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Abbreviations

AREG  amphiregulin

BMP15 bone morphogenetic protein 15

BTC betacellulin

cAMP  cyclic adenosine monophosphate

cc cumulus cells

CL corpus luteum

COoC cumulus oocyte complex

COX-2  cyclooxygenase-2

CREB  cyclic AMP regulatory element binding protein
DNA deoxyribonucleic acid

eCG equine chorionic gonadotrophin
ECM extracellular matrix

EGF epidermal growth factor

EREG  epiregulin

ERK extracellular regulated kinase

FSH follicle-stimulating hormone

FSHR follicle-stimulating hormone receptor

GC granulosa cells

GDF9  growth and differentiation factor 9
hCG human chorionic gonadotrophin
LH luteinizing hormone

LHR luteinizing hormone receptor
MGC mural granulosa cells

MMP  matrix metalloproteinase

MIIL metaphase II

NSAID nonsteroidal antiinflammatory
OSF oocyte secreted factor

P4 progesterone

PCOS  polycystic ovarian syndrome
PG prostaglandin

PGR progesterone receptor

PKA protein kinase A

PRKO  progesterone receptor knockout
SPRM  selective progesterone receptor modulator
TGFp  transforming growth factor

INTRODUCTION

Ovulation is a complex process with multiple physio-
logical systems contributing to ensure the release of
oocytes with the highest developmental potential at the
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appropriate time. Preovulatory ovarian follicles contain
three main distinct cell lineages that arise through prolif-
eration and differentiation as well as physical segregation
(Fig. 1). The theca cells are specialized differentiated ovar-
ian stromal cells separated from the granulosa layers by
the follicular basement membrane, while two sublineages
of granulosa cells are separated from each other by the
follicular antrum. The granulosa cell subtypes diverge
during follicular growth, through physical and biochem-
ical influences arising from their close contact with the
follicular wall (forming mural granulosa cells) or with
the oocyte (cumulus cells).

The physiological trigger for ovulation is the luteiniz-
ing hormone (LH) surge from the pituitary. In response to
the LH surge, intrafollicular signals trigger the reactiva-
tion of oocyte meiosis, promote rapid production of a spe-
cialized extracellular matrix (ECM) leading to expansion
of the cumulus oocyte complex (COC) and create a rup-
ture pore in the follicular apex through which the COC is
released. Thus, oocyte meiotic maturation is synchro-
nized with release of the COC into oviduct for fertiliza-
tion. In parallel, granulosa cells terminally differentiate
into luteal cells which, in conjunction with neovasculo-
genesis and tissue restructuring, form the corpus luteum
(CL). These processes are fundamental to successful
establishment of pregnancy, but importantly also impact
on the developmental potential of resultant embryos.
Dramatic changes in gene expression mediate the repro-
gramming of granulosa, theca, and cumulus cell func-
tions, with overlapping interdependent consequences in
each of these compartments. Importantly, each process
is also dependent on facilitative signaling from the oocyte
to somatic cells, ensuring ovulation of healthy oocytes
with full developmental competence for entry into
the reproductive pool. Simultaneous with ovulation,
the LH surge reinitiates meiosis so that the oocyte pro-
gresses to meiosis metaphase II (MII) and is ready for

© 2019 Elsevier Inc. All rights reserved.


https://doi.org/10.1016/B978-0-12-813209-8.00014-5

218

FIG. 1 Intrafollicular events required for ovulation. The LH
surge initiates multiple processes within the ovarian follicle
including tissue remodeling, COC expansion, muscle contrac-
tion, and inflammation. The various layers and cell types within
the follicle are also indicated.

fertilization. In parallel, the uterus is prepared for implan-
tation of the embryo through its response to rising
progesterone released from the ovulating follicle. Thus,
multiple aspects of female reproduction are initiated
by the ovulatory LH surge and mediated through the
response of the follicular somatic cells ensuring that fer-
tilization potential and pregnancy readiness are tightly
coordinated.

Within the ovarian follicle, a number of intercellular
events must be coordinated in order for ovulation to
occur. Defects in any of these key events can result in ano-
vulation and the entrapment of oocytes within a lutei-
nized follicle. High circulating LH levels have a specific
effect on the granulosa and theca cells and instigate a
number of responses that are each essential for ovulation
to occur (Fig. 1). (1) The cumulus cells rapidly synthesize
a viscous ECM that enshrouds the oocyte and has a
unique molecular composition essential for its release
from the follicle. (2) The induction of proteolytic activity
is necessary for follicular rupture and tissue morphogen-
esis including invasion of theca and vascular cells into the
granulosa layer to form the CL. (3) Smooth muscle cells in
the theca layer undergo contraction and cause thinning of
the apical follicular wall. (4) Inflammatory mediators are
generated, particularly prostaglandins and cytokines,
which mediate an influx of immune cells into the ovary
and surrounding the ovulating follicle. Thus, in general,
the mural granulosa cells and theca cells respond first to
the ovulatory trigger and induce a subsequent response
in cumulus, vascular, and immune cells. Each of these cell
types plays a critical role in eventual rupture and release
of the oocyte and unique and tightly regulated patterns of
gene and protein expression mediate the localization and
temporal control of each of the key ovulatory events.

This chapter will summarize our current understand-
ing of the cellular events within the ovary that mediate
ovulation. This commences with the intracellular
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signaling that is activated in ovarian cells by surge levels
of LH from the pituitary. Subsequently, each of the major
intrafollicular processes that are essential for ovulation is
described. These include cumulus-oocyte expansion,
proteolytic and angiogenic tissue remodeling, muscle
contraction, and inflammation and immune cell infiltra-
tion. The majority of studies revealing the specific gene
products essential for ovulation have utilized mouse
models; in particular, genetically modified mice lacking
specific genes systemically (knockouts), or more recently
mice lacking genes in specific cells within the ovary for
instance in oocytes (GDF-9-Cre) or in granulosa cells
(using Amhr2-Cre, Cyp19-Cre, or Pgr-Cre for temporal
and spatially targeted gene deletions). Thus, the defini-
tive studies that use mouse models to identify key ovula-
tory gene products are emphasized throughout. Lastly,
clinical aspects of ovulation, namely anovulation and
contraception are discussed.

OVULATORY INTRACELLULAR
SIGNALING CASCADES

The LH surge activates cognate LH receptors on theca
and granulosa cells of mature follicles triggering activa-
tion of multiple intracellular signaling pathways that cul-
minate in unique transcriptional complexes mediating
expression of a suite of ovulatory genes (Fig. 2). Mural
granulosa layers and theca cells of preovulatory follicles
express LH-receptor (Lhcgr) mRNA and LH-R protein at
levels typically an order of magnitude higher than cumu-
lus cells in which Lhcgr expression is repressed by
oocyte-derived signals [1,2]. Numerous studies indicate
that preovulatory cumulus cells respond poorly, if at
all, to direct LH exposure; reviewed in [3]. Interestingly,
Lhcgr expression in thecal cells is regulated by the circa-
dian clock gene Bmall [4] adding an element of diurnal
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temporal control to the ovulatory process. The theca spe-
cific LH-responsive, gene expression changes mainly
relate to changes in steroid synthesis and response path-
ways [5]. The LH-R in granulosa cells (Fig. 2) is a classical
Gas-coupled G-protein-coupled receptor (GPCR) that
activates adenylate cyclase, resulting in a large intracellu-
lar cAMP increase followed by cAMP-dependent serine
protein kinase A (PKA) activation [6-8]. PKA phosphor-
ylates the cAMP regulatory element-binding protein
(CREB) which binds cAMP-response elements in specific
gene promoters [9-11], then recruits the CBP/p300 tran-
scriptional coactivators leading to activation of transcrip-
tion [12,13]. Phosphodiesterases metabolize cAMP to also
regulate intracellular cAMP tone and PDE4D, in particu-
lar, is an important regulator of cAMP levels in granulosa
cells [14].

LH-R activation in granulosa cells also stimulates the
extracellular regulated kinase (Erk1/2 or MAPK) path-
way [15], with activation of Erk being very rapid [16]
and dependent on PKA [11,15]. The activation of Erk in
response to LH is necessary for ovulation [17]. The major
targets downstream of Erk1/2 activation by the LH-surge
are the CCAAT/Enhancer binding proteins alpha and
beta (C/EBPa/p) which have been shown in knockout
mouse studies to be highly important for ovulation [18].
The LH-R is also coupled to Gagq,11 protein complexes
that lead to protein kinase C activation, which may spe-
cifically promote induction of progesterone receptor and
subsequent key ovulation genes [19]. The Gaq,q1/PKC
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pathway likely activates AP1 transcription factors of
the Jun, Fos, and Fra family which are also important
in ovulation [20]. Thus several parallel signal transduc-
tion programs mediate the response to the surge in LH,
with considerable overlap since PKA, PKC, and Erk
kinases can all phosphorylate CREB and all three kinase
pathways can also contribute to expression of critical
genes, such as PGR [21] and C/EBPa/f in rodent models
and humans.

Extracellular-Regulated Kinases Erk1/2

Extracellular-regulated kinases 1 and 2 [Erk1/2, also
known as mitogen-activated protein kinases 3 and 1
(MAPK3/1)] are key regulators of cell proliferation and
differentiation and participate in almost all LH-induced
changes in the ovary at ovulation (Figs. 2 and 3). These
signal transducing kinases are activated in granulosa cells
through LHR-PKA directly as well as in cumulus cells via
the action of granulosa cell-derived EGF-L interacting
with EGF receptor on cumulus cells [22]. Mice null for
Erk1 and with a granulosa-specific KO for Erk2 have pro-
found and complete infertility, while mice with each
mutation individually have normal fertility [17]. The fol-
licles of the double mutant mice exhibit almost complete
absence of the normal LH-induced responses; in fact, 77%
of highly regulated LH target genes were dysregulated,
including dramatically impaired expression of cumulus
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Intracellular signaling activated by LH in granulosa cells. The LH surge activates adenylate cyclase (AC) and associated G-protein com-

plexes to produce cAMP, activating protein kinase A (PKA) which phosphorylates the CREB transcription factor. CREB and transcriptional coacti-
vators, that is, CBP/p300, recruited to DNA response elements induce ovulatory gene expression. PKA also activates extracellular regulated kinase
(Erk1/2) which phosphorylates CEBPa/f transcription factors which and promotes complex formation with additional coactivators (CITED4, CBP)
to induce ovulatory gene expression. One key CEBPP dependent gene is progesterone receptor (PGR) which regulates essential ovulation genes.
LH-R binding also activates protein kinase C (PKC) leading to AP1 family of transcription factor (Jun/Fos/Fra) activation and induction of

ovulatory genes.
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(PGR) transcription factor which in turn
induces a panel of genes essential for ovula-
tion. These include protease Adamtsl which
is required for follicular remodeling, and tran-
scription factors (HIFs and PPARg) which
induce endothelins (Edn2) which stimulate
follicular ~ smooth muscle contraction.
(3) C/EBPb also induces expression of prosta-
glandin synthase 2 (Ptgs2) which generates
prostaglandin E2 from free-fatty acid (ffa) pre-
cursors. PGE2 acts on receptors on cumulus
cells (Pger2) to facilitate cumulus expansion
and is also a key component of the inflamma-
tory cascade that characterizes ovulation.
(4) The LH surge initiates [via direct and indi-
rect mechanisms (dashed line)] inflammatory
responses throughout the follicle including
nitric oxide synthase (NOS) expression in
granulosa cells and leukocyte infiltration from
the vasculature.

and granulosa cell specific genes. As such, ovaries were
profoundly affected with no cumulus expansion, no ovu-
lation, absence of oocyte maturation, and no luteinization
or progesterone production. These Erkl/2 mediated
actions are mediated, at least partially, by induction of
two transcription factors CEBPa and CEBPp in granulosa
cells [17,18] as well as CBP/p300-interacting transactiva-
tor with ED-rich tail (CITED-4) protein [10,13]. CITED4
forms a protein complex with CBP and C/EBPp on the
promoters of LH and Erkl/2 target genes, including
Areg, Ereg, Btc, Ptgs2, Tnfaip6, Has2, Ptx3, Sultel, and
Pgr [13].

CCAAT Enhancer Binding Proteins
CEBPa/CEBPg

CEBP, a transcription factor activated by Erk1/2 [17],
is essential for ovulation since mice null for CEBPp exhibit
impaired ovulation [18,23]. Granulosa cell specific
CEBPf-null mice (CEBP gc-KO) have reduced expres-
sion of Ptgs2 and reduced luteinization genes (Star and

Cypllal) post-hCG (Fig. 3). In cultured granulosa cells
exogenous CEBPf enables the induction of key genes
Pgr, Tnaip6, Ptgs2, and Star [17] suggesting direct regula-
tion. The anovulatory phenotype of the CEBPp gc-KO is
not as severe as the Erk1l/2 gc-KO indicating that other
Erk target genes are also involved in ovulation. One of
these is likely to be transcription factor CEBPa. Similar
to CEBPB, CEBPa is induced within 2—4 h of the LH surge
although CEBPa is downregulated in granulosa cells by 8
h while CEBPp expression remains high in the CL [18].
CEBPoKO mice have a ~30% reduction in ovulation in
response to exogenous gonadotropins but interestingly
have normal numbers of pups following natural mating
possibly indicating a delay, rather than complete block in
ovulation. Combining the CEBPaKO and the CEBPf
gcKO leads to a complete failure to ovulate similar to
the Erk1/2 KO [18] suggesting that these two transcrip-
tion factors together are key mediators of follicular
rupture. Unlike the Erkl/2 KO however the CEBPa/
gcBKO have some degree of cumulus expansion, albeit
it reduced, yet normal oocyte maturation with oocytes
progressing to MII following hCG treatment. Microarray
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analyses of gene expression in granulosa cells demon-
strate that Erk1/2 and CEBPa/ regulate mostly distinct
gene cohorts. In general, Erk1/2 is essential for induction
of early genes (such as Areg/Ereg, Pgr, Ptgs2, Ptx3) and
CEBPs are essential for later genes in the ovulatory cas-
cade, including genes required for luteinization, such as
Cyp1lal, Lhcgr, and Star.

Progesterone Receptor

Preovulatory granulosa cells begin producing proges-
terone in the days prior to the LH surge [7,24] whereas
progesterone receptor (PGR) is only acutely induced after
the LH surge [25] and immediately activated by the high
local concentration of ligand. The nuclear progesterone
receptor gene (Pgr) is among the most highly induced
genes in ovarian granulosa cells reaching levels >100-
fold over basal expression within 4h in granulosa cells
responding to the LH surge, in rat and mouse [26], rhesus
monkey [27,28], and humans [29]. A recent careful study
of reproductive cyclicity in PGR-null rats confirmed its
central importance in the ovary for ovulation and showed
that PGR has a role, but is not essential for normal cyclic-
ity [30]. Progesterone and its downstream targets are crit-
ical for follicular rupture and PGR is a highly specific
regulator of this process. Mice with a targeted deletion
of the Pgr gene (PRKO) exhibit normal follicle growth
and luteinization, but a complete and specific block in
ovulation [31,32]. Knockdown of PGR mRNA in primates
[28] also results in a complete anovulatory phenotype.
Similarly, antagonists of PGR, including RU486 [33] or
more selective antagonists, such as ulipristal acetate
[34-37], reduce or completely block ovulation; as do
inhibitors of progesterone synthesis in species including
rats [38], sheep [39], and humans [40].

Induction of Pgr expression requires adenylate cyclase/
cAMP/PKA-dependent signal transduction, and PKC
activation adds a synergistic increase [41,42]. The p-catenin
and Hippo family are also involved in Pgr regulation.
Repression of Pgr by p-catenin and YAP1 in undifferen-
tiated granulosa cells is released in response to the
LH-surge [43,44]. The PGR nuclear receptor in turn regu-
lates transcription of YAP1 target gene CTGF (connective
tissue growth factor) leading to induction of known PGR
targets, such as Adamts1 [45].

There are two main isoforms of PGR, of which the
shorter form; PGR-A is predominant in rat granulosa cells
[25] and is the most critical for ovulation, since mice lack-
ing only PGR-A have severely reduced ovulation, while
selective PGR-B ablation does not prevent ovulation
[46]. PGR-A clearly induces genes that are critical effec-
tors of ovulation; among which are two further trans-
cription factors that mediate downstream ovulatory
effects (Fig. 3). PPARg and HIFs (HIFla, HIF1p, HIF2a)
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were identified as PGR-regulated genes via microarray
[47-49]. PPARg is induced in mouse granulosa cells in
response to hCG but not in PRKO mice [48]. When
PPARg expression was inhibited by deleting the gene
in periovulatory granulosa cells (using PGR-Cre), ovula-
tion was reduced by almost 80%. Downstream target
genes of PPARg were Et-2, cGKII, and IL6 (all previously
identified as downstream of PR regulation) but not
Adamtsl. The ligand of PPARg in granulosa cells is not
known but is possibly a COX-2 derived fatty acid since
indomethacin inhibition of COX-2 blocked the induction
of the panel of genes in a similar manner and this was
reversed by the PPARg agonist rosiglitazone. [48]. Simi-
larly, the HIF transcription factors are induced in granu-
losa cells in response to the LH surge but not in PRKO
mice. Treating mice with a HIF inhibitor, echinomycin,
concurrent with hCG dramatically inhibited ovulation
[49] indicating that these transcription factors are essen-
tial mediators of ovulation. HIF target genes, again
known to be downstream of PGR, include Edn2, Vegfa,
and Cxcr4. These genes in particular may mediate vascu-
lar changes that contribute to ovulation, and of these
Edn2 and Vegfa have been confirmed as pivotal for
ovulation (see below).

Thus, overlapping cascades of intracellular signals
and gene induction within the periovulatory follicle
(Figs. 2 and 3) are critical for normal ovulation and fertil-
ity. The cascade is set in motion by the surge of LH bind-
ing to LH-R which immediately induces PKA and PKC
and Erkl/2 signaling. These subsequently activate a
cohort of additional transcription factors including
CEBPa/p, PGR, PPARg, and HIFs. These transcription
factors in turn are responsible for induction of the func-
tional effector processes that control ovulation. These
can be grouped into four physiological responses: COC
expansion, proteolytic activity and structural remodeling
of the follicle, smooth muscle contraction in the thecal
layer, and production of inflammatory mediators and
immune cell infiltration.

CUMULUS OOCYTE COMPLEX
EXPANSION

Among the most striking and important events in
ovarian follicles responding to the LH surge are the
changes that occur in the COC, collectively referred to
as “COC expansion”. This process includes the resump-
tion of oocyte meiosis leading to extrusion of the first
polar body as oocytes progress to MII (reviewed in
accompanying chapter), an essential maturation step
required for fertilization competence. In parallel, the
COC mass expands many-fold in volume through a large
induction of genes encoding extracellular proteins,
proteoglycans and glycosaminoglycan synthesizing
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enzymes, resulting in formation of a specialized ECM
within the cumulus layers (reviewed in Ref. [3]). In addi-
tion to expansion of their surrounding ECM, the cumulus
cells themselves exhibit striking increases in adhesive
capacity and migratory and invasive activity [50]. As
cumulus cells are not directly responsive to the LH surge,
COC expansion is activated via secondary paracrine sig-
nals (Fig. 3); namely the EGF-like ligands [amphiregulin
(Areg), epiregulin (Ereg), betacellulin (Btc)] from granu-
losa cells [22] and prostaglandins from granulosa and
cumulus cells [29,51,52]. Importantly, oocyte-derived fac-
tors are a required permissive signal for the specific
cumulus gene expression [53,54]. This somatic cell-oocyte
dialogue synchronizes the activation of oocytes that have
acquired developmental competence with release from
the follicle, and the process is coordinated with the endo-
crine LH cycle by the granulosa cells.

Extracellular Matrix Production

The rapid expansion of the COC in periovulatory fol-
licles involves the production of a specific suite of ECM
proteins most of which have been shown to be important
for ovulation in animal models, indicating that COC
expansion is a critical ovulatory event. The backbone of
the expanded cumulus matrix is hyaluronan (HA), a large
disaccharide chain common to many extracellular matri-
ces including cartilage where it generates viscoelastic
properties, and evidence suggests it has similar influence
in the COC [55]. Synthesis of HA utilizes glucose as a sub-
strate for synthesis of glucosamine and glucuronic acid
via the hexosamine biosynthesis pathway. The hyaluro-
nan synthase enzyme HAS2, induced in cumulus cells
by EGF-L, FSH, and prostaglandins assembles the HA
subunits into very long disaccharide HA chains (up to
megadaltons) and extrudes it into the extracellular
space [56].

Many HA-interacting proteins are also induced in
cumulus cells through the same signaling pathways.
Interalpha trypsin inhibitor (Ial) is a circulating protein
complex secreted by the liver and which enters the follicle
due to heightened vascular permeability in periovulatory
follicles [57,58]. Heavy chains (HCs) of lal form a covalent
bond with HA and organize the specific structure and
functions of the COC matrix. Disruption of the ability
of Ial HC to bind HA results in <50% reduced ovulation
as well as a deficiency in fertilization capacity [59]. Tumor
necrosis factor alpha induced protein-6 (TNFAIP6)
[60,61] also binds HA through a link-domain and helps
catalyze Ial-HA bond formation [62,63]. In mice with
Tnfaip6 null mutation dramatically fewer ovulated
oocytes were reported in the oviducts [64]. PTX3 is an
immune protective and antiinflammatory protein that
does not possess an HA-binding motif, but forms a
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decameric complex that interacts with TSG-6 molecules
which together cross-link and stabilize the HA matrix
[65]. Significantly reduced ovulation rate in Ptx3 null
mice (~30% of normal) has been reported [66], however
a separate Ptx3 null mouse line showed no significant
difference [65].

Versican, a large aggregating proteoglycan with
chondroitin-sulfate side chains, is synthesized by the
mural granulosa cells [67] and becomes incorporated into
the cumulus matrix, through HA-binding link domains
[67,68]. Versican also possesses two EGF-like domains
which stimulate COC activation through EGF receptor
signaling [69]. Versican is a target substrate of the prote-
ase a disintegrin and metalloproteinase-1 (ADAMTS-1)
[70]. The proenzyme of ADAMTS-1 is synthesized
PR-dependently by the mural granulosa cells, and the
secreted active form is selectively localized to the ECM
and cells of the expanded COC, where it cleaves versican
[70,71]. Mice lacking ADAMTS1 have reduced versican
cleavage in their COCs, an ovulation defect and are sub-
fertile [71] further supporting the importance of the
expanded COC in ovulation.

Animal models of cumulus matrix disruption fre-
quently show impaired ovulation and entrapment of
oocytes in luteinized follicles, demonstrating the essential
nature of this unique ECM for oocyte release. Loss of
either TSG-6 or lal synthesis results in almost identical
phenotypes: HA is produced by cumulus cells but not
stabilized, resulting in neither matrix aggregation nor
morphological COC expansion in vitro or in vivo. As a
result, fewer (~50%) oocytes are ovulated [64,72,73].
Treatment of mice with inhibitors of the HA synthetic
pathway [74] or short HA oligosaccharides that adsorb
TSG-6 HA-binding activity [75] also block COC expan-
sion and ovulation.

Role of Granulosa Cell EGF-Like Factors

COC expansion is initiated by the LH surge, but medi-
ated by critical granulosa cell derived factors. The key
medjiators are the EGF-like ligands: amphiregulin (Areg),
epiregulin (Ereg), and betacellulin (Btc) which are expres-
sed in granulosa cells as an immediate early response
(within 30 min) to the LH surge via direct PKA-CREB sig-
nal transduction [22]. Functional redundancy between
Areg, Ereg, and Btc means that null mutant mice for each
of these individual genes are fertile [76]. Inhibition of
their common receptor (Egf-receptor) however, blocks
ovulation induction by hCG; oocytes remain entrapped
in follicles surrounded by compact cumulus cells and
cumulus matrix gene induction is inhibited [77].

The EGF-like factors (Egf-L) are synthesized in granu-
losa cells as integral membrane proteins, and proteolytic
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cleavage of these precursor forms is required for their
interaction with cumulus-expressed receptors. As such,
protease inhibitors can block transmission of the LH sig-
nal to cumulus cells, while co-treatment with Ereg
reverses this block [77-79]. Physiologically, members of
the matrix metalloproteinases (MMPs), ADAM, and
ADAMTS protease families are likely to be the key pro-
cessing enzymes that regulate this event. Thus both
EGF-like ligands and proteolytic activity are needed to
coordinate ovulatory processes between granulosa cell
and cumulus cell compartments of the follicle.

Oocyte Control of Ovulatory Pathways

Importantly, the oocyte controls many aspects of its
immediate environment and hence its ovulation. In
particular, by producing oocyte-specific factors
(OSFs), particularly TGFp family ligands GDF9 and
BMP-15, the oocyte directs its surrounding somatic
cells into the cumulus cell lineage and thereby estab-
lishes the potential for cumulus-specific gene transcrip-
tional responses after the LH surge [80-82]. The ratio of
GDF9 to BMP15 activity may control ovulation quota
across different species including humans, sheep, pigs,
rats, and mice [83]. It is presumed this is through their
select signaling action in cumulus/immature granulosa
cells and new information indicates that GDF9 also
influences theca cell recruitment to follicles by induc-
ing hedgehog family ligands [84]. This model proposes
that species-specific OSF action regulates the follicular
cell differentiation and gene expression profiles that
determine the number of healthy follicles reaching
the preovulatory stage and being “primed” to ovulate
once the LH surge arises.

Other oocyte gene products linked to oocyte health
have also been demonstrated to be essential for ovulation;
for instance components of the cullin ring-finger ubiqui-
tin E3 ligase-4 (CRL4) complex which directly binds and
regulates the activity of TET enzymes. Specifically, both
the linker subunit [damaged DNA binding protein-1
(DDB1)] and the substrate adaptor [DDB1-CUL4 associ-
ated factor-1 (DCAF1)] are required for oocyte viability
and deletion of either in mice results in reduced expres-
sion of GDF9 and BMP-15 [85], impaired ovulatory gene
expression, reduced cumulus expansion, and dramati-
cally reduced ovulation rate to ~10% [86]. Miga2 encodes
an outer mitochondrial membrane protein whose activity
in the oocyte appears to play an important role in ovula-
tion because oocyte-specific Miga2 null mice (Gdf9-Cre;
Miga2fl/fl) exhibit ~50% reduced ovulation rate [87].
Thus, genes that control oocyte viability influence levels
of OSFs, and thus are able to impact ovulation, primarily
via influencing cumulus complex expansion.
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PROTEOLYTIC AND ANGIOGENIC
TISSUE REMODELING

The most crucial event for release of the oocyte is rup-
ture of the follicle apex. At the time of the LH surge, the
ovarian and follicular walls present a multilaminar bar-
rier that must be breached to release the COC into the ovi-
duct. Layers include the granulosa cells, the follicular
basement membrane, the theca interna and externa layers
with associated collagenous ECM, the type-I collagen-
rich tunica albuginea and the ovarian surface epithelium
with another underlying basal lamina (Fig. 1). After the
LH surge, the follicle wall is degraded and then breached
by a combination of proteolytic action, cell death and
migration of thecal fibroblasts away from the apical site
[38]. The surface epithelial cells die through apoptosis
and are sloughed from the follicle apex region [88]. All
cellular and ECM layers become thinned at the follicular
apex and the circumferential basement membrane enclos-
ing the follicle is degraded through proteolytic action. At
the same time, the entire follicular structure remodels
through rapid angiogenesis and infiltration of the vascu-
lature, thecal cells and immune cells, accompanied by
differentiation and hypertrophy of granulosa cells to
become luteal cells. Thus, remodeling of the follicle wall
structure is an important process for oocyte release as
well as CL formation, requiring basal ECM degradation
and driven by rapid angiogenic morphogenesis within
the thecal layers.

Protease Actions

A number of proteolytic enzymes have been proposed
to be responsible for the degradation of the follicle wall at
ovulation. MMPs, MMP2, and MMP9, are found in grow-
ing follicles of most species; and MMP-9, in particular, is
induced during ovulation [32,89,90]. MMP-2 and MMP-9
are members of the gelatinase enzymes which degrade
type IV collagens abundant in basement membranes as
well as other basement membrane proteins. The follicular
basement membrane is a substratum for the epithelial-
like granulosa cells separating them from the
mesenchyme-derived thecal cells. Laminin, collagen type
IV, fibronectin, and proteoglycans are the major ECM
components of this basement membrane found in most
species [91]. Versican is also abundant either within or
adjacent to the basement membrane of preovulatory fol-
licles [67,92]. These structural components are targets for
proteolysis by specific enzymes including the gelatinases,
plasmin, and the plasminogen activators (tPA and uPA).
After the LH surge, the basement membrane ECM
undergoes rapid dissolution early in the periovulatory
period [93]. This is essential both for apical rupture and
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expulsion of the COC, as well as for the basal infiltration
of theca and vascular components during the formation
of the CL structure. However, no specific protease indi-
vidually is essential for basement membrane degradation
or follicular rupture. Inhibitors and null mutations in the
plasminogen activators or plasmin itself do not greatly
affect ovulation either individually or jointly [94].
Another reported role for MMPs, specifically MMP2
and MMP9, is cleavage-mediated activation of the mem-
brane bound EGF-receptor ligands which are induced in
ovulating follicles [78].

Collagenase activity is presumed to degrade the struc-
tural rigidity of fibrillar collagen Type I in the ovarian
surface and thecal regions. Several proteases have been
shown to increase in expression and activity in the peri-
ovulatory period. Indeed interstitial collagenases
MMP1 and MMP19 are induced by 20-200-fold in the
periovulatory period in human follicles [95]. In rabbits,
pro-MMP-1 (interstitial type-I collagenase) was identified
and increased in abundance at the follicle apex around
the time of ovulation [96]. Type-1 collagenase, MMP-1,
is induced in primate granulosa cells by LH [97]. Other
findings also support an increase in MMPs; MMP-2
[98,99], MMP-9 [32,100], MMP-14, MMP-16, and MMP-
19 [101,102] in ovulating follicles. Surprisingly mouse
models with mutations in the genes for MMPs with activ-
ity against the structural fibrillar forms of collagen have
yielded no follicular or ovulatory defects. That no specific
MMP obligatory for ovulatory follicle remodeling has
emerged from gene disruption studies may indicate that
redundant actions of several proteases with overlapping
substrate specificity are coordinately involved in matrix
degradation. This concept is supported by observations
with broad spectrum MMP inhibitors that have been
found to reduce ovulation when administered into the
ovarian bursa [103], to in vitro perfused rat ovaries
[104,105], or injected into primate ovaries [102]. In ewes,
inhibition of MMP-2 through intrafollicular injection of
inhibitors blocked ovulation and the normal thecal vascu-
lar projections associated with ovulation and CL morpho-
genesis [106]. Similarly, a reduction in MMP-2 activity
in follicles of ewes actively immunized against the
N-terminal peptide of inhibin-A, reduced thecal/
vascular invagination and ovulation [99].

Other classes of proteases with proposed roles in medi-
ating ovulation are ADAMTS1 [70], cathepsin L [32], and
kallikreins [107]. Adamts1 gene expression is induced via
PGR in rodents [32], nonhuman primates [102], and
human granulosa cells [108]. Mice with Adamts] null
mutation have highly reduced ovulation rates and
oocytes remain trapped within luteinized follicles [109].
Pregnancy rates and litter size of females that do become
pregnant are each reduced to 50% [71]. ADAMTS1 has
also been shown to be induced in the ovulating ovaries
of cows [110,111], monkey [102], and in humans,
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[95,108] where it has been linked to oocyte compe-
tence and PCOS [112-115]. Additionally, functionally
redundant members of the proteoglycanase subfamily
of ADAMTS, with substrate specificity similar to
ADAMTS] are also expressed in ovulating ovaries of
mice [116], cows [111], primates [102], and humans
[117]. Mice deficient in ADAMTS4 or ADAMTS5 show
no fertility defects [118] and the addition of ADAMTS-4
mutation in mice with ADAMTS1 deletion had no addi-
tional effect [71]. Thus, proteoglycanase activity is impor-
tant for ovulation and ADAMTS]1 is the most relevant,
nonredundant member of this family in ovulating ovary.

In general, it may be concluded that ovulation is
assured through redundant and overlapping activities
of proteases that rupture the follicular apex. Adamtsl
has emerged as the only protease that alone is pivotal
for follicular rupture but some ovulation still occurs, at
least in mouse models, in the absence of this gene prod-
uct. Proteolytic activity also coordinates other intra-
follicular processes that are essential for ovulation,
including cleavage of EGF-like ligands which then medi-
ate cumulus expansion and aspects of thecal remodeling.

Angiogenesis

Simultaneous with follicular basement membrane
remodeling, very rapid angiogenesis occurs in the vascu-
lature surrounding follicle. This neovascularization is
required for proper formation and function of the CL;
but also ovulatory failure is linked to disrupted angiogen-
esis. Angiogenesis in ovulating follicles is primarily reg-
ulated through induction of VEGF expression. Blocking
the action of VEGF and hence angiogenesis causes failure
of follicle wall remodeling and ovulation, and entrap-
ment of oocytes in unruptured and poorly luteinized
follicles [119]. Thus, VEGF-mediated angiogenic remo-
deling of the follicle wall is necessary for efficient follicle
rupture.

VASOCONSTRICTION AND MUSCLE
CONTRACTION

Within the ovarian interstitium and the follicular theca
layer, preovulatory follicles are surrounded by vascular
smooth muscle which can be delineated by staining for
smooth muscle actin. Exciting recent studies demonstrate
that vasoconstriction is required for ovulation because
mice that lack vascular smooth muscle surrounding
the follicles fail to ovulate [120]. Potent smooth muscle
activating endothelins appear to be important for ovula-
tion (Fig. 3) because contractions in rat ovarian tissue
strips can be triggered by treatment with endothelin-2
and endothelin antagonists block ovulation [121,122].
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Edn2 is strongly induced in granulosa cells in the final
stages of the periovulatory period (11-12-h post hCG in
mice) dependent on the intrafollicular induction of PGR
[123]. Null mutation of Edn2 in mice causes significant
reduction in numbers of oocytes released into the ovi-
ducts [124], indicating that this contraction, or other
actions of endothelins, is an important mediator of ovu-
lation. Luteinization and formation of CL structures is
unaffected, and there are no reports of marked deficiency
in ovulatory or luteinization related genes, arguing
against any cell signaling role of endothelins in the cell
differentiation response. Echinomycin, an inhibitor of
HIF transcription factors, also reduces Edn2 induction
and prevents vasoconstriction in the follicle wall and
thinning of the follicular apex structure, both of which
are reversible with Edn2 (or Ang2) [120] indicating regu-
lation of vascular events may be the mechanism by which
HIFs regulate ovulation.

The contractile tissue is most abundant in the ovarian
interstitium and basal side of the follicle [124], and the
vasoconstriction of the follicle wall has been proposed
to preferentially constrict the basal side of the follicle facil-
itating ovulation at the apex where force and tensile
strength are weakest [122]. Additionally, vessels at the
follicular apex are constricted, severely reducing blood
flow in association with thinning of the apex and ovula-
tion. The vascular occlusion may play a part in degrada-
tion of this region by causing nutrient deprivation,
apoptosis, and the attendant inflammation and release
of tissue remodeling enzymes from blood-borne inhibi-
tors. It has been proposed that loss of blood flow at the
apex coinciding with increased flow and vascular perme-
ability at the basal side may focus the activity of proteases
at the follicular apex [120].

Of note, there are a few reports of oocyte “ovulation”
basally instead of apically. In mice treated with nonsteroi-
dal antiinflammatory drugs to block prostaglandin pro-
duction, disrupted guidance of follicle rupture has been
recorded, with release of oocytes into the ovarian intersti-
tium or vascular spaces at the basal side of some follicles
[125]. Basal rupture of follicles was also reported after
intrabursal administration of plasminogen activator anti-
bodies or antiplasmin which may preferentially inhibit
apical protease activity [126]. These findings emphasize
the degree of remodeling in basal follicle structures that
occurs and suggest that basal remodeling and apical rup-
ture involve distinct and separable mechanisms that must
be properly coordinated for successful ovulation.

IMMUNE CELL INFILTRATION AND
INFLAMMATORY MEDIATORS

Infiltration of many immune cell types into the ovulat-
ing ovary has been widely reported and a range of studies

225

indicate this process is important for ovulation. This is
likely to occur either through physical changes elicited
by the inflammation and associated infiltrating leuko-
cytes and/or through actions of cytokines and inflamma-
tory mediators secreted by these cells.

Leukocyte Infiltration

Considerable evidence indicates that immune cells
contribute to the ECM remodeling of follicular rupture.
Immune cells, which are broadly identified by CD45 pos-
itivity, infiltrate the ovary in large numbers prior to ovu-
lation [127]. Interestingly they appear to derive at least in
large part from the spleen since splenectomized rats
failed to exhibit the ovulatory increase in ovarian leuko-
cytes [127]. Large numbers of macrophages and neutro-
phils accumulate around periovulatory follicles and
their important role in ovulation is demonstrated through
enhanced ovulation rate after their addition to in vitro
ovarian perfusion medium [128]. Macrophages are
recruited in greater numbers after the LH surge and
mediate aspects of ovulation since depletion of macro-
phages in perfused mouse ovaries results in reduced ovu-
lation rate and delayed estrus cycle progression [129].
Neutrophil invasion of the perifollicular thecal tissues
after the LH surge has been demonstrated in many spe-
cies including humans [130] and shown in rats to be con-
centrated near the follicular apex [131]. Acute neutrophil
depletion using a cytotoxic antibody reduced ovulation
rate in rats demonstrating their role in facilitating ovula-
tion [132]. Similarly, depleting dendritic cells (CD11c+/
F4/80—) either systemically or locally in the ovary dra-
matically reduced hCG-induced ovulation rates [133].
Detailed assessment of ovarian function showed that
cumulus expansion was poor and ovulatory gene expres-
sion reduced, however vascular permeability was also
impaired and Vegfc expression reduced; and thus den-
dritic cells potentially influence changes in endothelial
cells and vascular basement membrane that allow serum
components to stabilize the expanded cumulus matrix as
well. A CD8aa+ population of dendritic cells may also
play a role in ovulation since immunization against
their chemoattractant TECK prevented their infiltration
into the ovary and was associated with reduced
ovulation [134].

Nitric Oxide and Reactive Oxygen Species

Exactly how each of these immune cell subsets contrib-
utes to follicular rupture is not clear. Leukocytes may act
in the follicle to generate free radicals, such as NO and
ROS (Fig. 3), which mediate the inflammatory-like
aspects of ovulation and contribute to processes of tissue
destruction [135,136]. Studies inhibiting ovarian NOS
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in vivo or ex vivo in rodents demonstrate that NO is
required for ovulation [137]; yet conversely intrabursal
injection of rats with a chemical NO donor also inhibits
ovulation [138]. Both inducible NOS and endothelial
NOS isoforms have been identified in the ovary, predom-
inantly in the thecal compartment, and are hormonally
regulated [139], but their specific roles are still unclear.
It is likely that NO acts at several levels in the follicle to
optimally control blood vessel dilation and permeability,
and leukocyte recruitment [140], in addition to the stim-
ulation of nitrosylation-sensitive signaling cascades in
neighboring ovarian compartments. Reactive oxygen
species (ROS) are thought to be essential for ovulation
since treatment of mice with two different broad spec-
trum antioxidants 3 h prior to the LH surge dramatically
impaired ovulation, concurrent with inhibited ovulatory
gene expression, cumulus expansion, and progesterone
production [141] suggesting that ROS are required for
optimal EGF-R and MAPK signaling.

Prostaglandins

Prostaglandins are another major class of important
intrafollicular signaling agents critical for ovulation.
The predominant prostaglandin produced by granulosa
cells is prostaglandin E2, (PGE2) which interacts with
the PGE2-receptor (EP-2) (Fig. 3) to induce cumulus
gene expression critical for ovulation [142,143], such as
TSG-6 [51]. The enzyme which catalyzes production of
prostaglandin precursors from membrane lipids,
cyclooxygenase-2 (COX-2) encoded by the Ptgs2 gene,
is strongly and rapidly induced in granulosa cells after
the LH surge in most mammalian species including
humans [29]. Null mutation of the mouse Ptgs2 gene
results in defective cumulus expansion, reduced ovula-
tion rate and infertility [51]. Likewise, the nonsteroidal
antiinflammatory drug family blocks COX-2 activity,
such as indomethacin or NS398, and also blocks ovula-
tion and prostaglandin target gene expression in rodents,
primates [144], and humans [145]. EP-2 null mice also
have reduced ovulation and disrupted cumulus gene
expression [146], but less severely disrupted fertility than
in COX-2 nulls, which produce no prostaglandins, indi-
cating that PGE-EP2 signaling is important but other
prostaglandins also mediate significant signaling effects.
In nonhuman primates, PGE and the EP-1 and EP-2
receptors are implicated as the most important and have
been shown to mediate aspects of follicular rupture and
angiogenesis [147].

Cytokines

Leukocytes also release cytokines and it is possible that
this is an important mechanism by which they contribute
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locally to ovulation. Production of cytokines and activa-
tion of cytokine signaling networks in the follicle also
mediates communication between follicular cells and
immune cells. Leukemia inhibitory factor (LIF) is below
detectable levels in Rhesus monkey preovulatory folli-
cles, but increases several 100-fold after the LH surge
[148]. LIF interaction with its tyrosine kinase receptor
activates the Janus kinase—signal transducer and activa-
tor of transcription-3 (STAT3) transcription factor path-
way in granulosa and theca cells. Inactivation of LIF
receptor kinase activity blocks ovulation in Rhesus
[148], a regulatory pathway that appears to be unique
to primates and absent in rodents [149]. In rodents, cumu-
lus expansion and ovulation have been shown to be
blocked by IL-1 antagonists [150]. Other members of
the immune signaling families that have been implicated
in periovulatory changes in the follicle include Toll-like
receptors (TLR) [151] and interleukin-6 [152] modulation
of cumulus complex gene expression.

CLINICAL ASPECTS OF OVULATION:
ANOVULATION AND CONTRACEPTION

Although much more difficult to directly analyze, the
mechanisms that control ovulation in women appear
highly conserved with those revealed in other mamma-
lian models, as summarized above. In brief, the important
roles for the LH surge and granulosa cell signaling
responses, progesterone and PGR, prostaglandins, prote-
ases, immune cell infiltration, and cumulus expansion are
all supported by data in humans. However other pro-
cesses, such as vasoconstriction and smooth muscle con-
traction, have not been examined in detail in human
ovaries. Similarly, although human ovulation is charac-
terized by the induction of inflammatory mediators, such
as prostaglandins and cytokines, the identity of specific
immune cell subsets in the human ovary and their kinet-
ics of infiltration remain relatively unknown.

Diverse Etiology of Anovulation in Women

Anovulation is the commonest form of female infertil-
ity accounting for around one quarter of all infertility
[153]. It occurs in a number of physiological contexts,
which manifest in distinct etiologies of infertility. Anovu-
lation is most often “diagnosed” by irregular menstrual
periods which are primarily indicative of altered ovarian
cyclicity. In women who exhibit this anovulatory infer-
tility, the most commonly prescribed medications are clo-
miphene citrate, a selective estrogen receptor modulator,
and metformin, an insulin sensitizer thought to act pri-
marily via activation of AMPK [154]. These drugs are
understood to act centrally to alter endocrine profiles
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and promote the growth of follicles to mature preovula-
tory stage; and many cases trigger follicular maturation,
ovulation, and pregnancy as desired. However, many
women with anovulation are resistant to clomophine
and/or metformin treatment [155] and these drugs show
no benefit in inducing ovulation and pregnancy. There-
fore, it is clear that there are anovulatory phenotypes in
women that are not alleviated with currently available
systemically acting pharmaceuticals, and thus it is likely
that intraovarian defects are contributing to anovulation
in many women. The most prevalent physiological con-
texts in which anovulation arises are with obesity and/
or polycystic ovary syndrome (or PCOS). Luteinized
unruptured follicle (LUF) syndrome is another com-
monly referred to type of anovulation but it is likely that
this diagnosis is due to underlying PCOS or exposure to
an ovulation blocking compound, such as nonsteroidal
antiinflammatory (NSAIDs).

Ovulation is negatively impacted by increasing BMI
and anovulatory infertility is disproportionately associ-
ated with obesity [156]. There is evidence that this occurs
because of hypothalamic dysfunction, and women who
are acyclic can often be treated with gonadotropin ago-
nists or clomiphene citrate. However a large portion of
obese women are nonresponders to exogenous gonado-
tropins [157], suggesting that obesity disrupts intraovar-
ian processes that contribute to anovulation. Animal
models of obesity have begun to mechanistically explain
follicular dysfunction that arises in response to obesity. In
particular, obese mice exhibit reduced ovulation rates in
response to gonadotropin treatment, irrespective of
whether the obesity is due to consumption of high fat diet
[158] or due to hyperphagia of a low fat diet [159]. Mech-
anistically it appears that the anovulation is due to a spe-
cific type of cellular stress, endoplasmic reticulum (ER)
stress, in the follicular cells. Increased ER stress markers
in granulosa and cumulus cells of obese mice is associated
with reduced secretion of cumulus matrix proteins, and
treatment with inhibitors of ER stress restores cumu-
lus matrix production and normalizes ovulation rates
[158,159]. Increased expression of ER stress marker genes
has been reported in granulosa cells of obese women
[158] but it is not yet determined whether this is the
explanation for reduced ovulation rates with obesity.
Similarly, increased inflammatory markers have been
observed in ovaries of obese mice and in follicular fluid
of obese women [160] but it is not known how increased
inflammation might contribute to anovulation.

PCOS is a prevalent endocrine disorder defined as two
of three criteria: clinical or biochemical hyperandrogen-
emia, oligo- or amenorrhea and/or polycystic ovaries
on ultrasound [161]. There is general consensus that ele-
vated androgens and hyperinsulinemia are the primary
endocrine defects that lead to anovulation in women with
PCOS, however which is causative of the other and how
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each directly contributes to anovulation is not clear.
Studies in animals show that mice treated with dihydro-
testosterone (DHT) to mimic hyperandrogenemia exhibit
anovulation but recent evidence suggests this may be due
primarily to hypothalamic androgen responses [162].
More likely, hyperandrogenemia in females causes meta-
bolic alterations, particularly abdominal fat accumulation
and insulin resistance that impacts ovarian function
[162-164]. Supporting clinical evidence for this interac-
tion is that treatment of PCOS women with insulin-
sensitizers, such as metformin, and/or weight loss,
decreases serum testosterone, and normalizes cyclicity
[154]. Interestingly, a hyperandrogenic mouse model of
PCOS was reported to exhibit elevated expression of
ER stress markers in granulosa cells similar to mice with
obesity, and these same stress markers were elevated in
ovarian cells of women with PCOS [165]. Thus PCOS is
often associated with obesity and the overlapping versus
distinct effects on ovarian ovulatory function are difficult
to dissect. Altered expression of ADAMTS]1 has also been
reported in a number of studies of PCOS in humans and
may be associated with the etiology or symptoms of
anovulatory polycystic ovarian syndrome [112-115,166].

Thus it is emerging that many of the known molecular
medjiators of ovulation are dysregulated in PCOS includ-
ing gonadotropin responsiveness of granulosa cells,
protease production, and cumulus matrix gene expres-
sion required for COC expansion. Indeed, defects in
any of these processes in individual women might lead
to identical diagnoses of anovulatory infertility yet with
distinct etiology.

Contraceptives Targeting Ovulation

Contraception is an important medical application of
research into the mechanism of ovulation. The existing
progesterone (with or without estrogen) oral contracep-
tive pill has had enormous beneficial impact in the past
50 years, preventing millions of unwanted pregnancies,
saving lives through preventing many abortions or
unsafe pregnancies and giving women the benefits of
family planning choices. However, the high level of
steroid usage has a number of unwanted side effects,
including cardiovascular actions that exacerbate throm-
boembolism and other clotting risks [167,168] as well as
increased breast and uterine cancer risk [169], changes
in circulating lipid profiles [170], weight gain, and influ-
ences on psychological well-being in some women. The
high dose of progesterone acts to dampen gonadotropin
release from the pituitary preventing full maturation of
follicles and preventing the LH surge that would nor-
mally trigger ovulation. Blocking ovulation is an ideal
physiological process to target for potential contraceptive
development, as preventing the release of oocytes
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negates any concern about the fate of fertilized embryos
and being rapidly reversible, providing women with the
full power of control over their reproductive choices.
Furthermore, ovulation can in principle be blocked with-
out altering the normal endocrine cycle or the roles of the
ovarian hormones in maintaining healthy female physiol-
ogy. Ovulation is also a unique and dynamic process with
many potential molecular targets for development of a
nonhormonal contraceptive with little or no undesirable
side effects.

The important progress in understanding molecular
mechanisms of ovulation have spawned further studies
investigating improved ovulation-blocking contra-
ceptives. Compellingly, PGR is now known to be an abso-
lutely essential transcription factor mediator of ovulatory
gene induction in the ovary. Selective progesterone recep-
tor modulators (SPRM) also effectively block ovulation in
primates and humans. Studies have confirmed that the
first-generation glucocorticoid and PGR modulator
RU486 or mifepristone can block ovulation in primates
[28]. Mifepristone was clinically trialled primarily to
change uterine function and prevent or terminate embryo
implantation in first trimester pregnancy [171]. As an
abortifacient it has received poor uptake and is not con-
sidered ideal as a contraceptive strategy [172]. However,
the mode of action of mifepristone and other SPRM,
blocking ovulation through direct targeting of PGR in
the ovary, is under recognized. Subsequent studies con-
firmed that newer generations of SPRM such as ulipristal
acetate can also block ovulation. Ulipristal acetate more
selectively targets PGR, has been shown to achieve a
highly significant delay in follicle rupture when applied
before the LH surge peak in women [34-36] and ovula-
tion in mice was confirmed to be blocked by direct target-
ing of the ovary [37]. Ulipristal acetate is authorized as an
emergency contraceptive by the European Medicines
Agency and U.S. Food and Drug Administration and is
available in several countries [172]. Vilaprisan is another
potent and selective SPRM shown to block ovulation
with limited side effects after up to 3 months daily dos-
age [173]. These PR antagonists have to date achieved
efficacy at best approaching 90% [173], which is not ade-
quate for them to be relied upon as standard prophylactic
contraceptives. Furthermore, the timing of treatment
in the late preovulatory phase is critical, while the use
of daily dosing of SPRM as contraceptives does not over-
come the concerns around the effect of long-term
systemic modification of steroid hormone actions on
female physiology. Indeed, antagonizing the action of
PGR has the potential to more severely disrupt cardiovas-
cular and reproductive tissues as well as impact on
emotional and psychological well-being to a greater
degree than the current progesterone agonist contracep-
tive pill which is well over 90% effective when
properly used.
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Subsequent investigations into the PGR-regulated
gene pathways in the ovary have identified some intrao-
varian mediators of oocyte release that may be targeted
by nonhormonal interventions. Two protease enzymes,
ADAMTSI and cathepsin L were identified as targets of
PGR. Gene knockout studies have confirmed that
ADAMTSI plays an important role, but is not absolutely
obligatory for ovulation in mice [174]. This is potentially
due to the expression of several redundant members of
this gene family, known as proteoglycanases, including
ADAMTS4/5 and 9. The development of selective
inhibitors of the whole proteoglycanase subfamily of
ADAMTS enzymes is necessary to enable testing of the
efficacy of blocking the general activity of this protease
class in preventing ovulation. Likewise, the efficacy of
blocking cathepsin L as a potential contraceptive has
not been tested. Other PGR-dependent genes may also
be essential mediators of ovulation and appropriate
targets for a contraceptive agent.

The synthesis and intrafollicular action of prostaglan-
dins in cumulus cells is also extremely important for
expansion of the COC matrix and hence ovulation [52].
NSAID drugs that block the production of prostaglan-
dins are among the oldest and most diverse and widely
represented drug class. These antiinflammatory and anti-
nociceptive drugs target the cyclooxygenase-2 (COX-2)
enzyme preventing the conversion of arachidonic acid
derived from lipids into prostaglandins. NSAIDs have
also been widely tested and found to be reasonably effec-
tive as contraceptives. This principle was first proven in
mice and has been subsequently demonstrated in primate
preclinical testing [144,175] and in human trials leading to
the development of products utilizing high-dose NSAIDs
as emergency contraceptives [145,176]. Clinical experi-
ence with their application as antiinflammatory pain
killers shows that NSAIDs are quite well tolerated and
have acceptable side effect profiles in short-term, moder-
ate dose usage, meaning that this is a viable mode of con-
traception when used in acute treatment. However, the
choice of drug and treatment regimen are extremely
important to the contraceptive efficacy which at present
is not adequate to make this a first-line prophylactic con-
traceptive choice [177]. Other drug classes that block the
interaction of prostaglandin-E with its receptors have
also been trialled in mouse and primate models with sim-
ilar signs of potential ovulation blocking efficacy
[178,179], but also require improved efficiency to validate
their applicability and permit widespread uptake.

SUMMARY AND CONCLUSIONS

In summary, ovulation requires the coordinated
induction of multiple cell physiological process in the
ovary. Intrafollicular induction of EGF-L, PGR, and
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prostaglandins are pivotal mediators of the required cell
differentiation and tissue remodeling changes. Cumulus
expansion is essential for ovulation yet how this extensive
ECM drives ovulation is not clear. Tightly regulated tis-
sue remodeling is absolutely essential for ovulation and
appears coordinated across the follicular compartments
by a series of induced proteases, many with overlapping
or fully redundant roles. The remodeling processes are
also essential for angiogenesis, including the concurrent
infiltration of immune cells. Smooth muscle contraction
may be the final trigger that facilitates the expulsion of
the COC from the apex of the follicle but how the muscle
contraction is initiated physiologically in vivo is not
known. Importantly, although induction of each of these
processes is essential for ovulation to occur, they are also
each highly dependent on the other and must be precisely
coordinated in spatial and temporal patterns in order to
succeed in release of the oocyte from the follicle apex
and into the fallopian tube. This process fails frequently
leading to a prevalent cause of infertility in women which
requires further understanding in order to treat this con-
dition. Ovulation is also an appealing target for pharma-
cological contraception with research showing some
promise that new contraceptives which selectively target
the release of oocytes are on the horizon.
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