like primary follicle, also
in secondary follicle growth, gap or adherent junctions have a predominant role with
Cx43, Cx57 to be the most significant connexins involved in oocyte- granulosa cells
communication (Kidder and Mhawi, 2002). The granulosa cells of this phase express
FSH, estrogen, androgen, and IGF-1 receptors (Gougeon, 1996; Oktay et al., 1997). As
the secondary follicle increases in diameter, the stromal tissue differentiated into the theca
layers: the inner theca and the outer theca. The second one is composed of
undifferentiated theca cells (smooth muscle cells). The fibroblast-precursor cells of the
inner layer in secondary follicles contain LH receptors, IGF-1 receptors and blood vessels
that form one or two arterioles connecting the layer with the capillaries of granulosa cells
basal lamina (Channing and Kammerman, 1973; Tajima et al., 2007). The capillary
vessels transfer nutrients and gonadotropins and collect functional or not factors from/to
the growing follicle. The fibroblast-precursor cells subsequently differentiate into
steroidogenic cells called theca interstitial cells (TICs), due to the response of the plasma
LH delivered by the theca vascular system (Erickson et al., 1985). In the secondary
follicle, all the granulosa cells express FSH receptors probably caused by the diffusion of
plasma FSH into the follicle, provoking FSH-dependent granulosa responses (Yamoto et

al., 1992). When the pre-antral follicle growth is complete (Fig. 1B), the follicle includes
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a fully-grown oocyte surrounded by ZP layer, granulosa cell layers (approximately nine)
that express FSH, estrogen and androgen receptors, a basal lamina, a theca interna
expressing LH receptors, a theca externa, and blood as well as lymphatic circulatory
vessels. The LH receptor produces estradiol through the theory of two gonadotropin-two
cells (Raju et al., 2013). The activate LH receptors produce androstenedione that passes
through the basal lamina in granulosa cells that activate the FSH path leading to the
production of P450 aromatase, a protein that metabolizes androstenedione to estrogens
(E2).

1.1.2.2 Gonadotropin-dependent phase

1.1.2.2.1 Graafian or antral follicle growth

The development of antral follicle is defined structurally by the formation of a fluid-filled
cavity or antrum and due to this characteristic structural unit is called antral follicle,
synonym to Graafian follicle that the name given after the death of the anatomist Regnier
de Graaf who was the first who described this stage follicle development (Fig. 1B) (Jay,
2000). Antral development includes a phase of early antral follicle growth, follicle (cycle-
gonadotropin control) recruitment, dominant follicle (pre-ovulatory) selection, and
maturation. The antral follicle includes six major components: the theca externa and
interna, the basal lamina, granulosa cells, the fully-grown oocyte, and the fluid-filled
cavity. In the early antral follicle, small antral cavities (0.04 mm in diameter) growth to
then coalesce in a single and large antral cavity. In humans, the pre-antral (0.12-0.2 mm
in diameter) follicle development into early antral follicles (0.2-0.4 mm in diameter) lasts
around 25 days. The role of the antral cavity is to maintain follicular growth and
development by providing a functional intrafollicular microenvironment that derives
from blood to follicular cells nutrients and growth regulators, e.g. gonadotropins,
proteoglycans, etc. In humans, there is a lack of knowledge in molecular pathways
involved in antrum formation. However, FSH, LH, activin, and KL in rodents (Jones and
Shikanov, 2019), as well EGF in bovines (Gutierrez et al., 2000) seem to be the principal
regulators. The theca externa consists of smooth muscle cells innervated by autonomic
nerves, and it may be involved in atresia and ovulation (Motta and Familiari, 1981,
Erickson et al., 1985). The theca interna consists of differentiated TICs located within a

matrix of loose connective tissue and blood vessels. LH is the key hormone for TIC
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function by regulating TIC androgen production, specifically during the early stages of
antral follicle development the TICs express their differentiated androgen,
androstenedione-producing cells (Erickson et al., 1985). The theca interna is highly
vascularized and delivers required components for the growth and differentiation of the
oocyte and granulosa cells, e.g. FSH, LH, nutrient, vitamins, etc. The differentiation of
granulosa cells into the four distinct layers takes part in the formation process of the antral
cavity. The granulosa cell layers are the membrana granulosa (or mural granulosa) that is
the outermost layer, the periantral that is the innermost layer, the cumulus oophorus that
is the intermediate layer, and the corona radiata layer that is juxtaposed to the ZP of the
oocyte. The membrana layer is composed of a pseudostratified epithelium of tall
columnar granulosa cells placed in the basal lamina. Each of these cell types responds
differently to FSH actions and the growth, as well as the development of the antral follicle,
is strictly associated with granulosa cell and theca cell differentiation. The increase in the
size of the antral follicle is, at first, the result of antral cavity formation and around two
menstrual cycles (70 days) the diameter increases and varies from 0.12-0.2 mm (pre-

antral follicle) to 2-5 mm (antral follicle).

1.1.2.2.1.1 Cyclic recruitment in antral follicles-gonadotropin control

Once the diameter of the antral follicles reaches the size of 5 mm, the follicles remain
dependent on cyclic FSH changes, following growth and development into ovulation
(Fig. 2) (Gougeon, 1996). During antral follicle growth, the cyclic gonadotropin control
and the selection of the dominant follicle followed by the maturation and ovulation of a
pre-ovulatory follicle are important events. After increases in circulating FSH during the
perimenstrual period, a small cohort of antral follicles (2-5 mm) is rescued from atresia
due to the survival action of FSH. It is suggested that in the ovaries of healthy young
women are included four-to-six healthy antral follicles, 0.9-5 mm in diameter and that in
order to prevent the atresia of approximately 15 follicles, measuring 2-5 mm in diameter,
an increase of FSH from the physiological levels up to 10-30% is required (Brown, 1978).
The lack of FSH is shown to block the follicle recruitment and selection (Kumar and Sait,
2011), but increased levels of the gonadotropin is found to contribute to the following
procedures: formation of follicular fluid, proliferation of granulosa cell, synthesis of E;,
induction of the expression of FSH and LH receptors in granulosa cells, and of non-

steroidal growth factors such as IGF-1, FGF, TGF-p, activin, and the aromatase enzyme
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complex (Gougeon, 1996). However, once the follicle reaches the pre-ovulatory stage is
noticeable the induction of high levels of LH receptor expressed in granulosa cells, and
when the follicle exceeds the size of 10 mm in diameter the aromatase enzyme complex
is completely functional (Gougeon, 1996). At the initial stages of the phase, the largest
follicles with the highest number of FSH receptors are present, providing to the follicle a
low FSH threshold (Kumar and Sait, 2011). Thus, only the largest follicles can survive
and respond to lower FSH levels and then grow. The follicle of which the granulosa cells
can respond better to lower FSH levels is the selected follicle to grow into a pre-ovulatory
follicle, the dominant follicle. The selection process occurs at the beginning of the phase
(day 5-7 of the menstrual cycle). The largest healthy antral follicle is selected among
follicles sized in diameter between 5.5 and 8.2 (Gougeon and Lefevre, 1983) and the rest,

non-selected follicles undergo atresia.
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1.1.2.2.1.2 Selected dominant follicle

The larger diameter, the presence of FSH and LH in the follicular fluid, the continuous
proliferation of granulosa cells, the increased production of E; and inhibin are the
characteristics of the dominant follicle (Fig. 2) (Gougeon and Lefévre, 1983). The
selection of a single dominant follicle to participate in single ovulation is suggested to be
caused by the induction of aromatase by FSH, which results in the rise in peripheral levels
of E. This, along with inhibin, suppress FSH secretion such that plasma concentrations
of FSH fall below the threshold. The falling of FSH under the threshold is essential for
stimulating the development of less mature follicles. In addition, the simultaneous
induction of LH receptors on granulosa cells by FSH can be considered as extra
gonadotropic support to the dominant follicle, enabling continuous growth under the
presence of FSH concentrations. At the same moment, these levels of FSH concentration
are insufficient to support the development of the other follicles (Zeleznik, 2004). Thus,
the dominant follicle is the one that grows at a quicker rate, contains a detectable FSH
level and differs substantially in the estradiol concentration at follicular fluid than the
other follicles (McNatty, 1982).

1.1.2.2.1.3 Ovulation - Pre-ovulatory follicle

In the final phase of the follicle growth, the dominant follicle becomes a pre-ovulatory
follicle (20 mm) by continuing granulosa cell proliferation, theca cell growth (new
vascularization and hypertrophy), and further accumulation of follicular fluid in the antral
cavity until the ovulatory LH surge. In the pre-ovulatory follicle, it increases the
production of LH together with the expression of LH receptors in mural granulosa cells.
Approximately 10 days after selection, the size of the dominant follicle had considerably
increased from 8 to 20 mm in diameter. During the maturation of the pre-ovulatory
follicle, the synthesis of E> increased, correlating with increased aromatase expression in
granulosa cells. Therefore, the onset of the LH surge induces terminal differentiation of
granulosa cells and their expression of luteal-specific genes (Hunzicker-Dunn and Mayo,
2015), and causes a significant decline in gap junctions (Amsterdam and Rotmensch,
1987) leading to dissociation of mural granulosa cells and expansion of the cumulus-

oocyte complex. Decreased levels of intrafollicular E> and androstenedione with
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augmented levels of progesterone and 17-a-hydroxyprogesterone are present (Fig. 2)
(Zeleznik and Hillier, 1984). The matured pre-ovulatory follicle 20 mm in diameter can
be triggered to ovulate after LH surge stimulation. In the case of LH-surge failure follows
the degeneration of the follicle. Regarding the fully-grown oocyte maturation, the LH
surge suppresses the responsible inhibitors for oocyte maturation, allowing the diploid
primary oocyte arrested in the dictyate stage of prophase | to resume meiosis and proceed
to metaphase Il stage (Hodgen, 1989). For completing oocyte maturation, an LH
threshold must be reached and maintained for 14 to 27 h (Zelinski-Wooten et al., 1992).
At the time of ovulation, the haploid cell arrested in metaphase II is in the size of 120 um
in diameter. In humans, the process of ovulation lasts approximately 36-38 h, and
negative feedback of progesterone and 17B-hydroxyprogesterone on the hypothalamus-
pituitary-ovarian axis is needed to terminate the LH surge (Gougeon, 1996). Some hours
before ovulation and before the LH-surge the granulosa cell wall which was avascular
before the mid-menstrual cycle LH surge appears to be bloody after blood vessel invasion
from theca cells. At the onset of LH surge, except from the induction of granulosa cells
mitosis suppression that stimulates their luteinization, is noticed an induction in the
expression of prostaglandin endoperoxide synthase-2 (PGS-2) or cyclooxygenase (COX-
2) and progesterone receptors (PR) in the granulosa cells and a decrease in estrogen and
androgen levels in follicular fluid. The molecular mechanisms included in the degradation
of the extracellular matrix are the dissociation by the PR and PGS-2 of fibroblasts and
collagen of the theca externa and tunica albuginea on the apex of the follicle, plus the
production of interleukin-1 and chemokines. Significant factors are also the responsible
factor for the initiation of angiogenesis, the vascular endothelium growth factor (VEGF)
and the ERK1 and ERK?2 that are identified to play a key role in ovulation signalling (Fan
et al., 2009).

1.1.3 Ootidogenesis: Oocyte growth and stages of maturation in humans

1.1.3.1 Primary oocyte growth (GV-stage)

During oocyte growth, human GV-stage oocytes size from 35 um up to fully grown
oocyte of 110-120 um in diameter and it’s the largest cell in the female body. Throughout
primordial follicle growth, the enclosed primary oocytes remain in an abeyant growth

phase with the arrested nucleus at the dictyate-prophase stage of meiosis I until the peri-
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ovulatory antral stage (Table 1). A few decades can possibly last the continuous nuclear
and ooplasmic alterations for primary oocytes surviving via the renewal of organelles and
molecules, the uptaking of ribonucleotides and amino acids and the regulation of RNA
polymerase activity. In humans, the oocyte obtains the maximum final diameter in the
antral stage, although it grows mainly in the pre-antral stage (Gougeon, 1996). During
growth, the mammalian oocytes are able to undergo meiosis, a species and size-dependent
ability that is not necessarily connected to the maximum size of the oocyte, e.g. the proper
oocyte diameter in mouse is 70-80 um (Wassarman and Josefowicz, 1978), in bovine is
100-110 um (Fair et al., 1995) and in humans is 90-120 um (Durinzi et al., 1995). Both
a significant increase in oocyte volume and intense ooplasmic modifications are noticed
at the phase of pre-ovulatory antral development. The growth and the maturation of the
oocyte, as well as the early embryo development, are strictly dependent on the gradual
synthesis of proteins, RNA and other components occurring during oocyte growing. In
non-growing or fully-grown oocytes, the rate of RNA synthesis is two to three times less
in comparison with growing oocyte whereon a rate is also a simultaneousness event along
with the increase in the volume (Schultz et al., 1988; Bachvarova, 1985). At primary
oocyte development occurs an increased proliferation in the number of ooplasmic
organelles which afterwards translocated by microtubule network (Albertini, 1992). The
nucleolus has highly transcriptive activity and includes well-defined fibrillary and
granular structures (non-surrounded nucleolus, NSN) (Parfenov et al., 1989). In the
oocytes of secondary follicles, the ZP formation requires the above-mentioned organelle
contribution. In GV-stage, gap junctions develop between the oocyte and granulosa cells
and primary clusters of cortical granules produced by Golgi complexes are present in the
cytoplasm. In order to ensure the viability of an oocyte enclosed in a non-atretic pre-
ovulatory follicle is mandatory the differentiation of granulosa cells, the interactions
between oocyte and granulosa cells, and the influence of gonadotropin regulation on
follicular development. Along with the increase in the follicular size, the oocyte
undergoes cellular proceedings, essential for its later maturation and developmental
success. The buildup and storage of transcripts, the synthesis and accumulation of
proteins, and the post-translational modifications as phosphorylation are some of the
ooplasmic procedures (Wickramasinghe and Albertini, 1993; Wassarman and Florman,
2011). The maturation-promoting factor (MPF) and protein kinase mos are crucial
proteins that participate in meiotic progression and cell cycle control (Wickramasinghe

and Albertini, 1993). Other ooplasmic changes include the microtubular and
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microfilament rearrangements that initially involve in the migration of organelles during
oocyte development, then in the formation and migration of the metaphase spindle at
maturation and play a key role for the accurate division of the embryonic cells.
Ultrastructural modifications as the dispersion of elongated mitochondria and the
migration of cortical granules to the periphery of the oocyte occur before the LH surge
(Hyttel et al., 1997). The increase of glutathione (GSH) responsible for the protection of
the oocyte against oxidative stress is a biochemical change that occurs before ovulation
(de Matos et al., 1996). A peculiar nuclear process is the progressive chromatin
condensation resulting in the surrounded nucleolus (SN) from the NSN nucleolus
(Bogolyubova and Bogolyubov, 2013). Although at the final stages of the oocyte growth,
there is a remarkable decrease in the rate of RNA synthesis, this synthesis will continue

to stop at the germinal vesicle breakdown (GVBD).

1.1.3.2 Acquisition of nuclear competence (GV-stage)

In human oocytes, the competence of the nucleus is obtained gradually during follicular
growth. One crucial aspect of the coordination of oogenesis and folliculogenesis receiving
widespread support is to consider the oocyte—granulosa cell communication as a
dominant force in sustaining the protracted phase of oocyte growth in slowly developing
primary and secondary follicles (Albertini et al., 2001). A variety of mechanisms
associated with the enclosed oocyte in each follicular developmental stage sustains the
meiotic arrest. During folliculogenesis and oogenesis, GVBD-incompetent is the oocytes
arrested in prophase | that grow inside follicles from primary to the early antral stage
(Table 1). Oocytes unable to undergo GVBD are these inside the follicles that they have
not reached the species-specific minimal size yet. Regarding this along with meiotic
proceeding, the oocytes are not able yet to synthesize the substantial quantities of
regulators and/or the position of regulators in the oocytes is still incorrect (Albertini and
Carabatsos, 1998). GVBD-competent oocytes are the arrested in prophase | oocytes
enclosed in antral follicles their spontaneous meiotic resumption is inhibited by many
factors originating in ovarian somatic cells and follicle fluid. One of the most important
inhibitory factors that seem to have a key role in follicle-enclosed oocytes to sustain the
immaturity until stimulation is the oocyte maturation inhibitor(s) (OMI); others are the
sex steroids, c-kit ligand molecule, nucleotides and the purine hypoxanthine (Wassarman

and Florman, 2011). The presence of the last one and its interaction with the somatic cells
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maintains and sustains the correct levels of CAMP inside the oocyte enclosed in the antral
pre-ovulatory follicle when the interaction of the oocyte with the surrounding follicle
fluid occurs (Norris et al., 2009).

1.1.3.3 Transition from Primary to Secondary oocyte (GV-stage 2 GVBD > MII
stage): Nuclear and ooplasmic maturation

The maturation of the human oocyte nucleus occurs at the time that the oocyte resumes
meiosis to metaphase Il and requires nuclear modifications. In humans, GV-arrest can
last decades and is only broken postnatally by gonadotropin cues arising from puberty
onwards (Homer, 2011). After the LH surge, this huge intact nucleus in the immature
GV-stage oocyte arrested at prophase | undergo GVBD or a rapid disappearance of the
nucleolus followed shortly thereafter by the dissolution of the nuclear membrane and the
condensation of chromatin in bivalents that align at the equator of the first meiotic spindle.
The signalling cascade initiated by the LH and triggered by mitogen-activated protein
kinases (MAPKS), then induces a decrease of the ooplasmic levels of cCAMP followed by
the destabilization of the after MPF, with the consequent meiotic cell cycle progression
(Tiwari et al., 2018). GVBD is, indeed, the marker of meiosis | resumption. Oocytes then
discriminate recombined homologous chromosomes before first polar body (PBI)
extrusion after telophase 1. PBI constitutes the morphological marker to exit from meiosis
I (MI) (Homer, 2011). Oocytes, then, enter meiosis 11 and progress to metaphase 11 (MII),
where they arrest for a second time. Oocytes at the time of ovulation are arrested at the
second meiotic division (one chromosome, 1n containing two sets of DNA, 2C) (Table
1). The MII in females is not completed until after fertilization. In fact, the oocyte
becomes a “truly haploid cell” (In1C) after fertilization, since the second DNA set is
extruded PBII when the sperm cell enters the egg introducing another DNA set (1n1C)
and forms a 2n2C cell (i.e., zygote). Ooplasmic maturation of the oocyte is determined as
all the acquired modifications occurring in the cytoplasm and is essential for the success
of fertilization and pre-implantation embryo development. The acquisition of ooplasmic
competence or the capability maturity ooplasmic-model integration, including the
accumulation of proteins and short poly-A tails mMRNAs occurs before the oocyte resumes
meiosis (Eichenlaub-Ritter and Peschke, 2002). In paragraph 1.1.3.5, it is described the
organelle distribution of GV and/or MII stage oocytes by TEM.
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1.1.3.4 Oocyte-somatic cell interactions

During follicle growth and development, crucial is the communication between follicle-
enclosed oocytes with their surrounded cells for the simultaneousness of developmental
success. Upon follicle growth, the oocyte-somatic cell conjugation renders increasingly
intense. The cells (granulosa and theca) provide substantial support to the insufficient-
oocyte such as hormones, nutrients and growth factors (Eppig, 2001). A recent animal
study showed that paracrine and juxtacrine signals derived from the oocyte regulate the
rate of follicle growth (Eppig, 2001). The contribution of the oocytes to the follicular
growth is the synthesis and the release of essential factors for granulosa cell proliferation,
function, survival and differentiation, the recruitment of theca cells, and the secretion of
extracellular matrix components (Gilchrist et al., 2008). The oocytes play an important
role at the initial stage of primordial follicle development and promote the transition of
the follicles: primary to secondary (Eppig, 2001) and pre-antral to antral (Latham et al.,
2004). Prior to LH surge, the oocytes control the proliferation and differentiation of
granulosa cells (Gilchrist et al., 2008), the glycolysis and cholesterol biosynthesis of
cumulus cells (Su et al., 2008), the expansion of cumulus, and the ovulation after the LH
surge along with their GDF-9 and BMP-15 regulators (Dragovic et al., 2007).

1.1.3.5 Ultrastructure of immature and mature oocytes by TEM

In precise, the term GV-stage naturally defines a stage of oocyte maturation inside the
antral follicle when the nuclear maturation is not yet complete (immature oocyte), and the
nucleus is arrested at the prophase | stage of the first meiotic division (Yang et al., 2009).
The fully grown immature GV-stage oocyte was described in 19th century as a unique
cell owning to its size (nearly 0.1 mm or 100 um diameter), enclosed by a clear 'glass-
like shell' or zona pellucida provided with a large nucleus or germinal vesicle, and
containing at least one prominent spherical nucleolus in association with dispersed
chromatin and often with dense spherical bodies, the nuclear bodies (Fig. 3A)
(Sathananthan et al., 1985; Makabe and Van Blerkom, 2006; Nottola et al., 2014). The
nucleoli that may be found inside a GV nucleus show four different components: a
fibrillar component; a granular component; a fibrillar center, which is round-shaped and
dense structure completely encircled by fibrillar components; and small vacuoles or

interstices (EI Shafie et al., 2000). The nucleus is located generally in an eccentric
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position (just before GVBD the nucleus approaches the oocyte periphery) surrounded by
a nuclear membrane or envelope rich in pores, and a plethora of chromatin dispersed in
the adjacent nucleoplasm. The nuclear membrane seems to promote the large molecular
exchanges between the ooplasm and the nucleoplasm within the immature oocyte (Fig.
3A). Even if immature, the oocyte is enclosed by the ZP, a translucent acellular shell, as
referred above, containing ooplasmic projections called as transzonal projections (TZPs),
and more externally by a wall of follicular cells, called mural granulosa cells, responsible
for the production of steroids, among which estrogens are the most abundant before
ovulation. The innermost domain of the wall, the corona radiata is located just above the
zona pellucida and communicates directly with the oocyte through the TZPs; and above
the corona radiata is located the cumulus oophorus, an important domain for the
acrosomal reaction of the spermatozoon in the act of fertilization (Sathananthan et al.,
1985, Conti and Chang, 2016). Cellular ultrastructure of both domains may show
irregular nucleus with reticulated nucleoli, microvilli, mitochondria, rough endoplasmic
reticulum cisternae, Golgi complexes, digestive vacuoles and secondary lysosomes
containing phagocytosed material (El Shafie et al., 2000). Detail of the ooplasmic context
can show spherical and in abundance mitochondria (about 150,000) with very dense
cristae, which however are not developed enough due to the presence of few ridges
present in the mitochondrial matrix (Figs. 4A-B) (Motta et al., 2000); a variety of
lysosomal inclusions; isolated small vesicles of smooth endoplasmic reticulum (SER),
and usually an increased vacuolization in close proximity to the nucleus (Figs. 3A, 4B).
The vesicles of SER are small, having lighter or denser content and appearing free or
associated with mitochondria (Sathananthan et al., 1985; Makabe and Van Blerkom,
2006; El Shafie et al., 2000). The vesicles in close association with mitochondria called
MV complexes and small of them have been detected in GV oocytes (Fig. 4A inset). The
lysosomes are very abundant in the cortical or subcortical cytoplasm of a GV, and are
named differently according to their content: if they contain mainly vesicles, they are
called multivesicular bodies; if they contain many small lipid droplets they are called
lipofuscin bodies; if they contain membrane portions they are called multilamellar bodies.
These secondary lysosomes result from the fusion of primary lysosomes, containing
acidic digestive hydrolases, and vesicles including phagocytosed material, or cellular
structures and organelles that required recycling (EI Shafie et al., 2000; Khalili et al.,
2012). Unlike the mature oocyte, in the GV-stage, there are still few and small Golgi
complexes (Fig. 4A). In addition, rarely cortical granules are present, arranged in clusters
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scattered in the cytoplasm or organized as a single discontinuous layer just below the
oolemma (Fig. 4A) (Sathananthan et al., 1985; Makabe and Van Blerkom, 2006). Often,
in the subcortical area of a GV, annulate lamellae (AL) may also be present,
cytomembranes deriving from the nuclear envelope that will be transformed into SER
cisternae and dense vesicles of unknown nature that can also be found in a mature oocyte
(El Shafie et al., 2000). At the time of regaining maturation, the nuclear membrane of a
GV-stage oocyte becomes highly folded and subsequently breaks down, in the so-called
GVBD phenomenon as referred before. The chromatin, therefore, condenses to form
chromosomes that later on will separate, and the one or more nucleoli disappear (Nottola
etal., 2014). Then, the oocyte blocks in MI-stage where the barrel-shaped mitotic spindle
is present, positioned beneath the oocyte surface without the presence of centrioles and
the chromosomes are in pairs, positioned at the equator of the spindle (Fig. 3B). At this
stage, the polar body is not yet present, while below the oolemma there is a single or a
double layer of cortical granules (Sathananthan et al., 1985).
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Figure 3. Representative TEM micrographs of the three maturation stages of the human oocyte, A) GV,
B) MI, C) MII. A) A nucleus of GV-stage oocyte presented by a dense nucleolus (Nu) associated with
dense heterochromatin (He) and abundant euchromatin (Eu), surrounded by a nuclear envelope (NE). Note
also the presence of smooth endoplasmic reticulum (SER), a Golgi complex (G), vacuoles (V) and
mitochondria (M) in close proximity to the nucleus. B and C) The presence of meiotic spindle in Ml and in
MII stages oocyte, respectively, composed of microtubules (mt) and associated chromosomes (ch) in the
ooplasm. Close to the meiotic spindle in B) SER and M are present. The inset in A) indicates a GV-stage,
in B) an MI-stage and in C) an MII-stage human oocyte, by phase-contrast microscopy. (Modified by
Santhananthan et al., 1985 and Nottola et al., 2008).

The mature, MII-stage oocyte consists of similar cellular organelles with similar functions
to all the other human cell types; however, its ultrastructural organization is immensely
peculiar. Initially, the MII oocyte has terminated its nuclear and cytoplasmic maturation
and is a single cell isolated from other cells of the same type. In fact, it is a large and
spherical cell (90-100 pm in diameter), surrounded by cellular and acellular layers that
contribute to maintaining the architecture and physiology of the egg cell. Similarly too
immature, the mature oocytes surrounded by the ZP composed of fibrils and granules

immersed in an amorphous matrix and plays a crucial role in the binding of the
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spermatozoon during fertilization. Between the oocyte surface and the ZP is the
perivitelline space that includes the first polar body, extracted from the first meiotic
division that contains isolated chromosomes in association with microtubules arising
from the mitotic spindle, a few and spheroidal mitochondria, vesicles, endoplasmic
reticulum and dense cortical granules arranged in a single row beneath the plasma
membrane (Fig. 4C) (Zamboni et al., 1966; Bianchi et al., 2014; Coticchio et al., 2016;
Nottola et al., 2014). Around ZP, there is a layer of cells, the corona radiata, that extend
long cytoplasmic processes through ZP, until reaching the oocyte membrane and forming
junctional complexes. In junctional complexes, communicating desmosomes and
communicating junctions have been identified, while cellular processes contain
microfilaments, microtubules, and secretory granules. TZPs represent a means by which
bidirectional communication occurs between the oocyte and the follicular cells assisted
by many small vesicles rich in molecules, even though in the mature oocyte the corona
radiata is retracted for isolating the oocyte. Morphologically, the cells of corona radiata
present lipids, nucleoli, SER and ribosomes; and some of them exhibit protrusions, called
"blebs", typically found in cells that export proteins or other molecules in small
cytoplasmic compartments. In the oolemma the second meiotic spindle is barrel-shaped,
is anastral and devoid of centrioles, composing by numerous microtubules, whilst the
chromosomes are arranged in pairs at the equator (Fig. 3C), although it has been
suggested that the maternal centrosomes are located at each pole (Sathananthan et al.,
1985; Makabe and Van Blerkom, 2006). Protrusions of microvilli to perivitelline space
(PVS) are found normally in MIl oocytes, presenting a core of microfilaments
presumably composed of actin (Fig. 4D) (Nottola et al., 2014). Spherical or ovoid-shaped
mitochondria are the most abundant organelles dispersed in the ooplasm of the mature
human oocyte and contain a dense matrix and a few peripheral, arched or transversal,
cristae (Figs. 4D-F). Sometimes, clear vacuoles within the mitochondria matrix have been
detected. Often, they are characteristically associated with SER membranes, resulting in
the formation of peculiar structures mainly located in the cortical ooplasm. These
structures are composed of voluminous aggregates of anastomosing tubules or appear as
small vesicles containing a flocculent, slightly electron-dense material. Both tubules and
vesicles appear surrounded by mitochondria and are named M-SER aggregates and MV
complexes, respectively (Fig. 4E). In fact, SER can be found as tubular aggregates or as
isolated vesicles, however, in mature oocytes, the rough endoplasmic reticulum (RER) is

not present (Sathananthan et al., 1985; Makabe and VVan Blerkom, 2006; Palmerini et al.,
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2014a; Motta et al., 2000; Coticchio et al., 2016; Khalili et al., 2013). M-SER aggregates
are spatially separated, but form a network in the ooplasm that responds to stimuli in a
coordinated manner, regulating, for example, the mitochondrial production of ATP, given
that calcium is a mediator of oxidative phosphorylation (Makabe and VVan Blerkom, 2006;
Bianchi et al., 2014; Motta et al., 2000; Coticchio et al., 2016). Golgi complexes and free
ribosomes are rarely detected, while SER membranes of rough endoplasmic reticulum
and vacuoles are mostly absent. However, Golgi complexes are abundant in oocytes at
the GV-stage and in fertilized oocytes, where they develop a secretory activity allowing
the formation of both lysosomes and cortical granules. Cortical granules (with a diameter
of 300-400 nm) appeared as membrane-bounded organelles with a very dense and
homogenous matrix, positioned right below the surface and form a continuous layer (Fig.
4D) (Sathananthan et al., 1985; Makabe and Van Blerkom, 2006; Palmerini et al., 2014a;
Bianchi et al., 2014).
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Figure 4. Representative TEM micrographs of cortical and subcortical regions of human oocytes in A)
and B) GV and, C), D), E) and F) Ml stages of maturation. In GV-stage oocytes, clusters of mitochondria
(M), also containing a clear vacuole (white asterisk), Golgi complexes (G) and cortical granules (CG), are
shown in the inner ooplasm, and in the outer ooplasm, the presence of microvilli (m) projecting to the zona
pellucida (ZP), vacuoles (V) and elements of smooth endoplasmic reticulum (SER) are evident. The inset
in A represents a mitochondria-vesicle complex (MV). In Mll-stage oocytes a first polar body (1% PB) in
the perivitelline space (PVS), CGs in the subcortex just beneath the surface, m projecting to the PVS with
some debris (*), a voluminous aggregate between M and SER, a multivesicular body (MVB) and vacuoles
(V) are present. The inset in F represents a cortical region of MIl-stage oocytes with the presence of
secondary lysosomes (double arrows). O: oocyte, mt: microtubules, ch: chromatin. (Modified by Nottola et
al., 2008, Nottola et al., 2009 and Palmerini et al., 2014a).
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1.2 The origin of GV-stage oocytes

In 1825, the Bohemian physiologist Jan Evangelista Purkinje, at that time at the
University of Breslaw, published a treaty entitled ‘De evolutione vesiculae germinativae’
(on the development of the germinal vesicle). The Czech scientist, five years later
published a short account of his findings in Latin (Purkinje, 1830). Using only a hand-
held lens, he described the presence and consistency of a vesicular structure in the hen's
egg. Within each oocyte or “germ”, Purkinje saw a transparent, liquid-filled sphere, which
he named the vesicula germinativa (germinal vesicle) (Farley, 1982). This name emerged
because he initially considered this ‘vesicle’ as an entire cell from which an embryo
would subsequently arise and not as the cell nucleus. As Vladislav Kruta pointed out, J.E.
Purkinje discovered the germinal vesicle in the hen’s egg or that which a decade later
would be designated a nucleus (Gilbert, 1991). Indeed, Purkinje considered the GV as the
whole egg cell; after that, in 1826, the German Ernst Karl von Baer identified the egg
cells in mammals and in 1830, Theodor Schwann argued that the ovum described by von
Bear was probably a cell and the GV reported by Purkinje was a nucleus. After a while,
in 1833, Coste showed that the egg of the rabbit contains a vesicle corresponding to that
discovered in the hen's egg by Purkinje (Baker, 1949). In 1834, a doctorate student of J.E.
Purkinje, Adolph Bernhardt, who later become one of the founding fathers of modern
histology observed in the mammalian ovum a structure analogous to the germinal vesicle.
The notion that it might be a cell nucleus could then hardly be avoided (Harris, 1999;
Alexandre, 2001).

In 1835, Rudolph Wagner while studying the Graafian follicle of the sheep, discovered
the presence of a ‘spot’ within the germinal vesicle, which he called macula germinativa
(germinal spot). Wagner assumed that this 'spot' was the origin or first stage in the
development of the germinal vesicle. In 1839, a Purkinje's close collaborator, Gabriel
Gustav Valentin was the one who confirmed and introduced for the first time the
nucleolus or macula germinativa, according to Purkinje. Later, Valentin, based on
Purkinje's and Wagner's descriptions, made his observations and referred to the nucleolus

as a ‘rounded, transparent secondary nucleus’ (Harris, 1999).
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1.3 An in vitro approach of human immature oocytes retrieved after controlled
ovarian hyperstimulation (COH) in Assisted Reproductive Technologies (ARTS):
utility of GVs, ART techniques and well-preserved GVs, COH: COH protocols;

patients-responders; cancer risks, importance of TEM

1.3.1 The issue of GV-stage oocytes utility in ARTs

In ARTs, it is of major importance if an oocyte obtained after controlled ovarian
hyperstimulation (COH) can produce a high-quality embryo for transfer and afterwards a
term gestation following in vitro fertilization (IVF) or intracytoplasmatic sperm injection
(ICSI). After COH, it is possible to retrieve both mature (MlIl-stage) and immature (GV-
stage, MI-stage) oocytes and it is well known that only mature oocytes can undergo
fertilization, while the immature ones are known as “leftover” oocytes. Suspicions have
been raised repeatedly as to the impact of COH on the overall yield of high-quality
oocytes, focusing on those that would be essential for generating high-quality embryos—
these that are capable of leading to pregnancy and/or a baby born. However, are such
oocytes simply leftover oocytes? And what effect, if any, could have the external
gonadotropin administration on infertile women, thus on these oocytes?

This population of immature oocytes, focusing on GV-stage oocytes, are not simply
leftover oocytes, and as reported before, they have assumed special importance for
patients unfortunate enough to yield either incompetent for IVF/ICSI mature oocytes or
not at all after COH. Regarding these so-called poor responders patients, a second
opportunity to achieve oocyte maturity would increase the chances of having a qualified
embryo transfer and a possible successful outcome. The usage of not simply leftover GV-
stage oocytes as an alternative solution for these patients and for optimizing ARTS
techniques such as in vitro maturation (IVM) and oocyte cryopreservation is now feasible;
even if it is not so advanced and its impact on successful IVF or ICSI is not yet fully
determined.

In scientific society, there are still major concerns about the ‘dark side’ of ovarian
hyperstimulation. Specified focus is given to the risks of COH and/or COH different
protocols on female patients’ health as the risk of developing ovarian hyperstimulation
syndrome (OHSS) or cancer etc., as well as on the good quality or on the production of

healthy oocytes.
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1.3.2 Survival and quality concerns of GVs connected to IVM and cryopreservation

1.3.2.1 IVM process, IVM rates and oocyte quality

In clinical IVM, oocytes retrieval occurs after the aspiration of mid-sized immature
follicles along with the accompanied cumulus cells followed by 24-48 h of culture to
achieve maturation in vitro (Fadini et al., 2013; Coticchio et al., 2016). Ovulatory follicles
can be obtained by following the natural ovulatory cycle or after COH. VM process was
first introduced into clinical practice as an alternative treatment option in patients with
polycystic ovary syndrome (PCOS) (Cha et al., 1991), but nowadays is expanded and
adapted as an option in a width area of infertility. However, the application and the
success of IVM are still facing difficulties through the failure of artificial techniques to
reproduce the in vivo regulated conditions of oocyte maturation, thus the embryos derived
from in vitro-matured oocytes to show limited developmental potential (Gilchrist et al.,
2011; Coticchio et al., 2015). Among different studies, the usual IVM rate of GV-stage
oocytes collected from unstimulated and stimulated cycles differs and seems to be strictly
associated with the age, the factor of infertility and the presence of cumulus cells (Khalili
et al., 2013). In the IVM procedure of human GV-stage oocytes, the oocytes matured on
Day 1 were found to be of a significantly higher quality than those matured later on (Son
et al., 2005). When epidermal growth factor (EGF) was added to human GV-stage
oocytes showed either to induce GVBD and nuclear maturation or to improve along with
other growth factors (Areg, Ereg) the maturation rate of human GV-stage oocytes in vitro
(Ben-Ami et al., 2011). A higher significant percentage of GV oocytes that will complete
maturation and extrude PBI has been noticed when GVBD occurs in central nucleolus-
GV human oocytes rather than in peripheral nucleolus- GV oocytes, leading to improved
IVM success rates (Levi et al., 2013).

1.3.2.2 The debate on the sequencing of oocyte cryopreservation and IVM processes

A major debate has been challenged for years in the ART community, concerning the
preservation of the quality of oocytes derived from infertile couples after COH, whether
it is better to freeze oocytes at GV-stage before or after IVM at MlI-stage. Some studies
support the aspect of maturing in vitro immature oocytes before cryopreservation due to

a negative impact of freezing to the success rates of IVM (Cao et al., 2009; Lee et al.,
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2013). Indeed, another study demonstrates a 46% of IVM success before vitrification,
while after freezing the rate of successful IVM decreased up to 23%, however,
fertilization, cleavage, and survival rates did not show any changes depending on
vitrification before or after IVM (Fasano et al., 2012). Cryopreservation at GV-stage
oocytes produced maturation rates lower (51.3 %) than those after IVM (75.7 %), thus
suggesting that the cryopreservation of MII oocytes is recommendable, also because of
the high spontaneous activation occurring at the GV-stage (Wang et al., 2012). Regarding
the type of GVs cryopreservation, slow freezing vs vitrification, there was no difference
in survival and maturation rates of the oocytes, but a higher number of mature oocytes
showing normal bipolar spindle was detected after vitrification in respect to slow
freezing, thus confirming the high efficacy of vitrification in oocyte quality (Combelles
etal., 2011).

In 1998, the first birth from in vitro matured GV-stage oocytes after cryopreservation
from a stimulated cycle had been published. Only two GVs succeed to mature
successfully in vitro, followed by fertilization, embryo development, and transfer,

pregnancy as well as a baby born (Tucker et al., 1998).

1.3.2.3 The importance of presence or absence of cumulus cells around GVs during

cryopreservation

The role of cumulus cells during oocyte maturation is to maintain the oocytes under
meiotic arrest, to induce meiotic resumption and to take part in ooplasmic maturation. In
fact, cumulus cells play an essential role in the in vivo process of maturation for providing
to the oocyte nutrients and regulatory molecules through intercellular connections as
reported here before (Van Soom et al., 2002). During in vitro processes, GVs with
removed cumulus cells were showed a reduced developmental capacity in comparison
with cumulus-enclosed GVs (Mahmodi et al., 2009; Zhang et al., 2012). Nevertheless,
the effect of the presence or absence of cumulus cells in GVs prior to oocytes’ exposure
to cryoprotectants and freezing is still a matter of debate. The reduction in subsequent
developmental competence caused by exposure to anisotonic conditions and is more
severe in GV-stage oocytes matured with cumulus-oocyte complex (COCSs) than those of
MIl-stage oocytes (Agca et al., 2000; Abe et al., 2005). No difference in survival rates of
oocytes following freezing has been noticed under the presence or absence of cumulus

cells (Mandelbaum et al., 1988; Chian et al., 2004). However, the presence of cumulus
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cells after freezing had a positive impact on oocyte survival (Imoedemhe and Sigue, 1992;
Im et al., 1997). The high survival rates of cryopreserved oocytes along with cumulus
cells were found to be due to changes in the oocyte membrane's permeability in water and
cryoprotectant oocyte membrane (Gook et al., 1995). Based on this the presence of the
cumulus cells may offer some protection against sudden osmotic changes and stress that
could be induced by rapid influx or efflux of cryoprotectant, during the procedures of
equilibration and removal of cryoprotectant in the pre-freeze and post-thaw periods,
respectively (Imoedemhe and Sigue, 1992; Fabbri et al., 2001). However, a study on
cryopreservation of human cumulus-free GVs before or after IVM showed that when
oocytes are frozen as cumulus-free GVs exhibited decreased maturation and increased
spontaneous activation, proposing that it is best to freeze cumulus-free mature oocytes
(Wang et al., 2012).

1.3.3 Controlled ovarian hyperstimulation

COH has been an integral and fundamental part of the success of ART procedures for the
last three decades. COH facilitates the recruitment of multiple oocytes in each ovarian
cycle and, therefore, can allow more than one embryo to transfer or the possibility to
cryopreserve oocyte or supernumerary embryos for future usage, i.e. in a subsequent
cycle, thus avoiding the repetition of ovarian stimulation (Hamdine et al., 2014).
However, recently it has become evident that COH can negatively affect oogenesis,
embryo quality, endometrial receptivity and probably even in perinatal outcomes (Santos
etal., 2010).

The hyperstimulation of the ovary occurs with exogenous gonadotropins that promote the
synchronized growth of multiple follicles in the preovulatory phase by interfering with
the physiological mechanisms, able to ensure the selection of a single dominant follicle
(Santos et al., 2010). In natural cycles, the stimulation of ovary initiates from GnRH that
stimulates the secretion of FSH and LH from the anterior pituitary gland, which in turn
regulates ovarian follicular development and the selection of a single dominant follicle.
The LH surge in the middle of the menstrual cycle then determines ovulation (Fig. 2)
(Alper and Fauser, 2017). Nowadays two different classes of COH protocols are
available, depending on the usage of GnRH analogue, the more classic one that uses
GnRH agonists and the more recent one that uses GnRH antagonists instead (ltskovitz-

Eldor et al., 2000; Zhang et al., 2010). GnRH is a small decapeptide made and secreted
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by the hypothalamus in the portal circulation intermittently, stimulating the pituitary to
synthesize and secrete FSH and LH. Clinically safe GnRH agonists have been obtained
by replacing one or two amino acids in the original decapeptide structure, making these
compounds more hydrophobic and more resistant to enzymatic degradation (Macklon et
al., 2006). The classical treatment regimens are based on the administration of these
agonists and high doses of FSH of urinary or recombinant derivation (rFSH). The
standard doses of gonadotropins used vary between 150 and 450 U / day, but, recent
work shows that several randomized trials have not shown that an increase in the dose of
gonadotropins necessarily increases the chances of pregnancy (Verberg et al., 2009). In
fact, these treatment regimens present several weak points, due to daily injections for a
long period of time and continuous echographic monitoring to evaluate the response to
treatment, which can lead to high rates of therapy abandonment and pelvic pain
(Aboulghar and Mansour, 2003). One of the major risks is the onset of OHSS,
characterized by an increase in capillary permeability with consequent phenomena of
generalized transudation, haemoconcentration, and hypovolemia (McClure et al., 1994).
In addition, several studies showed that excessively high levels of estrogen linked to
stimulation could cause negative effects on endometrial receptivity and consequently
reduce the probability of embryonic implantation (Devroey et al., 2004; Haouzi et al.,
2010). This decade, a study of 19,146 women undergoing IVF has shown an effective
increase in the risk of developing ovarian tumors, compared to the general population
(van Leeuwen et al., 2011). In this regard, years before, in 1996, Edward and the co-
workers were the first that advocated a less aggressive approach, called mild-stimulation,
with the aim of developing COH protocols more tolerated by patients and safer without

compromising the rate of pregnancy.

1.3.3.1 Conventional or full ovarian hyperstimulation (fCOH) and mild-
hyperstimulation (mCOH)

Clinical high-dose fCOH protocols intend to abolish the physiological decline of FSH
and simultaneously to increase the serum FSH levels beyond the threshold required for
follicle development over a prolonged period, thus allowing growth and maturation not
only of one but of the entire cohort of follicles that reached the stage of FSH-dependent
development (Fauser et al., 2005). Using fCOH, daily administration at low doses of

GnRH agonists initiated in the mid-luteal phase of the previous cycle, until the end of the
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stimulation, aiming to determine a pituitary blockade. About 15 days later and after the
menstruation, gonadotropins (150-450 IU / day) are administered to obtain the
simultaneous growth of various follicles (Fig. 5). However, the stimulation of the growth
of multiple follicles leads to the production of serum levels of supra-physiological
estradiol inside follicles, which, through positive feedback to the pituitary gland, can
cause a premature LH surge and therefore lead to early luteinization and ovulation. Due
to this, the exogenous administration of FSH is accompanied by the administration of
GnRH analogues that leads to hypersecretion of gonadotropin, followed by
desensitization of the pituitary gland, with consequent to gonadotropin suppression and
prevention of a premature LH surge (Santos et al., 2010). Extensive evidence for the
supremacy of the GnRH agonist protocol has led to its widespread use in IVF. Advantages
of GnRH agonist treatment include the ease of programming the IVF cycles, since the
beginning of gonadotropin treatment can be established prior; a low cycle cancellation
rate due to poor ovarian response; a high number of recovered oocytes as well of embryos
to transfer among with a higher possibility of selecting good quality embryos (Table 2).

In contrast, mCOH is based on the "FSH window" concept, according to which the
follicular growth of the dominant follicle is time-dependent and not dose-dependent FSH.
Therefore, this protocol is characterized by a continuous but moderate increase in FSH
levels during the mid-late phase of folliculogenesis, so as to obtain an extension of the
"window" period and the selection of more follicles. This scheme is generally associated
with the use of GnRH antagonists in order to inhibit spontaneous ovulation in these
patients, without previously desensitizing the pituitary gland. GnRH antagonists prevent
the premature LH peak by blocking the GnRH receptor competitively, and they do not
induce the initial flare-up effect like the GnRH agonists, but result in rapid suppression
of endogenous gonadotropin secretion. Due to this, the administration of low-dose
gonadotropins can be postponed to the medium-late follicular phase, a couple of days
prior to the antagonist administration, following the physiological follicular recruitment
and, at the same time, avoid the reduction of concentrations of endogenous FSH and

resulting in a monofollicular selection (Fig. 5) (Verberg et al., 2009).
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Figure 5. Differences in ovarian response to COH treatment between GnRH agonist (full) and GnRH
antagonist (mild) stimulation protocols used in ARTs. (Modified by Vloeberghs et al., 2011).

In fact, the antagonists do not totally suppress the physiological release of endogenous
FSH, as the pituitary function is recovered about 24 hours after their administration and,
consequently, a lighter administration and/or for a shorter duration of exogenous FSH
may be required in association with these drugs (Santos et al., 2010; Mahajan, 2013).
Several studies tried to establish the most appropriate day to initiate ovarian stimulation
to obtain the most optimized response. It is showed that starting the stimulation on the 7%
day of the cycle a monofollicular selection was obtained in 30% of the cases and a multi-
follicular in 70%, on the other hand, a higher percentage of multifollicular selection has
been found when the administration started on the 5" day of the cycle (Hohmann et al.,
2001). Concerning the dose of gonadotropin, the use of 150 1U / day of rFSH was the
most effective dose for follicular selection (de Jong et al., 2000). In recent years, several
GnRH antagonists have been developed, later applied in clinical practice. The replacing
of histidine in position 2 and tryptophan in position 3 were the model of which first-
generation antagonists were obtained, but these compounds had low power. In second-
generation compounds, the activity was increased due to the incorporation of a D-amino

acid in position 6 of the primary structure; however, the use of these GnRH antagonists
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caused frequent anaphylactic responses due to histamine release. To overcome this,
introducing further substitutions in position 10, third-generation compounds have been
developed, such as ganirelix (developed by Syntex Research, Palo Alto, CA) and
Cetrotide (developed by Asta Medica, Frankfurt, Germany), both safe and effective for
use in IVF treatments (Macklon et al., 2006). Regarding the clinical outcome, expressed
in percentage of pregnancies, a prospective study showed that the effectiveness of the
stimulation protocol at 150 U / day, started on the 5 day of the cycle, can be compared
to that of the full conventional protocol (Hohmann et al., 2003). COH treatment with
GnRH antagonists is advantageous and was associated with a lower risk of complications
such as OHSS and a lower burden of treatment, as reduced dose and adaptable/patient-
dependent days of stimulation (Al-Inany and Aboulghar, 2002). Indeed, the introduction
of the GnRH antagonist has allowed for the development of more patient-friendly
protocols. The general advantages and disadvantages of both fCOH and mCOH used in
IVF treatments are shown in Table 2.

Advantages
fCOH mCOH
High number of retrieved oocytes Lower medication consumption
Maximal pregnancy rates Shorter stimulation timings

Higher number of oocytes/embryos for

) Lower cost application «per cycle»
cryopreservation

Lower risk of complications

Low rate of drop-out from IVF program

Lower pharmacological impact on
oocyte quality

Lower impact on endometrial receptivity

Lower incidence of severe OHSS

Disadvantages

fCOH mCOH
Longer stimulation timings Fewer retrieved oocytes
High-cost application «per cycle» Lower pregnancy rates

Fewer oocytes/embryos for

High risks and complications for patients .
cryopreservation

Non-physiological estrogen levels

Higher incidence of severe OHSS

High rate of drop-out from IVF program

Uncertain long-term consequences

Table 2. Advantages and disadvantages of «full» and «mild» ovarian hyperstimulation in the clinical
application. (Modified by Revelli et al., 2011 and Orvieto et al., 2017).
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However, since many conflicts have been raised regarding the terminology of mCOH
stimulation, in 2007, a current approach is based on the proposal of Rotterdam-based
International Society for Mild Approaches in Assisted Reproduction (ISMAAR)
Consensus Group on Terminology for Ovarian Stimulation for IVF. ISMAAR association
defined as "mild" IVVF cycle either (a) a ovarian stimulative scheme including exogenous
gonadotropin administration at a lower-than the conventional dose and/or for a shorter
duration throughout a cycle (usually as a delayed start) in GnRH antagonist co-treated
cycles, or (b) a stimulation including the use of oral compounds (e.g. anti-estrogens or
aromatase inhibitors) either alone or combined with gonadotropins and GnRH-
antagonists (Nargund et al., 2007). Clomiphene citrate and letrozole are the two most
common pharmaceutical compounds administered for mild ovarian stimulation.
Nevertheless, the definition of mild stimulation in studies and practice is still variable by
usually presenting differences in the response of the chosen stimulation scheme per
individual patient (European Society of Human Reproduction and Embryology, 2019a).
Finally, the concomitant administration of a GnRH agonist or antagonist is used to
prevent a premature increase in LH, resulting in the development of multiple dominant
follicles simultaneously. COH treatments end up with the terminal oocyte maturation and
ovulation triggering by a bolus injection of a GnRH agonist, hCG (human Chorionic
Gonadotropin, an LH-like hormone, but with a longer half-life) or both (Alper and Fauser,
2017).

1.3.3.2 Patients undergo COH

Female patients undergoing ARTs are driven to the appropriate method in accordance
with their cause of infertility and the potential ovarian response to COH treatment.
Therefore, the patients are categorized as poor responders, normo-responders, and hyper-
responders. Even mCOH uses less aggressive, and more patient-friendly protocols, not
all the patients are suitable for this type of stimulation as analyzed before. An
individualized approach for COH is currently under discussion in the society of
reproductive medicine as a more appropriate and safer treatment for the patients.
However, some common suggestions of COH treatments by clinical studies in accordance

with the category of the patient are given below.
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1.3.3.2.1 Low or poor responder

Bologna criteria are selected to describe poor responders. This may avoid any bias caused
by spurious poor ovarian response (POR) definitions connected with the characterization
of POR patients. According to the group of Ferraretti, poor responder patients are
considered the women who have a poor response to ovarian stimulation-gonadotropin
treatment, more specifically they have a reduction in follicular response resulting in a
reduced number of retrieved oocytes (Ferraretti et al., 2011). Generally, < 3 follicles on
the day of oocyte maturation trigger and/or < 3 oocytes obtained characterize a low
response (European Society of Human Reproduction and Embryology, 2019a). At least
two of the three following features after max-stimulation are sufficient to classify a patient
as poor responder, in the absence of advanced maternal age or abnormal ovarian reserve
test (ORT): (i) advanced maternal age (>40 years) or any other risk factor for POR; (ii) a
previous POR (<3 oocytes with a conventional stimulation protocol); and (iii) an ORT
(i.e. AFC <5-7 follicles or AMH <0.5-1.1 ng/ml). In addition, by definition, the term
POR refers to the ovarian response. Therefore, one stimulated cycle is considered
essential for the diagnosis of POR, as well as the patients with advanced maternal age or
abnormal ORT should be defined as expected POR (Ferraretti et al., 2011).

A common treatment trend to be the less effective to poor responders is the scheme that
usually includes high doses of exogenous gonadotropins, i.e. GnRH agonist “flare”
protocol. However, a recent study suggested that the chosen COH protocol should
complement the patient’s natural cycles, rather than override them with high doses of

gonadotropins, and avoid suppressive hormonal treatments (Gonda et al., 2018).

1.3.3.2.2 Normal responder

As normal ovarian responders, per definition, are consider all women who respond to
COH with standard gonadotropin doses and the number of retrieved oocytes is
approximately 4 to 15, excluding those who poorly or excessively respond to stimulation.
Therefore, these patients could have a good prognostic value for successful IVF. In
addition, normal responders’ definition could be associated with the chances of achieving
a pregnancy with minimal risk of OHSS (Polyzos and Sunkara, 2015). However, the
majority of published data failed to demonstrate significant differences in terms of

pregnancy rates in their primary analysis, either when comparing GnRH agonist versus
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antagonist regimens (Xiao et al., 2014), or different gonadotrophin treatments (Devroey
et al., 2009; van Wely et al., 2011; Konig et al., 2013), thus allowing the assumption that
less aggressive protocols enable to reduce the adverse effects caused by heavy

stimulation, could be preferable (Borges et al., 2017).

1.3.3.2.3 High or hyper responder

Hyper-responders are defined the women who show an exaggerated response to standard
doses of gonadotropins. Therefore, they are characterized by the presence of more
follicles and/or oocytes than intended (Griesinger et al., 2016). Generally, more than 18
follicles >11 mm in size on the day of oocyte maturation trigger and/or 18 oocytes
retrieved characterize an excessive ovarian response (Griesinger et al., 2016) defined by
a risk increase in OHSS (Griesinger et al., 2016; European Society of Human
Reproduction and Embryology, 2019b). Although hyper responders are generally
considered a good-prognosis group regarding reproductive success, it is currently debated
whether a high ovarian response is related to a decreased chance of successful outcome
as compared with a normal response (Arce et al., 2014). Apart from the increased
possibility of OHSS in this group of patients, women with PCOS are considered as hyper
responders. In fact, PCOS patients characterized by numerous small antral follicles in
ovaries capable of responding to gonadotropin triggering (Dumesic et al., 2008).
Regarding the COH treatment of hyper responders, a reduced gonadotropin dose is
recommended to decrease the risk of OHSS, with GnRH antagonist control to be the most

proposed protocol (European Society of Human Reproduction and Embryology, 2019b).

1.3.3.3 COH-related complications

OHSS is rare and the most serious iatrogenic complication of COH applied in IVF
techniques, occurring when high doses of gonadotropins used and/or when patients are
sensitive to the risk of developing OHSS, as PCOS patients, young women with low body
mass index and women who present high levels of estradiol during COH (Rizk and Smitz,
1992; Zivi et al., 2010). The syndrome represents an exaggerated response to the
induction of ovulation, involving the secretion of vasoactive-angiogenic ovarian
substances that increase capillary permeability and causes accumulation of liquids at the

level of the extravascular space. Clinical symptoms of OHSS are usually appeared
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following the administration of hCG, during the luteal phase, or after a COH cycle with
resulted pregnancy. In most of the cases, the syndrome develops as a self-limiting disorder
able to resolve spontaneously (Zivi et al., 2010). In the most severe cases of OHSS may
even occur haemoconcentration, hypovolemia, thromboembolism, development of
estrogen-dependent tumors and death (Mahajan et al., 2015). Even if the standard
protocols of COH still foresee the single-use of gonadotropins, nowadays the increased
interest in the use of clomiphene citrate and/or letrozole compounds combined with
gonadotropins during COH allow the reduction of OHSS incidence (Haas and Casper,
2017). Indeed, when clomiphene citrate used, the incidence of appearing mild and
moderate OHSS were only 13.5% and 8% respectively, while rarely the use of
clomiphene citrate is associated with the severe form of the syndrome (Zivi et al., 2010).
The use of ovulation-inducing drugs has been hypothesized to increase the risk of several
cancers, including ovarian cancer, and there has been concern about the long-term effects
of fertility drugs ever since they were first prescribed. A few cases of developing ovarian
cancer in women after COH, although, in most of these cases, the tumor was diagnosed
soon after IVF treatment and was developed very rapidly, increasing the possibility that
COH or other factors, such as oocyte aspiration, accelerate the growth of an existing
and/or unexplained tumor (Dor et al., 2002). In mid -60s, the possibility of an association
between the gonadotropins used in COH and different types of gynaecological cancer
emerged (ovarian, endometrial and cervical), however, the scientific evidence that could
confirm this association is still limited. Proofs relating to a direct neoplastic effect of
ovarian stimulation drugs are weak and controversial, mainly based on in vitro studies
(Siristatidis et al., 2012).

In particular, gonadotropins are known to induce a variety of biological effects in the
epithelium, including changes in cell proliferation, apoptosis, cell adhesion, and
chemosensitivity, together with an increase in estradiol blood concentrations: occurrences
that promotes the induction and the development of the tumor. Regarding epithelial
ovarian cancer, several theories have been developed on tumorigenesis related to in vitro
stimulation and fertilization such as incessant ovulation, puncture of trauma during oocyte
recovery, depletion of ovarian follicles, inflammation and impaired paracrine activity due
to an increase in serum gonadotropins and steroid level. Indeed, a statistically significant
association was indicated between COH and increased ovarian cancer risk (Diergaarde
and Kurta, 2014). During COH, risk factors for endometrial cancer development (the

most common hormone-dependent malignant tumor of the lower female genital

47



Part 1: Introduction

apparatus) are represented by the presence of hyper-estrogenic environment and of the
super-physiological levels of gonadotropins (Siristatidis et al., 2013). Cervical cancer is
linked not directly to COH, but to several factors that were found to be associated with
female infertility, such as pelvic adhesions or tubal stenosis caused by previous pelvic
infections and especially to infection by the human papillomavirus. In this regard, in cases
where multiple IVF trials have been performed, the infection of virus caused higher rates
of infection, associated with a high number of cervical procedures, even if the exact
association between cervical cancer and COH is not verified yet (Siristatidis et al., 2012).
Lately, concerns have been raised about the potential role of COH drugs in breast
tumorigenesis by indicating significant changes in serum estrogen and progesterone
levels. However, the relatively short and transient period of increase in circulating
estrogens related to an IVF cycle may not be enough to alter the risk of breast cancer
substantially. Noteworthy is the fact of the possible protective IVF role and action against
breast cancer, probably explained by the so-called "healthy patient effect"”, so that women
seeking infertility treatments are relatively healthier or belonging to a privileged socio-
economic class compared to their counterparts in the general population. In fact,
protective factors against breast cancer could be more frequent in cases of pregnancies
obtained by IVF, such as preeclampsia (a syndrome characterized by clinical signs such
as edema, hypertension, and proteinuria) and multiple births (Sergentanis et al., 2014). In
addition, it is known that COH treatments may favor the high mitotic activity of granulosa
cells in the ovary. So, even if granulosa cell tumors are rare among the gynaecological
malignancies of the stromal cells in the ovary, the increased concentration of circulating
estrogens, due to the stimulation of ovulation by exogenous gonadotropins, may cause an
increase in onset of this type of cancer, indicating a possible relationship between

granulosa cell tumor and COH (Yousefi et al., 2018).

1.3.3.4 Optimizing oocyte quality in ARTs: pros and cons of TEM

The positive outcome of ARTSs is strictly dependant on the oocyte quality, evaluated in
terms of the preservation of full morpho-functional integrity during its complex and long
maturative process. In fact, both in vivo and in vitro, the completion of oocyte maturative
changes in the preovulatory period as well as the absence of degenerative alterations in
the cytoplasmic microdomains can ensure the competence for fertilization. Electron

microscopy (EM) observations are fundamental to assess the structural integrity of single
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cells as an oocyte in order to define a proper “oocyte health” status. In fact, EM can
highlight not only obvious alterations but also minute subcellular changes in the oocyte
microdomains. These minimal changes cannot be defined by other morphological or bio-
molecular techniques routinely used in ART laboratories and could be responsible, in
some cases, of unexplained failure of ART procedures (Motta et al., 1988). Of all the
ultrastructural techniques, transmission electron microscope (TEM) is the gold standard
to examine subcellular structures and their preservation. During the past years, the
contribution of EM to human ARTSs provided useful and objective information about the
oocyte sensitivity to cryopreservation (Khalili et al., 2012; 2017; Palmerini et al., 2014a;
Nottola et al., 2016; Taghizabet et al., 2018) and VM (Coticchio et al., 2016).

TEM analysis on immature, leftover oocytes collected from women undergoing ARTS,
can be particularly useful for understanding the type and the extension of ooplasmic
defects. These can start to appear at the GV-stage, as the formation of vesicles that do not
preclude an appropriate nuclear maturation, or can be so deleterious to lead to an in vivo
maturation failure as the absence of nucleoli, malformations in the ZP (as deep
penetration into the ooplasm in different locations) or alterations in the SER network
associated to abnormal calcium signalling and subsequent block of the nuclear maturation
(Sathananthan et al., 1985).

However, ultrastructural analysis of human oocytes are not extensively applied since
TEM is invasive; it requires highly trained technical support and expensive equipment.
In fact, TEM can play a crucial role in basic and translational research in reproductive
biology and medicine. TEM analysis may be adopted to study morphological changes in
human oocytes treated in vitro with different substances under different conditions to
optimize the outcome of IVF. Therefore, in the present PhD thesis, TEM seemed the most
appropriate method for studying the ultrastructural differences in organelles and
subcellular compartments from immature, GV-stage oocytes collected by women
undergoing different COH treatments.
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2.1 Conception and objective of the study

Controlled Ovarian Hyperstimulation (COH) is an integral treatment applied to infertile
women undergoing ARTs as IVF or ICSI, aiming to induce ovulation by multiple ovarian
follicles for achieving a high number of mature oocytes, possibly competent for the
subsequent fertilization. Different COH protocols were developed and evaluated through
years and the usage of the ‘universal’ fCOH one, including high doses of exogenous
gonadotropin, started to decrease over time, to be gradually substituted with less
aggressive, more individualized protocols to gain more ground in reproductive clinics.
Nowadays, both mCOH and fCOH protocols are routinely used, even if recent reports
(Almind et al., 2018; Wong et al., 2019) are evidencing a milder impact on women’s
health and a better effect on the quality of retrieved oocytes after the milder approach,
that is also more patient-friendly. The quality of retrieved oocytes was mainly studied in
mature oocytes, using various biological techniques under different in vitro conditions;
however, the leftover immature oocytes, retrieved after COH may represent a unique
alternative source of gametes for infertile women, especially for those affected by severe
infertility and a history of recurrent failure of ARTS.

Indeed, since COH was associated to aberrant distribution of microfilaments and cortical
granules and spindle defects in mature oocytes and embryos (Lee et al., 2006; Van
Blerkom and Davis, 2001), in the present PhD thesis it was evaluated the effects of two
different COH protocols, a GnRH agonist (full, fCOH) and a GnRH antagonist (mild,
mCOH) stimulation, on the fine structure of fresh human leftover GV-stage oocytes. The
structural features of fCOH and mCOH oocytes, from the outer ZP texture until the inner
nucleus morphology and chromatin distribution were analyzed by light microscopy (LM)
and transmission electron microscopy (TEM). Moreover, a morphometric analysis of the
number and dimension of mitochondria, vacuoles, and cortical granules was performed.
Data here presented from the ultrastructural observations of leftover immature oocytes
retrieved after fCOH and mCOH can contribute to a better comprehension of the role

exerted by hyperstimulation on the fine structure of human oocytes.
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3.1 Experimental design

The present study evaluated the effects of two different COH protocols on the
ultrastructure of fresh GV-stage human oocytes. GV oocytes were obtained from women
who underwent IVVF for infertility reasons and subjected to ovarian stimulation with either
a GnRH agonist, “full stimulation’” (fCOH) or a GnRH antagonist “mild stimulation”
(mCOH) protocols. Fourteen and nine GV-stage oocytes were donated from women who
followed fCOH and mCOH treatments, respectively. After donation, fresh GVs were
washed in phosphate-buffered saline (PBS), fixed in 2.5% glutaraldehyde/PBS and
subjected to standard preparative for light (LM) and transmission electron microscopy

(TEM). Morphometric analysis was performed on TEM micrographs.

3.2 Patients

Seven patients undergoing ART treatment (IVF/ICSI) program due to different infertility
factors (tubal or male factors) donated a total number of twenty-three fresh GV-stage
oocytes with their informed consent and according to the current Italian laws. The study
was approved by the ethical committee of Province di Chieti and Pescara, convened in
“G. d’Annunzio” University of Pescara (protocol approved on 22.03.2018). Fourteen
fresh GV-stage oocytes were donated from four women (mean age 32.07 £+ 1.54) whose
infertility was due to tubal factors, and nine fresh GV-stage oocytes were donated from
three women (mean age 35.1 £2.23) whose infertility was due to male factors, and their
ovarian stimulation was carried out with an fCOH and an mCOH protocols, respectively.

More than one oocyte from the same patient was included in this study.

3.3 “Full” and “mild” controlled ovarian hyperstimulation protocols

The fCOH of the donors (n = 4) was performed with the widely used daily long GnRH-
agonist protocol (Decapeptyl 3.75 mg, Ipsen SpA, Italy) and recombinant rFSH (Gonal
F, Merck Serono, Rome, Italy), 150 IU per day. Serum 17p-estradiol measurements and
ovarian ultrasonography were applied for monitoring the follicular growth. Final
ovulation was triggered with 10,000 1U of hCG (Gonasi HP, AMSA, Italy) when at least

3 follicles with a diameter > of about 17 mm were visible at ultrasound scan monitoring,
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and the numbers of the follicles were appropriate according to 173-estradiol levels. The
oocytes were retrieved 34-36 h after hCG administration.

The mCOH of the donors (n = 3) was performed with a GnRH-antagonist protocol. The
patients received 150-225 1U/day s.c. rFSH starting on day 2 of the menstrual cycle for
the first three days of treatment. This was followed by an individually adjusted daily dose
of rFSH from day 5 of the menstrual cycle. Multiple doses (0.25 mg/day) of cetrorelix
(Cetrotide; Serono) were administered s.c. from day 6 of stimulation up to the day of
hCG. Ani.m. asingle bolus of 10,000 IU of hCG (Gonasi HP 5000; AMSA, Rome, Italy)
was administered when at least 3 follicles reached a mean diameter of about 18 mm.
Transvaginal follicular aspiration was carried out 34-36 h after hCG administration
(Centurione et al., 2010).

After oocyte pick-up, among the pool of leftover GV-stage oocytes, only those with an
evident nucleus and without any sort of dysmorphism, after Phase Contrast Microscopy
(PCM) examination, were included in this study. Fresh GV-stage oocytes (n = 14)
obtained from patients subjected to fCOH protocol were here indicated as fCOH oocytes;

those (n = 9) obtained from patients subjected to mCOH protocol as mCOH oocytes.

3.4 Preparation for light and transmission electron microscopy

The total number of oocytes from both groups, fCOH, and mCOH, included in the current
PhD thesis were fixed and processed for LM and TEM analysis as previously described
(Nottola et al., 2007; Nottola et al., 2008). According to standard preparation protocol,
oocyte fixation was performed in 2.5% glutaraldehyde (SIC, Rome, Italy) in phosphate-
buffered saline (PBS) solution. For at least 48h at 4°C after fixation, the samples were
rinsed in PBS, post-fixed with 1% osmium tetroxide (Agar Scientific, Stansted, UK) in
PBS and rinsed in PBS. Oocytes were then embedded in small blocks of 1% agar of about
5 x5 x 1 mm in size, dehydrated in an ascending series of ethanol (Carlo Erba Reagenti,
Milan, Italy), substituted in propylene oxide (BDH ltalia, Milan, Italy), before embedding
in epoxy resin EMbed-812 (Electron Microscopy Sciences, Hatfield, PA, USA). Semithin
sections (1 mm thick) were contrasted with Methylene Blue, examined using a Zeiss
Axioskop light microscope and photographed using a digital camera (Leica DFC230).
Ultrathin sections (60-80 nm) were cut with a diamond knife, on a Reichert-Jung Ultracut

E ultramicrotome, mounted on copper grids and contrasted with uranyl acetate followed
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by lead citrate (SIC, Rome, Italy). They were examined and photographed using Zeiss
EM10 and Philips TEM CM100 electron microscopes operating at 80 kV.

The following parameters were evaluated by LM and TEM and taken into consideration
for qualitative assessment of the ultrastructural preservation of oocytes, as previously
described (Motta et al., 1988; Motta et al., 2003; Coticchio et al., 2010, 2016; Khalili et
al., 2012, 2017; Nottola et al., 2016): general features (including oocyte shape and
dimensions); morphology of the nucleus, nucleolus, chromatin and nuclear envelope
(including nuclear membrane integrity); microtopography, type, and quality of the
organelles; mitochondria shape, number, and dimensions; presence and extent of
ooplasmic vacuolization; position, number, and dimensions of cortical granules (CGs);
integrity of the oolemma and microvillus pattern; appearance of the perivitelline space

(PVS) (width, presence of fragments); texture of the zona pellucida (ZP).

3.5 Statistical analysis

Numbers and dimensions of mitochondria, vacuoles, and CGs were evaluated by ImagelJ
software (http://rsbweb.nih.gov/ij/; version 1.51t), as previously done in other studies
(Coticchio et al., 2010, Palmerini et al., 2014b, Leoni et al., 2015, Nottola et al., 2016).
For the assessment of the morphometry, low-magnification TEM micrographs taken from
at least three equatorial sections per oocyte (distance between the sections: 3-4 um) were
analyzed by Adobe Photoshop and ImageJ software to count and measure mitochondria,
vacuoles, and CGs. Images were enlarged on the PC screen for more easily recognizing
and evaluating the organelles by Image J software.

Values related to organelle numbers were expressed as the number of mitochondria and
vacuoles per 100 um? of the oocyte area, and the number of CGs for 10 pm of the oocyte
linear surface profile.

Values related to organelle dimensions were expressed as medium diameter (in um) of
mitochondria, vacuoles, and CGs since all of these structures appeared mostly rounded in
shape.

For the selection and classification of vacuoles by TEM, we studied the electron-lucent
vacuoles with a diameter of at least 0.2 um, i.e., corresponding to the size of vacuoles
detectable by LM at a magnification of 400X.
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The number and dimensions of the organelles were expressed as mean + standard
deviation (SD). Data were compared with the Student’s t-test (SlgmaPlot, version 11.0
Build 11.0.075, 2008). Differences in values were considered significant if P < 0.05.
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4.1 General features

LM and TEM allowed analysis and comparison of size, shape and organelle distribution
of all GV-stage oocytes included in this study. All fCOH and mCOH oocytes were
rounded, approximately 73-86 pum in diameter (ZP excluded), showing a normal ooplasm
and a uniform distribution of organelles (Figs. 6A, 7A). In all the observed oocytes, the
nucleus and nucleolus were spherical, the ZP was continuous and/or intact and separated
by a narrow PVS from the oolemma provided with microvilli (Figs. 6A-B, 7A-B). By

PCM, all GV-stage oocytes showed a good morphological appearance.

4.2 Nucleus

All fCOH and mCOH oocytes were provided with a roundish nucleus, centrally located,
as evidenced by LM analysis (Figs. 6A, 7A insets). Occasionally, some oocytes of the
mCOH group, at a late GV-stage, had a nucleus more amoeboid in shape. By TEM, fCOH
and mCOH oocytes showed the presence of a prominent, irregularly rounded nucleus,
usually containing a single, rounded nucleolus (Figs. 6A-B, 7A-B). In both groups, the
nucleolus appeared strongly electron-dense and in close contact with patches of
heterochromatin (Figs. 6A-B, 7A-B). The heterochromatin, sometimes, was disposed to
form a ring - in section - around the nucleolus (Fig.7A-B). A juxta-nucleolar (or satellite)
body occasionally appeared close to the nucleolus, in association with the
heterochromatin (Fig. 6A-B).

High magnification micrographs showed differences in the distribution of the
heterochromatin around the nucleolus between the two groups of oocytes (Figs. 6B, 7B).
A linear and continuous nuclear envelope (nucleolemma) delimited the nucleoplasm of
both groups; however, its circumference was regularly circular in the fCOH group and
more indented in the mCOH group. The nucleolemma was provided with numerous and
regularly distributed nuclear pores (Figs. 6A-B, 7A-B); inside the nucleoplasm, the
euchromatin was predominant and finely dispersed (Figs. 6A-B, 7A-B). In fCOH oocytes,
the diameter of the nucleolus varied between 2.5 um and 2.8 um and in mCOH varied

between 1.2 um and 2.3 pm.
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Figure 6. Ultrastructure of the nucleus in fCOH GV-stage oocytes. A) A nucleus (N) delimited by a
continuous and circular nuclear envelope (NE) (bar: 1 um). Inset in A: a representative image of a semithin
section (LM. Mag: 20x). B) High magnification of the nucleus presenting a high electron negative nucleolus
(Nu) near to dense heterochromatin (Hc) and a juxta-nucleolar body (JNB) (bar: 1 pm). O: oocyte; Eu:
euchromatin.
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Figure 7. Ultrastructure of the nucleus in mCOH GV-stage oocytes. A) A nucleus (N) delimited by a
continuous circular nuclear envelope (NE) (bar: 1 um). Inset in A: a representative image of a semithin
section (LM. Mag: 20x). B) High magnification micrograph of the nucleus showing a strong electron-dense
nucleolus (Nu) located centrally in the nucleus and the distribution of dense heterochromatin (Hc) disposed

to form a ring around nucleolus (bar: 1 um). O: oocyte; Eu: euchromatin.
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4.3 Ooplasm

Organelles were homogeneously distributed in the ooplasm of both fCOH and mCOH

oocytes, as evidenced by LM. However, TEM evidenced specific differences.

4.3.1 Mitochondria and ooplasmic membranes

TEM showed the presence of spherical-to-ovoid mitochondria, more rarely ellipsoidal, in
both groups. Mitochondria were the most numerous organelles mostly located in the inner
ooplasm, provided with peripheral or transversal cristae and an electron-dense matrix
either in fCOH (Figs. 8A-B, 9A-B, 10A-B) and mCOH oocytes (Figs. 11A-B, 12A-B,
13A-B). Mitochondria of both groups were often organized in clusters surrounding small
electron-negative vesicles (and forming the so-called “MV-complexes”) (Figs. 9B, 13B
insets). MV-complexes were frequently found in perinuclear position. Mitochondria
vacuolization was occasionally identified, limited to some protrusions of the external
mitochondrial membrane. In both groups, isolated smooth endoplasmic reticulum (SER)
tubules and/or SER networks were also observed in the cortical ooplasm (Figs. 9B, 13B).
Cisternae of the Golgi complexes were also found scattered in the cortex of mCOH
oocytes (Fig. 12A). Annulate lamellae (cytomembranes derived from the nuclear
envelope shedding that may be transformed in cytoplasmic membranes) were detected in
the oooplasm of both fCOH and mCOH oocytes (Figs. 10A, 12B).

4.3.2 Vacuoles, lysosomes, multivesicular bodies

Numerous vacuoles, round, electron-negative and membrane-bounded found in both
groups (Figs. 8A-B, 9A, 10A, 11 A-B, 12A-B, 13A), although apparently more abundant
in fCOH than in mCOH oocytes (Figs. 8A, 11A). In both oocyte groups, a few vacuoles
were observed in the periphery of the ooplasm, but the majority were located in the inner
part, in the region surrounding the nucleus (Figs. 8A, 11A). Vacuoles appeared either
isolated (Figs. 12A, 13A) or arranged in groups (Figs. 9A, 10A), sometimes fused each
other and showing interrupted membranes (Figs. 8B, 9A, 10A, 11B). Secondary
lysosomes were occasionally detected in both groups (Figs. 10B, 13A). Multi-vesicular

bodies (mvbs), with a vesicular content of heterolysosomal nature, were filled with a

61



Part 4: Results

flocculent, slightly electron-dense debris; they were mainly found scattered in the inner
ooplasm, near the vacuoles and around the nuclei of fCOH oocytes (Fig. 10A).

4.3.3 Cortical granules
Round CGs showed a moderate to high electron-density. They were detected frequently
aligned as a discontinuous layer just beneath the oolema, either in fCOH (Fig. 14A, C)

and mCOH oocytes (Fig. 15A-B); however, in both groups, often some of them appeared
scattered throughout the inner ooplasm (Figs. 9B, 13A-B).
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e & I D
Figure 8. Representative ultrastructure of the subcortical region in fCOH oocytes. A) Abundant
mitochondria (M) and vacuoles (V) are distributed around the nucleus (bar: 2 um). B) High magnification
micrograph evidenced numerous electron-dense mitochondria and electron-negative vacuoles (bar: 1 pm).
NE: nuclear envelope.
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Figure 9. Ultrastructure of the subcortical region in fCOH oocytes. A) An ooplasmic area with numerous
isolated or grouped vacuoles (bar: 1 um). B) High magnification micrograph showing isolated smooth
endoplasmic reticulum (SER) tubules and subcortical located cortical granules (CG) (bar: 1 um). Inset in
B shows a mitochondria-vesicle (MV) complex (bar: 1 pm). M: mitochondria.
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Figure 10. Ultrastructure of the subcortical region in fCOH oocytes. A) Clusters of mitochondria,
annulate lamellae (AL) and a multivesicular-body (mvb), in the inner ooplasm (bar: 1 pm); B) Ooplasmic
patch (double arrows) and round/elongated mitochondria near the nucleus (bar: 0,8 um). Ly: lysosome; NE:
nuclear envelope.
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Figure 11. Ultrastructure of the subcortical region in mCOH oocytes. ) Vacuoles (V) and abundant
mitochondria (M) are distributed close to the nucleus (bar: 2 um). B) High magnification micrograph shows
numerous highly electron-dense mitochondria and electron-negative vacuoles (bar: 1 pm). NE: nuclear
envelope.
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Figure 12. Ultrastructure of the subcortical region in mCOH oocytes. A) Among mitochondria and
vacuoles, a Golgi complex (G) is visible in the inner oocyte ooplasm (bar: 1 pm). B) Annulate lamellae
(AL) and numerous mitochondria distributed in the ooplasm (bar: 1 pm). M: mitochondria; V: Vacuoles.
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&, :
Figure 13. Ultrastructure of the subcortical region in mCOH oocytes. A) TEM micrograph of the inner
ooplasm shows the presence of a secondary lysosome (Ly) and cortical granules (CG) (bar: 1 pm). B) High
magnification micrograph shows isolated smooth endoplasmic reticulum (SER) tubules and several
mitochondria (M) (bar: 1 pm). Inset in B represents a mitochondria-vesicle (MV) complex (bar: 1 pm). V:

vacuoles.
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4.4 Oolemma, Microvilli, PVS, ZP texture

The oolemma was continuous and regular oolemma in the fCOH and mCOH oocytes
observed. Numerous microvilli of variable length, projecting from the oolemma to the
PVS towards the ZP, were found in both oocyte groups (Figs. 14A, 15A). Particularly in
fCOH oocytes, some areas of rarefaction of microvilli were occasionally observable (Fig.
14B). In oolemmal and suboolemmal areas, occasionally, was detected the presence of
endocytic vesicles (also known as “ooplasmic pouch”), as evidenced by the microvilli
still visible inside the vesicle (Figs. 10B, 14A). In the oocytes of the mCOH group, a
conspicuous pinocytotic activity was also detected (data not shown). As a narrow space
between the oolemma and the ZP appeared the PVS, containing a granular and
filamentous matrix with scarce electron density in both groups (Figs. 14B-C, 15B). At
higher magnification, electron-negative remnants of transzonal projections extruding
from corona radiata cells crossed the ZP were visible in the PVS of both fCOH and
mCOH oocytes (Figs. 14A-C, 15B); in some areas of fCOH oocytes, transzonal
projections were found still connected to the oolemma through small desmosomes (Fig.
14B). The ZP of both groups appeared intact and continuous with a typical filamentous
texture (Figs. 14A, 15A), having a thickness of 7-10 pm in fCOH and 8-11 um in mCOH
oocytes.
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Figure 14. Ultrastructure of the cortical region in fCOH oocytes. A) Presence of an ooplasmic patch
(double arrows) and cortical granules (arrows) aligned in a discontinuous layer just beneath the oolema
(bar: 2 pm). Note, at higher magnification: B) the presence of small desmosomes (*) in the perivitelline
space (bar: 1 um) and C) a corona cell ending forming a focal cell (**) (bar: 1 pm). Microvilli: m; CG:
cortical granules.
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Figure 15. Ultrastructure of the cortical region in mCOH oocytes. A) TEM micrograph showing the
general distribution of microvilli (m) (bar: 2 um). B) At high magnification, a discontinuous layer of cortical
granules (CG) is seen just beneath the oolema (bar: 1 um). M: mitochondria; V: vacuoles; ZP: zona
pellucida; **: corona cell ending.
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4.5 Morphometric analysis

Morphometric analysis revealed that the number of mitochondria per 100 um? oocyte area
was significantly lower in fCOH than in mCOH oocytes (72.125 + 8.957 vs 94.500 +
15.067, respectively; P = 0.04333). Conversely, the number of vacuoles did not
significantly vary between fCOH and mCOH oocytes (54.750 = 29.353 vs 42.250 +
19.050, respectively; P = 0.5018). CGs in fCOH oocytes were less numerous than in
mCOH. More in detail, the suboolemmal CGs were significantly less in fCOH than in
mCOH oocytes (3.000 + 1.414 vs 7.308 + 2.057, respectively; P < 0.001). Even if the
medium diameter of mitochondria did not show significant variations between fCOH and
MCOH (0.345 £ 0.096 um vs 0.350 + 0.077 um, respectively; P = 0.6301), significantly
larger vacuoles were observed in fCOH, respect to mCOH oocytes (1.256 £+ 0.313 pum vs
0.618 £ 0.198 um, respectively; P < 0.0001). Irrespective of the CGs number, CG
dimensions were similar in both fCOH and mCOH oocyte groups (0.293 + 0.070 um Vs
0.272 £ 0.065 pum, respectively; P = 0.2466). All the data are reported in Table 3.

Organelles number (N) and diameter (um)

GV-stage Mitochondria Small/large Vacuoles Cortical granules
oocytes N um N um N pum
fCOH 72.125 + 0.345 + 54.750 = 1.256 + 3.000 £ 0.293
8.9572 0.0962 29.353? 0.313? 1.4142 0.070?
MCOH 94.500 + 0.350 = 42.250 + 0.618 + 7.308 = 0.272 +
15.067° 0.077° 19.050° 0.198° 2.057° 0.065°

Table 3. Number (N) and dimensions (um) of mitochondria, vacuoles and cortical granules from fCOH
and mCOH oocytes. The morphometric analysis of the number of mitochondria and vacuoles was
performed on a 100 um? oocyte area and of cortical granules on 10 um of the oocyte linear surface profile
in low-magnification TEM micrographs of at least three equatorial ultrathin sections per oocyte. The values
of each group are expressed as mean + SD. Different superscripts within each column indicate significant
differences between the fCOH and mCOH oocyte groups (P < 0.05).
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5.1 Discussion

Among the numerous protocols of COH used in ARTs, the “milder” one was developed
to reduce the detrimental effects connected to the use of exogenous gonadotropins,
especially in poor responder patients as PCOS (D’Amato et al., 2018) or those at risk of
OHSS induction (Fouda et al., 2012), that are subjected to repeated cycles of
hyperstimulation after recurrent failure. Mild stimulation was applied also for ovarian or
breast cancer patients (Coyne et al., 2014; Cavagna et al., 2017), to prevent the exposure
to excessive estrogens, even if data are still controversial (Taheripanah et al., 2018). In
particular, the “mild” approach is usually based on the use of a GnRH antagonist an oral
analogue, such as clomiphene citrate, a relatively inexpensive medication with high
patient compliance due to oral administration. The mCOH induced often a reduction in
the mean number of oocytes retrieved in both the general IVF population and in the poor
responders respect to fCOH, less doses of gonadotropins or reduced number of
administrations, thus resulting in a ‘patient-friendly COH’ (Alper and Fauser, 2017;
Kamath et al., 2017). However, for many years, the most frequently used COH protocol
was the “long” protocol with high daily administration of gonadotropins particularly for
the expected poor responders (Shanbhag et al., 2007) and, despite the high number of
retrieved oocytes, this protocol significantly failed to improve the final success rate after
implantation. Moreover, fCOH determined a relevant increase in economical costs
(Lekamge et al., 2008).

Currently, the suggestions for a more individualized, less aggressive ovarian stimulation
approach in all responder types of patients are under discussion, focusing on a more
efficient and fine-tuned treatment in terms of patients’ health preservation.

In addition, a recent attention has been given to the use of “leftover” oocytes, retrieved at
GV-stage after COH, and usable as an alternative source of oocytes for ARTS, especially
for patients affected by diminished ovarian reserve (DOR), premature ovarian failure
(POF) and POR (Barton et al., 2012; Cohen et al., 2015; Mishra and Chirumamilla, 2018).
Indeed, the leftover oocytes can increase the yield of total available oocytes and can be
used, in association with IVM and cryopreservation, to successfully increase the
outcomes after IVF and embryo transfer (IVF-ET) (Gunasheela et al., 2012).

The purpose of the study was to describe the ultrastructure of fresh GV-stage human
oocytes retrieved after fCOH (GnRH agonist long stimulation) and mCOH (GnRH
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antagonist) protocols, to assess which is less harmful, in terms of alterations on the fine
oocyte morphology.

According to data available in the literature, this is the first comprehensive study
evaluating, with qualitative and quantitative analysis, the ultrastructural modifications
occurring after their retrieval of immature leftover GV-stage oocytes from donor women
subjected to fCOH and mCOH protocols. Even if several studies evaluated the
ultrastructure of mature oocytes under different in vitro conditions (Coticchio et al., 2016;
Segovia et al., 2017), up to now the effects of ARTs as COH in human immature oocytes
gained restricted attention (Palmerini et al., 2014a). COH protocols caused crucial side
effects in oocytes and/or tissues of the female reproductive system from an abnormal
expression of genes (Horcajadas et al., 2005; Alvarez Sedo et al., 2012), dysregulations
of metabolic pathways in oocytes (Sakiner et al., 2018; Ferrero et al., 2019) up to
morphological modifications (Mirkin et al., 2004; Taheri et al., 2018). To this point, it
seems essential to define in detail the structural modifications that may occur in immature

oocytes, in order to settle a more accurate and patient-friendly COH.

General Features

All fresh GV-stage oocytes did not show evident alterations about shape, size and general
structures, respect to qualitative data in literature available on mammals (Hegele-Hartung
et al., 1999; Mondadori et al., 2010; Palmerini et al., 2014a) including human
(Sathananthan et al., 1993, El Shafie et al., 2000; Makabe and Van Blerkom, 2006; Van
Blerkom, 1990) after f{COH or mCOH.

Organelles of both groups were uniformly distributed in the ooplasm, apart from specific
subcellular compartments. In fact, organelle-specific differences mainly interested the
heterochromatin distribution around the nucleolus, the number of mitochondria and CGs,

the abundance of microvilli and the size of vacuoles.

Nucleus

The nucleus, i.e. the most representative organelle to define the meiotic stage, appeared
in both groups well preserved, mainly located in the central area of the oocytes and
delimited by a slightly undulated and uninterrupted nucleolemma, provided with

numerous nuclear pores and well-formed nucleoplasm structures, according to previous
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studies (Sathananthan et al., 1993; Makabe and Van Blerkom, 2006; Palmerini et al.,
2014b). The exact nuclear position in the cortex is identified as a morphological marker,
predictive of oocyte meiotic competence in GV-stage oocytes, since oocytes with a
central nucleus have a higher meiotic competence than those with an eccentric or
peripheral nucleus (Brunet and Maro, 2007); this criterion of selection is used to improve
the success of IVM (Levi et al., 2013). The euchromatin around the nucleoli was abundant
and well preserved and the heterochromatin was dispersed close to electron-dense
nucleoli in both fCOH and mCOH oocytes, however, the distribution of heterochromatin
showed differences between the groups. In contrast, the nucleus of some oocytes of the
mCOH group appeared irregular in shape, with more than one nucleolus and a visible
reduction in chromatin. This could be a sign of a late response to gonadotropins by
immature oocytes with a morphological indication of a resumption of meiotic maturation
and consequent progression to the GVBD phase. The increase in the number of nucleoli
found in mCOH oocytes at the late GV-stage could be linked to the high ribosomal
activity of these growing oocytes necessary to support the increased metabolic demands
of the subsequent meiosis phase which is occurred with the GVBD (Shishova et al.,
2015). The ring-shaped heterochromatin observed around the nucleolus in some mCOH
oocytes, different from the homogenous distribution in the nucleoplasm of the fCOH
oocytes, could be linked to the ability to mature and to develop embryos from fresh
immature GV-stage oocytes, even if data in the literature are conflicting. Thus, in mice,
the presence of a chromatin ring, if associated with a central GV, was for some authors
indicative of a good competence in the further development (Bellone et al., 2009; S&nchez
et al., 2015; Bui et al., 2017), while for others (Zuccotti et al., 2008; Inoue et al., 2008)
or in animals other than the mouse, including the human species (Wang et al., 2009; Levi
et al., 2013) was not. The limited number of oocytes used in this study makes necessary

to confirm this last consideration with further studies.

Ooplasm

In the ooplasm of immature oocytes, as in the GV-stage oocytes here studied, the
organelles were less abundant than in mature oocytes (Nottola et al., 2014); however,

some differences were found in the composition of the ooplasm from fCOH and mCOH

cycles and above discussed.
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Mitochondria and ooplasmic membranes

The numerosity of mitochondria, the richness in lamellar or transversal cristae, the
presence of numerous aggregates with small/large vesicles (small MV complexes) and
the strong electron-density here observed in both groups, are morphological features
indicative of a good mitochondrial preservation, in agreement to previous data (Palmerini
et al., 2014b; Sathananthan et al., 2006). However, the significant reduction in the
mitochondrial number of fCOH, compared to mCOH oocytes, could be due to a reduced
or impaired mitochondrial activity related to ovarian hyperstimulation and fewer copies
of mtDNA, lower ATP levels and reduced mitochondrial membrane potential, as
described in previous studies (Ge et al., 2012; Cree et al., 2015; Shu et al., 2015).

Vacuoles, lysosomes, multivesicular bodies

Abundant vacuoles were detected around the nuclei of both fCOH and mCOH oocytes,
frequently grouped and delimited by an electron-dense membrane, and normally filled by
an electronegative content with the exception of the occasional presence of debris, in
agreement with the previous data present in the literature (Sathananthan et al., 1993;
Makabe and Van Blerkom, 2006). Vacuoles of fresh immature oocytes may derive from
the swelling or coalescence of Golgi and/or SER membranes (Sathananthan et al., 1993),
probably associated with cytoskeletal defects (Nottola et al., 2008). The morphometric
analysis showed that in oocytes retrieved after “full” COH, the vacuoles had a
significantly larger size than those of “mild” COH. This result may be related to the
increased exposure to gonadotropins in the fCOH protocol. In addition, all the markers of
immaturity in fresh GV-stage oocytes, as the presence of a physiological vacuolization
around nucleus, small MV-complexes, mvbs, and ooplasmic pouches together with
isolated SER tubules or small M-SER aggregates are produced by a system of
interconnected and interchanging membranes that change dynamically depending on the
age of the oocyte, its stage of maturation, the potential damage derived from

cryopreservation and according to the type of applied ART protocol (Nottola et al., 2016).
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Cortical granules

In the GV-stage oocytes, CGs originate from the abundant membranes of the Golgi
apparatus and during oocyte maturation progressively proliferate to migrate toward the
oolemma in the MlI-stage oocytes (Sathananthan et al., 1985; Familiari et al., 2006). The
results showed that some CGs either in fCOH or mCOH oocytes were typically dispersed
within the ooplasm, as already previously verified following an fCOH protocol (Palmerini
et al., 2014b). However, occasionally CGs were also observed stratified in the outer
ooplasmic cortex, as demonstrated also in other studies of immature human oocytes
(Makabe and Van Blerkom, 2006; Segovia et al., 2017), probably in consequence of a
premature disorganization of the cortical microfilaments induced by ovarian
hyperstimulation (Van Blerkom, 1990). Although CGs were significantly less abundant
in fCOH oocytes compared to mCOH, with similar dimensions between the groups, this
small difference may be irrelevant from a physiological point of view (Liu, 2011;
Palmerini et al., 2014b).

Oolema, Microvilli, PVS, ZP texture

A continuous and intact oolemma was observed in both groups of oocytes, provided with
regularly distributed microvilli. The presence of a regular and continuous coverage of
microvilli (Sathananthan et al., 1993; Hutanu et al., 2010) is an essential contribution to
the success of fertilization, due to its initial role in the interaction and subsequent fusion
of the oolemma with the spermatozoon consequent to the presence of adhesion proteins
such as CD9 (Nottola et al., 1991; Runge et al., 2007). However, in some fCOH oocytes
the microvillar distribution was found to be less abundant, occasionally with some areas
of rarefaction of microvilli, sharp and blunt microvilli in comparison to mCOH oocytes,
more densely populated by long microvilli, with a curved profile. In fresh GV-stage
oocytes, the presence of a continuous layer of numerous long and thin microvilli was
often found in mammals including humans (Ebensperger et al., 1984; Wu et al., 2006;
Palmerini et al., 2014b). The presence of area with a reduced microvillar coverage in the
fCOH oocytes, however, may be case-specific, related to the sectioning or, in the final
instance, probably connected to a dynamic adaptation of the oocyte as a response to the
exogenous caused stimulation. The presence of numerous transzonal communications in

the fCOH oocytes, intact and continuous along the entire area covered by ZP, unlike what
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was observed in the mCOH oocytes is an indication of functionality in the connections
with the cells of the radiated corona.

5.2 Conclusions

In conclusion, this study on the fine structure of human fresh GV-stage oocytes retrieved
after mild and full hyperstimulation showed good overall preservation but evidenced the
occurrence of specific ultrastructural damages, probably related to the COH protocols. In
particular, GV-stage oocytes retrieved after mCOH, due to the presence of more abundant
microvilli, more numerous and larger mitochondria, and smaller vacuoles than those after
fCOH seem more idoneous to finalize maturation and to become competent to
fertilization, also in association to cryopreservation and IVM.

This study gives an overall point of view on the possible effects connected to the use of
hyperstimulation; however, to have a more complete and comparative view of the
ultrastructural characteristics of the GV-stage oocytes - so important for providing
additional good-quality leftover gametes for ARTs - there is the need to compare the

present data with unstimulated GV-stage oocytes derived from natural cycles.
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