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ABSTRACT

Background Ovwulation is the central biological process involved in the
menstrual cycle of women. Specifically, ovulation involves the tissue
remodelling of the preovulatory follicle to achieve the rupture of the exterior
follicle wall with the extrusion of the oocyte. Other important facets of
ovulation include the expansion of cumulus cells around the oocyte, the
resumption of the meiotic arrest of the oocyte, and the functional/structural
reorganization of the rupturing follicle into a corpus luteum. The ovulatory
process involves many mediators that cooperatively and redundantly carry out
changes that are necessary for ovulation, normal progression and natural
conception. Increased knowledge of mammalian ovulation is important
regarding many aspects of female fertility, such as the treatment of
anovulation, ovarian stimulation in assisted reproduction, and the prevention
of ovarian hyperstimulation. Another aspect is that it may lead to the
development of new strategies for contraception.

Aims: The general aim of this study was to increase knowledge regarding the
intra-ovarian regulation of ovulation, which was achieved via studies on
protease expression, the expression and regulation of the protease inhibitor, the
proteome profile in follicular fluid, the expression of osteoprotegerin (OPG),
the receptor activator of the nuclear factor kappa B ligand (RANKL), and the
effects of calcineurin inhibitors on ovulation.

Methods: Granulosa cells, theca cells, follicular fluid, and whole follicles were
obtained from women at four different stages of the ovulatory process.
Expression, proteome profile, and immunohistochemistry were performed.
Granulosa lutein cells were used for the cell culture from women undergoing
in vitro fertilisation (IVF). Immature Sprague-Dawley rats were primed with
pregnant mare’s serum gonadotropin to induce maturation and subsequent
ovulation, that was triggered 48 hours later with human chorionic gonadotropin
(hCG).

In vivo experiments in this animal model as well as in vitro experiments on its
cells and tissues were conducted.

Expression patterns were studied via a quantitative, real-time polymerase chain
reaction (RT-PCR) and a microarray. Proteins were quantified and identified
by mass spectrometry isobaric tags for relative and absolute quantification
(iTRAQ), and localization was performed with immunohistochemistry. Assays
were also used for the assessment of plasmin activity, leukocyte distribution,
steroid levels, and levels of mediators / pharmacological agents in the blood.

Results: Paper | indicate that an ovulatory trigger induces expression in the
human granulosa and theca cells of certain proteases from the matrix
metalloproteinase (MMP) as well as a disintegrin and metalloproteinase with
thrombospondin-like motifs (ADAMTS) family. Paper Il presents data on the
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increased expression of the protease inhibitor tissue factor pathway inhibitor 2
(TFPI2) in the ovulating follicle of the human and rat. Moreover, the down-
stream signalling pathways and effects on a large number of mediators were
also characterized. Paper Il use a modern proteomic technique to identify
more than 500 proteins in the follicular fluid during ovulation, with 25 showing
level changes during human ovulation.

Paper IV identifies OPG and RANKL as potential mediators in the intra-
ovarian events of ovulation. Paper V demonstrates that cyclosporine-A, but not
tacrolimus, negatively influences ovulation in the rat.

Conclusion: The results of the thesis provide information on the roles and
functions of several new mediators in ovulation.

Key words: A disintegrin and metalloproteinase with thrombospondin-like
motifs, animal model, calcineurin, cyclosporine-A, follicle, follicular fluid,
granulosa cell, human, human chorionic gonadotropin, immunohistochemistry

matrix metalloproteinase, menstrual cycle, osteprotegerin, ovary, ovulation,
plasmin, protease, proteomic, rat, receptor activator of nuclear factor kappa
B ligand, tacrolimus, theca cell, tissue factor pathway inhibitor 2
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INTRODUCTION

During the fertile life of a woman, there exists several monthly cyclic events
of the reproductive tract. The ultimate goal of these cyclic events in the woman
is to develop a fertilizable oocyte, and then after fertilization by one sperm,
provide optimal circumstances for embryo development, transport towards the
uterus, implantation, placentation and further pregnancy. Within the ovary,
ovulation is the central event after development of the oocyte and the ovarian
follicle, and then culminates in the rupture of the follicle wall with the
extrusion of a mature and fertilizable oocyte. The ovulatory follicle is invaded
by leukocytes and functional as well as structural remodeling leads to
formation of a corpus luteum. The present study deals with some of the
intricate biochemical changes involved in the mechanism of ovulation.

FOLLICULOGENESIS

The mammalian primordial germ cells are derived from the embryonic
ectoderm (Gardener et al., 1985) and are formed in the yolk sac wall. These
germ cells migrate early in embryonic life into the evolving gonads, with
continued mitotic divisions during migration and colonization of the primary
gonad (Tam & Snow, 1981). In the primary gonad, the cells transform from
ameboid into rounded shapes and are then named oogonia. Also, in this
oogonial stage, there is a high mitotic activity (Beaumont & Mandl, 1962) with
the cells located into clusters. The mitotic activity of this oogonial stage is
exclusively during fetal life. Later on, onset of meiosis marks the transition of
oogonia into oocyte and the initiation of this is by meiosis inducing substances
(Andersen et al, 1981). Meiosis is arrested at the diplotene stage of the first
meiotic division and this block of meiosis persists for variable periods of time,
depending on when a follicle starts to grow. Around the periphery of a small-
sized oocyte (9-25 um), there is a single layer of flattened pregranulosa cells
and around that a basement membrane. These pools of non-growing primordial
follicles are situated in the outer cortex of the ovary. In early human fetal life,
there are about 7 million primordial follicles in the two ovaries together. There
is a continuous and genetically determined non-gonadotropin dependent
reduction in the pool of primordial follicles, and there exist around 400 000-
500 000 primordial follicles left at puberty (Gougeon, 1996). The development
from this smallest follicle, the primordial follicle, into a preovulatory
(Graafian) follicle is a long journey, with most of the primordial follicles
undergoing apoptosis along the pathway towards the preovulatory follicle. The
follicular development in human from a primordial follicle into a large
preovulatory follicle takes about 120 days, as schematically shown in Fig. 1
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Fig. 1. Schematic overview of follicular development in the human from a
primordial follicle into a preovulatory follicle.

The follicles are divided into preantral (all follicles form primordial until
formation of a follicular antrum) and antral (follicles with fluid-filled antrum).
The preantral follicles are characterized into three developmental stages
(Lintern-Moore et al., 1974). The smallest is the primordial follicle (30-60 um
in diameter), that contains of a small oocyte (9-25 pum), which is surrounded
by a layer of flattened pre-granulosa cells. The second type is the primary
follicle (>60 um in diameter), with also a small-sized oocyte (9-25 um), but
now with a change of pre-granulosa from flattened to cuboidal shape with
proper granulosa cell appearance. The theca layer develops from interstitial
stroma cells at the end of the primary follicle stage before transition into a
secondary follicle. The third stage is the secondary follicle (> 120 um in
diameter), containing an enlarged oocyte (>60 pm) and with several layers of
cuboidal granulosa cells, estimated to be > 500 in numbers and with some
functional differentiation (Gougeon, 1996). These granulosa cells secrete
mucopolysaccharides, which give rise to the zona pellucida (Chiquoine, 1960)
of the oocyte and this facilitates gap junctional contact and transfer of
biochemical information between granulosa cells and the oocyte. As the
follicle grows, the theca externa forms. The appearance and the development
of the theca layer are associated with follicular blood supply expansion. The
overall development from primordial follicle to secondary follicle is
gonadotropin independent, with influence from growth factors and cytokines
(Findlay et al., 2002), such as transforming growth factor R (TGF R), bone
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morphogenetic protein (BMP), and growth differentiation factor-9 (GDF-9)
working in paracrine fashions (Liu et al., 2019).

The follicular development phase that converts secondary and preantral
follicles into antral follicles (>2 mm in diameter) is called the tonic growth
phase. The differentiating secondary follicles migrate from the periphery of the
ovary into the medulla and thecal arterioles are acquired (Bjersing & Cajander,
1974c). Concurrent with the formation of capillaries, the theca-interstitial cells
differentiate and start to express receptors for luteinizing hormone (LH)
(Bacich et al., 1994) and show steroidogenic activity.

These theca interna cells are epitheloid-shaped and located close to the
basement membrane. The more peripheral layer of theca externa cells keep
their spindle-shaped form and show a gradual merger with the stroma cells.
The increase of LH and follicle stimulating hormone (FSH) in the human cycle,
leads to recruitment of several growing follicles from the pool of preantral
follicles and 5-10 follicles per ovary are commonly recruited each cycle. There
is an increase in follicular diameter and high mitotic activity of granulosa cells.
The overall increase in follicular size is due to the proliferation of the granulosa
cells and the development of the follicular antrum. When the follicle is about
0.2-0.4 mmm in diameter, several sites of accumulated fluid and spots with
aggregated extra cellular matrix (ECM) are seen among the granulosa (van
Wezel et al., 1999). A focimatrix also develops as aggregates of basal lamina-
like material between granulosa cells somewhat later during follicular
development (Irving-Rodgers & Rodgers, 2005). The follicular antrum is then
formed with accumulation of fluid and the follicle is transformed into a true
antral follicle. In general, a preantral follicle develops into an antral follicle
with formation of more granulosa cells and production of follicular fluid. The
antral follicle will grow both by increase in volume of follicular fluid but also
by increased number of granulosa cells. The follicular fluid contains also major
blood proteins at approximately the same concentration as serum, but the
relative proportion of proteins differs (Shalgi et al., 1973). These proteins reach
the antrum by diffusion from the vascular spaces outside the basal membrane
but there is also a large proportion of proteins that are produced within the
granulosa cells, as elaborated on within the thesis. The development of the
follicles and conversion into corpus luteum is outlined in Fig. 2
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Fig. 2. Follicular development within the ovary.

The cellular and extracellular arrangement of the preovulatory
follicle

The preovulatory follicle is made up of three separate functional units, which
are the oocyte, the granulosa cell compartment, and the thecal cell
compartment, as schematically shown in Fig 3 and described in detail below.
The compartments contain different cell types and between that extracellular
matrix (ECM), which supports the structure of the follicle but is also important
for communication between cells within and between compartments.

There are three phenotypically different granulosa cells in the preovulatory
follicle. All granulosa cells are steroidogenically active with estradiol being
their main product, but the different types of granulosa cells of the preovulatory
follicle show disparate profiles of paracrine and autocrine signaling. The
granulosa-cumulus cells enclose and support the oocyte, the antral granulosa
cells are positioned adjacent to the follicular antrum, and the mural granulosa
cells are next to the basement membrane, which is the structural barrier
between the compartment of granulosa and theca cells.
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Fig. 3. The different cells and layers of the preovulatory follicle.

The theca cell compartment comprises a more centrally situated layer with
theca interna cells, which are steroidogenically active and produce mainly the
androgens, androstenedione and testosterone. In the functional unit of the
preovulatory follicle, the two-cell cooperation is that of LH-stimulated
androgen production in theca cells, diffusion of androgens into the avascular
granulosa cell compartment, and conversion of androgens into estradiol, a
process which is driven by FSH, stimulated induction of aromatase enzyme.
The theca interna section has a thickness of around three to five cells in layers.
There is also a vascular network of capillaries from the theca externa that
reaches the theca interna. The more peripherally situated theca externa cells
are non-steroid-producing cells. They are of two slightly different types. One
sort resembles a fibroblast, and another is similar to a smooth muscle cell
(Osvaldo-Decima, 1970; Fumagalli et al., 1971).

The theca externa is a collagenous stratum with up to eight layers of fusiform
cells and with extensive networks of blood and lymph vessels. Concerning the
ECM composition of the theca layer, collagen type Il is present in both the
theca externa and the theca interna but is lacking in the basement membrane
separating the theca interna from the granulosa cell compartment. Collagen
type IV is found in both the theca interna and in the thecal-granulosa basement
membrane (Lind et al., 2006).

The tunica albuginea, outside the theca externa, is a dense layer of ECM that
is positioned all around the periphery of the ovary. The tunica albuginea is
composed of densely packed collagen fibers, surrounding a single layer of
fibroblasts. The ECM of the tunica albuginea is composed of collagens type I,
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type 11, and type IV (Lind et al., 2006), and with collagen type | having
concentric, network-like distribution.

Above the tunica albuginea there is a basement membrane comprised primarily
of laminin, enacting, and heparin sulfate proteoglycans (Espey, 1980, Murdoch
& McDonnel, 2002, Yang et al., 2004). The outermost layer covering the
preovulatory follicle is the single layer of ovarian surface epithelium (OSE),
with cells that are flat or cuboidal, depending on stage of the reproductive cycle
and position in relation to the preovulatory follicle.

Structural and vascular alterations of the preovulatory follicle during
ovulation

There exist some studies that have looked at the structural changes of the
preovulatory follicle at ovulation. An early study in the rabbit, using
preovulatory follicles of different times during the ovulatory interval, showed
typical patterns (Espey, 1971). Around two hours prior to rupture, the cells on
the apex of preovulatory follicle become flattened and lose their microvilli
(Motta et al., 1971). In some areas of the apeX, the cells disappear completely,
and large droplets of viscous fluid material collect on the surface (Motta & van
Blerkom, 1975). Fibroblasts in the tunica albuginea and theca externa
transform from quiescent to motile cells as they get elongated in shape.

Further inside the follicle the mitotic activity among the granulosa cells
decreases shortly after the LH surge (Boucek et al., 1967) and some of the
granulosa cells come loose into the follicular antrum. Both theca cells and
granulosa cells stop proliferating, enlarge in size and accumulate lipids into
droplets that supply cholesterol for steroid hormone synthesis, as well as
acquire of mitochondria with tubular cristae and large proportion smooth
endoplasmic reticulum (Enders, 1973). In the theca externa there is a
preovulatory increase in multivesicular structures in the fibroblasts and the
possible release of enzymes from these may be related to the disintegration of
the collagen fibers as ovulation approaches (Espey, 1971).

There are also vascular changes that take place during the ovulatory process,
and that is primarily in the theca layers. Within minutes after the gonadotropin
surge, there is a rise in ovarian blood flow, caused by arteriolar dilation
(Janson, 1975).

Later there is an increase in vascular permeability (Kanzaki, et al., 1982). The
increase in permeability is due to appearance of small fenestrations in the
endothelium (Bjersing & Cajander, 1974b), and to the formation of gaps
between the cells (Okuda et al., 1980).

In a recent study this was quantified as a 3-fold increase in number of large
pores during ovulation in the rat (Mitsube et al., 2013) interstitial edema
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develops and with extravasation of erythrocytes (Parr, 1974) and leukocytes
(Bjersing & Cajander, 1974c). The blood cells accumulate in the theca layer.
Due to disruption of the basal membranes around the vessels and between the
layers of theca cells and granulosa cells (Bjersing & Cajander, 1974b) fluid
also collects among granulosa cells to increase the volume of follicular fluid
in the antrum. This focal disruption of the basement membrane under the
granulosa cells basal lamina, with local production of factors that stimulate
neoangiogenesis cause ingrowth of capillaries into the previously avascular
granulosa cell layer. Vessels, that grow from the theca and stromal vessels and
towards the center of the follicle pushes into the granulosa cell layer so that an
intersecting network will eventually contact every granulosa-lutein cell
(Brannian et al., 1991). Vasoconstriction caused by soluble molecules such as
endothelins may cause reduced blood flow through apical vessels (Migone et
al., 2016).

Along with expanding vasculature, increased blood flow and secretion of
chemokines from theca and granulosa cells, induce a massive infiltration of
leukocytes from circulating blood (Brannstrom & Enskog, 2002). The
leukocytes with their machinery of active substances, including proteinases,
will together with the resident cells of the preovulatory follicle cause a directed
weakening of the follicular wall at the apex, leading to the rupture of the
follicle when the gradually decreasing tensile strength of the follicle can no
longer withhold the intra-follicular pressure (Matousek et al., 2001).

THE HUMAN REPRODUCTIVE CYCLE

The monthly reproductive cycle of the human is divided into the follicular
phase, the luteal phase and between those the shorter ovulatory phase.
Simultaneous changes occur in the endometrium and the ovary during the
reproductive cycle. The two main phases of the endometrium are named the
proliferative phase (corresponding to the ovarian follicular phase) and the
secretory phase (corresponding to the ovarian luteal phase). The first day of
menstruation (cycle day 1) is the start of the follicular phase and this phase
usually has a length of 10-14 days, but with considerable inter-individual
variations.
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Deviations in total menstrual cycle length are most often due to variations in
duration of follicular phase, since the duration of the luteal phase is fairly
constant. Typically, the menstrual length becomes shorter towards the end of
the fertile period. The hormonal changes during the follicular phase are shown
in Fig.4.

-14 -7 0 17 +14 days
ovulation

Fig. 4. Hormonal changes during the human menstrual cycle. E2 =
estradiol; P4 = progesterone.

There are elevated FSH levels during the first days of the follicular phase and
this helps to stimulate recruited follicles that are engaged into each cycle.
These recruited antral follicles are identical in their morphological appearance
(Goodman et al., 1977, Nilsson et al., 1982) and around cycle-day 5, the
processes of selection and dominance takes place (Pache et al., 1990). One
follicle will during the midfollicular phase produce more estradiol than the
other follicles and become dominant. It will show increased sensitivity for FSH
and will also later gain of LH receptors.

The dramatic increase of estradiol and inhibin A, produced by the dominant
follicle, results in a negative feed-back regulation and FSH is decreased, which
cause all the non-dominant follicles to go into atresia (Tilly et al., 1991). The
dominant follicle is surrounded by theca cells that selectively bind more LH
than the theca cells surrounding the non-dominant follicles (DiZerega et al.,
1980, Zeleznik et al., 1981). The estradiol levels will continue to rise despite
decreasing FSH levels due to high androgen availability from the theca cells,
a high sensitivity for FSH because of increased receptor density, and since the
absolute number of granulosa cells increase rapidly due to marked mitosis
among the cells. Moreover, vascularity in the theca of the dominant follicle
becomes more prominent in comparison to other follicles (Kanzaki et al., 1981)
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and this leads to increased delivery of LH to theca cells and FSH to the
granulosa cells, also supporting further follicular growth and rising estradiol
levels. This final phase of follicle development is therefore highly dependent
on gonadotropins. The rising estradiol levels will prime the pituitary for the
gonadotropin surge, where LH is the signal for ovulation. The regulation and
effects of the LH surge are described in more detail below.

The ovulation period is approximately 36 hours (h) long from the initiation of
the LH surge until follicular rupture (Andersen et al., 1995, Hanna et al., 1994).
There are prominent structural and functional changes in the follicle during
this phase, as described above and below.

After ovulation, the luteal phase starts, and the dominant follicle transforms
into a corpus luteum with secretion of mainly progesterone but also estradiol.
The changes in the steroidogenic machinery that allows this are described
further in the section below. The secretion of these steroids results in a bell-
shaped concentration curve of progesterone and estradiol in peripheral blood,
in the event of that implantation of an embryo does not occur. The duration of
the non-pregnant luteal phase is fairly constant around 12-14 days duration and
with luteolysis caused by prostaglandins (Dennefors et al., 1982, Vega et al.,
1998) and further invasion of macrophages (Lei et al., 1991, Wang et al.,
1992).

The LH surge

The midycle surge of LH is the initiator of the ovulatory events. The LH
secretion is driven by gonadotropin releasing hormone (GnRH), a decapeptide
of the arcuate nucleus of the hypothalamus that is released in pulses into the
hypophyseal portal circulation.

High and increasing blood levels of estradiol, as in the late follicular phase
increase the frequency of GnRH pulses and prepare the gonadotropes
(containing granules of LH) of the anterior pituitary to release large amounts
of LH in response to each pulse of GnRH. This results in sustained high blood
levels of LH for around 34 h in women (Casper, 2015). In the experimental
setting and also commonly in vitro fertilization (I\VF), human chorionic
gonadotropin (hCG) is used as substitute for LH. It has a higher affinity to the
LH/hCG receptor (LHCGR) than LH and is cleared more slowly from
circulation, mainly because its higher content of saccharide chains (Norman et
al., 2000).

There are some differences in regional responsiveness to LH. While theca and
granulosa cells of the preovulatory follicles express LHCGR, highest levels are
present in theca and the mural granulosa cells closest to the basal lamina (Peng
et al.,, 1991,Yung et al., 2014). Studies also show that LHCGR may be
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expressed in focal areas around the ovulatory follicle, but in low density around
the follicle apex (Nguyen et al., 2012).

Second messengers of LH

The complexity of the LH signaling pathway has been elucidated in greater
detail during the last decades, from the original concept that cyclic adenosine
monophosphate (CAMP), with interactions on protein kinase A (PKA), was the
sole and second messenger for further downstream signaling after LH coupling
to the G protein-coupled membrane receptor LHCGR.

Thus other LH-induced intracellular signaling cascades in preovulatory follicle
include protein kinase C (PKC), phosphatidylinositol 3-kinase (PI3K), tyrosine
kinase-mediated pathways, and their respective downstream mitogen-activated
protein kinases (MAPKS) (Panigone et al., 2008, Richards et al., 1979).

The classical cCAMP dependent way is by receptor activation of adenylate
cyclase, causing increased levels of intracellular ;CAMP (Richards et al., 1979),
leading to activation of the cAMP-dependent PKA to further activate the
cAMP-response element-binding protein (CREB) (Richards et al., 1979). This
intracellular signaling pathway is the primary pathway mediating LH action in
the preovulatory follicle at ovulation. LH-activation of cAMP-PKA signaling
pathway leads to very rapid activation of the epidermal growth factor receptor
(EGFR)-tyrosine kinase pathway, as demonstrated by that hCG stimulates
rapid and dramatic increases in (epidermal growth factor) EGF-like growth
factors such as amphiregulin (AREG), epiregulin (EREG) and betacellulin
(BTG) and also induces phosphorylation of EGFR in the preovulatory follicle
( Panigone et al., 2008,Park et al., 2004,). Experiments with mutant mouse
models have demonstrated the obligatory role of the activation of EGFR and
their key downstream kinases, extracellular signalregulated kinase (ERK)1/2,
in the owvulation, involving cumulus expansion, follicular rupture, and
luteinization (Fan et al., 2009,Hsieh etal., 2007).

Another pathway activated by LH is the PI3K pathway, shown by an effect to
increase phosphorylation of protein kinase B (AKT) (Fan et al., 2008) and
forkhead box protein O1 (FOXO1) Fan et al., 2008), both well-known
signaling effectors downstream of the PI3K pathway. The binding of LH to
LHCGR also activates member of the MAPK superfamily, including
p38MAPK. Thus, hCG induced transient increases in p38MAPK
phosphorylation in preovulatory rat follicles (Maizels et al., 2001) and there is
a relationship with cumulus expansion since pharmacological inhibition of
p38MAPK activity or genetic deletion of p38MAPKa isoform resulted in
impaired meiotic resumption and cumulus expansion in porcine and mouse
cumulus-oocyte complex (COCs) (Yamashita et al., 2009, Liu et al., 2010). It
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has also been shown that LH increases inositol triphosphate levels in granulosa
cells, suggesting activation of the PKC pathway (Davis et al., 1986).

Transcriptional factors and regulation of post second messengers by
luteinizing hormone (LH)

Activation of the second messenger systems by LH, as described above, lead
to activation/production of transcriptional regulators that directly control the
transcription of downstream target genes. Concerning the classical nuclear
progesterone receptor (PGR), it is known that two forms of PGR, denoted
progesterone receptor A (PRA) and progesterone receptor B (PRB), are
generated from the same gene via ribonucleic acid (RNA) splice variants
(Kraus et al., 1993). In granulosa cells, expression of PRA predominates over
PRB both before and after the LH surge (Shao et al., 2003). Distribution of
PRA and PRB in theca cells has not been reported. The PGR is present in very
low to nondetectable levels in granulosa cells of dominant follicles before the
LH surge but expression increases rapidly after the LH surge (Shaffin et al.,
1999, Hild-Petito et al., 1988).

Theca cells express modest levels of PGR before and after the surge (Horie et
al., 1992). Membrane progesterone receptors also mediate progesterone action
within the ovulatory follicle. These membrane receptors, progesterone receptor
membrane component (PGRMC) 1 and PGRMC2, are progesterone binding
proteins which cooperate with additional protein partners to generate a cellular
response to progesterone (Peluso & Pru, 2014). The first indication of an
obligatory role for PGR in ovulation was that progesterone receptor (Pgr) null
mice fail to ovulate with oocytes remaining trapped within the newly formed
corpus luteum (Robker et al., 2000). Early, it was found that the genes a
disintegrin and metalloproteinase with thrombospondin-like motifs 1
(Adamtsl) and cathepin (Ctsl) (Robker et al., 2000), coding for two proteases,
are highly up-regulated by hCG, but markedly down-regulated in granulosa
cells of ovulatory follicles in Pgr null mice. The proteases Adamtsl and Ctsl
can act on ECM proteins to aid the breakdown of the follicular wall and it was
later shown that Adamtsl deficient mice had compromised follicular
development and ovulation (Shozu et al., 2005) and also effects on cumulus
expansion. Recent gene profiling studies using Pgr null mice (Kim et al., 2008,
Kim et al., 2009) have identified an array of PGR-downstream genes in
granulosa cells of ovulatory follicles including the hypoxia-inducible factors
HIF1A, HIF2A, and HIF1B.

There is also an increased expression of CCAAT/enhancer-binding protein
beta (CEBPB) transcription factors by an ovulatory signal in granulosa cells of
preovulatory follicles in both rat and mouse (Park et al., 1991, Garcia et al.,
2012) and CEBPB null mice do not ovulate (Sterneck et al., 1997). Moreover,
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administration of anti-sense oligos against CEBPB resulted in decreased
ovulation rate in the in vitro perfused rat ovary (Pall et al., 1997). The use of
conditional knockout mouse showed that the deletion of either
CCAAT/enhancer-binding protein alpha (CEBPA) or CEBPB in granulosa
cells resulted in reduced and deletion of both CEBPA and CEBPB induce
complete blockade of the ovulatory events including cumulus expansion, the
rupture of follicles, and luteinization (Fan et al., 2011).

Core binding factor (CBF) is a heterodimeric transcription factor complex
composed of a and B subunits, with the subunit encoded by one of three runt-
related transcription factor (Runx) genes (Runx1, Runx2, and Runx3) and the 3
subunit encoded by a single gene.

Expression of Runx1 and Runx2 is rapidly induced in granulosa cells of
preovulatory follicles by LH in humans (Park et al., 2010). Studies using rat
granulosa cell cultures with small interfering ribonucleic acid (SiRNA)
identified several genes regulated by RUNX1 or RUNX2 including specific
ovulatory genes and luteal genes (Park et al., 2012).

Nuclear receptor interacting protein 1 (NRIP1) does not bind the
deoxyribonucleic acid (DNA) directly but instead interacts with nuclear
receptors to modulate transcriptional activity. The expression is highest in
preovulatory follicles before the LH surge and nuclear receptor interaction
protein 1 (Nrip1) null mice have defective ovulation and cumulus expansion,
with effects on many genes involved in ovulation (White et al., 2000, Tullet et
al., 2005).

PARACRINE MEDIATORS IN OVULATION

Steroids

Prior to the LH surge, the mural granulosa cells begin to express LHCGR, to
become responsive to the stimulatory actions of LH (Peng et al., 1991).
Follicular fluid levels of estradiol are high before the LH surge (Andersen et
al., 2006). After LH, granulosa cells then rapidly accumulate cholesterol-
containing lipid droplets, and there is enhanced expression of steroidogenic
acute regulatory protein (StAR) and 3B-hydroxysteroid dehydrogenase
(HSD3B1), which are involved in the early steps of steroidogenesis. Later,
steps are low because of low expression of steroid 17a-monooxygenase
(CYP17A1), so that conversion of progesterone to androgens and estrogens is
severely limited (Chaffin et al., 1999, Weick et al., 1973, Wissing et al., 2014).
Ovulatory follicles of humans produce both progesterone and 17a-hydroxy-
progesterone, which are both present at high concentrations in serum and in
follicular fluid (Amin et al., 2014). Circulating levels of progesterone are very
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low prior to the LH surge. Within minutes of the LH surge, serum progesterone
levels increase, and follicular fluid levels of LH rapidly rise from nM to uM
levels (Andersen et al., 2006). The action of progesterone and PGR activation
on a large number of ovulatory mediators are described in other parts of the
thesis.

Administration of a progesterone synthesis inhibitor in macaque reduced
structural luteinization and vascular remodeling in response to an ovulation
trigger (Chaffin & Stouffer, 2000) which was restored. Replacement of
progestin activity restored follicular angiogenesis (Chaffin & Stouffer, 2000).
Moreover, the PGR antagonist mifepristone (RU486) reduced vascular
remodeling associated with ovulation in pigs (Mauro et al., 2014). Besides, this
steroid also has direct action on smooth muscle of the vasculature of the ovary
(Press et al.,1988, Snijders et al.,1992, Sahlin et al., 2006).

Androstenedione is the predominant androgen from the ovulatory follicle.
Androstenedione most often serves as a substrate for local production of
estrogens and testosterone, with high androgen receptor (AR) affinity. The
high concentrations of androstenedione suggest that this is also ligands for ARs
in the ovulatory follicle. AR are present in both theca and granulosa cells
before and after the LH surge (Horie et al., Hild-Petito et al.,1991). Optimal
androgen concentrations appear to be critical for successful ovulation, with
both high and low androgen levels causing ovulatory dysfunction (Walters et
al., 2018).

Androgens have also been implicated in control of microvascular dilation.
Testosterone reduces the ability of subcutaneous vessels to dilate in response
to endothelins (Wenner et al., 2013), but an effect of androgens on ovarian
blood flow has not been directly demonstrated.

A role for estrogen in human ovulation remains controversial. In the ovary, the
two classical estrogen receptors (ESR), ESR1 and ESR2 are expressed, with
ESR2 being the main type in granulosa cells (Choi et al., 2001). Gonadotropin-
driven ovarian follicular development, oocyte maturation, and fertilization
were achieved in women with severely reduced estrogen synthesis due to
specific enzyme deficits (Pellicer et al., 1991). However, reduction of
nonhuman primate ovarian steroidogenesis by HSD3B inhibitor did not alter
follicle development but caused ovulation failure and gave poorly fertilizable
oocytes (Hibbert et al., 1996).

Prostaglandins and leukotrienes

Follicular levels of both prostaglandin E2 (PGE2) and prostaglandin F2a
(PGF2a) increase in response to the LH surge (Duffy et al., 2005) and that is
because increased expression of at least one form of every enzyme involved in
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the synthesis of PGEZ2, including the phospholipase cytosolic phospholipase
A2 (A2 PLA2G4A), the peroxidase/cyclooxygenase prostaglandin-
endoperoxide synthase 2 (PTGS2), and the prostaglandin E synthase (PTGES)
(Duffy, 2015). Ablate-and-replace studies in nonhuman primates, identified
PGE?2 as the key ovulatory prostaglandin ( Duffy, 2015)and the four receptors
four PGE2 receptors (PTGERS) are expressed by the primate ovulatory follicle,
with an increase after LH (Kim & Duffy, 2016). The distribution is that of
PTGERL1 in mural granulosa cells and invading vascular endothelial cells, and
of PTGER2 in mural granulosa cells near the rupture site, endothelial cells, the
oocyte, and cumulus granulosa cells. The PTGER3 is found on mural
granulosa cells and cumulus granulosa cells, while PTGER4 expression is
limited but is detected in mural granulosa cells, the oocyte, and cumulus
granulosa cells (Kim & Duffy, 2016). The role of prostaglandins in ovulation
is mostly linked to regulation of ovarian blood flow (Murdoch & Myers, 1983)
and in angiogenesis (Kim et al., 2014). This latter is mostly by PGE2 action
via PTGER1 and PTGER2 receptors, as shown in assays of endothelial cell
migration and capillary stalk formation (Trau et al., 2016, Kim et al., 2014).

Leukotrienes are produced by the ovulatory follicle and follicular
concentrations of leukotrienes increase rapidly after the LH surge (Espey et al.,
1989).

Furthermore, a member of this class of eicosanoid is present in human
follicular fluid (Heinonen et al., 1986). Administration of lipoxygenase
inhibitors to rodents decrease ovulation rates in vivo (Gaytan et al., 2006) and
in the in vitro perfused ovary (Mikuni et al., 1998).

Vasoactive substances

Bradykinin is a non-peptide, which together with other kinins are produced
locally in the tissue from circulating kininogens. There is a preovulatory rise
in kinin-forming enzymes, kallikreins, observed in the adult cycling rat (Smith
& Perks, 1983b) as well as in the immature PMSG/hCG-primed rat (Espey
etal., 1986). Moreover, addition of bradykinin markedly increases the number
of LH-induced ovulations in the perfused rat ovary (Brénnstrom & Hellberg,
1989).

There is a preovulatory decrease in the histamine concentration in rat ovaries
(Szego & Gitin, 1964; Schmidt et al., 1988), which can be associated with a
degranulation of ovarian mast cells (Jones et al., 1980). Further evidence for
participation of histamine in ovulation is that histamine induces ovulations in
the in vitro perfused rat (Schmidt et al., 1986) and rabbit (Kobayashi et al.,
1983) ovary. Histamine effects are likely on the ovary.
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Growth factors

The epidermal growth factor (EGF) family of proteins is essential for
ovulation, most notably cumulus expansion (Russel & Robker, 2007)). The
EGF family includes proposed ovarian mediators such as amphiregulin
(AREG) and epiregulin (EREG), the LH-surge stimulates a rapid increase in
follicular expression of both AREG and EREG, identifying these proteins as
likely paracrine regulators of ovulation (Park et al., 204). They activate
epidermal growth factor receptors (EGFRs), located on both mural and
cumulus granulosa cells (Park et al., 2004, Shimada et al., 2006).

Members of the vascular endothelial growth factor (VEGF) family of growth
factors are structurally-related and utilize the same group of receptors to
mediate vessel growth and permeability. Vascular endothelial growth factor A
(VEGFA) seems to have a role in ovulation since neutralization of VEGFA
action within the follicle significantly disrupted ovulation in non-human
primates (Wullf et al., 2002, Hazzard et al., 1999) and since there is a rapid
increase in follicular fluid VEGFA levels after ovulation triggering as
measured in women (Gutman et al., 2008) and non-human primates (Hazzard
et al., 1999, Gutman et al., 2008, Mauro et al., 2014, Chowdhury et al., 2010,
Miyabayashi et al., 2005, Baskind et al., 2014). Furthermore, the LH surge
increases VEGFA mRNA and protein in granulosa cells and follicular fluid,
respectively (Miyabayashi et al., 2005, Baskind et al., 2014).

Rodents lacking VEGFA expression in granulosa cells showed reduced
ovulation rates and litter sizes (Sargent et al., 2015). The effect of VEGFA is
likely to be through modulation of ovarian blood flow and transition into a
corpus luteum (Fraser et al., 2000, Hazzard et al., 2002).

A critical role for placental growth factor (PGF) in ovulation has also been
demonstrated (Bender et al., 218) and the effect by blockage of PGF action
seems to be on endothelial cell proliferation and capillary lengthening (Herbert
& Stainier, 2011). This growth factor is present in human follicular fluid
(Gutman et al.,, 2008). Messenger ribonucleicacid (mRNA) for the
angiopoietins (ANGPTs), ANGPT1 and ANGPT2 are detected in granulosa
and theca cells and the proteins are detectable in follicular fluid (Miyabayashi
et al., 2005, Nishigaki et al., 2011). The ratio of ANGPT1L/ANGPT?2 protein in
human follicular fluid is lowest in the largest and most mature preovulatory
follicles ( Nishigaki et al., 2011), supporting the concept that this ratio favors
ovulatory events. A functional role is indicated by that intrafollicular
administration of a blocker of ANGPT2 reduced ovulation in the macaque (Xu
et al., 2005).
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Plasminogen activators

Plasminogen activators (PAs) are selective serine proteases which convert
plasminogen, an inactive zymogen present in high concentrations in most
extracellular fluids including follicular fluid (Beers, 1975), into plasmin.

The glycoprotein plasminogen is synthesized in the liver and plasminogen is
enzymatically cleaved by PAs to form plasmin. Plasmin is a broad-spectrum
serine protease that cleaves fibrin and fibrinogen as well as a variety of ECM
proteins. These include collagen types Ill, 1V, and VI, fibronectin, laminin,
which are components of the ovarian follicle. Plasmin can also activate pro
matrix metalloproteinases (pro-MMPSs) by cleavage (Curry & Smith, 2006).
There exist two main plasminogen activators, the urokinase-type plasminogen
activator (PLAU) and tissue-type plasminogen activator (PLAT), being
products of independent genes, but sharing similarities in their basic structures
and physiological modes of action (Degen et al., 1986). Activation of the
plasmin/PA system is started by release of PLAT or PLAU by cells in response
to external signals such as hormones, growth factors, or cytokines and this
leads to locally-restricted extracellular proteolytic activities as shown in
ovulation in the macaque (Liu et al., 2004).

There are several indications that PAs, are critically involved in ovulation. A
large (3- to 14-fold) preovulatory increase in PA activity in rat ovarian
homogenates is seen just prior to follicular rupture (Espey et al, 1985; Canipari
& Strickland, 1985; Liu et al., 1987) and a localized increase in fibrinolytic
activity over the stigma region was seen prior to ovulation in the rat (Akazawa
et al., 1983). Gonadotropins decrease the activity of PA inhibitors in granulosa
cells (Ny et al., 1985). Streptokinase, an exogenous PA, induces ovulation in
the perfused rabbit ovary (Yoshimura et al., 1987), while the product of PA
action, plasmin, decreases the tensile strength of incubated strips of the bovine
follicle wall (Beers, 1975).

Matrix metalloproteinases

There are major alterations in the ECM during ovulation with main breakdown
of structural ECM components in the top of the follicle and reorganization of
ECM around other parts of the follicle. The matrix metalloproteinases (MMPS)
and their associated endogenous inhibitors control the site and extent of this
ECM turnover in and around the follicle and are linked to the ovulatory
process. The MMP family is made up of more than 20 related proteolytic
enzymes (Nagase & Hideaki, 1996, Murphy et al., 1999), divided into the
subclasses collagenases, gelatinases, stromelysins, and membrane type
enzymes (MT-MMPs). The MMPs have several structural and functional
similarities. There is a zinc in the active site of the catalytic domain. They are
synthesized as inactive pro-enzymes with activation of the latent pro-MMP in
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the extracellular space. They exhibit their action by site specific recognition by
the catalytic domain of the enzyme, causing cleavage of a specific ECM
protein. The MMPs are inhibited by both serum borne (macroglobulin) and
tissue derived MMP inhibitors (TIMPs), and this action is important to restrict
proteolytic action in time and in space. In the ovulatory follicle this will include
early activation on the top of the follicle but protection from degradation at
basal levels of the follicle.

The collagenases (MMP1, MMP8, and MMP13) cleave both fibrillar collagens
(collagen types I, 11, 111, V, XI) and nonfibrillar collagens (collagen types IX,
X1, X1V). At MMP cleavage of collagen the collagen protein will denaturate
and form gelatin, which is further degraded by the gelatinases (MMP2 and
MMP9) and stromelysins (MMP3, MMP7, MMP10, MMP11). The gelatinases
and stromelysins have action on the major constituents of basement
membranes including type 1V collagen, laminin, and fibronectin. An important
function of MMPs in relation to ovulation is that they also exhibit activity on
growth factors, and cytokines. The MMPs can cleave growth factors and
cytokines of extracellular domains and thereby modulate their bioavailability
during the ovulatory process. There exist four members, with tissue inhibitor
of metalloproteinase (TIMP)1 preferentially binding MMP9 and TIMP2
inhibiting MMP2. These two TIMPS are freely mobilized in the extracellular
space, in divergence with TIMP3 which is bound to the ECM. In addition to
the classical role to regulate MMP action, the TIMPs also have roles in
regulation of steroidogenesis (Fassina et al., 2000), of embryo development
(Satoh et al., 1994), and of angiogenesis agents (Johnson et al., 1994). There
are several lines of evidence that MMPs are active in ovulation. The first
scientific results on the action of MMPs in ovulation came from experiments
that was conducted 30 years ago and included the methodology of the in vitro
perfused ovary. Specific blocker of MMPs were able to significantly reduce
the number of LH-induced ovulations in a rat ovary that was perfused ex vivo
for several hours (Butler et al., 1991, Brannstrom et al., 1988). The concept of
MMP action in the ovary has since then been expanded to several animal
species including the primates (Peluffo et al., 2011). Action and role of MMPs
and other proteases is one focus of the present thesis and this will be discussed
further in the Discussion section.

Proteases of a disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTS)

The ADAMTS family are a class of 19 related and secreted
metalloendopeptidases and are divided into seven subgroups based on
similarities of action of the targeted substrates (Porter et al., 2005). The
ADAMTS are synthesized as inactive pre-proenzymes and secreted. They have
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diverse actions including degradation of proteoglycans such as aggrecan,
brevican, and versican. Moreover, they can activate procollagens to collagen
and can control the basement membrane remodeling (Blelloch et al., 1999,
Nishiwaki et al., 2000). TIMPs can also regulate ADAMTS in the extracellular
space as exemplified by the role of TIMP3 (Kashiwagi et al., 2001). There are
studies in rodents that have clearly found a role for ADAMTS, especially
ADAMT-1 in ovulation (Boerboom et al., 2003, Russel et al., 2003).

Recent studies in the human have shown increased expression in of ADAMTs
granulosa cells during ovulation and possible relationship with fertilization
capacity (Yung et al., 2010)

Leukocytes and chemokines in ovulation

Several studies point towards the importance of invasion of leukocytes into the
follicle at ovulation. Early studies showed addition of leukocytes to the in vitro
perfused ovary increased LH-induced ovulation rate (Hellberg et al., 1991) and
a depletion of neutrophils (Brannstrom et al., 1995) or macrophages (Van der
Hoek et al., 2000) in vivo decreases ovulation rate in rats and mice,
respectively. Studies in the rat could show a periovulatory increase in several
leukocyte subsets in the follicle (Bréannstrém et al., 1994) and this could later
be verified in the human (Brannstrém et al., 1994).

The leukocyte migration is via the classical four steps of rolling, activation,
adhesion, and transmigration into the ovarian tissue. In the ovary, interleukin
(IL)8 synthesis is induced in granulosa cells and theca cells to a large extent
and rapidly after LH stimulation (Runesson et al., 1996). Increased IL8
stimulates neutrophils to infiltrate the ovarian vascular permeability
(Murayama et al., 210). Treatment with neutralizing antibodies to IL8 reduces
ovulation and neutrophil invasion (Ujioka et al., 1998). Other important
chemokines are chemokine (c-¢ motif) ligand (CCL)20 and chemokine (c-x-c
motif) ligand 12 (CXCL12), which are induced in human granulosa cells and
theca cells at ovulation (Al-Alem et al., 2015). A recent study in the rat details
the sequential pattern of leukocyte influx into the ovulatory ovary (Oakley et
al., 2010). By flow cytometry temporal changes in leukocyte populations in
the ovaries of naturally cycling adults and immature rats during ovulation was
characterized showing a massive influx of leukocytes at around half of the
duration of the ovulatory interval (Oakley et al., 2010). Other important
chemokines in the ovary are monocyte chemotactic protein-1 (MCP1), which
is a potent chemoattractant for monocytes and it also effectively recruits
macrophages and T-lymphocytes. Studies have shown that inhibiting the
production of monocyte chemotactic protein-1 results in reduced ovulation
(Cohen et al., 1997). Another chemokine which is likely to be active in
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ovulation is CCL25, which inhibited leukocyte infiltration to the ovary and
resulted in complete inhibition of ovulation in mice (Zhou et al., 2009).

Ovarian CCL25 expression is firmly regulated by gonadotropins (Foster et al.,
210), and inhibition of ovulation failure was attributed to the lack of infiltration
of arare T cell population (Zhou et al., 2009, Zhou et al., 2005).

The action of leukocytes in ovulation is most likely mediated through
proteases. Leukocytes secrete MMPs in the preovulatory ovary (Fedorcsak et
al., 210) and granulosa cells and theca cells produce both MMPs and their
tissue inhibitors (TIMPs) (Shalev et al., 2001, Stamouli et al., 1996, Goldman
& Shalev, 2001). Collectively, this leads to digestion and weakening of the
follicular wall, thereby contributing to rupture of the follicle.
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AIMS

The overall aim of this thesis was to study the mechanisms of intra-ovarian
regulation at ovulation in order to increase the basic knowledge of this
biologically important process.

THE SPECIFIC AIMS WERE:

PAPER |

To characterize the expression patterns of certain matrix metalloproteinase
(MMPs) and the disintegrin and metalloproteinase with thrombospondin-like
motifs (ADAMTS) in the human follicle compartments of the theca and
granulosa cells during human ovulation.

PAPER II

To assess the expression profile and regulation of tissue factor pathway
inhibitor 2 (TFPI2) during ovulation in the human and the rat, as well as
exploring the downstream effects on multiple ovulation-associated genes.

PAPER 11

To identify for the first time by modern proteomic technique, which proteins
in the human follicle, as mirrored by levels in follicular fluid are differentially
regulated during the natural menstrual cycle.

PAPER IV

To explore the expression patterns of osteoprotegerin (OPG) and receptor
activator nuclear factor kappa B ligand (RANKL) in granulosa and theca cells
during human ovulation of the natural menstrual cycle.

PAPER V

To explore the effects of calcineurin inhibitors on ovulation rate, invasion of
ovarian immune cells, and on expression of intraovarian modulators of
ovulation in the rat.
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PATIENTS AND METHODS

Animal and human collection of samples

Patients for obtainment of cells/tissue/fluid during ovulation of the
natural menstrual cycle

All women participating in the studies of papers I, II, Ill, and IV were
monitored for obtainment of cells, tissue, and follicular fluid during ovulation
of the natural menstrual cycle according to the schematic overview, in fig 5.
Fifty women were initially included during the study period which extended
over 36 months. Due to the strict inclusion criteria, 12 patients were excluded,
reducing the number of participants to 38 premenopausal women undergoing
surgery for tubal ligation. Of the 38 women participating in the study, 28 of
the samples were used for analysis of expression patterns, profiles, and
regulations of the intended study object, and 12 samples were used for
immunohistochemistry. Twenty-eight women in study | were also included in
papers Il and 1V and, of these, 15 were also included in paper IlI.

Monitoring and follicle collection of cells/tissue/fluid of women during
ovulation of the normal menstrual cycle

Collection of follicular cells, tissue, and fluid in papers I, 11, 111, and IV were
collected from women with previously proven fertility, regular menstrual
cycles, and who had not undergone hormonal treatment for at least 3 months.
To enable follicle collection at one of four phases, that is, pre-, early, late, or
postovulatory, the women were monitored with repeated transvaginal
ultrasounds for an average of two cycles.

For those participating the pre-ovulatory phase, the surgery was performed
before the luteinizing hormone (LH) surge when the dominant follicle was
>14mm and <17.5mm. To mimic the endogenous LH surge, an injection of
recombinant human chorionic gonadotropin (rhCG) was given, and surgery
was performed at varying lengths of time after the injection: early ovulatory
phase (12 to <18 hours), late ovulatory phase (>12 to < 34 hours) and
postovulatory phase (>44 to < 70 hours). This is illustrated in fig 6.

The entire dominant follicle was excised from the ovary using scissors and
placed inside a laparoscopic sac, which was retrieved through a suprapubic
trocar incision.
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Fig 6. lllustration of monitoring and follicle collection

Follicle collection for cells/tissue/fluid of women during ovulation
when undergoing in vitro fertilization (IVF)

In paper I, women undergoing IVF were treated with gonadotropin-releasing
hormone (GnRH) agonist and given recombinant follicle stimulating hormone
(rFSH) to induce follicular growth. Recombinant human chorionic
gonadotropin (rhCG) was administered when the two largest follicles had an
average diameter of >18mm and, thereafter, granulosa-lutein cells were
collected 34-36 hours post-rhCG administration by ultrasound-guided
aspiration.

Peripheral blood collection of women

In paper 1V, peripheral blood samples were collected from three groups of
women to investigate possible variations. The subgroups were women with
regular menstrual cycles, breastfeeding women, and postmenopausal women.
Blood samples were retrieved every third day for 4 weeks, starting on the first
day of menstruation in the group of women with normal menstrual cycles, and
less frequently in the other two groups.
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Figure 7. Flow-chart of exclusion of study participants in paper I, I1, 111
and IV.
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Rat ovarian tissue/cells and blood collection
All the rats in the studies were maintained at room temperature with food and
water provided ad libitum.

In paper Il, immature female Sprague-Dawley rats were purchased from
Harlan, Indianapolis, IN. When the rats were 24 to 25 days of age, they were
administered 10 IU of pregnant mare serum (PMSG). To induce ovulation, 5
IU of human chorionic gonadotropin (hCG) was administered 48 hours after
the PMSG injection. The rats were then euthanized at varying intervals after
hCG treatment (0, 4, 8, 12, and 24 hours) for tissue collection. Whole, intact
ovaries were used, as well as isolate granulosa cells and residual ovarian tissue.
The residual tissue represents the ovarian tissue left behind after granulosa cell
collection and is a heterogeneous tissue. The ovaries collected at defined time
points after hCG were punctured with a 26-gauge needle to release the
granulosa cells for collection. The residual ovarian tissue left over was
removed, and granulosa cells were partially purified by filtration through a 40-
M pore size nylon filter and pelleted by centrifugation at 300 x g. This was done
to remove tissue debris and cumulus-oocyte complexes (COCs). Tissues
collected for messenger ribonucleic acid (mMRNA) analysis were frozen and
stored at -70°C for analysis.

In paper V, immature female Sprague-Dawley rats were purchased from
Harlan, Horst, Netherlands, weighed at the age of 21 days, and allocated to
three different groups: group 1 control with sodium chloride (0.9% NaCl),
group 2 cyclosporin A (CyA), and group 3 tacrolimus (TAC).

When the rats were 24 to 25 days of age, they were administered 10 1U of
equine chorionic gonadotropin (eCG). To induce ovulation, 10 1U of hCG was
administered 48 hours after eCG injection. The rats were then euthanized 20
hours after hCG treatment for tissue collection.
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Calcineurin inhibitors administration

In paper V, mini-osmotic pumps were filled with a solution tacrolimus (TAC),
cyclosporine-A (CyA), or control according to each animal’s weight. Two
different pump models were used with identical external composition. The
pumps were primed in NaCl at 37°C 12 hours prior to insertion, according to
the manufacturer’s instruction. Postnatal day 21, under isoflurane anesthesia,
a skin incision was made in the back of each animal caudally to the neck and
the pump placed subcutaneously in a parasagittal position. The skin was
subsequently closed with two polyglactin stitches.

Cell cultures and cell experiments

In vitro fertilization (IVF) granulosa-lutein cells

In paper I, the oocyte was removed from the follicular aspirate in women
undergoing IVF, and follicular aspirates were pooled from multiple follicles of
the same patient and placed in OptiMEM | media. To separate the red blood
cells from the granulosa-lutein cells, Percoll gradient centrifugation was used.
The aspirates were pelleted by centrifugation and resuspended in 1ml of
OptiMEM | media. The isolated granulosa-lutein cells were then cultured in
OptiMEM media containing 10% fetal Bovine serum for 6—7 days. The media
was changed every 24 hours. This allowed the cells to regain responsiveness
to human chorionic gonadotropin (hCG) after being desensitized by the
ovulatory dose of hCG. These cells were serum starved for 1 hour and then
treated with or without hCG and collected at 6, 12, and 24 hours to examine
expression of matrix metalloproteinase (MMP) and the a disintegrin and
metalloproteinase with thrombospondin-like motifs (ADAMTS), in human
granulosa-lutein cells from women undergoing IVF.

HGLS5 cell experiment

HGLS5 cell line in paper | is a virally transformed luteinized granulosa cell line
that overcomes cell variability in human granulosa cells. HGLS5 cells were used
to examine the regulation of the desired proteins, such as matrix
metalloproteinase (MMP) and the a disintegrin and metalloproteinase with
thrombospondin-like motifs (ADAMTS) in the study. The cells were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM)/F12 medium and
supplemented with 10% ultralow 1gG fetal bovine serum, 1% insulin-
transferrin-selenium (ITS), 1% Pen-Strep and 10 mg/mL gentamicin. The
HGLS5 cells were then plated in 12-well plates at a density of 1.5 x 105
cells/mL/well, serum starved for 1 hour, and then treated with or without
forskolin (FSK) plus phorbol-12-myristate-13-acetate (PMA) and collected at
6, 12, and 24 hours.
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Cell viability

In paper Il, granulosa cell viability was assessed by using a colorimetric
method for determining the number of viable cells. The assay was performed
with addition of CellTiter Aqueous One Solution Reagent directly to culture
wells and incubated for 4 hours before quantification, according to the
manufacturer’s instructions.

Rat granulosa cell culture

In paper V, immature rats were treated with pregnant mare serum (PMSG). 48
hours after the treatment, the ovaries were collected and punctured.
Preovulatory granulosa cells were isolated by follicular puncture of the ovaries
and used for cell culture experiments. Isolated granulosa cells were cultured at
5 x 10°5 cells/well in a 12-well tissue culture plate in OptiMEM media
containing insulin-transferrin-selenium (ITS) and gentamicin. Thereafter, the
cells were treated with or without human chorionic gonadotropin (hCG) for
different durations of time (0, 4, 8, 12 and 24 hours). Both the conditioned
culture media and cells were collected for hormone assay or ribonucleic acid
(RNA) analysis.

Chemical laboratory analysis

Microarray analysis

In paper Il, granulosa cells from rats were cultured for small interfering
ribonucleic acid (siRNA)-mediated knockdown of tissue factor pathway
inhibitor 2 (TFPI2). Ribonucleic acid (RNA) from rat granulosa cells was
transfected with TFPI2 siRNA or negative control siRNA, and then treated
with forskolin (FSK) and phorbol-12-myristate-13-acetate (PMA) for 6 hours
before microarray analysis. The integrity of the riboprobe was confirmed by
gel electrophoresis.

The Affymetrix GeneChip Rat Gene 2.0 ST oligonucleotide array was
hybridized, washed, and scanned according to the manufacturer’s protocol.
The changes observed by deoxyribonucleic acid (DNA) microarray analysis
was confirmed by real-time polymerase chain reaction (PCR) for a select
subset of genes.

Steroid immunoassay

In paper Il, progesterone (P) in the conditioned media was assayed using an
Immulite kit on an IMMULITE 1000, which uses enzyme amplified
chemiluminescent technology. In this process, a stable chemiluminescent
substrate is hydrolyzed by alkaline phosphatase and results in the production
of the unstable adamantly dioxetane anion that gives rise to emission of light,
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which is quantified by using an Immulite luminometer. Assay sensitivity was
0.2ng/ml, and the intra-assay and inter-assay coefficients of variations were
6.3% and 9.1% respectively.

Enzyme-linked immunosorbent assay (ELISA)

In paper 1V, the levels of osteoprotegerin (OPG) and receptor activator nuclear
factor kappa B ligand (RANKL) in serum were measured by use of
commercially available polyclonal antibody-based sandwich ELISA technique
according to the manufacturer’s instructions. The assay utilizes the two-site
sandwich technique with two selected antibodies that bind to human serum
OPG and RANKL. Briefly a monoclonal anti-human antibody was coated onto
the inner surface of polystyrene microtiter wells, then a biotin-labeled
polyclonal anti-OPG or anti-RANKL antibody was added. An enzyme-labeled
streptavidin was added to the wells after overnight incubation, in order to
selectively bind to the complexed biotin. A chromogenic substrate was used to
develop color, and the absorbance noted in a microtiter plate reader. The intra-
assay and inter-assay variability were 8% and <10% for serum OPG, and 0.9%
and 9.3% for serum RANKL.

Proteomics

As opposed to analyzing the entire proteome, the functional proteomics allow
for the analysis of target proteins. Protein identification and characterization
has meaningful outcomes, as these are usually driven by a specific biological
question. In paper 11, 50 ml of all follicular fluid (FF) samples were filtered.
BCA assay was used to determine the concentration of proteins. The
Qproteome Albumin/immunoglobulin G (IgG) Depletion Kit depleted human
albumin and 1gG. Thereafter, BCA assay was used again. ProteoExtract®
Protein Precipitation were used to remove non-protein impurities.

Pellets were then dissolved in iTRAQ® (Isobaric Tags for Relative and
Absolute Quantification) dissolution buffer with addition of 1pl 2% sodium
dodecyl sulfate and the samples reduced, alkylated, and digested with trypsin.
The patient samples were then labeled with the iTRAQ reagents following the
manufacturer’s instructions. The iTRAQ sets were then acidified with 10%
formic acid and diluted with steric exclusion chromatography (SCX) 25mM
ammonium formate, pH 2.8, 20% acetonitrile (ACN), and loaded onto a SCX
column.

The SCX chromatography and fractionation were carried out on a purifier
system at 0.25mL/min flow rate. Fractions were collected at 0.5mL intervals
and dried under vacuum while ultraviolet absorbance at 254 and 280 nm was
monitored. The peptide containing fractions were desalted on PepClean C18
spin columns according to the manufacturer’s instructions.
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The fractions were reconstituted into 0.1% formic acid and analyzed on an
LTQ-Orbitrap XL with an in-house constructed LC setup. 2uL sample
injections were made with an HTC-PAL autosampler and connected to an
Agilent 1200 binary pump. The peptides were trapped on a precolumn and
separated on a reversed phase column. Both columns were then packed with
3um Reprosil-Pur C-AQ particles. The flow through the analytic column was
reduced to 100 nl/min. One mass spectrometry scan was followed by CID
(collision induced dissociation) and HCD (high energy collision dissociation)
MS2 scans were performed of the three most abundant doubly or triply
protonated ions of each scan.

Proteome Discoverer version 1.1 was used for relative quantification and
identification of all 10 SCX fractions for each 4-plex iTRAQ sets. Mascot was
used for database searches of all sets and performed against Swiss-Prot version
57.15. The identified proteins were grouped based on the same sequences to
minimize redundancy, and the protein identification threshold was set to 95%
confidence.

To calculate fold changes between samples, iTRAQ raw data sets from the
ratios of iTRAQ reporter ion intensities in MS/MS spectra were used. Ratio
were derived by using the Proteome Discoverer version 1.1. Only peptides
that were unique for a given protein were used for relative quantification as
seenin fig 7.
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Plasmin assay

In paper 11, two different methods were used to assess plasmin activity; one
method was by fluorimetric activity, and the other method was employed by
utilizing the ability of the plasmin to cleave fibrinogen. Conditioned media
from rat granulosa cell cultures were concentrated by centrifugation at 7,500g
for 20 min and used in the activity assay. The total protein in the conditioned
media was determined using a BioRad detergent compatible protein assay Kkit,
as recommended by the manufacturer.

To undergo fluorometric assay, the conditioned media of approximately 1 pg
total protein and the fluorogenic peptide substrate were incubated for 60
minutes at room temperature. By doing this, the enzymatic action of the
plasmin on the substrate released a fluorophore (7-amido-4-
trifluoromethylcoumarin). The fluorescent signal was then measured using a
spectrophotometer.

The fibrinogenolytic assay was carried out with 10 pg of human fibrinogen
being incubated in 10 mM tris (hydroxymethyl) aminomethane HCI in the
presence of human plasmin (1U) or granulosa cell-conditioned media (1ug
total protein) at 37°C for 2 hours. Human plasmin plus fibrinogen were
incubated with and without the plasmin inhibitor D-VAL-Phe-Lys-CMK
(chloromethyl ketone dihydrochloride; 1uM) in order to assess the specificity
of plasmin cleavage of fibrinogen. The reaction was stopped using a denaturing
loading buffer containing 2.4 M urea. Thereafter, the reaction mixture was
boiled and separated on 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. The fibrinogenolytic products were then visualized by staining
the gel with Coomassie blue.

Calcineurin inhibitors level

In paper V, 250pl of whole blood were drawn from the rat aorta at euthanasia.
Tacrolimus (TAC) levels were measured by chemiluminescent immunoassay
(CMIA). Cyclosporine-A  (CyA) levels were measured by enzyme
immunochemistry using a CyA-specific assay, according to the manufacturer’s
instruction.

Quantitative real-time polymerase chain reaction (RT-PCR)

RT-PCR was used in papers I, I, IV, and V, Trizol Reagent Invitrogen was
used to isolate the total ribonucleic acid (RNA) from granulosa, theca,
granulosa lutein, and HGLS5 cells, according to the manufacturer’s protocol.
Using Tag-Man methodologies, the messenger ribonucleic acid (mMRNA)
expression levels for the desired proteins were analyzed by RT- PCR.
Mx3000P QPCR system was used to perform the polymerase chain reaction
(PCR) reactions in papers | and 11, and the ABI Prism 7000 Sequence Detection
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was used in papers IV and V. 2-AACt method was used to calculate the relative
amount of MRNA in each sample and then normalized.

Microscopic assessment

Ovulation rate assessment and ovarian preservation

In paper V, the ovulation rate was assessed 20 hours after the human chorionic
gonadotropin (hCG) injection. After dissection, the left ovary was kept in RNA
later and stored immediately at -20°C. The right ovary was kept in 4%
formaldehyde. The ampullary regions of the fallopian tubes were then opened
to release oocytes. The oocytes were incubated with hyaluronidase for ten
minutes over a glass microscope slide in order to be scattered. Then, they were
covered with a coverslip and counted under a Nomarski interference
microscope.

White blood cells subpopulation in peripheral blood

In paper V, the rat aorta was punctured at euthanasia to obtain whole blood.
The blood was spread onto a glass slide and air dried. It was then fixed by
immersion in Romanowsky stock solution for 5 minutes and rinsed in distilled
water and air dried again. The cells were then identified according to their
specific characteristics by microscopic assessment.

Immunohistochemistry

Immunohistochemistry was used in papers | and V. Intact follicles were fixed
in 4% paraformaldehyde overnight, embedded in paraffin, and sectioned for
immunohistochemistry. Sections were deparaffinized, dehydrated, rinsed in
sterile water, and then treated to block endogenous peroxidase activity.
Sections were then incubated with antibodies for the desired proteins studied,
washed, and incubated with a secondary antibody. The sections were treated
with a conjugated streptavidin alkaline phosphatase to amplify the reaction
signal and visualized by the Vulcan Fast Red Chromogen Kit, counterstained
with hematoxylin and Permount Mounting Media in paper | and x400, Leica
DMA4000B in paper V.
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Statistical Analysis

PAPER |

Kruskal-Wallis test and post hoc comparisons were performed using Dunn’s
multiple comparison test or Tukey’s; p-value of <0.05 was considered
statistically significant.

Student’s t-test was used for additional analysis.
PAPER Il

Bartlett’s x2 test was used to check for heterogeneity of variance and,
thereafter, Bonferroni post hoc test and Bonferroni’s multiple comparison tests
were performed.

PAPER 11

Values between pre-ovulatory and ovulatory phases were analyzed using
unpaired student’s t-test, and a p-value of <0.05 was considered statistically
significant.

PAPER IV
Kruskal-Wallis and Mann-Whitney tests were performed to test for significant
differences between groups. P-value of <0.05 was considered statistically
significant.
PAPER V
Kolmogrov-Smirnoff test was used to test for normal distribution. Student t-

test or Mann-Whitney test were used to compare between groups. P-value
<0.05 was considered statistically significant.
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RESULTS AND COMMENTS

The results of Papers I-V are summarized and commented upon in this section

Results and comments for Paper |

The human ovulatory process is a complex biological course of action that
involves several mediator systems, which, in a partly repetitive fashion, causes
the rupture of the follicle with the release of a fertilizable oocyte. The major
structural strength of the follicle is given by the extracellular matrix (ECM),
which is distributed in its outer layers. The two basement membranes,
underlying the theca interna and the ovarian surface epithelium, are made up
of collagen type IV and laminin. In the theca layer of the follicle, collagen
type Il is the predominant ECM component in addition to collagen type I in
the external theca layer. Collagen type | and Ill are also the major ECM
components in the parts of the ovarian stroma and tunica albuginea that are
between the preovulatory follicle and the exterior.

All these collagen-rich structures must be breached, as the follicle ruptures and
allows an oocyte to pass through from its antrum, through the layers of
granulosa cells and theca cells, and onto the surface of the ovary.

There exists a large amount of data regarding the specific proteinases that are
active in the breakdown of the wall of the preovulatory follicle in animal
species, mostly rodents. However, the literature on this subject is limited
regarding human ovulation. There is human data from cell-culture experiments
available, but these studies have all utilized human granulosa-lutein cells
obtained from in vitro fertilization (IVF) cycles. These cells come from an
artificial hyperstimulated cycle, and it is questionable whether the physiology
of these cells will mimic the normal situation.

The present study is one of the first to examine proteinase expression in the
human ovulatory follicle of the natural menstrual cycle. Moreover, the study
focused on the expression and regulation of the proteinase matrix
metalloproteinases (MMPs) and a disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTS) in human ovulation. Expressions before
and during different intervals of ovulation were compared, and comparisons
were also made between the two major cell compartments of the follicle: the
theca compartment and the granulosa compartment. Expression was evaluated
via a quantitative reverse transcription polymerase chain reaction (RT-PCR).
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Results

During the early ovulatory phase, 12 t018 hours after the triggering of
ovulation, the expression of several proteinases increased in both the granulosa
cells and theca cells. Thus, MMP19, MMP 1, ADAMTS1, and ADAMTS9
were all increased in the granulosa cells during early ovulatory phase, as
compared to preovulatory phase. In the theca cells, only MMP 19 was
significantly increased in its expression. During the late ovulatory phase (18 to
34 hours after the triggering of ovulation), there was still an increase in the
expression of all four proteinases in the granulosa cell compartment. In the
theca cell compartment, only MMP19 was still elevated, as compared to the
preovulatory phase. During the postovulatory phase, only the theca cells were
available for analysis, with results indicated that MMP19 showed a prolonged
elevation. There were no changes seen in the expression of MMP and MMP13.
In summary, the results reveal the rapid and early induction of MMP19 in both
the theca and granulosa cells and that these elevated expression levels are
sustained throughout the ovulatory process. There was also the transient
increased expression of MMP1, ADAMTS1, and ADAMTSS during the early
and late ovulatory phase, which was especially evident in the granulosa cell
compartment. The results of messenger ribonucleic acid (MRNA) expression
were mimicked by immunohistochemistry showing the localization of the
proteins during ovulation. Two cell culture systems were used to examine the
expression of the four different proteinases. Granulosa-lutein cells were pre-
cultured for 6 to 7 days to regain their responsiveness to human chorionic
gonadotropin (hCG) after the receptor desensitization occurring after the hCG
challenge in vivo, around 36 hours before oocyte pick-up. These cells
responded in vitro to hCG via the expression of MMP1 and ADAMT 1, but no
changes were observed for MMP19 or ADAMTS9. Virally transformed
granulosa cells, in order for an easily performed cell-culture with a large
number of passages, have been used in research regarding ovarian physiology.
In this study, we used SHGL cells that are granulosa-like. Since the expression
of the luteinizing hormone (LH) receptor might have been compromised, the
cells were challenged with the direct stimulation of the LH-operative second
messenger systems via forskolin and phorbol-12-myristate-13-acetate (PMA).
Increased expressions of MMP1, ADAMTSL, and ADAMTS9 were observed
but were of a lower magnitude than in the granulosa-lutein cells.

Comments

This study is one of the first to examine proteinase expression in the dominant
preovulatory/ovulatory follicle of the natural menstrual cycle of women. The
expression patterns of these four MMPs/ADAMTS found in the human are like
those seen in previous studies on animal species, including detailed studies on
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rat, mouse, and rhesus macaque. Thus, the results highlight that the function of
these proteinases in ovulation is well preserved in mammalian ovulation.

Studies on several different species have indicated that MMPL1 is a key
regulator in the breakdown of the follicle wall, and the results of the present
study verified these observations. Expression of MMPL1 in the granulosa cells
increased more than 200-fold during the early ovulatory phase compared to the
preovulatory phase and then declined during the late ovulatory phase.
Expression in the granulosa cells was manifold higher than that in theca cells.
These results indicate that this early mRNA expression with presumed protein
expression verified by the immunohistochemistry experiments is important in
the events of follicular rupture rather than in the tissue remodelling of the
transition into a corpus luteum, which would reach its peak activity around and
after follicular rupture.

The other MMP that showed alterations in expression levels was MMP19. The
expression of MMP19 increased in both the granulosa and theca cells, and, in
comparison to MMP1, this high expression was more prolonged. Thus,
increased expression was observed in the theca cells throughout ovulation and
also during the postovulatory phase. This time course of this expression
suggests that this MMP is important in the breakdown of ECM to accomplish
follicular rupture and also in tissue remodelling during luteinisation.

We evaluated the expression of two different ADAMTS in the human follicle
during ovulation. This is the first study to explore these ADAMTS in human
ovulation, with the assumption that ADAMTS also are important in human
ovulation, as has also been shown before in rodent species. We found a
pronounced increase in the expression of ADAMTS1 and ADAMTS9 in the
granulosa cells, during both the early and late ovulatory phases, but no changes
were seen in expression in the theca cells. The results strongly support the fact
that the granulosa cell-derived production of these ADAMTS is important for
ovulation to progress normally.

In the present study, we used two different cell culture systems to examine if
the in vivo situation could be mimicked in vitro. The experiments represent a
start to the evaluation of systems that later could be used for studies on the
regulation of expression and production of ovulatory mediators, such as
proteinases. The results showed that the granulosa-lutein cells allowed to
reverse to a LH-responsive state which is promising as a future tool for
studying the intracellular regulation of ovulatory mediators. The virally
transformed granulosa cells, albeit much easier to culture, were more
guestionable in this regard, since the expression showed fairly large differences
compared to the in vivo situation.
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Results and comments for Paper 11

During ovulation, there is a continued breakdown of the extracellular matrix
(ECM) of the exterior wall of the preovulatory follicle so an oocyte can be
released. Studies on several different species have shown that three families of
proteases are likely to be instrumental in this process, which includes matrix
metalloproteinases (MMPs), a disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTS), and the plasmin/PA families of proteases,
which would then be instrumental in the breakdown of different collagens,
laminin, and other ECM components in the two basement membranes
(collagen type IV and laminin), the theca externa (mainly collagen type IlI),
the external stroma of the ovary, and in the tunica albuginea (mainly collagen
type | and IlI) that covers the top of the follicle that is on its way toward
ovulation. The activation and regulation of these proteases are regulated by
different inhibitors, and the delicate balance between these two variables is
essential for site-directed ECM breakdown at the top of the follicle so that other
parts of the follicle can be spared and the tissue integrity toward the basal part
of the follicle maintained. This is most likely important in the smooth transition
and remodelling of a ruptured follicle into a corpus luteum. One important
protease inhibitor is tissue factor pathway inhibitor 2 (TFPI2), which belongs
to the Kunitz family of serine protease inhibitors. The present study set out to
determine the expression of TFPI2 in human and rat follicles during ovulation
as well as to increase understanding of the regulation of this serine protease
inhibitor in follicle cells during ovulation in humans.

Expressions before and during different intervals of ovulation were compared
in the human menstrual cycle and in a human chorionic gonadotropin (hCG)-
gonadotropin primed model of the immature rat. Cell culture experiments with
interfering ribonucleic acid (RNA) were used, and assays for the quantification
of messenger ribonucleic acid (mRNA), plasmin activity, cell viability, and
steroid levels were applied.

Results

It was observed that the ovulatory trigger hCG induced the expression of
TFPI2 in both cell compartments (granulosa and theca) of the ovulatory
human follicle as well as in the entire ovulatory rat ovary, which mainly
contains of large ovulating follicles due to their hyperstimulation by
gonadotropin priming, which was induced during the prepubertal stage. In
humans, a massive (around 2000-fold) induction of TFPI2 was seen in the
granulosa cells during the early ovulatory phase, and, at this stage, the
increase in theca cells was around 35-fold. In both cell compartments, TFPI2
expression was maintained over the late ovulary phase and declined after
ovulation. In the rat, with an ovulatory time span of around 12 hours (h), the
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increase in TFPI2 expression 8 h after hCG was just below 200-fold and, at
24 h post hCG, the levels had declined to those observed before the triggering
of ovulation. The regulation of TFPI2 was studied in rat granulosa cells
obtained before the ovulatory trigger. In these experiments, hCG triggered
TFPI2 expression and directed the activation of protein kinase A (PKA) and
protein kinase C (PKC) via forskolin, Phorbol-12-myristate-13-acetate
(PMA) also induced TFPI2 expressions. The signalling pathways that are
operative in gonadotropin-mediated TFPI2 expression were explored using
pharmacological agents that inhibit the second messengers PKA and PKC as
well as down-stream mitogen-activated protein kinase (MAPK) signalling.
The results indicated that PKA, mitogen-activated protein kinase kinase 1/3
(MEK1/3), and p38MAPK are important in the mediation of the signal to
achieve TFPI2 production in granulosa cells. Additional experiments
concerning the regulation of TFPI2 expression indicated the roles of the
epidermal growth factor (EGF) receptor and the protease-activated receptor 1
(PAR1) but not of signals mediated by progesterone or prostaglandins. The
role of TFPI2 in the regulation of plasmin activity was observed in the cell
culture experiments, utilizing small interfering RNA (siRNA) against TFPI2.
To establish a broader picture of the downstream function of TFPI2, a TFPI2-
knockdown approach with siRNA and combination microarray analysis was
used. Several genes were found to be down-regulated, and the results were
confirmed by a real time polymerase chain reaction (RT-PCR), such as for
amphiregulin (AREG) and interleukin 6 (IL6).

Comments

The study made use of a combination of experiments on both the human and
the rat, which is the species that is most well-studied in terms of ovarian
physiology, especially the regulation of ovulation. We report, for the first time,
a marked increase in the expression of TFPI2 in the theca and granulosa cells
of the ovulatory human follicle during the natural menstrual cycle as well as in
the rat ovary. Moreover, we also examined the mechanisms involved in TFPI2
expression and found that PKA, EGFR, MEK1/3, p38MAPK, and PAR-1 are
important in signalling. Further studies will be able to highlight the exact
mechanisms involved in this regulation.

The cellular knock-down experiments clearly showed that TFPI2 influences a
great number of pathways that’s implicated in ovulation and that play roles
both in proteolytic degradation, vascular changes, and the expansion of the
cumulus granulosa cells around the oocyte. Thus, TFPI2 plays a central role in
ovulation, although its regulation is not mediated by progesterone-
progesterone receptor (PR) interaction, which is regarded as the main pathway
for ovulation regulation. The reasons could be that TFPI2 will affect the
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proteolytic processing of the growth factors, thereby affecting the gene
expression of several mediators with growth-factor-dependent expression.

In conclusion, the data supports the fundamental role of TFPI2 in remodelling
ECM during ovulation as well as in the regulation of the expression of para-
/autocrine ovulatory mediators.

Results and comments for Paper 111

Most studies within the ovulation field have investigated the roles of specific
molecules involved in ovulation using in vivo experiments, in vitro perfusion
experiments, cell cultures, or a molecular biology analysis of tissues/samples.
The molecular biology approach has, in general, been used to analyse
messenger ribonucleic acid (MRNA) expression via a quantitative real time
polymerase chain reaction (RT-PCR) to acquire data on the regulation of
certain genes, signalling pathways, or down-stream events after the
perturbation of specific pathways. Studies on this aspect has used isolated
granulosa and theca cells of species with larger follicles (e.g., human, monkey,
bovine) as well as whole ovarian cell extracts from rodents with follicle sizes
that do not allow for the separation of these cell compartments. To get closest
to the roles of any mediator, it is of value to focus on protein levels. This can
be applied by using a western blot technique for protein extracts from
cells/tissues; however, drawbacks include the fact that these kind of
experiments require a substantial amount of cells/tissue, since their sensitivity
to quantitate proteins, in relation to a microarray and RT-PCR, in addition to
their amplifying techniques for quantitating mRNA, is so much lower.
Immunohistochemistry is a classical technique to detect proteins in tissues, but
this methodology does not allow for the accurate quantification of protein
levels.

In large species, including primates, it is possible to obtain follicular fluid from
larger follicles. The fluid-filled antrum develops from the early antral stage of
the follicle and will then expand during later stages of folliculogenesis. It
constitutes a major part of the microenvironment for the oocyte, cumulus cells,
and the non-mural granulosa cells of the follicle wall. Via the modern
proteomic approach, which is based on mass spectrometry, it is possible to
identify and quantify many proteins in a small volume of a liquid sample. Prior
to the present study, there existed some reports on the proteomic analysis of
follicular fluid from in vitro fertilization (IVF) cycles in addition to
comparisons at earlier stages. However, since the follicular fluid that is
analysed is from an artificial hyperstimulated cycle, there will probably be
deviations in protein regulation between these I\VVF cycles and ovulation during
the human natural menstrual cycle.
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The present study aims to examine the full protein content of human follicular
fluid during natural ovulation. We used modern mass spectrometry with
isobaric tags for relative and absolute quantification. This was applied to
follicular fluid from the preovulatory phase and ovulatory phase.

Results

We identified over 500 proteins in the follicular fluid of the periovulatory
interval, and 115 of these proteins were found in all the samples. Differences
in abundance between the preovulatory phase and ovulatory phase were
observed for 25 proteins, with most of these proteins being up-regulated during
ovulation. The up-regulated proteins belonged to the biological processes of
inflammation, coagulation, lipid metabolism, complement activation, and
antioxidation. The five proteins that were down-regulated during ovulation
were enzymes or involved in lipid metabolism or iron transport.

Comments

This study is the first to analyse the proteomic profile of human follicular fluid
in a near state of physiological ovulation. Its difference from the physiologic
state is that ovulation was triggered by human chorionic gonadotropin (hCG)
rather than by the natural, mid-cyclic peak of luteinizing hormone (LH). In this
unique biological material from the follicular fluid of the human natural
menstrual cycle, over 500 proteins were identified. Notably, proteins that
showed changes in the level of follicular fluid during ovulation may play
functional roles in this process. Out of the 20 upregulated proteins, several had
previously been identified as ovulatory mediators or having the potential as
such. Thus, it is well described that ovulation has many similarities to
inflammation, and the present study also identified several of these proteins
being upregulated. Some new biological pathways, such as coagulation and
complement activation, were also indicated by the results of the present study
as being operative in ovulation. Furthermore, in vitro studies combined with in
vivo experiments of animals may highlight the exact mechanisms behind the
action for these mediators. It is known that the complement system plays a role
in the innate immune system, and it may be that this component of immune
regulation is essential in the biologically important process of ovulation.

A limitation of this study was the low number of individual samples, and it
could be that this is not representative of a larger population or that other
significant differences would be observed if the population was larger.
However, it was cumbersome to acquire this biological material, with over 50
women being screened for possible admittance into the study; thus, we do not
predict that a similar larger study will be conducted in the near future, and we
should therefore use the information on proteins produced by the present study
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and combine this data with results from other studies examining mRNA
expression, samples of IVF populations, and studies on non-human primate
species.

In conclusion, this study has, for the first time, examined the proteome profile
of human follicular fluid during ovulation. Data on certain proteins may be
essential in other scientific studies and to ultimately increase understanding of
the human ovulatory process, which may provide clinically valuable
information concerning anovulation, luteinized unruptured follicle syndrome,
and the development of female contraceptives that could directly target the
ovary.

Results and comments Paper 1V

The number of potential ovulatory mediators is continuously expanding due to
results from microarrays and proteomic studies that has identified several new
products that are upregulated during ovulation in terms of messenger
ribonucleic acid (MRNA) or protein levels. The studies have also exemplified
new potential pathways that may be operative. Moreover, we had indications
from microarray data that osteoprotegerin (OPG) and the receptor activator of
nuclear factor kappa B ligand (RANKL) mRNA were present in human
follicles during ovulation and that there was a variation in their expressions
during the ovulatory interval. These proteins have never been linked to
ovulation, but rather associated to bone physiology, specifically to the
osteoblast. The usual role of OPG is to be a decoy receptor for RANKL, which
will thereby decrease the binding of RANKL to the proper receptor activator
of the nuclear factor kappa B (RANK). The molecular triad of OPG-RANKL-
RANK has later been linked to physiological events in endocrine organs, such
as the thyroid gland, as well as in muscular organs (e.g., heart) and immune
organs (e.g., spleen). A connection to the ovary is that OPG is induced by
oestradiol and chemokines, which are major ovary-derived substances emitted
before and during ovulation, respectively.

Moreover, there is a link between alterations in the molecular triad of OPG-
RANKL-RANK and atherosclerosis, which is an inflammatory type of disease.
Thus, since ovulation is parallel to inflammation in many mediator systems,
this OPG-RANKL-RANK system may play a functional role in human
ovulation.
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Results

The study used synthesized complementary deoxyribonucleic acid (CDNA)
from extracted mRNA obtained from separated granulosa and theca cells,
which were obtained during four distinct phases of ovulation of the natural
menstrual cycle. In human granulosa cells, the mRNA levels of OPG showed
a late increase during ovulation, with low levels during early ovulation and a
2000-fold increase over the preovulatory stage and late ovulatory phase,
corresponding to 18 to 34 hours (h) after human chorionic gonadotropin
(hCG). The increased expression of OPG persisted during the period of
luteinisation, with a 1000-fold increase during the postovulatory stage. The
time-pattern of OPG expression in the theca cells was similar but of a lower
magnitude.

The expression of RANKL showed an early onset with significantly already
increased levels in both the granulosa and theca cells during the early ovulatory
stage. The magnitude of increase was around 10-fold higher in the granulosa
cells compared to the theca cells.

We also examined whether there would be variations in the serum levels of
OPG and RANKL during the different reproductive phases. Minor variations
were seen during the menstrual cycles, and the serum levels of OPG and
RANKL were stable during breastfeeding and after menopause, with
substantially lower levels in postmenopausal women than their fertile
counterparts.

Comments

This study is the first study on any species to examine the expression of OPG
and RANKL in the ovary. The marked increase of both mediators with slightly
different expression profiles in time suggests that they both play roles in
ovulation. The early expression of RANKL, prior to the increase in OPG,
would suggest the major activity of RANKL during the first early and
midovulatory events, considering that there will be some time for the mMRNA
to be transcribed into the protein as well as for the release of the protein from
intracellular sources.

Functional studies need to be performed on the expression and roles of OPG
and RANKL in the follicle during ovulation. The preferred research setting for
such experiments should be in the rat, considering the large extent of
accumulated knowledge on ovulation in this species. Experiments could be
performed with well-established in vitro perfusion techniques, in which
pharmacological blockers or neutralizing antibodies could be administered
with subsequent add-backs as positive controls. This system takes in account
the near physiological situation of intact tissue architecture and communication
between cells, since it is preserved.
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A limitation of this study was that further quantification on the protein level
was not performed, which was due to a lack in biological material with
extracted proteins.

Another way for detecting protein is immunohistochemistry, in which
antibodies against specific proteins are applied on tissue sections. The present
study, still in manuscript form, would benefit from this method of protein
detection for OPG and RANKL, which will also allow for the examination of
the distribution within the tissues. We are also aware of the limited number of
samples per observation point during ovulation as well as the small number of
participants in the three different groups of women that were examined for
blood levels.

In conclusion, this study has, for the first time, demonstrated the expression of
two new potential mediators of ovulations. It is quite likely that the OPG-
RANKL-RANK system is operative in tissue remodelling in conjunction with
ovulation, which is in line with the role of the system in bone tissue
remodelling. Future studies should be performed to examine the functional
aspects of this system within the ovary.

Results and comments Paper V

It is becoming more common for women on immunosuppressive medication
following an organ transplantation to attempt to become pregnant. Most young
women that have undergone organ transplantation and later will attempt
pregnancy are those with kidney grafts, but there is also increasing numbers of
young patients that have undergone transplantation of either the heart, lung, or
liver. Uterus transplantation is a new modality of organ transplantation, with
the target group so far only being women of fertile age. The basis of modern
immunosuppression is the use of calcineurin inhibitors, with cyclosporine-A
being the standard with an increasing global use in the last decade, in addition
to the alternative calcineurin inhibitor tacrolimus. Any of these
immunosuppressive agents are used in 95% of all solid organ transplant
recipients. Several reproductive functions of both males and females are driven
by immune cells, which work in close cooperation with the somatic cells of a
specific organ. Thus, ovulation has many similarities with the traditional local
inflammatory reaction, and several subtypes of leukocytes have been shown to
play active roles in this process. There exist limited data on the effect of
calcineurin inhibitors on reproductive processes such as ovulation.
Additionally, animal studies have suggested the negative effects of calcineurin
inhibitors on implantation; however, studies on their effects on ovulation are
currently lacking. The aim of the present study was to examine the effect of
the two calcineurin inhibitors, cyclosporine-A and tacrolimus, on ovulation
with a well- characterized, gonadotropin-primed, immature rat model used as
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the research tool. The immunosuppressive agents were administered at a
constant rate by mini-osmotic pumps to achieve stable blood concentrations
that would be similar to the human situation. A sham-operated group with
saline-containing mini-osmotic pumps was used as the control group.

Results

The levels of cyclosporine-A and tacrolimus in the respective groups were
within the therapeutic levels, which did not alter the peripheral count of any
leukocyte examined. There was a clear decrease in the ovulation rate of the
group treated with cyclosporine-A, but a similar ovulation rate was seen in the
rats treated with tacrolimus and the controls. There were indications that both
of the calcineurin inhibitors affected the ovulatory influx of neutrophils, since
the expression of myeloperoxidase, which is a neutrophil-derived enzyme,
decreased in both these groups as compared to controls. However, the other
neutrophil-specific marker that was used, neutrophil-expressed elastase, did
not significantly change, although its tendency to decrease was observed in the
tacrolimus group. We used two well-known ovulatory mediators and measured
the expression levels of the three groups. There was a decreasing tendency for
the transcriptional regulator runt-related transcription factor 2 (RUNX2) in the
group treated by tacrolimus. The distribution and density of the macrophages
and T-cells were evaluated via immunohistochemistry examining newly
formed corpora lutea. No difference in the densities of these subsets of
leukocytes were observed for the newly formed corpora lutea.

Comments

This study is, to our knowledge, the first to examine the effect of calcineurin
inhibitors on ovulation in any species. This is surprising since cyclosporine has
been used in clinical transplantation for more than four decades and that organ
transplantation among the fertile age group is becoming more common. Today,
throughout the world, around 20% of all patients with solid organ transplants
are of fertile age. Moreover, currently, tacrolimus, which comes in a once daily
dosage, has been increasingly used, since some studies have indicated a
somewhat better organ survival effects as compared to cyclosporine. The
applied gonadotropin-primed animal model is well characterized in terms of
the events of ovulation. The ovulation rate was only depressed after the
administration of cyclosporine-A, and, after tacrolimus treatment, a normal
ovulation rate was observed. This is reassuring, since tacrolimus is gaining
more of the market share in solid organ transplantation. We measured several
possible effectors on ovulation. Specifically, there was a decrease in the
myeloperoxidase expression. This would indicate the lower density of the
neutrophils or that the neutrophils expressed less of this enzyme.
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Further studies should be conducted to examine the effects on the ovulation
rate as well as ovulatory mediators with wider dose ranges for the calcineurin
inhibitor. Another limitation of the study is that we studied the effects on a
rodent species with the aim to extrapolate these results to the human situation.
Even though most aspects of ovarian physiology show many similarities
between humans and rats, there are large differences in the lengths and changes
of the ovarian cycle, a rat has an ovulatory interval that, in length, is less than
half that of a human. Thus, at a later stage, it would be preferable to expand
these studies to also include a large mono-ovulatory species, such as a non-
human primate. Another aspect is that it is likely that a large proportion of the
transplanted women of fertile age will need assisted reproduction with in vitro
fertilization (I\VVF) to become pregnant, which is also true for those with uterus
transplantations in which the oviducts are excluded in the graft. Any
disturbance in ovulation by the immune system would then be of less
importance, but other aspects, such as risk of ovarian hyperstimulation
syndrome, implantation, early placentation, and pregnancy, would have to be
studied.

In conclusion, the study, for the first time, showed that a calcineurin inhibitor
exerts an inhibitory function on ovulation. The result may have implications
for female patients with solid organ transplants aiming to become pregnant.
Early examinations conducted to ascertain the occurrence of ovulation should
then take place.
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DISCUSSION

The focus of this thesis is intra-ovarian mechanisms of ovulation, with special
emphasis concerning the human ovulatory process. Data from this thesis may
become essential in future studies and lead ultimately to detailed knowledge
concerning the human ovulatory process and how disturbances can occur in
this. This may provide us with clinical valuable information concerning
anovulation, luteinized  unruptured  follicle  syndrome, ovarian
hyperstimulation syndrome (OHSS) as well as in the development of new
strategies for female contraception, with direct action on the ovary.

The studies described in this thesis outline a typical sequence of ovulatory
changes. Ovulation is initiated by the luteinizing hormone (LH) surge, with the
first responders being granulosa and theca cells. Both these cell types, express
LH receptors, although at higher density in granulosa cells. Both these cell
types produce cytokines, chemokines, prostaglandins, steroids, and other
paracrine inflammatory mediators. These mediators activate resident immune
cells and attract additional leukocytes. Proteases, which are produced by
somatic ovarian cells and leukocytes, weaken the basement membrane
between the granulosa cell compartment and the theca cell compartment. These
proteases and the structural changes facilitate neoangiogenesis with invasion
of vascular endothelial cells and additional immune cells. Traditional
inflammatory mediators, in concert with follicle-specific stimuli, trigger
cumulus expansion and the detachment of the cumulus oocyte complex from
the basal granulosa cells. At the follicle apex, there is vascular constriction,
detachment of cells, and extensive extracellular matrix (ECM) remodelling.
The remainder of the follicle undergoes angiogenesis, functional
differentiation of granulosa and theca cells, tissue remodeling, and contraction.
Ultimately, these functional and structural changes culminate in both rupture
when the tensile strength of the follicle can no longer hold back the fluid
pressure inside the antrum.

A main focus of the thesis is inflammation and the role of ECM degradation
and regulation. As outlined in the Papers and the introduction several ECM
components, mostly collagens, give the support and structure to the follicle.

With use of new CLARITY technique it is evident how complex the ECM is
arranged, in and around the follicle as well as for the vasculature of the ovary
(Fengetal., 2017).The degradation of the ECM is a delicately balanced process
and, with synthesis, activation, and regulation of the matrix metalloproteinases
(MMPs), plasminogen activators (PAs), and a disintegrin and
metalloproteinase with thrombospondin-like motifs (ADAMTS), as discussed
in Paper | and Il being essential. The ECM homeostasis, with all these
components, is important in the ovary as well as in other organs Birkedal-
Hansen et al., 1993).
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In this regard it should also be mentioned that osteoprotegerin (OPG) and
receptor activator of nuclear factor kappa B ligand (RANKL), as examined in
Paper 1V, are important for ECM turnover and remodelling in bone tissue
(Costa Fernandes et al., 2019). In Paper 1V any further functional studies were
not performed but the very high ovarian expression levels of these two
components of this ligand-decoy receptor system suggests an active role in the
tissue remodeling of ovulation. This is further discussed in Paper IV.

Much literature is supporting and promoting a paramount role for MMPs in
ovulation. As also described in the Introduction there is a morphological
fragmentation of the collagenous matrix at the follicular apex (Bjersing &
Cajander, 1971, Fukumoto et al., 1981). Moreover, biochemical methods
found decreased collagen content in the follicle after the LH surge and this was
most pronounced at the top of the follicle. It is likely that part of this
degradation of the follicular ECM occur via the action of a cascade of
proteolytic events such as MMPs (Paper 1), plasmin (Paper 1) and other
inflammatory-related proteins (Paper I11). Importantly, results of those papers
were merely descriptive and naturally a functional role could not be elucidated
in a safe study situation in the human. However, corroboration for a role of the
MMPs system in follicular rupture is from animal studies where ovulation was
inhibited by blocking MMP activity with chemical MMP inhibitors or blocking
antibodies towards MMPs in the rat (Brannstrom et al., 1988), hamster
(Gottsch et al.,2002), sheep (Ichikawa et al., 1983) and rhesus macaque
(Peluffo et al., 2011). Naturally, the non-human primate species of the
macaque is very close to the human concerning the reproductive anatomy and
physiology, so results from this species could be extrapolated to the human.
Moreover, as shown in Paper I, the expression profiles of MMPs in the human
mimics that in the rhesus macaque although with some differences in specific
MMPs as outlined below. Thus, studies from The Oregon group of Stouffer
aspirated granulosa cells from the dominant follicle prior to human chorionic
gonadotropin (hCG) administration (0 h) or 12, 24, or 36 h after hCG to
examine messenger ribonucleic acid (MRNA) expression of MMP1, MMP2,
MMP3, MMP7, MMP9, tissue inhibitor of metalloproteinase (TIMP)1, and
TIMP2 (Chaffin & Stouffer, 1999). At the 12 h examination point 12 h after
hCG, there was an increase in MMP1, MMP2, MMP7, TIMP1, and TIMP2.
However, MMP9 mRNA did not increase until immediately prior to ovulation
(Chaffin & Stouffer, 1999). In Paper I, we examined also the expression of
MMP1 in granulosa cells but additionally also in theca cells. Although the
interval from hCG to follicular rupture is similar (36-38 h) in the rhesus
macaque and the human, we were only able to examine two time points (early
ovulatory phase; late ovulatory phase). Moreover, the samples from the studies
of this thesis (Papers I-1V) were not as exact on the hour in relation to the study
by Stouffer (Chaffin & Stouffer, 1999).
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Although the experimental design was somewhat similar, we could not
schedule our sterilization surgeries on demand, out of logistic reason at the
hospital but also from a patient and doctor perspective. Nevertheless, the
human material we have acquired is to our knowledge unique since it is the
first study where granulosa cells and theca cells have been obtained from the
human natural menstrual cycle. In comparison, studies from the Copenhagen
group, that also have looked at human ovulation, has used granulosa cells
obtained before and after hCG in hyperstimulated in vitro fertilization (IVF)
cycles (Wissing et al., 2014), and it is known from several comparative studies
that the levels of mediators can differ markedly between these two settings of
patients.

Progesterone is an early key mediator in ovulation, where progesterone binding
will cause further downstream signaling. In the study by Stouffer and
coworkers one group of macaques were given an inhibitor of progesterone
synthesis and another group received this treatment and add back of the non-
metabolizable progestin R5020 (Chaffin & Stouffer, 1999). Granulosa cells
were examined at 12 and 36 h after hCG. The blockage of progesterone
synthesis, and presumably progesterone receptor (PGR) activation, decreased
mRNA levels for MMP1, MMP2, MMP7, TIMP1, and TIMP2, with
demonstrated reversal for MMP1 and TIMP1lby the non-metabolizable
progestin R5020 ( Chaffin & Stouffer, 1999). This finding further points
towards the importance of MMP1 in ovulation in primates, including the
human. In Paper I, we found a very pronounced increase of MMP1 expression
in granulosa cells during the early ovulatory phase and this increase in mMRNA
levels was 200-fold as compared to the preovulatory stage. A follow-up study
from the same group also included other factors related to ADAMTS and PA
systems, in addition to MMPs (Chaffin & Stouffer, 1999). There was an
increase at 12 h for some MMPs (MMP1, MMP10, and MMP19) and
ADAMTS (ADAMTS4, ADAMTSY9, and ADAMTS15), as well as PLAU.
After follicular rupture the mRNA levels MMP1, MMP10, MMP19,
ADAMTS1, ADAMTS4, ADAMTSY, and urokinase-type plasminogen
activator (PLAU) were elevated again, suggesting roles for some of them in
ovulation and some of them in structural luteinization.

It is more difficult to conduct these types of experiments in the human. In an
attempt to get this precious material in order to get insight into human
ovulation our group at Sahlgrenska methodically collected the dominant
follicle before, during and after ovulation. In this clinical trial, where around
50 women were initially participating the tissue was extracted from women
operated laparoscopically for tubal sterilization. In this clinical study, women
were monitored by serial transvaginal ultrasound (TVU) for around two cycles
before surgery to determine if accurate follicular development occurred.
During the menstrual cycle for the laparoscopic sterilization, ultrasound was
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performed every 1-2 days to enable the surgery to be planned at the accurate
stage of the menstrual cycle. The study population was randomly divided into
four groups (pre-ovulatory phase, early ovulatory phase, late ovulatory phase
and post- ovulatory phase) to distinguish between the different ovulatory
stages. The ovulation trigger was hCG and the surgery was conducted in
different phases, where the preovulatory phase was defined as the stage when
the dominant follicle was >14 mm and <17.5 mm prior to hCG administration.

The early ovulatory phase was defined as 12 to 18 hours after hCG, the late
ovulatory phase was 18 to 24 hours after hCG and the postovulatory phase was
44 to 77 h after hCG. At the time of surgery, the whole dominant follicle was
excised, as schematically shown in Fig. 8

Theca cells

Granulosa cells

Fig. 8. Type of ovarian excision to obtain material from periovulatory
follicle.

The material has been used for studies on extracellular matrix (Lind et al.,
2006), the gelatinases (Lind et al., 2006), the stromelysins (McCord et al.,
2012) and other MMPs and ADAMTS (Rosewell et al., 2015), as discussed
below.

Dissection of the dominant human follicle into the granulosa and theca cell
compartments has provided additional data into ovulatory changes in the MMP
system. In one study, the changes in the stromelysins (MMP3, MMP10, and
MMP11) was examined across the periovulatory period (McCord et al., 2012).
Expression of MMP10 mRNA was low in human granulosa and theca cells
from follicles collected at the preovulatory phase. After ovulation trigger, there
was a marked increase in the levels of MMP10 mRNA and the elevation
remained at the late ovulatory phase. In theca cells, MMP10 mRNA levels
returned to preovulatory levels by the postovulatory period. In contrast, levels
of mMRNA for MMP11 decreased to less than half of the preovulatory follicles,
after ovulation triggering.
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In Paper I, the expression of the major MMPs and ADAMTS were examined
in the granulosa and theca cell compartments across the human periovulatory
period. The ovulation trigger hCG elevated levels of mMRNA for MMP1,
MMP19, ADAMTSL, and ADAMTS9 in the granulosa cell compartment.
There were differences in the temporal mRNA expression pattern of the
diverse MMP and ADAMTS in granulosa cells that varied slightly among the
proteinases with MMP1, ADAMTS1, and ADAMTS9 mRNA increasing
during the early ovulatory period whereas MMP19 mRNA was increased
during the late ovulatory period. For the other collagenases, MMP8 and
MMP13 mRNA expression was extremely low and did not change throughout
the periovulatory period in either granulosa or theca cells. In theca cells,
MMP19 was the only proteinase that was induced by hCG, with mRNA
expression increasing during the late ovulatory period and remaining elevated
during the postovulatory period. Determining the localization of these
proteinases revealed an overall general pattern with increased staining intensity
present in the granulosa and theca cell layers after hCG administration. This
immunohistochemistry result correlated with the observations of the mMRNA
expression.

Follicular fluid can be used as one body fluid to detect changes in the ovary
and especially in the closely situated granulosa cells, this was used in Paper
I11. Previously, MMP2 and MMP9 activity were detected in follicular fluid by
gelatin zymography (D Ascenzo et al., 2004, Nikolettos et al., 2003).
Interestingly, in IVF follicular fluid the levels of gelatinase seemed to be higher
for agonist cycles than for antagonist cycles of drug administration (Bilen eta
al., 2014). One study compared the protein levels of MMP in the follicle
between normally ovulating women and of patients undergoing ovarian
hyperstimulation for IVF (D" Ascenzo et al., 2004). Lower MMP levels were
found in follicular fluid of IVF patients compared with those of normally
ovulating women, but the inverse relationship was seen for TIMPL1.

The PA system is also involved in ovulation and that was studied to some
extent in Paper Il. There are several studies proposing a role for this system in
ovulation. Thus, in the rat, ovulation is preceded by a transient and cell specific
expression of tissue-type plasminogen activator (PLAT) resulting in
proteolytic activity localized to the surface of the ovary overlaying the
ovulatory follicle prior to ovulation (Liu et al., 2013). In the rhesus macaque,
exogenous hCG administration showed that granulosa cells are the major
source of PLAT production, as reflected by changes in mMRNA and proteolytic
activity to facilitate the breakdown of the follicular wall to permit oocyte
release (Liu et al., 2004). Studies in the human reported presence of low levels
of PLAT mRNA and a lack of PLAU mRNA in IVF granulosa-lutein cells by
Northern blot analysis in human granulosa cells collected from preovulatory
follicles at the time of IVVF (Jones et al., 1989, Weimer et al., 1984). In Paper
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Il, the regulation of plasmin activity by tissue factor pathway inhibitor 2
(TFPI2) was studied in rat granulosa cells. The granulosa cells were stimulated
by forskolin and phorbol 12-myristate 13-acetate (PMA). Interfering RNA to
knockdown TFP12 showed increased plasmin activity, demonstrating the
interplay between these two systems.

In the present thesis, several aspects of ovulation and its relationship to
inflammation has been explored. In Paper | dramatic changes in certain
proteases were seen at ovulation in the human. Importantly, this increase in
expression levels of proteases showed a temporal profile suggestive of
participation in follicular rupture, rather than in later events. In Paper Il it was
demonstrated that the protease inhibitor TFP12, which has a role in controlling
inflammation, is also regulated by an ovulatory trigger. Several inflammatory
mediators were regulated downstream of TFP12. Inflammatory mediators were
also seen in higher follicular fluid levels in women at ovulation than before as
shown in Paper Ill. Also, the OPG-RANKL system, as studied in Paper 1V,
has a role in inflammatory diseases such as arthritis and atherosclerosis. In
Paper V of the present study, suppression of the immune system/inflammation
by cyclosporine A decreased ovulation rate. Collectively, the results of this
thesis further emphasize the similarities between the ovulation reaction and the
inflammatory reaction.

There may exist some clinical states with relevance to the results of the thesis.
One is luteinized unruptured follicle (LUF) syndrome, which is defined as
absence of follicle rupture and without release of an oocyte. This happens in
the presence of a seemingly normal follicular growth in the follicular phase,
normal endocrinology, and a normal span of the luteal phase. The most reliable
diagnostic tool for LUF is repeated examinations with TVU, showing a
growing follicle, normal follicle before ovulation and then no follicular
collapse/ corpus luteum (Marik et al., 1978). The formation of LUF may be
linked to dysregulation of the ovulation-associated inflammatory changes.
Thus, the general cyclooxygenase inhibitor indomethacin change the
vasculature of the preovulatory sheep follicles (Murdoch et al., 1989) in a
similar manner as observed in LUF in women. Another, indication of a link
between LUF and inflammation is in women previously diagnosed with LUF
syndrome, an injection of the cytokine colony-stimulating factor just before
hCG reduced the occurrence of LUF to 4% of the cycles as compared to 19%
in those women not receiving the cytokine (Shibata et al., 2016).

The findings of the present study may also have implications for diagnosis and
treatment of ovarian hyperstimulation syndrome (OHSS). This is a
pathophysiological state with massive inflammation and with signs of
overexpression of several ovulatory mediators (Nastri et al., 2010). Several of
these have been covered in the present thesis.
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The fact that ovulation is inflammation-like in its mediation is also suggested
by the effect of non-steroidal anti-inflammatory drugs (NSAIDs) on ovulation.
In a first study on this aspect the effect of two different non-selective
prostaglandin synthase inhibitors (indomethacin or azapropazone) were
compared regarding ovulation rate (Killick & Elstein, 1987). The incidence of
LUF (10% in control cycles) in azapropazone or indomethacin cycles were
50% and 100%, respectively. Normal steroid levels, also concerning
progesterone  were  found in LUF cycles. A  selective
peroxidase/cyclooxygenase prostaglandin-endoperoxide synthase 2 (PTGS2)
inhibitor was used in a study from Sahlgrenska, and the agent rofecoxib was
given from midfollicular phase (Pall et al., 2001) even if ovulation was not
inhibited, it was delayed by more than one day in almost 70% of the women.

51



ACKNOWLEDGEMENT

I would like to express my sincere gratitude to my principal supervisor Prof.
Mats Brannstrom for the continuous support of my Ph. D study and related
research, for his patience, motivation and immense knowledge. His guidance
has helped me both academically and personally in life. 1 could not have
imagined having a better advisor and mentor. Thank you, Siri, Jacob and
Sophie for making room in your hearts for me and lending me your husband
and father, Prof. Mats Brannstrom, | would truly never have finished this thesis
without his ambition.

Thank you, Dr Pernilla Dahm-Kahler and Dr Jan Olofsson, my co-supervisors,
for invaluable input and support throughout this process.

Dr Ann-Charlotte Wassén, thank you for hiring me to the department of
obstetrics and gynecology at Sahlgrenska University Hospital, making this
thesis possible.

Thank you, Dr Jonas Gunnarsson for introducing me to my principal
supervisor and putting in a good word for me.

Dr Katarina Gustavsson Brywe, thank you for all your good advice and
kindness which I still have not forgotten.

Special thanks to Dr Ludmilla Sokolova, for taking your time for me and
sharing your invaluable knowledge with me.

Ms Anna-Karin Tholin and Ms Anja Andersson for always being available and
helping me with all sorts of questions.

Dr Sonia Nikman, medicine doctor Mona Sheikhi, Ms Linda Bjargestad Lamp,
Dr Susanna Ericsson, Dr Joanna Madeira Lillieh6ok, Dr Ida Ringdén, Dr Ali
Khatibi, Dr Ahmed Baker Alshaikh, Dr Zandra Olivecrona, Ms Sanna
Borgman, Mr Marten Sundholm, Ms Zeynep Shamaon a sincere thank you for
your friendship, encouragement, interest and endless support.

Above all | am very grateful for the love and support of my family. Thank
you to my sister Dr Nooshin Zakerkish and nephews Lennox and Leon for
being strong supporters. A big thank you to my dear brother, Dr Daniel
Zakerkish, for always bringing me pleasure and backing me up.

I would like to thank my parents. Specially my mother Nasrin Malekzadeh,
there are no words to thank you enough, for being my strongest supporter and
helping me in every possible way there is. | would never have achieved to
write this thesis and much more without you.

I also would like to thank my parents-in-law, Flemming and Ethel for helping
me out and taking care of the children, so that | could focus on writing the
last part of the thesis.

52



Last, but not least, | would like to thank my husband Kenneth for giving me
the fullest support this last year both mentally and practically, for loving me
and making my dreams come true. A big thank you to our children Tristan,
Liva, Elina and Linus for bringing me such joy.

This study was supported by grants from the Hjalmar Svensson’s research
foundation and Swedish Science Research Council.

53



REFERENCES

Adams, J., Liu, Z., Ren, Y. A, Wun, W. S., Zhou, W., Kenigsberg, S.,
Richards, J. (2016). Enhanced Inflammatory Transcriptome in the
Granulosa Cells of Women With Polycystic Ovarian Syndrome. J
Clin Endocrinol Metab, 101(9), 3459-3468. doi:10.1210/jc.2015-
4275

Akazawa, K., Mori, N., Kosugi, T., Matsuo, O., & Mihara, H. (1983).
Localization of fibrinolytic activity in ovulation of the rat follicle as
determined by the fibrin slide method. Jpn J Physiol, 33(6), 1011-
1018. doi:10.2170/jjphysiol.33.1011

Al-Alem, L., Puttabyatappa, M., Rosewell, K., Brannstrom, M., Akin, J.,
Boldt, J.,Curry, T. E., Jr. (2015). Chemokine Ligand 20: A Signal for
Leukocyte Recruitment During Human Ovulation? Endocrinology,
156(9), 3358-3369. doi:10.1210/en.2014-1874

Ambekar, A. S., Nirujogi, R. S., Srikanth, S. M., Chavan, S., Kelkar, D. S.,
Hinduja, 1., Mukherjee, S. (2013). Proteomic analysis of human
follicular fluid: a new perspective towards understanding
folliculogenesis. J Proteomics, 87, 68-77.
d0i:10.1016/j.jprot.2013.05.017

Amin, M., Simerman, A., Cho, M., Singh, P., Briton-Jones, C., Hill, D.,
Dumesic, D. A. (2014). 21-Hydroxylase-derived steroids in follicles
of nonobese women undergoing ovarian stimulation for in vitro
fertilization (I\VVF) positively correlate with lipid content of luteinized
granulosa cells (LGCs) as a source of cholesterol for steroid
synthesis. J Clin Endocrinol Metab, 99(4), 1299-1306.
doi:10.1210/jc.2013-3204

Anahory, T., Dechaud, H., Bennes, R., Marin, P., Lamb, N. J., & Laoudj, D.
(2002). Identification of new proteins in follicular fluid of mature
human follicles. Electrophoresis, 23(7-8), 1197-1202.
d0i:10.1002/1522-2683(200204)23:7/8<1197::aid-
elps1197>3.0.c0;2-2

Andersen, A. G., Als-Nielsen, B., Hornnes, P. J., & Franch Andersen, L.
(1995). Time interval from human chorionic gonadotrophin (HCG)
injection to follicular rupture. Hum Reprod, 10(12), 3202-3205.
doi:10.1093/oxfordjournals.humrep.al35888

Andersen, C. Y., Humaidan, P., Ejdrup, H. B., Bungum, L., Grondahl, M. L.,
& Westergaard, L. G. (2006). Hormonal characteristics of follicular
fluid from women receiving either GnRH agonist or hCG for
ovulation induction. Hum Reprod, 21(8), 2126-2130.
doi:10.1093/humrep/del119

54



Assidi, M., Dieleman, S. J., & Sirard, M. A. (2010). Cumulus cell gene
expression following the LH surge in bovine preovulatory follicles:
potential early markers of oocyte competence. Reproduction, 140(6),
835-852. doi:10.1530/rep-10-0248

Assou, S., Haouzi, D., Dechaud, H., Gala, A., Ferrieres, A., & Hamamah, S.
(2013). Comparative gene expression profiling in human cumulus
cells according to ovarian gonadotropin treatments. Biomed Res Int,
2013, 354582. doi:10.1155/2013/354582

Bacich, D. J., Rohan, R. M., Norman, R. J., & Rodgers, R. J. (1994).
Characterization and relative abundance of alternatively spliced
luteinizing hormone receptor messenger ribonucleic acid in the ovine
ovary. Endocrinology, 135(2), 735-744.
d0i:10.1210/endo.135.2.7518389

Baskind, N. E., Orsi, N. M., & Sharma, V. (2014). Follicular-phase ovarian
follicular fluid and plasma cytokine profiling of natural cycle in vitro
fertilization patients. Fertil Steril, 102(2), 410-418.
doi:10.1016/j.fertnstert.2014.04.032

Beaumont, Heather M, & Mandl, Anita M. (1962). A quantitative and
cytological study of oogonia and oocytes in the foetal and neonatal
rat. Proceedings of the Royal Society of London. Series B. Biological
Sciences, 155(961), 557-579.

Beers, William H. (1975). Follicular plasminogen and plasminogen activator
and the effect of plasmin on ovarian follicle wall. Cell, 6(3), 379-386.

Belin, F., Goudet, G., Duchamp, G., & Gerard, N. (2000). Intrafollicular
concentrations of steroids and steroidogenic enzymes in relation to
follicular development in the mare. Biol Reprod, 62(5), 1335-1343.
doi:10.1095/biolreprod62.5.1335

Bender, H. R., Trau, H. A., & Duffy, D. M. (2018). Placental Growth Factor
Is Required for Ovulation, Luteinization, and Angiogenesis in
Primate Ovulatory Follicles. Endocrinology, 159(2), 710-722.
doi:10.1210/en.2017-00739

Bilen, Erdal, Tola, Esra Nur, Oral, Baha, Dogug, Duygu Kumbul, Glnyeli,
Ilker, Kose, Seyit Ali, & [lhan, Ilter. (2014). Do follicular fluid
gelatinase levels affect fertilization rates and oocyte quality?
Archives of gynecology and obstetrics, 290(6), 1265-1271.

Birkedal-Hansen, HWGI, Moore, WGI, Bodden, MK, Windsor, LJ, Birkedal-
Hansen, B, DeCarlo, A, & Engler, JA. (1993). Matrix
metalloproteinases: a review. Critical Reviews in Oral Biology &
Medicine, 4(2), 197-250.

55



Bishop, C. V., Hennebold, J. D., Kahl, C. A., & Stouffer, R. L. (2016).
Knockdown of Progesterone Receptor (PGR) in Macaque Granulosa
Cells Disrupts Ovulation and Progesterone Production. Biol Reprod,
94(5), 109. doi:10.1095/biolreprod.115.134981

Bjersing, L., & Cajander, S. (1974). Ovulation and the mechanism of follicle
rupture. 1. Light microscopic changes in rabbit ovarian follicles prior
to induced ovulation. Cell Tissue Res, 149(3), 287-300.
doi:10.1007/bf00226764

Bjersing, L., & Cajander, S. (1974). Ovulation and the mechanism of follicle
rupture. I11. Transmission electron microscopy of rabbit germinal
epithelium prior to induced ovulation. Cell Tissue Res, 149(3), 313-
327. doi:10.1007/bf00226766

Bjersing, L., & Cajander, S. (1974). Ovulation and the mechanism of follicle
rupture. V1. Ultrastructure of theca interna and the inner vascular
network surrounding rabbit graafian follicles prior to induced
ovulation. Cell Tissue Res, 153(1), 31-44. doi:10.1007/bf00225443

Blelloch, R., Newman, C., & Kimble, J. (1999). Control of cell migration
during Caenorhabditis elegans development. Curr Opin Cell Biol,
11(5), 608-613. doi:10.1016/s0955-0674(99)00028-9

Boerboom, D., Russell, D. L., Richards, J. S., & Sirois, J. (2003). Regulation
of transcripts encoding ADAMTS-1 (a disintegrin and
metalloproteinase with thrombospondin-like motifs-1) and
progesterone receptor by human chorionic gonadotropin in equine
preovulatory follicles. J Mol Endocrinol, 31(3), 473-485.
d0i:10.1677/jme.0.0310473

Borgbo, T., Povlsen, B. B., Andersen, C. Y., Borup, R., Humaidan, P., &
Grondahl, M. L. (2013). Comparison of gene expression profiles in
granulosa and cumulus cells after ovulation induction with either
human chorionic gonadotropin or a gonadotropin-releasing hormone
agonist trigger. Fertil Steril, 100(4), 994-1001.
doi:10.1016/j.fertnstert.2013.05.038

Boucek, R. J., Telegdy, G., & Savard, K. (1967). Influence of gonadotrophin
on histochemical properties of the rabbit ovary. Acta Endocrinol
(Copenh), 54(2), 295-310. doi:10.1530/acta.0.0540295

Brannian, J., Eyster, K., Mueller, B. A., Bietz, M. G., & Hansen, K. (2010).
Differential gene expression in human granulosa cells from
recombinant FSH versus human menopausal gonadotropin ovarian
stimulation protocols. Reprod Biol Endocrinol, 8, 25.
d0i:10.1186/1477-7827-8-25

56



Brannian, John D, & Stouffer, Richard L. (1991). Cellular approaches to
understanding the function and regulation of the primate corpus
luteum. Paper presented at the Seminars in reproductive
endocrinology.

Brannstrom, M., Bonello, N., Norman, R. J., & Robertson, S. A. (1995).
Reduction of ovulation rate in the rat by administration of a
neutrophil-depleting monoclonal antibody. J Reprod Immunol, 29(3),
265-270. doi:10.1016/0165-0378(95)00941-d

Brannstrom, M., & Hellberg, P. (1989). Bradykinin potentiates LH-induced
follicular rupture in the rat ovary perfused in vitro. Hum Reprod,
4(5), 475-481. doi:10.1093/oxfordjournals.humrep.a136930

Brannstrom, M., Pascoe, V., Norman, R. J., & McClure, N. (1994).
Localization of leukocyte subsets in the follicle wall and in the
corpus luteum throughout the human menstrual cycle. Fertil Steril,
61(3), 488-495.

Brannstrom, M., Woessner, J. F., Jr., Koos, R. D., Sear, C. H., & LeMaire,
W. J. (1988). Inhibitors of mammalian tissue collagenase and
metalloproteinases suppress ovulation in the perfused rat ovary.
Endocrinology, 122(5), 1715-1721. doi:10.1210/endo-122-5-1715

Brannstrém, Mats, & Enskog, Anders. (2002). Leukocyte networks and
ovulation. J Reprod Immunol, 57(1-2), 47-60.

Burnik Papler, T., Vrtacnik Bokal, E., Maver, A., Kopitar, A. N., & Lovrecic,
L. (2015). Transcriptomic Analysis and Meta-Analysis of Human
Granulosa and Cumulus Cells. PLoS One, 10(8), e0136473.
doi:10.1371/journal.pone.0136473

Butler, T. A., Zhu, C., Mueller, R. A., Fuller, G. C., Lemaire, W. J., &
Woessner, J. F., Jr. (1991). Inhibition of ovulation in the perfused rat
ovary by the synthetic collagenase inhibitor SC 44463. Biol Reprod,
44(6), 1183-1188. doi:10.1095/biolreprod44.6.1183

Canipari, R., & Strickland, S. (1985). Plasminogen activator in the rat ovary.
Production and gonadotropin regulation of the enzyme in granulosa
and thecal cells. J Biol Chem, 260(8), 5121-5125.

Casarini, L., Lispi, M., Longobardi, S., Milosa, F., La Marca, A.,
Tagliasacchi, D., Simoni, M. (2012). LH and hCG action on the same
receptor results in quantitatively and qualitatively different
intracellular signalling. PLoS One, 7(10), e46682.
doi:10.1371/journal.pone.0046682

Casper, R. F. (2015). Basic understanding of gonadotropin-releasing
hormone-agonist triggering. Fertil Steril, 103(4), 867-8609.
doi:10.1016/j.fertnstert.2014.12.129

57



Chaffin, CL, Stouffer, RL, & Duffy, DM. (1999). Gonadotropin and steroid
regulation of steroid receptor and aryl hydrocarbon receptor
messenger ribonucleic acid in macaque granulosa cells during the
periovulatory interval. Endocrinology, 140(10), 4753-4760.

Chaffin, Charles L, Hess, David L, & Stouffer, Richard L. (1999). Dynamics
of periovulatory steroidogenesis in the rhesus monkey follicle after
ovarian stimulation. Human reproduction, 14(3), 642-649.

Chaffin, C. L., & Stouffer, R. L. (1999). Expression of matrix
metalloproteinases and their tissue inhibitor messenger ribonucleic
acids in macaque periovulatory granulosa cells: time course and
steroid regulation. Biol Reprod, 61(1), 14-21.
doi:10.1095/biolreprod61.1.14

Chaffin, C. L., & Stouffer, R. L. (2000). Role of gonadotrophins and
progesterone in the regulation of morphological remodelling and
atresia in the monkey peri-ovulatory follicle. Hum Reprod, 15(12),
2489-2495. doi:10.1093/humrep/15.12.2489

Chen, F., Spiessens, C., D'Hooghe, T., Peeraer, K., & Carpentier, S. (2016).
Follicular fluid biomarkers for human in vitro fertilization outcome:
Proof of principle. Proteome Sci, 14, 17. d0i:10.1186/s12953-016-
0106-9

Chiquoine, A. D. (1960). The development of the zona pellucida of the
mammalian ovum. Am J Anat, 106, 149-169.
doi:10.1002/aja.1001060207

Choi, 1., Ko, C., Park-Sarge, O. K., Nie, R., Hess, R. A., Graves, C., &
Katzenellenbogen, B. S. (2001). Human estrogen receptor beta-
specific monoclonal antibodies: characterization and use in studies of
estrogen receptor beta protein expression in reproductive tissues. Mol
Cell Endocrinol, 181(1-2), 139-150. doi:10.1016/s0303-
7207(01)00492-0

Choi, Y., Park, J. Y., Wilson, K., Rosewell, K. L., Brannstrom, M., Akin, J.
W., Jo, M. (2017). The expression of CXCR4 is induced by the
luteinizing hormone surge and mediated by progesterone receptors in
human preovulatory granulosa cells. Biol Reprod, 96(6), 1256-1266.
doi:10.1093/biolre/iox054

Choi, Y., Rosewell, K. L., Brannstrom, M., Akin, J. W., Curry, T. E., Jr., &
Jo, M. (2018). FOS, a Critical Downstream Mediator of PGR and
EGF Signaling Necessary for Ovulatory Prostaglandins in the Human
Ovary. J Clin Endocrinol Metab, 103(11), 4241-4252.
doi:10.1210/jc.2017-02532

58



Choi, Y., Wilson, K., Hannon, P. R., Rosewell, K. L., Brannstrom, M., Akin,
J. W., Jo, M. (2017). Coordinated Regulation Among Progesterone,
Prostaglandins, and EGF-Like Factors in Human Ovulatory Follicles.
J Clin Endocrinol Metab, 102(6), 1971-1982. doi:10.1210/jc.2016-
3153

Chowdhury, M. W., Scaramuzzi, R. J., Wheeler-Jones, C. P., & Khalid, M.
(2010). The expression of angiogenic growth factors and their
receptors in ovarian follicles throughout the estrous cycle in the ewe.
Theriogenology, 73(7), 856-872.
doi:10.1016/j.theriogenology.2009.10.011

Christenson, L. K., Gunewardena, S., Hong, X., Spitschak, M., Baufeld, A.,
& Vanselow, J. (2013). Research resource: preovulatory LH surge
effects on follicular theca and granulosa transcriptomes. Mol
Endocrinol, 27(7), 1153-1171. doi:10.1210/me.2013-1093

Cohen, P. E., Zhu, L., & Pollard, J. W. (1997). Absence of colony stimulating
factor-1 in osteopetrotic (csfmop/csfmop) mice disrupts estrous
cycles and ovulation. Biol Reprod, 56(1), 110-118.
doi:10.1095/biolreprod56.1.110

Costa Fernandes, C. J. D., & Zambuzzi, W. F. (2019). Fibroblast-secreted
trophic factors contribute with ECM remodeling stimulus and
upmodulate osteocyte gene markers in osteoblasts. Biochimie, 168,
92-99. doi:10.1016/j.biochi.2019.10.013

Curry, T. E., Jr., & Smith, M. F. (2006). Impact of extracellular matrix
remodeling on ovulation and the folliculo-luteal transition. Semin
Reprod Med, 24(4), 228-241. doi:10.1055/s-2006-948552

D'Ascenzo, S., Giusti, 1., Millimaggi, D., Marci, R., Tatone, C., Cardigno
Colonna, R., Caserta, D. (2004). Intrafollicular expression of matrix
metalloproteinases and their inhibitors in normally ovulating women
compared with patients undergoing in vitro fertilization treatment.
Eur J Endocrinol, 151(1), 87-91. doi:10.1530/eje.0.1510087

Davis, John S, Weakland, LL, West, LA, & Farese, RV. (1986). Luteinizing
hormone stimulates the formation of inositol trisphosphate and cyclic
AMP in rat granulosa cells. Evidence for phospholipase C generated
second messengers in the action of luteinizing hormone. Biochemical
Journal, 238(2), 597-604.

Degen, SJ, Rajput, Bhanu, & Reich, E. (1986). The human tissue
plasminogen activator gene. Journal of Biological Chemistry,
261(15), 6972-6985.

Dennefors, B., Tjugum, J., Norstrom, A., Janson, P. O., Nilsson, L.,
Hamberger, L., & Wilhelmsson, L. (1982). Collagen synthesis

59



inhibition by PGE2 within the human follicular wall--one possible
mechanism underlying ovulation. Prostaglandins, 24(3), 295-302.
d0i:10.1016/0090-6980(82)90156-3

diZerega, G. S., & Hodgen, G. D. (1980). Fluorescence localization of
luteinizing hormone/human chorionic gonadotropin uptake in the
primate ovary. Il. Changing distribution during selection of the
dominant follicle. J Clin Endocrinol Metab, 51(4), 903-907.
doi:10.1210/jcem-51-4-903

Duffy, D. M. (2015). Novel contraceptive targets to inhibit ovulation: the
prostaglandin E2 pathway. Hum Reprod Update, 21(5), 652-670.
doi:10.1093/humupd/dmv026

Duffy, D. M., Dozier, B. L., & Seachord, C. L. (2005). Prostaglandin
dehydrogenase and prostaglandin levels in periovulatory follicles:
implications for control of primate ovulation by prostaglandin E2. J
Clin Endocrinol Metab, 90(2), 1021-1027. doi:10.1210/jc.2004-1229

Enders, A. C. (1973). Cytology of the corpus luteum. Biol Reprod, 8(2), 158-
182. doi:10.1093/biolreprod/8.2.158

Espey, L., Shimada, H., Okamura, H., & Mori, T. (1985). Effect of various
agents on ovarian plasminogen activator activity during ovulation in
pregnant mare's serum gonadotropin-primed immature rats. Biol
Reprod, 32(5), 1087-1094. doi:10.1095/biolreprod32.5.1087

Espey, L. L. (1971). Decomposition of connective tissue in rabbit ovarian
follicles by multivesicular structures of thecal fibroblasts.
Endocrinology, 88(2), 437-444. doi:10.1210/endo-88-2-437

Espey, L. L. (1980). Ovulation as an inflammatory reaction--a hypothesis.
Biol Reprod, 22(1), 73-106. doi:10.1095/biolreprod22.1.73

Espey, L. L., Miller, D. H., & Margolius, H. S. (1986). Ovarian increase in
kinin-generating capacity in PMSG/hCG-primed immature rat. Am J
Physiol, 251(3 Pt 1), E362-365.
doi:10.1152/ajpendo.1986.251.3.E362

Espey, L. L., Tanaka, N., & Okamura, H. (1989). Increase in ovarian
leukotrienes during hormonally induced ovulation in the rat. AmJ
Physiol, 256(6 Pt 1), E753-759.
doi:10.1152/ajpendo.1989.256.6.E753

Fahiminiya, S., Reynaud, K., Labas, V., Batard, S., Chastant-Maillard, S., &
Gerard, N. (2010). Steroid hormones content and proteomic analysis
of canine follicular fluid during the preovulatory period. Reprod Biol
Endocrinol, 8, 132. doi:10.1186/1477-7827-8-132

60



Fan, Heng-Yu, Liu, Zhilin, Johnson, Peter F, & Richards, JoAnne S. (2011).
CCAAT/enhancer-binding proteins (C/EBP)-a and-f are essential for
ovulation, luteinization, and the expression of key target genes.
Molecular endocrinology, 25(2), 253-268.

Fan, Heng-Yu, Liu, Zhilin, Shimada, Masayuki, Sterneck, Esta, Johnson,
Peter F, Hedrick, Stephen M, & Richards, JoAnne S. (2009).
MAPK3/1 (ERK1/2) in ovarian granulosa cells are essential for
female fertility. Science, 324(5929), 938-941.

Fan, Heng-Yu, Shimada, Masayuki, Liu, Zhilin, Cahill, Nicola, Noma,
Noritaka, Wu, Yun, Richards, JoAnne S. (2008). Selective
expression of KrasG12D in granulosa cells of the mouse ovary
causes defects in follicle development and ovulation. Development,
135(12), 2127-2137.

Fassina, G., Ferrari, N., Brigati, C., Benelli, R., Santi, L., Noonan, D. M., &
Albini, A. (2000). Tissue inhibitors of metalloproteases: regulation
and biological activities. Clin Exp Metastasis, 18(2), 111-120.
d0i:10.1023/a:1006797522521

Fedorcsak, P., Polec, A., Raki, M., Holm, R., Jebsen, P., & Abyholm, T.
(2010). Differential release of matrix metalloproteinases and tissue
inhibitors of metalloproteinases by human granulosa-lutein cells and
ovarian leukocytes. Endocrinology, 151(3), 1290-1298.
doi:10.1210/en.2009-0605

Feng, Y., Cui, P., Lu, X., Hsueh, B., Moller Billig, F., Zarnescu Yanez, L.,
Hsueh, A. J. (2017). CLARITY reveals dynamics of ovarian
follicular architecture and vasculature in three-dimensions. Sci Rep,
7, 44810. doi:10.1038/srep44810

Findlay, J. K., Drummond, A. E., Dyson, M. L., Baillie, A. J., Robertson, D.
M., & Ethier, J. F. (2002). Recruitment and development of the
follicle; the roles of the transforming growth factor-beta superfamily.
Mol Cell Endocrinol, 191(1), 35-43. doi:10.1016/s0303-
7207(02)00053-9

Fortin, C. S., Leader, A., Mahutte, N., Hamilton, S., Leveille, M. C.,
Villeneuve, M., & Sirard, M. A. (2019). Gene expression analysis of
follicular cells revealed inflammation as a potential I\VF failure
cause. J Assist Reprod Genet, 36(6), 1195-1210.
d0i:10.1007/s10815-019-01447-4

Foster, R., Segers, I., Smart, D., Adriaenssens, T., Smitz, J., Arce, J. C., &
Princivalle, M. (2010). A differential cytokine expression profile is
induced by highly purified human menopausal gonadotropin and
recombinant follicle-stimulating hormone in a pre- and postovulatory

61



mouse follicle culture model. Fertil Steril, 93(5), 1464-1476.
doi:10.1016/j.fertnstert.2009.01.136

Fraser, H. M., Dickson, S. E., Lunn, S. F., Wulff, C., Morris, K. D., Carroll,
V. A, & Bicknell, R. (2000). Suppression of luteal angiogenesis in
the primate after neutralization of vascular endothelial growth factor.
Endocrinology, 141(3), 995-1000. doi:10.1210/endo.141.3.7369

Fumagalli, Z., Motta, P., & Calvieri, S. (1971). The presence of smooth
muscular cells in the ovary of several mammals as seen under the
electron microscope. Experientia, 27(6), 682-683.
d0i:10.1007/bf02136959

Garcia, Victor, Kohen, Paulina, Maldonado, Carola, Sierralta, Walter,
Mufioz, Alex, Villarroel, Claudio, Devoto, Luigi. (2012). Transient
expression of progesterone receptor and cathepsin-1 in human
granulosa cells during the periovulatory period. Fertil Steril, 97(3),
707-713. e701.

Gardner, R. L., Lyon, M. F., Evans, E. P., & Burtenshaw, M. D. (1985).
Clonal analysis of X-chromosome inactivation and the origin of the
germ line in the mouse embryo. J Embryol Exp Morphol, 88, 349-
363.

Gaytan, M., Bellido, C., Morales, C., Sanchez-Criado, J. E., & Gaytan, F.
(2006). Effects of selective inhibition of cyclooxygenase and
lipooxygenase pathways in follicle rupture and ovulation in the rat.
Reproduction, 132(4), 571-577. doi:10.1530/rep.1.01236

Ghersevich, S. A., Poutanen, M. H., Martikainen, H. K., & Vihko, R. K.
(1994). Expression of 17 beta-hydroxysteroid dehydrogenase in
human granulosa cells: correlation with follicular size, cytochrome
P450 aromatase activity and oestradiol production. J Endocrinol,
143(1), 139-150. d0i:10.1677/joe.0.1430139

Goodman, A. L., Descalzi, C. D., Johnson, D. K., & Hodgen, G. D. (1977).
Composite pattern of circulating LH, FSH, estradiol, and
progesterone during the menstrual cycle in cynomolgus monkeys.
Proc Soc Exp Biol Med, 155(4), 479-481. d0i:10.3181/00379727-
155-39834

Gottsch, M. L., Van Kirk, E. A., & Murdoch, W. J. (2002). Role of matrix
metalloproteinase 2 in the ovulatory folliculo-luteal transition of
ewes. Reproduction, 124(3), 347-352. d0i:10.1530/rep.0.1240347

Gougeon, A. (1996). Regulation of ovarian follicular development in
primates: facts and hypotheses. Endocr Rev, 17(2), 121-155.
doi:10.1210/edrv-17-2-121

62



Grondahl, M. L., Andersen, C. Y., Bogstad, J., Borgbo, T., Boujida, V. H., &
Borup, R. (2012). Specific genes are selectively expressed between
cumulus and granulosa cells from individual human pre-ovulatory
follicles. Mol Hum Reprod, 18(12), 572-584.
doi:10.1093/molehr/gas035

Grondahl, M. L., Borup, R., Lee, Y. B., Myrhoj, V., Meinertz, H., &
Sorensen, S. (2009). Differences in gene expression of granulosa
cells from women undergoing controlled ovarian hyperstimulation
with either recombinant follicle-stimulating hormone or highly
purified human menopausal gonadotropin. Fertil Steril, 91(5), 1820-
1830. d0i:10.1016/j.fertnstert.2008.02.137

Gutman, G., Barak, V., Maslovitz, S., Amit, A., Lessing, J. B., & Geva, E.
(2008). Regulation of vascular endothelial growth factor-A and its
soluble receptor sFlt-1 by luteinizing hormone in vivo: implication
for ovarian follicle angiogenesis. Fertil Steril, 89(4), 922-926.
doi:10.1016/j.fertnstert.2007.03.097

Haas, J., Ophir, L., Barzilay, E., Yerushalmi, G. M., Yung, Y., Kedem, A.,
Hourvitz, A. (2014). GnRH agonist vs. hCG for triggering of
ovulation--differential effects on gene expression in human granulosa
cells. PLoS One, 9(3), €90359. doi:10.1371/journal.pone.0090359

Hanna, M. D., Chizen, D. R., & Pierson, R. A. (1994). Characteristics of
follicular evacuation during human ovulation. Ultrasound Obstet
Gynecol, 4(6), 488-493. doi:10.1046/j.1469-0705.1994.04060488.x

Hazzard, TM, Molskness, TA, Rohan, RM, D’ Amato, RJ, & Stouffer, RL.
(1999). Injection of an angiogenesis inhibitor (TNP-470) into the
periovulatory follicle causes luteal dysfunction in rhesus monkeys.
Paper presented at the 5th International Congress on the Cell Biology
of Reproduction (Cambridge, UK.

Hazzard, T. M., Molskness, T. A., Chaffin, C. L., & Stouffer, R. L. (1999).
Vascular endothelial growth factor (VEGF) and angiopoietin
regulation by gonadotrophin and steroids in macaque granulosa cells
during the peri-ovulatory interval. Mol Hum Reprod, 5(12), 1115-
1121. d0i:10.1093/molehr/5.12.1115

Hazzard, T. M., Xu, F., & Stouffer, R. L. (2002). Injection of soluble
vascular endothelial growth factor receptor 1 into the preovulatory
follicle disrupts ovulation and subsequent luteal function in rhesus
monkeys. Biol Reprod, 67(4), 1305-1312.
doi:10.1095/biolreprod67.4.1305

63



Heinonen, P. K., Punnonen, R., Ashorn, R., Kujansuu, E., Morsky, P., &
Seppala, E. (1986). Prostaglandins, thromboxane and leukotriene in
human follicular fluid. Clin Reprod Fertil, 4(4), 253-257.

Hellberg, P., Thomsen, P., Janson, P. O., & Brannstrom, M. (1991).
Leukocyte supplementation increases the luteinizing hormone-
induced ovulation rate in the in vitro-perfused rat ovary. Biol Reprod,
44(5), 791-797. doi:10.1095/biolreprod44.5.791

Herbert, S. P., & Stainier, D. Y. (2011). Molecular control of endothelial cell
behaviour during blood vessel morphogenesis. Nat Rev Mol Cell
Biol, 12(9), 551-564. d0i:10.1038/nrm3176

Hibbert, M. L., Stouffer, R. L., Wolf, D. P., & Zelinski-Wooten, M. B.
(1996). Midcycle administration of a progesterone synthesis inhibitor
prevents ovulation in primates. Proc Natl Acad Sci U S A, 93(5),
1897-1901. doi:10.1073/pnas.93.5.1897

HILD-PETITO, SHERI, STOUFFER, RICHARD L, & BRENNER,
ROBERT M. (1988). Immunocytochemical localization of estradiol
and progesterone receptors in the monkey ovary throughout the
menstrual cycle. Endocrinology, 123(6), 2896-2905.

Hild-Petito, S., West, N. B., Brenner, R. M., & Stouffer, R. L. (1991).
Localization of androgen receptor in the follicle and corpus luteum of
the primate ovary during the menstrual cycle. Biol Reprod, 44(3),
561-568. doi:10.1095/biolreprod44.3.561

Horie, Kiyoshige, Takakura, Keniji, Fujiwara, Hiroshi, Suginami, Hiroshi,
Liao, Shutsung, & Mori, Takahide. (1992). Immunohistochemical
localization of androgen receptor in the human ovary throughout the
menstrual cycle in relation to oestrogen and progesterone receptor
expression. Human reproduction, 7(2), 184-190.

Hsieh, Minnie, Lee, Daekee, Panigone, Sara, Horner, Kathleen, Chen, Ruby,
Theologis, Alekos, Conti, Marco. (2007). Luteinizing hormone-
dependent activation of the epidermal growth factor network is
essential for ovulation. Molecular and cellular biology, 27(5), 1914-
1924,

Humaidan, P., Bredkjaer, H. E., Bungum, L., Bungum, M., Grondahl, M. L.,
Westergaard, L., & Andersen, C. Y. (2005). GnRH agonist
(buserelin) or hCG for ovulation induction in GnRH antagonist
IVF/ICSI cycles: a prospective randomized study. Hum Reprod,
20(5), 1213-1220. doi:10.1093/humrep/deh765

Ichikawa, S., Ohta, M., Morioka, H., & Murao, S. (1983). Blockage of
ovulation in the explanted hamster ovary by a collagenase inhibitor. J
Reprod Fertil, 68(1), 17-19. doi:10.1530/jrf.0.0680017

64



Irving-Rodgers, H. F., & Rodgers, R. J. (2005). Granulosa cell expression of
basal lamina matrices: Call-Exner bodies and focimatrix. Ital J Anat
Embryol, 110(2 Suppl 1), 225-230.

Janson, P. O. (1975). Effects of the luteinizing hormone on blood flow in the
follicular rabbit ovary, as measured by radioactive microspheres.
Acta Endocrinol (Copenh), 79(1), 122-133.
doi:10.1530/acta.0.0790122

Jarkovska, K., Martinkova, J., Liskova, L., Halada, P., Moos, J., Rezabek, K.,
Kovarova, H. (2010). Proteome mining of human follicular fluid
reveals a crucial role of complement cascade and key biological
pathways in women undergoing in vitro fertilization. J Proteome Res,
9(3), 1289-1301. doi:10.1021/pr900802u

Johnson, Mark D, Kim, Hyeong-Reh Choi, Chesler, Louis, Tsao-Wu, Gladys,
Polverini, Peter J, & Bouck, Noel. (1994). Inhibition of angiogenesis
by tissue inhibitor of metalloproteinase. Journal of cellular
physiology, 160(1), 194-202.

JONES, PHILLIP BC, VERNON, MICHAEL W, MUSE, KEN N, &
CURRY JR, THOMAS E. (1989). Plasminogen activator and
plasminogen activator inhibitor in human preovulatory follicular
fluid. The Journal of Clinical Endocrinology & Metabolism, 68(6),
1039-1045.

Jones, R. E., Duvall, D., & Guillette, L. J., Jr. (1980). Rat ovarian mast cells:
distribution and cyclic changes. Anat Rec, 197(4), 489-493.
doi:10.1002/ar.1091970410

Kanzaki, H., Okamura, H., Okuda, Y., Takenaka, A., Morimoto, K., &
Nishimura, T. (1981). [Scanning electron microscopic observations
of microcorrosion casts for rabbit ovarian vasculature before
ovulatory stimulus (author's transl)]. Nihon Sanka Fujinka Gakkai
Zasshi, 33(1), 11-18.

Kanzaki, H., Okamura, H., Okuda, Y., Takenaka, A., Morimoto, K., &
Nishimura, T. (1982). Scanning electron microscopic study of rabbit
ovarian follicle microvasculature using resin injection-corrosion
casts. J Anat, 134(Pt 4), 697-704.

Kashiwagi, M., Tortorella, M., Nagase, H., & Brew, K. (2001). TIMP-3 is a
potent inhibitor of aggrecanase 1 (ADAM-TS4) and aggrecanase 2
(ADAM-TS5). J Biol Chem, 276(16), 12501-12504.
d0i:10.1074/jbc.C000848200

Killick, Stephen, & Elstein, Max. (1987). Pharmacologic production of
luteinized unruptured follicles by prostaglandin synthetase inhibitors.
Fertil Steril, 47(5), 773-777.

65



Kim, Jaeyeon, Bagchi, Indrani C, & Bagchi, Milan K. (2009). Signaling by
hypoxia-inducible factors is critical for ovulation in mice.
Endocrinology, 150(7), 3392-3400.

Kim, Jaeyeon, Sato, Marcey, Li, Quanxi, Lydon, John P, DeMayo, Francesco
J, Bagchi, Indrani C, & Bagchi, Milan K. (2008). Peroxisome
proliferator-activated receptor v is a target of progesterone regulation
in the preovulatory follicles and controls ovulation in mice.
Molecular and cellular biology, 28(5), 1770-1782.

Kim, S. O., & Duffy, D. M. (2016). Mapping PTGERs to the Ovulatory
Follicle: Regional Responses to the Ovulatory PGE2 Signal. Biol
Reprod, 95(2), 33. doi:10.1095/biolreprod.116.140574

Kim, S. O., Harris, S. M., & Duffy, D. M. (2014). Prostaglandin E2 (EP)
receptors mediate PGE2-specific events in ovulation and
luteinization within primate ovarian follicles. Endocrinology, 155(4),
1466-1475. doi:10.1210/en.2013-2096

Kobayashi, Y., Wright, K. H., Santulli, R., Kitai, H., & Wallach, E. E.
(1983). Effect of histamine and histamine blockers on the ovulatory
process in the vitro perfused rabbit ovary. Biol Reprod, 28(2), 385-
392. doi:10.1095/biolreprod28.2.385

Kraus, W Lee, Montano, Monica M, & Katzenellenbogen, Benita S. (1993).
Cloning of the rat progesterone receptor gene 5'-region and
identification of two functionally distinct promoters. Molecular
endocrinology, 7(12), 1603-1616.

Kushnir, M. M., Naessen, T., Wanggren, K., Rockwood, A. L., Crockett, D.
K., & Bergquist, J. (2012). Protein and steroid profiles in follicular
fluid after ovarian hyperstimulation as potential biomarkers of IVF
outcome. J Proteome Res, 11(10), 5090-5100.
doi:10.1021/pr300535g

Lee, H. J., Jee, B. C.,, Kim, S. K., Kim, H., Lee, J. R, Suh, C. S., & Kim, S.
H. (2016). Expressions of aquaporin family in human luteinized
granulosa cells and their correlations with IVF outcomes. Hum
Reprod, 31(4), 822-831. doi:10.1093/humrep/dew006

Lei, ZM, Chegini, N, & Rao, Ch V. (1991). Quantitative cell composition of
human and bovine corpora lutea from various reproductive states.
Biol Reprod, 44(6), 1148-1156.

Lenz, S. (1985). Ultrasonic study of follicular maturation, ovulation and
development of corpus luteum during normal menstrual cycles. Acta
Obstet Gynecol Scand, 64(1), 15-19.
doi:10.3109/00016348509154681

66



Lewandowska, A. E., Macur, K., Czaplewska, P., Liss, J., Lukaszuk, K., &
Oldziej, S. (2017). Qualitative and Quantitative Analysis of Proteome
and Peptidome of Human Follicular Fluid Using Multiple Samples
from Single Donor with LC-MS and SWATH Methodology. J
Proteome Res, 16(8), 3053-3067.
doi:10.1021/acs.jproteome.7b00366

Lim, H. J., Seok, A. E., Han, J., Lee, J., Lee, S., Kang, H. G., Yang, Y.
(2017). N-glycoproteomic analysis of human follicular fluid during
natural and stimulated cycles in patients undergoing in vitro
fertilization. Clin Exp Reprod Med, 44(2), 63-72.
d0i:10.5653/cerm.2017.44.2.63

Lind, A. K., Dahm-Kahler, P., Weijdegard, B., Sundfeldt, & Brannstrom, M.
(2006). Gelatinases and their tissue inhibitors during human
ovulation: increased expression of tissue inhibitor of matrix
metalloproteinase-1. Mol Hum Reprod, 12(12), 725-736.
doi:10.1093/molehr/gal086

Lind, A. K., Weijdegard, B., Dahm-Kabhler, P., Molne, J., Sundfeldt, K., &
Brannstrom, M. (2006). Collagens in the human ovary and their
changes in the perifollicular stroma during ovulation. Acta Obstet
Gynecol Scand, 85(12), 1476-1484.
doi:10.1080/00016340601033741

Lind, A-K, Weijdegard, B, Dahm-Kahler, P, Mélne, J, Sundfeldt, K, &
Brénnstrém, M. (2006). Collagens in the human ovary and their
changes in the perifollicular stroma during ovulation. Acta Obstet
Gynecol Scand, 85(12), 1476-1484.

Lintern-Moore, S., Peters, H., Moore, G. P., & Faber, M. (1974). Follicular
development in the infant human ovary. J Reprod Fertil, 39(1), 53-
64. doi:10.1530/jrf.0.0390053

Liu, Y. X., Cajander, S. B., Ny, T., Kristensen, P., & Hsueh, A. J. (1987).
Gonadotropin regulation of tissue-type and urokinase-type
plasminogen activators in rat granulosa and theca-interstitial cells
during the periovulatory period. Mol Cell Endocrinol, 54(2-3), 221-
229. doi:10.1016/0303-7207(87)90160-2

Liu, Y. X,, Liu, K, Feng, Q., Hu, Z. Y., Liu, H. Z., Fu, G. Q., . . . Ny, T.
(2004). Tissue-type plasminogen activator and its inhibitor
plasminogen activator inhibitor type 1 are coordinately expressed
during ovulation in the rhesus monkey. Endocrinology, 145(4), 1767-
1775. doi:10.1210/en.2003-1327

Liu, Y. X., Zhang, Y., Li, Y. Y., Liu, X. M., Wang, X. X,, Zhang, C. L.,
Deng, S. L. (2019). Regulation of follicular development and

67



differentiation by intra-ovarian factors and endocrine hormones.
Front Biosci (Landmark Ed), 24, 983-993.

Liu, Yi-Xun, Liu, Kui, Feng, Qiang, Hu, Zhao-Yuan, Liu, Hai-Zhen, Fu,
Guo-Qing, Ny, Tor. (2004). Tissue-type plasminogen activator and
its inhibitor plasminogen activator inhibitor type 1 are coordinately
expressed during ovulation in the rhesus monkey. Endocrinology,
145(4), 1767-1775.

Liu, Yi-Xun, Liu, Xi-Ming, Nin, Liang-Fang, Shi, Lei, & Chen, Su-Ren.
(2013). Serine protease and ovarian paracrine factors in regulation of
ovulation. Front Biosci (Landmark Ed), 18, 650-664.

Liu, Zhilin, Fan, Heng-Yu, Wang, Yibin, & Richards, JoAnne S. (2010).
Targeted Disruption of Mapk14 (p38MAPK a) in Granulosa Cells
and Cumulus Cells Causes Cell-Specific Changes in Gene
Expression Profiles that Rescue COC Expansion and Maintain
Fertility. Molecular endocrinology, 24(9), 1794-1804.

Maizels, Evelyn T, Mukherjee, Abir, Sithanandam, Gunamani, Peters, Carl
A, Cottom, Joshua, Mayo, Kelly E, & Hunzicker-Dunn, Mary.
(2001). Developmental regulation of mitogen-activated protein
kinase-activated kinases-2 and-3 (MAPKAPK-2/-3) in vivo during
corpus luteum formation in the rat. Molecular endocrinology, 15(5),
716-733.

Marik, Jaroslav, & Hulka, Jaroslav. (1978). Luteinized unruptured follicle
syndrome: a subtle cause of infertility. Fertil Steril, 29(3), 270-274.

Matousek, M., Carati, C., Gannon, B., & Brannstrom, M. (2001). Novel
method for intrafollicular pressure measurements in the rat ovary:
increased intrafollicular pressure after hCG stimulation.
Reproduction, 121(2), 307-314. doi:10.1530/rep.0.1210307

Mauro, A., Martelli, A., Berardinelli, P., Russo, V., Bernabo, N., Di Giacinto,
O., Barboni, B. (2014). Effect of antiprogesterone RU486 on VEGF
expression and blood vessel remodeling on ovarian follicles before
ovulation. PLoS One, 9(4), €95910.
doi:10.1371/journal.pone.0095910

McCord, L. A., Li, F., Rosewell, K. L., Brannstrom, M., & Curry, T. E.
(2012). Ovarian expression and regulation of the stromelysins during
the periovulatory period in the human and the rat. Biol Reprod,
86(3), 78. doi:10.1095/biolreprod.111.095588

McNatty, K. P. (1978). Cyclic changes in antral fluid hormone concentrations
in humans. Clin Endocrinol Metab, 7(3), 577-600.

Migone, Fernando F, Cowan, Robert G, Williams, Rebecca M, Gorse,
Kiersten J, Zipfel, Warren R, & Quirk, Susan M. (2016). In vivo

68



imaging reveals an essential role of vasoconstriction in rupture of the
ovarian follicle at ovulation. Proceedings of the National Academy of
Sciences, 113(8), 2294-2299.

Mikuni, M., Yoshida, M., Hellberg, P., Peterson, C. A., Edwin, S. S.,
Brannstrom, M., & Peterson, C. M. (1998). The lipoxygenase
inhibitor, nordihydroguaiaretic acid, inhibits ovulation and reduces
leukotriene and prostaglandin levels in the rat ovary. Biol Reprod,
58(5), 1211-1216. doi:10.1095/biolreprod58.5.1211

Mitsube, K., Brannstrom, M., & Haraldsson, B. (2013). Modulation of
microvascular permeability in the preovulatory rat ovary by an
ovulatory gonadotropin stimulus. Fertil Steril, 99(3), 903-909.
doi:10.1016/j.fertnstert.2012.11.017

Miyabayashi, K., Shimizu, T., Kawauchi, C., Sasada, H., & Sato, E. (2005).
Changes of mMRNA expression of vascular endothelial growth factor,
angiopoietins and their receptors during the periovulatory period in
eCG/hCG-treated immature female rats. J Exp Zool A Comp Exp
Biol, 303(7), 590-597. doi:10.1002/jez.a.188

Motta, P, Cherney, DD, & Didio, LJA. (1971). SCANNING AND
TRANSMISSION ELECTRON MICROSCOPY OF OVARIAN
SURFACE IN MAMMALS WITH SPECIAL REFERENCE TO
OVULATION. Journal of Submicroscopic Cytology, 3(2), 85-&.

Motta, P., & Van Blerkom, J. (1975). A scanning electron microscopic study
of the luteo-follicular complex. 1. Events leading to ovulation. Am J
Anat, 143(2), 241-263. doi:10.1002/aja.1001430206

Murayama, C., Kaji, A., Miyauchi, K., Matsui, M., Miyamoto, A., &
Shimizu, T. (2010). Effect of VEGF (vascular endothelial growth
factor) on expression of I1L-8 (interleukin-8), IL-1beta and their
receptors in bovine theca cells. Cell Biol Int, 34(5), 531-536.
d0i:10.1042/chi20090498

Murdoch, William J, & Cavender, Jacqueline L. (1989). Effect of
indomethacin on the vascular architecture of preovulatory ovine
follicles: possible implication in the luteinized unruptured follicle
syndrome. Fertil Steril, 51(1), 153-155.

Murdoch, William J, & McDonnel, Anna C. (2002). Roles of the ovarian
surface epithelium in ovulation and carcinogenesis.
REPRODUCTION-CAMBRIDGE-, 123(6), 743-750.

Murdoch, W. J., & Myers, D. A. (1983). Effect of treatment of estrous ewes
with indomethacin on the distribution of ovarian blood to the
periovulatory follicle. Biol Reprod, 29(5), 1229-1232.
doi:10.1095/biolreprod29.5.1229

69



Murphy, G., Knauper, V., Cowell, S., Hembry, R., Stanton, H., Butler, G.,
Lopez-Otin, C. (1999). Evaluation of some newer matrix
metalloproteinases. Ann N Y Acad Sci, 878, 25-39.
d0i:10.1111/j.1749-6632.1999.th07672.x

Nagase, Hideaki. (1996). Matrix metalloproteinases Zinc metalloproteases in
health and disease (pp. 173-224): CRC Press.

Nastri, C. O., Ferriani, R. A., Rocha, I. A., & Martins, W. P. (2010). Ovarian
hyperstimulation syndrome: pathophysiology and prevention. J
Assist Reprod Genet, 27(2-3), 121-128. doi:10.1007/s10815-010-
9387-6

Nguyen, Tracy, Lee, Samuel, Hatzirodos, Nicholas, Hummitzsch, Katja,
Sullivan, Thomas R, Rodgers, Raymond J, & Irving-Rodgers, Helen
F. (2012). Spatial differences within the membrana granulosa in the
expression of focimatrix and steroidogenic capacity. Mol Cell
Endocrinol, 363(1-2), 62-73.

Nikolettos, N, Asimakopoulos, B, Tentes, L, Schépper, B, & Al-Hasani, S.
(2003). Matrix metalloproteinases 2 and 9 in follicular fluids of
patients undergoing controlled ovarian stimulation for ICSI/ET. In
Vivo, 17(2), 201-204.

Nilsson, L., Wikland, M., & Hamberger, L. (1982). Recruitment of an
ovulatory follicle in the human following follicle-ectomy and
luteectomy. Fertil Steril, 37(1), 30-34. doi:10.1016/s0015-
0282(16)45972-8

Nishigaki, A., Okada, H., Tsuzuki, T., Cho, H., Yasuda, K., & Kanzaki, H.
(2011). Angiopoietin 1 and angiopoietin 2 in follicular fluid of
women undergoing a long protocol. Fertil Steril, 96(6), 1378-1383.
doi:10.1016/j.fertnstert.2011.09.031

Nishiwaki, K., Hisamoto, N., & Matsumoto, K. (2000). A metalloprotease
disintegrin that controls cell migration in Caenorhabditis elegans.
Science, 288(5474), 2205-2208. doi:10.1126/science.288.5474.2205

Norman, R. J., Buchholz, M. M., Somogyi, A. A., & Amato, F. (2000).
hCGhbeta core fragment is a metabolite of hCG: evidence from
infusion of recombinant hCG. J Endocrinol, 164(3), 299-305.
d0i:10.1677/joe.0.1640299

Ny, T., Bjersing, L., Hsueh, A. J., & Loskutoff, D. J. (1985). Cultured
granulosa cells produce two plasminogen activators and an
antiactivator, each regulated differently by gonadotropins.
Endocrinology, 116(4), 1666-1668. doi:10.1210/endo-116-4-1666

70



Oakley, O. R., Kim, H., EI-Amouri, 1., Lin, P. C., Cho, J., Bani-Ahmad, M.,
& Ko, C. (2010). Periovulatory leukocyte infiltration in the rat ovary.
Endocrinology, 151(9), 4551-4559. doi:10.1210/en.2009-1444

Okuda, Y., Okamura, H., Kanzaki, H., Takenaka, A., Morimoto, K., &
Nishimura, T. (1980). [An ultrastructural study of capillary
permeability of rabbit ovarian follicles during ovulation using carbon
tracer (author's transl)]. Nihon Sanka Fujinka Gakkai Zasshi, 32(7),
859-867.

Osvaldo-Decima, L. (1970). Smooth muscle in the ovary of the rat and
monkey. J Ultrastruct Res, 30(1), 218-237. doi:10.1016/s0022-
5320(70)90075-4

Pache, T. D., Wladimiroff, J. W., de Jong, F. H., Hop, W. C., & Fauser, B. C.
(1990). Growth patterns of nondominant ovarian follicles during the
normal menstrual cycle. Fertil Steril, 54(4), 638-642.
d0i:10.1016/s0015-0282(16)53821-7

Pall, Marita, Fridén, Barbro E, & Brannstréom, Mats. (2001). Induction of
delayed follicular rupture in the human by the selective COX-2
inhibitor rofecoxib: a randomized double-blind study. Human
reproduction, 16(7), 1323-1328.

Pall, M., Hellberg, P., Brannstrom, M., Mikuni, M., Peterson, C. M.,
Sundfeldt, K., . . . Enerback, S. (1997). The transcription factor
C/EBP-beta and its role in ovarian function; evidence for direct
involvement in the ovulatory process. Embo j, 16(17), 5273-5279.
d0i:10.1093/emboj/16.17.5273

Panigone, Sara, Hsieh, Minnie, Fu, Maoyong, Persani, Luca, & Conti, Marco.
(2008). Luteinizing hormone signaling in preovulatory follicles
involves early activation of the epidermal growth factor receptor
pathway. Molecular endocrinology, 22(4), 924-936.

Park, Eun-Sil, Lind, Anna-Karin, Dahm-Kahler, Pernilla, Brannstrom, Mats,
Carletti, Martha Z, Christenson, Lane K, . Jo, Misung. (2010).
RUNX2 transcription factor regulates gene expression in luteinizing
granulosa cells of rat ovaries. Molecular endocrinology, 24(4), 846-
858.

Park, Eun-Sil, Park, Jiyeon, Franceschi, Renny T, & Jo, Misung. (2012). The
role for runt related transcription factor 2 (RUNX2) as a
transcriptional repressor in luteinizing granulosa cells. Mol Cell
Endocrinol, 362(1-2), 165-175.

Park, J. Y., Su, Y. Q., Ariga, M., Law, E., Jin, S. L., & Conti, M. (2004).
EGF-like growth factors as mediators of LH action in the ovulatory
follicle. Science, 303(5658), 682-684. doi:10.1126/science.1092463

71



Park, Jy-Young, Su, You-Qiang, Ariga, Miyako, Law, Evelyn, Jin, S-L
Catherine, & Conti, Marco. (2004). EGF-like growth factors as
mediators of LH action in the ovulatory follicle. Science, 303(5658),
682-684.

Park, Ok-Kyong, & Mayo, Kelly E. (1991). Transient expression of
progesterone receptor messenger RNA in ovarian granuiosa cells
after the preovulatory luteinizing hormone surge. Molecular
endocrinology, 5(7), 967-978.

Parr, E. L. (1974). Histological examination of the rat ovarian follicle wall
prior to ovulation. Biol Reprod, 11(5), 483-503.
doi:10.1095/biolreprod11.5.483

Pellicer, A., Miro, F., Sampaio, M., Gomez, E., & Bonilla-Musoles, F. M.
(1991). In vitro fertilization as a diagnostic and therapeutic tool in a
patient with partial 17,20-desmolase deficiency. Fertil Steril, 55(5),
970-975. doi:10.1016/s0015-0282(16)54308-8

Peluffo, M. C., Murphy, M. J., Baughman, S. T., Stouffer, R. L., &
Hennebold, J. D. (2011). Systematic analysis of protease gene
expression in the rhesus macaque ovulatory follicle:
metalloproteinase involvement in follicle rupture. Endocrinology,
152(10), 3963-3974. d0i:10.1210/en.2011-1172

Peluso, John J, & Pru, James K. (2014). Non-canonical progesterone
signaling in granulosa cell function. Reproduction, 147(5), R169-
R178.

Peng, X. R., Hsueh, A. J., LaPolt, P. S., Bjersing, L., & Ny, T. (1991).
Localization of luteinizing hormone receptor messenger ribonucleic
acid expression in ovarian cell types during follicle development and
ovulation. Endocrinology, 129(6), 3200-3207. doi:10.1210/endo-129-
6-3200

PENG, XIAO-RONG, HSUEH, AARON JW, LAPOLT, PHILIP S,
BJERSING, LARS, & Ny, Tor. (1991). Localization of luteinizing
hormone receptor messenger ribonucleic acid expression in ovarian
cell types during follicle development and ovulation. Endocrinology,
129(6), 3200-3207.

Porter, S., Clark, I. M., Kevorkian, L., & Edwards, D. R. (2005). The
ADAMTS metalloproteinases. Biochem J, 386(Pt 1), 15-27.
doi:10.1042/bj20040424

Poulsen, L. C., Pla, I., Sanchez, A., Grondahl, M. L., Marko-Varga, G.,
Yding Andersen, C., Malm, J. (2019). Progressive changes in human
follicular fluid composition over the course of ovulation: quantitative

72



proteomic analyses. Mol Cell Endocrinol, 495, 110522.
doi:10.1016/j.mce.2019.110522

Press, MF, Udove, JA, & Greene, GL. (1988). Progesterone receptor
distribution in the human endometrium. Analysis using monoclonal
antibodies to the human progesterone receptor. The American journal
of pathology, 131(1), 112.

Priddy, A. R., Killick, S. R., Elstein, M., Morris, J., Sullivan, M., Patel, L., &
Elder, M. G. (1989). Ovarian follicular fluid eicosanoid
concentrations during the pre-ovulatory period in humans.
Prostaglandins, 38(2), 197-202. doi:10.1016/0090-6980(89)90082-8

RICHARDS, JOANNE S, JONASSEN, JULIE A, ROLFES, ALICE I,
KERSEY, KATHERINE, & REICHERT JR, LEO E. (1979).
Adenosine 3', 5'-monophosphate, luteinizing hormone receptor, and
progesterone during granulosa cell differentiation: effects of estradiol
and follicle-stimulating hormone. Endocrinology, 104(3), 765-773.

Robker, RL, Russell, DL, Espey, L LI, Lydon, JP, O'malley, BW, &
Richards, JS. (2000). Progesterone-regulated genes in the ovulation
process: ADAMTS-1 and cathepsin L proteases. Proceedings of the
National Academy of Sciences, 97(9), 4689-4694.

Robker, R. L., Russell, D. L., Espey, L. L., Lydon, J. P., O'Malley, B. W., &
Richards, J. S. (2000). Progesterone-regulated genes in the ovulation
process: ADAMTS-1 and cathepsin L proteases. Proc Natl Acad Sci
US A, 97(9), 4689-4694. doi:10.1073/pnas.080073497

Rosewell, K. L., Al-Alem, L., Zakerkish, F., McCord, L., Akin, J. W.,
Chaffin, C. L., Curry, T. E., Jr. (2015). Induction of proteinases in
the human preovulatory follicle of the menstrual cycle by human
chorionic gonadotropin. Fertil Steril, 103(3), 826-833.
doi:10.1016/j.fertnstert.2014.11.017

Rosewell, Katherine L, Al-Alem, Linah, Zakerkish, Farnosh, McCord,
Lauren, Akin, James W, Chaffin, Charles L, Curry Jr, Thomas E.
(2015). Induction of proteinases in the human preovulatory follicle of
the menstrual cycle by human chorionic gonadotropin. Fertil Steril,
103(3), 826-833.

Rosewell, K. L., Li, F., Puttabyatappa, M., Akin, J. W., Brannstrom, M., &
Curry, T. E., Jr. (2013). Ovarian expression, localization, and
function of tissue inhibitor of metalloproteinase 3 (TIMP3) during
the periovulatory period of the human menstrual cycle. Biol Reprod,
89(5), 121. doi:10.1095/biolreprod.112.106989

Runesson, E., Bostrom, E. K., Janson, P. O., & Brannstrom, M. (1996). The
human preovulatory follicle is a source of the chemotactic cytokine

73



interleukin-8. Mol Hum Reprod, 2(4), 245-250.
d0i:10.1093/molehr/2.4.245

Russell, D. L., Doyle, K. M., Ochsner, S. A., Sandy, J. D., & Richards, J. S.
(2003). Processing and localization of ADAMTS-1 and proteolytic
cleavage of versican during cumulus matrix expansion and ovulation.
J Biol Chem, 278(43), 42330-42339. doi:10.1074/jbc.M300519200

Russell, D. L., & Robker, R. L. (2007). Molecular mechanisms of ovulation:
co-ordination through the cumulus complex. Hum Reprod Update,
13(3), 289-312. doi:10.1093/humupd/dml062

Sahlin, L., Masironi, B., Akerberg, S., & Eriksson, H. (2006). Tissue- and
hormone-dependent progesterone receptor distribution in the rat
uterus. Reprod Biol Endocrinol, 4, 47. doi:10.1186/1477-7827-4-47

Sargent, K. M., Lu, N., Clopton, D. T., Pohlmeier, W. E., Brauer, V. M.,
Ferrara, N., Cupp, A. S. (2015). Loss of vascular endothelial growth
factor A (VEGFA) isoforms in granulosa cells using pDmrt-1-Cre or
Amhr2-Cre reduces fertility by arresting follicular development and
by reducing litter size in female mice. PLoS One, 10(2), e0116332.
doi:10.1371/journal.pone.0116332

Satoh, T., Kobayashi, K., Yamashita, S., Kikuchi, M., Sendai, Y., & Hoshi,
H. (1994). Tissue inhibitor of metalloproteinases (TIMP-1) produced
by granulosa and oviduct cells enhances in vitro development of
bovine embryo. Biol Reprod, 50(4), 835-844.
doi:10.1095/biolreprod50.4.835

Schmidt, G., Owman, C., & Sjoberg, N. O. (1986). Histamine induces
ovulation in the isolated perfused rat ovary. J Reprod Fertil, 78(1),
159-166. doi:10.1530/jrf.0.0780159

Schmidt, G., Owman, C., & Sjoberg, N. O. (1988). Cellular localization of
ovarian histamine, its cyclic variations, and histaminergic effects on
ovulation in the rat ovary perfused in vitro. J Reprod Fertil, 82(2),
409-417. doi:10.1530/jrf.0.0820409

Shalev, Eliezer, Goldman, Shlomit, & Ben-Shlomo, Izhar. (2001). The
balance between MMP-9 and MMP-2 and their tissue inhibitor
(TIMP)-1 in luteinized granulosa cells: comparison between women
with PCOS and normal ovulatory women. MHR: Basic science of
reproductive medicine, 7(4), 325-331.

Shalgi, R., Kraicer, P., Rimon, A., Pinto, M., & Soferman, N. (1973).
Proteins of human follicular fluid: the blood-follicle barrier. Fertil
Steril, 24(6), 429-434.

Shao, Ruijin, Markstrom, Emilia, Friberg, P Anders, Johansson, Maria, &
Billig, Hakan. (2003). Expression of progesterone receptor (PR) A

74



and B isoforms in mouse granulosa cells: stage-dependent PR-
mediated regulation of apoptosis and cell proliferation. Biol Reprod,
68(3), 914-921.

Shibata, Takeo, Makinoda, Satoru, Waseda, Tomoo, Tomizawa, Hideki,
Fujii, Ryota, & Utsunomiya, Takafumi. (2016). Granulocyte colony-
stimulating factor as a potential inducer of ovulation in infertile
women with luteinized unruptured follicle syndrome. Translational
Research, 171, 63-70.

Shimada, M., Hernandez-Gonzalez, I., Gonzalez-Robayna, I., & Richards, J.
S. (2006). Paracrine and autocrine regulation of epidermal growth
factor-like factors in cumulus oocyte complexes and granulosa cells:
key roles for prostaglandin synthase 2 and progesterone receptor.
Mol Endocrinol, 20(6), 1352-1365. doi:10.1210/me.2005-0504

Shozu, M, Minami, N, Yokoyama, H, Inoue, M, Kurihara, H, Matsushima,
Koji, & Kuno, K. (2005). ADAMTS-1 is involved in normal
follicular development, ovulatory process and organization of the
medullary vascular network in the ovary. J Mol Endocrinol, 35(2),
343-355.

Smith, C., & Perks, A. M. (1983). The kinin system and ovulation: changes
in plasma kininogens, and in kinin-forming enzymes in the ovaries
and blood of rats with 4-day estrous cycles. Can J Physiol Pharmacoll,
61(7), 736-742. doi:10.1139/y83-114

Snijders, M. P., de Goeij, A. F., Debets-Te Baerts, M. J., Rousch, M. J.,
Koudstaal, J., & Bosman, F. T. (1992). Immunocytochemical
analysis of oestrogen receptors and progesterone receptors in the
human uterus throughout the menstrual cycle and after the
menopause. J Reprod Fertil, 94(2), 363-371.
doi:10.1530/jrf.0.0940363

Spanel-Borowski, K. (2011). Ovulation as danger signaling event of innate
immunity. Mol Cell Endocrinol, 333(1), 1-7.
d0i:10.1016/j.mce.2010.12.008

Stamouli, A, O'Sullivan, MJB, Frankel, S, Thomas, EJ, & Richardson, MC.
(1996). Suppression of matrix metalloproteinase production by hCG
in cultures of human luteinized granulosa cells as a model for
gonadotrophin-induced luteal rescue. Reproduction, 107(2), 235-239.

Sterneck, Esta, Tessarollo, Lino, & Johnson, Peter F. (1997). An essential
role for C/EBPp in female reproduction. Genes & development,
11(17), 2153-2162.

75



Szego, C. M., & Gitin, E. S. (1964). OVARIAN HISTAMINE DEPLETION
DURING ACUTE HYPERAEMIC RESPONSE TO LUTEINIZING
HORMONE. Nature, 201, 682-684. doi:10.1038/201682a0

Tam, P. P., & Snow, M. H. (1981). Proliferation and migration of primordial
germ cells during compensatory growth in mouse embryos. J
Embryol Exp Morphol, 64, 133-147.

Thoroddsen, A., Dahm-Kabhler, P., Lind, A. K., Weijdegard, B., Lindenthal,
B., Muller, J., & Brannstrom, M. (2011). The water permeability
channels aquaporins 1-4 are differentially expressed in granulosa and
theca cells of the preovulatory follicle during precise stages of human
ovulation. J Clin Endocrinol Metab, 96(4), 1021-1028.
d0i:10.1210/jc.2010-2545

Tilly, J. L., Kowalski, K. I., Johnson, A. L., & Hsueh, A. J. (1991).
Involvement of apoptosis in ovarian follicular atresia and
postovulatory regression. Endocrinology, 129(5), 2799-2801.
doi:10.1210/endo-129-5-2799

Trau, H. A., Brannstrom, M., Curry, T. E., Jr., & Duffy, D. M. (2016).
Prostaglandin E2 and vascular endothelial growth factor A mediate
angiogenesis of human ovarian follicular endothelial cells. Hum
Reprod, 31(2), 436-444. doi:10.1093/humrep/dev320

Tullet, Jennifer MA, Pocock, Victoria, Steel, Jennifer H, White, Roger,
Milligan, Stuart, & Parker, Malcolm G. (2005). Multiple signaling
defects in the absence of RIP140 impair both cumulus expansion and
follicle rupture. Endocrinology, 146(9), 4127-4137.

Twigt, J., Steegers-Theunissen, R. P., Bezstarosti, K., & Demmers, J. A.
(2012). Proteomic analysis of the microenvironment of developing
oocytes. Proteomics, 12(9), 1463-1471. doi:10.1002/pmic.201100240

Ujioka, T., Matsukawa, A., Tanaka, N., Matsuura, K., Yoshinaga, M., &
Okamura, H. (1998). Interleukin-8 as an essential factor in the human
chorionic gonadotropin-induced rabbit ovulatory process:
interleukin-8 induces neutrophil accumulation and activation in
ovulation. Biol Reprod, 58(2), 526-530.
doi:10.1095/biolreprod58.2.526

Walters, K. A., & Handelsman, D. J. (2018). Role of androgens in the ovary.
Mol Cell Endocrinol, 465, 36-47. doi:10.1016/j.mce.2017.06.026

Van der Hoek, K. H., Maddocks, S., Woodhouse, C. M., van Rooijen, N.,
Robertson, S. A., & Norman, R. J. (2000). Intrabursal injection of
clodronate liposomes causes macrophage depletion and inhibits
ovulation in the mouse ovary. Biol Reprod, 62(4), 1059-1066.
doi:10.1095/biolreprod62.4.1059

76



van Wezel, I. L., Irving-Rodgers, H. F., Sado, Y., Ninomiya, Y., & Rodgers,
R. J. (1999). Ultrastructure and composition of Call-Exner bodies in
bovine follicles. Cell Tissue Res, 296(2), 385-394.
d0i:10.1007/s004410051298

Wang, LJ, Pascoe, V, Petrucco, OM, & Norman, RJ. (1992). Distribution of
leukocyte subpopulations in the human corpus luteum. Human
reproduction, 7(2), 197-202.

Vega, M., Johnson, M. C., Diaz, H. A., Urrutia, L. R., Troncoso, J. L., &
Devoto, L. (1998). Regulation of human luteal steroidogenesis in
vitro by nitric oxide. Endocrine, 8(2), 185-191.
d0i:10.1385/endo:8:2:185

Weick, R. F., Dierschke, D. J., Karsch, F. J., Butler, W. R., Hotchkiss, J., &
Knobil, E. (1973). Periovulatory time courses of circulating
gonadotropic and ovarian hormones in the rhesus monkey.
Endocrinology, 93(5), 1140-1147. doi:10.1210/end0-93-5-1140

Weimer, Susan L, Campeau, Joseph D, Marrs, Richard P, & Dizerega, Gere
S. (1984). Alteration of human follicular fluid plasminogen activator
activity by ovarian hyperstimulation. Journal of In Vitro Fertilization
and Embryo Transfer, 1(4), 263-266.

Wenner, M. M., Taylor, H. S., & Stachenfeld, N. S. (2013). Androgens
influence microvascular dilation in PCOS through ET-A and ET-B
receptors. Am J Physiol Endocrinol Metab, 305(7), E818-825.
doi:10.1152/ajpendo.00343.2013

White, Roger, Leonardsson, Géran, Rosewell, lan, Jacobs, Mary Ann,
Milligan, Stuart, & Parker, Malcolm. (2000). The nuclear receptor
co-repressor nripl (RIP140) is essential for female fertility. Nature
medicine, 6(12), 1368.

Wissing, M. L., Kristensen, S. G., Andersen, C. Y., Mikkelsen, A. L., Host,
T., Borup, R., & Grondahl, M. L. (2014). Identification of new
ovulation-related genes in humans by comparing the transcriptome of
granulosa cells before and after ovulation triggering in the same
controlled ovarian stimulation cycle. Hum Reprod, 29(5), 997-1010.
doi:10.1093/humrep/deu008

Wulff, C., Wilson, H., Wiegand, S. J., Rudge, J. S., & Fraser, H. M. (2002).
Prevention of thecal angiogenesis, antral follicular growth, and
ovulation in the primate by treatment with vascular endothelial
growth factor Trap R1R2. Endocrinology, 143(7), 2797-2807.
d0i:10.1210/end0.143.7.8886

Xu, F., Hazzard, T. M., Evans, A., Charnock-Jones, S., Smith, S., & Stouffer,
R. L. (2005). Intraovarian actions of anti-angiogenic agents disrupt

77



periovulatory events during the menstrual cycle in monkeys.
Contraception, 71(4), 239-248.
doi:10.1016/j.contraception.2004.12.017

Xu, F., Stouffer, R. L., Muller, J., Hennebold, J. D., Wright, J. W., Bahar, A.,
... Lindenthal, B. (2011). Dynamics of the transcriptome in the
primate ovulatory follicle. Mol Hum Reprod, 17(3), 152-165.
doi:10.1093/molehr/gaq089

Yamashita, Yasuhisa, Hishinuma, Mitsugu, & Shimada, Masayuki. (2009).
Activation of PKA, p38 MAPK and ERK1/2 by gonadotropins in
cumulus cells is critical for induction of EGF-like factor and
TACE/ADAML17 gene expression during in vitro maturation of
porcine COCs. Journal of ovarian research, 2(1), 20.

Yang, Wan-Lin, Godwin, Andrew K, & Xu, Xiang-Xi. (2004). Tumor
necrosis factor-a-induced matrix proteolytic enzyme production and
basement membrane remodeling by human ovarian surface epithelial
cells: molecular basis linking ovulation and cancer risk. Cancer
research, 64(4), 1534-1540.

Yding Andersen, C, Byskov, AG, & Grinsted, J. (1981). Partial purification
of the meiosis inducing substance (MIS). Development and function
of reproductive organs. Excerpta Med, Amsterdam Oxford Princeton,
73-80.

Yoo, S. W., Bolbot, T., Koulova, A., Sneeringer, R., Humm, K., Dagon, Y.,
& Usheva, A. (2013). Complement factors are secreted in human
follicular fluid by granulosa cells and are possible oocyte maturation
factors. J Obstet Gynaecol Res, 39(2), 522-527. doi:10.1111/j.1447-
0756.2012.01985.x

Yoshimura, Y., Santulli, R., Atlas, S. J., Fujii, S., & Wallach, E. E. (1987).
The effects of proteolytic enzymes on in vitro ovulation in the rabbit.
Am J Obstet Gynecol, 157(2), 468-475. doi:10.1016/s0002-
9378(87)80197-7

Yung, Y, Aviel-Ronen, S, Maman, E, Rubinstein, N, Avivi, C, Orvieto, R, &
Hourvitz, A. (2014). Localization of luteinizing hormone receptor
protein in the human ovary. Mol Hum Reprod, 20(9), 844-849.

Yung, Y., Maman, E., Konopnicki, S., Cohen, B., Brengauz, M., Lojkin, 1.,
Hourvitz, A. (2010). ADAMTS-1: a new human ovulatory gene and
a cumulus marker for fertilization capacity. Mol Cell Endocrinol,
328(1-2), 104-108. d0i:10.1016/j.mce.2010.07.019

Zamah, A. M., Hassis, M. E., Albertolle, M. E., & Williams, K. E. (2015).
Proteomic analysis of human follicular fluid from fertile women.
Clin Proteomics, 12(1), 5. d0i:10.1186/s12014-015-9077-6

78



Zeleznik, A. J., Schuler, H. M., & Reichert, L. E., Jr. (1981). Gonadotropin-
binding sites in the rhesus monkey ovary: role of the vasculature in
the selective distribution of human chorionic gonadotropin to the
preovulatory follicle. Endocrinology, 109(2), 356-362.
doi:10.1210/endo-109-2-356

Zhou, C., Wu, J., Borillo, J., Torres, L., McMahon, J., Bao, Y., & Lou, Y. H.
(2005). Transient expression of CC chemokine TECK in the ovary
during ovulation: its potential role in ovulation. Am J Reprod
Immunol, 53(5), 238-248. d0i:10.1111/j.1600-0897.2005.00265.x

Zhou, C., Wu, J., Borillo, J., Torres, L., McMahon, J., & Lou, Y. H. (2009).
Potential roles of a special CD8 alpha alpha+ cell population and CC
chemokine thymus-expressed chemokine in ovulation related
inflammation. J Immunol, 182(1), 596-603

79



	LIST OF PAPERS
	LIST OF PAPERS
	Contents
	Contents
	Abbreviations
	Introduction
	FOLLICULOGENESIS
	The cellular and extracellular arrangement of the preovulatory follicle
	Structural and vascular alterations of the preovulatory follicle during ovulation

	THE HUMAN REPRODUCTIVE CYCLE
	The LH surge
	Second messengers of LH
	Transcriptional factors and regulation of post second messengers by luteinizing hormone (LH)

	PARACRINE MEDIATORS IN OVULATION
	Steroids
	Prostaglandins and leukotrienes
	Vasoactive substances
	Growth factors
	Plasminogen activators
	Matrix metalloproteinases
	Proteases of a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)
	Leukocytes and chemokines in ovulation


	Aims
	PATIENTS AND METHODS
	Animal and human collection of samples
	Patients for obtainment of cells/tissue/fluid during ovulation of the natural menstrual cycle
	Monitoring and follicle collection of cells/tissue/fluid of women during ovulation of the normal menstrual cycle
	Follicle collection for cells/tissue/fluid of women during ovulation when undergoing in vitro fertilization (IVF)
	Peripheral blood collection of women
	Rat ovarian tissue/cells and blood collection
	Calcineurin inhibitors administration

	Cell cultures and cell experiments
	In vitro fertilization (IVF) granulosa-lutein cells
	HGL5 cell experiment
	Cell viability
	Rat granulosa cell culture

	Chemical laboratory analysis
	Microarray analysis
	Steroid immunoassay
	Enzyme-linked immunosorbent assay (ELISA)
	Proteomics
	Plasmin assay
	Calcineurin inhibitors level
	Quantitative real-time polymerase chain reaction (RT-PCR)

	Microscopic assessment
	Ovulation rate assessment and ovarian preservation
	White blood cells subpopulation in peripheral blood
	Immunohistochemistry

	Statistical Analysis

	Results and comments
	Results and comments for Paper I
	Results and comments for Paper II
	Results and comments for Paper III
	Results and comments Paper IV
	Results and comments Paper V

	Discussion
	Acknowledgement
	References

