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The periovulatory interval is defined as the period of time between the
ovulatory stimulus and ovulation of the ovarian follicle. It is initiated by a mid. menstrual cycle release of luteinizing hormone (LH) from the pituitary and
initiates a cascade of events that eventually lead to extrusion of a fertilizable
oocyte as well as remodeling of the follicle into the corpus luteum. Previous
experiments looking beyond 12hr after the ovulatory stimulus have identified
multiple changes to the preovulatory.·follicle while little is known· of the early
periovulatory interval.· In spite of the paucity of information available about this
time period, it was.hypothesized that multiple u·nknown changes occur early in
the interval that are critical to normal ovulation and luteinization. Two endpoints
were examined in the periovulatory interval; steroidogenic changes as well as
mural granulosa cell proliferation. The novel observation of CYP 21 induction
was made as well as identification of 11-deoxycorticosterone (DOC) synthesis in
response to hCG both in vivo and in vitro. Additionally, mineralocoritoid receptor
(MR) is expressed by granulosa cells thus establishing their potential for
corticosteroid sensitivity. Antagonism of MR ablates the normal synthesis of
progesterone in response to hCG although the mechanism remains unclear.
It was also concluded that even though mural granulosa cells are less
likely to proliferate in response to exogenous stimulus in the form of epidermal
growth factor (EGF) after hCG, proliferation ·can be enforced in even luteinizing
granulosa cells using insulin. Moreover, mural granulosa cells express EGF
family members in response to hCG and express EGF receptor constitutionally.
However, more work needs to be done to elucidate the absence of EGF driven
proliferation in luteinizing but not non-luteinized granulosa cells.
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CHAPTER I
INTRODUCTION
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Introduction to the Problem

The development and maturation of the ovarian follicle occurs under the influence of
pituitary derived follicle-stimulation hormone (FSH) and luteinizing hormone (LH).

FSH

stimulates estrogen production as well as LH responsiveness in granulosa cells, while
ovulation and luteinization is triggered by a surge of LH. While ovulation is likely mediated by
specific proteolytic enzymes, the process of luteal development is less clear. It is currently
thought that luteinization may represent t_he further differentiation of granulosa cells and may
. thus be associated with arrest of proliferation.

However, the temporal· dynamics and

mechanisms of cell cycle control during the periovulatory interval (the period from the onset
of the LH surge until ovulation) ·are poorly understood. Of the limited information available,
much of it fails to address the question of cell cycle dynamics in luteinizing granulosa cells in
an immediately relevant fashion.

To wit, most of the current investigation has not been

undertaken in species that form a functional corpus luteum or have a sustained luteal phase
in a non-fertile cycle.

Moreover, previous · studies examining steroidogenic changes in

periovulatory granulosa cel.ls of primates focused on late changes· '(>12
hr). This fails to
. .
.

account for early and relevant changes with implications for later ovulation and luteal
formation. Experiments included within. this. publication were designed to fill some of the
knowledge gaps that exist in our understanding _of the early periovulatory interval.
The overlying hypothesis of this thesis is that changes in steroidogenesis and
proliferation early in the periovulatory interval are essential to proper luteinization. In
particular the specific hypotheses are that a) endogenous trophic stimulus stimulated by the
surge promotes granulosa cell proliferation and b) progesterone metabolites impact
granulosa cell function in the periovulatorv interval.
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General Morphology and Function of the Ovary

Overview
Women are endowed with two roughly round organs that sit one to either side of
the centrally located uterus. These are the ovaries. Their primary task is the growth and
release, each month after maturation,of a fertilizable oocyte (egg) into the fallopian
tubes which would guide it down to the uterus for possible implantation and growth of a
fetus. · Additionally, _the. ovaries are responsible for synthesizing steroid horm9nes
(estrogen and progesterone) which are responsible for growth of follicles within the
ovarian stroma as· well as

prep~ ration

of the uterus for possible implantation.

Bisection of an ovary would reveal that. it is <?omprised· of ·two sections; an ·
outermost cortex and an inner medulla. Covering the ovary is a single layer epithelium
(mesothelium) known as the surface epithelium. Beneath this is a dense layer of
.

'

connective tissue known as the tunica albuginea .(an analogous structure exists in male
testes).

Embedded within the relatively avascular structure of the ovarian cortex

immediately below the tunica albuginea are several primordial follicles (oocyte and a
single layer of associated pregranulosa cells) which have yet to be recruited to grow
(resting follicles).

At the richly vascularized border betwee.n the cortex and medulla

(corticomedullary junction) there are growing follicles, atretic follicles and involuting
corpora lutea.

Throughout this area wend smaller branches of blood vessels and

nerves (arising from the medulla) which, in .addition to the stromal cells associated with
growing follicles, presents this area of the ovary with a very complex network within
which follicles grow, compete for dominance a·nd undergo atresia.
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The medulla comprises of dense connective tissue within which blood vessels,
lymphatics and autonomic nervous contributions to the ovary can be found (afferents
and efferents ).

The medulla· thus mostly serves a role in connecting the ovaries

metabolically to the rest of the body.

The Primate Menstrual Cycle

It is necessary to

~cknowledge

that the adolescent female is at a unique phase in

her life cycle. It is typically in this stage of her development that changes are triggered
in the ovaries and brain that have far-reaching implications on her fertility and fecundity.
The ovary and the brain both embark on a communicative journey that lasts until
menopause.

A most immediate indication of this change is the development of

secondary sex characteristics in the adolescent signaling her nascent ability to
reproduce.

Internally, her sex steroid hormones (estrogen and progesterone) are

organized by pituitary indicators (gonadotropins) into cyclical increases that ready the
uterus for implantation and sustenance of a possible fetus. What follows is a discussion
of the menstrual cycle thus named because it more often ends in menstruation
(shedding of the uterine lining) than in pregnancy and must continue until pregnancy
occurs or menopause in the absence of ovarian pathology.
Much of what we kno"Y of the primate menstrual cycle is the result of painstaking
measurements of both gonadotropins and steroid hormones [1] undertaken by Knobil.
For some time, if was unclear whether th~ brain or the ovaries were responsible for the
changes that occurred during the menstrual cycle.

Several lines of thinking finally

arrived at the conclusion that menstrual cyclicity is maintained via a feed-back loop

.5
.

.

designated· the hypothalamo-pituitary-ovarian axis such that hypothalamic hormones
(Gonadotropin releasing hormone, GnRH) stimulate pituitary secretions (gonadotropins)
that act on the ovaries. The ovaries ultimately provide feed~ back control of both pituitary
and hypothalamic releases via steroids and peptide molecules. In establishing this flow
of influence it wa_s discovered that electrical stimulation of the hypothalamus.but not the
pituitary resulted in gonadotropin release [2, 3]. GnRH was later shown to be the small
polypeptide (decapeptide) extracted from the stalk-median eminence [4, 5] which was
responsible for influencing pituitary release of gonadotropins.
From the anterior pituitary, follicle stimulating hormone (FSH) and luteinizing
hormone (LH) were identified and characterized as the two independent gonadotropins
secreted [6] in response to GnRH. Moreover, purified macaque gonadotropins _were
shown to be able to support follicle growth and ovulation in monkeys [7] thus
establishing their direct influence on the ovaries. This paved the way for similar findings
in humans [8, 9]. Importantly negative feed-back is provided by growing antral follicles
via their production of estrogen.
The first half of the cycle is termed the follicular phase and is approximated to
last 14 days. This period sees the recruitment and growth of large preantral follicles to
·large antral/preovulatory sized follicles under the influence of pulsatile FSH and LH
release. Primordial follicles, comprised of a single layer of granulos~ cells endowing the
oocyte, grow to large preantral follicles under the influence of non-gonadotropic
mitogens including TGF-~, BMPs and GDF-9 thereby permitting follicle growth even in
humans with mutations in FSH receptor [1 0] . · Preantral follicles are observed in the
ovaries of prepubertal monkeys and humans· in support of their development
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independent" of pituitary stimulus [11 ]. A gonadotropin (FSH) responsive preantral follicle
is the result of several menstrual cycles (estimated at"150 days or >5 cycl·es) worth of
growth [12]. The large preantral follicle wall consists of 6-7 layers of granulosa cells and
has acquired responsiveness to FSH via FSH receptor but not LH receptor [13]. With
the onset of puberty, each menstrual cycle recruits gonadotropin sensitive follicles from
a pool. Pituitary FSH induces the expression of steroidogenically relevant genes [1418] that include P450 side-chain cleavage (P450scc, CYP11A) and aromatase (CYP19)
enzymes. Aromatase expression by granulosa cells at this stage endows them with the
ability to produce estrogen. FSH also induces the expression of LH receptor (LHR) on .
granulosa cells of large antral follicles so that these cells acquire responsiveness to LH
later in the follicular phase of the cycle and ultimately to the LH surge [19]. As more
follicles develop, estrogen production increases providing feed-back inhibition to further
suppress gonadotropin secretion [20]. It stands to reason therefore that suppression of
follicular phas_e estrogen effects via anti-estrogen antibodies or estrogen receptor (ER)
antagonists results in sustained FSH and recruitment of multiple follicles

d~ring

the

primate and human menstrual cycle [21-23]. The mid-follicular phase acquisition of LH ·
receptor serves to maintain follicle development even in the face of declining FSH levels
which would otherwise precipitate follicular atresia [24]. Thus essential to
follicle selection is the· ability to respond to limited LH stimulation.

~ominant

Rising levels of

fo_llicular estrogens peak at the end of the follicular phase triggering a massive release
of LH into circulation. ·This event, known as the LH surge, ushers in the luteal phase of
the menstrual cycle.

7

Until, recent,ly, ·all attempts to artificially recapitulate follicle development and
ovulation via exogenous administration of gonadotropins resulted in a phenomenon of
superovulation. That is to say that the mechanisms surrounding dominant follicle
selection in a natural cycle were poorly understood and in this manipulation of the
menstrual cycle several follicles develop to preovulatory status.

New techniques in

manipulating primate folliCle ·development have emerged to support controlled
development of a solitary dominant follicle per cycle [25]. In any event, superovulation
has proven to be a useful investigational tool by which follicles and their cellular
components can be collected and studied in appreciable quantity.

It also offers a

convenient vehicle with which to collect oocytes for the purposes of in vitro fertilization
in infertile females. achieving in one cycle what m·ay take the body several months to
accomplish on its own.
Release of LH from the pituitary marks .the end of the follicular phase and
initiates the luteal phase which involves ovulation and corpus luteum formation
.

(estimated at 14 days).

.

.

The oocyte is extruded in ovulation within the next 48 hr

following the LH surge, and the follicle proper is reorganized into the corpus luteum. The
relevance of the corpus luteum was established when it was shown that ablation of the
corpus luteum in rabbits after mating thwarted establishment of a pregnancy thereby
highlighting the role of the corpus luteum in pregnancy maintenance [26, 27].

The

function of the corpus luteum in pregnancy was tied to its production of the steroid
hormone progesterone. Progesterone producti<:>n is a hallmark of the luteal phase of the
menstrual cycle as granulosa cells switch from primarily estrogen production.
Progesterone levels continue to increase peaking at mid-luteal phase after which they
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suffer a decline in the absence of a pregnancy.· If pregnancy and implantation occur,_
however, the corpus luteum is rescued from impending involution and atresia and
continues to produce progesterone to support the pregnancy.

Early studies isolated

progesterone from corpora lutea and established its role in support of pregnancy in
castrated rabbits [28, 29].

Ovulatory Stimulus

Effect of Luteinizing hormone (LH) on the follicle
.

'

.

.

Towards the end of the follicular phase·· of the· menstrual cycle, peaking estrogen
levels stimulate a massive release of luteinizing hormone (LH) from the pituitary. This
event, termed the LH surge, is responsible for initiating a host of cellular changes briefly
discussed herein and responsible for its alias of ovulatory stimulus.
It has been elucidated that LH stimulation of its G-protein coupled receptor (LHR) on
theca and granulosa cells results in increased intracellular cAMP which is responsible
for increasing progesterone synthesis among other things

[30~35].

That is not to say that

follicle luteinization relies exclusively on sustained LH stimulation beyond the point of
established progesterone production as there is some evidence to the contrary [36-38].
In fact it has been shown that following the initial round of LH responsive gene
expression,

th~re

is desensitization of receptor stimulated pathways in rodents

(observation not yet made in other species) [39]. While appreciating the importance of
progesterone to the processes of ·ovulation and luteinization, progesterone treatment of
follicles does not by itself cause ovulation underscoring the necessity of other cellular
agents [40, 41 ]. In addition to stimulating progesterone in luteinizing granulos·a cells, LH
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also induces progesterone receptor (PR) expression [42-46] via activation of the· PKA
pathway although the mechanisms are yet unclear. Supporting evidence also exists in
primates where granulosa cells are immu~·opositive for PR after the·: surge and during
the functional lifespan of corpora lute a but not during CL regression [4 7, 48].
Discerning the timing of onset of PR expression by granulosa cells presented some
difficulty in many species. We do know that 48 hr of pregnant mare serum g~nadotropin
(PMSG) treatment in the rat is able to induce a 2-fold increase in PR mRNA levels along
with induction of follicle growth.

However, this pales in comparison to the 30-fold

increase in progesterone receptor mRNA following exposure to LH (evening of
proestrous) in murine mural g·ranulosa cells. Although it should be noted that PR mRNA
expression is a transient phenomenon in the rat model [42]. These observations imply
that some progestin receptor activity may exist prior to the ovulatory stimulus. However,
LH stimulation is definitively necessary for a substantial induction in PR so that cells
become able to transcribe genes downstream of progestin stimulation.

PR is also

induced in the primate ovary by the LH surge with expression in the granulosa cells
persisting into the corpus luteum [47, 48].
Following the initial observation that PR null mice fail to ovulate [49] further
investigation implicates a host of LH induced genes as mice null for PR, COX-2,
ADAMTS-1, EP~ and TSG-6 demonstrate phenomenon of entrapped oocytes in
functional corpora lutea [44].
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Structural Changes in Luteinization

Antral follicle is remodeled as the vascular parenchyma of the corpus luteum.

During the follicular rupture which accompanies ovulation, the follicle is
reorganized into the organ known as the corpus luteum (CL). In humans and primates,
the basement membrane of the follicle is breached by theca cells along with invasive
angiogenic cellular components. The end result in the mature human corpus luteum is
that luteal cells of theca and granulosa cell origin remain as discrete components [50].
The two-cell hypothesis which ascribes estrogen synthesis in the follicular phase as
being the result of androgens from the theca cells being metabolized to estrogen by
granulosa cells, is further supported by findings of enzyme segregation within the
corpus luteum with regards to androgen versus estrogen synthesis [51]. This scenario
is unlike that observed in the rodent ovarian follicle where invading vascular elements
bring theca cells towards the antrum of the follicle and the subsequent corpus luteum
demonstrates interspersed theca-luteal cells among granulosa-luteal cells.
For organizational changes to occur in the follicle, there is disruption of the
cellular bridges present in both granulosa [52, 53] and thecal [54] cells. Prior to the
ovulatory stimulus granulosa cells are organi;z:ed as a syncytium functioning via gap
junctions [55]. Additionally, connexin 43 expression in luteal cells indicates they too may
function via gap junctions [56j. ·When. the follicle is remodeled as the corpus luteum,
these interconnections are reestablished [57] so that communication is· possible in the
CL parenchyma.
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Along with gross changes in the morphology of the follicle, the individual
luteinizing cells undergo extensi~e modifications to become true luteal cells.

Easily

observed is the hypertrophy of granulosa cells with a 10-fold increase in cell volume [58]
resulting in a cumulative increase in corpus luteum volume. Throughout the- life~pan of
the corpus luteum, however, small luteal cells have been observed and are generally
thought to be of theca cell origin.. One hypothesis postulates that these small luteal
cells in the early corpus luteum become larger luteal cells in the mature corpus luteum
[59]. Further, studies by Sanders et al. show differential androgen production by srnall
versus large luteal cells such that large luteal cells produce more androgens than small
cells although both cell populations are responsive to agonists like cAMP [60].

Functional Luteinization

The cells of the CL se_crete predominantly progesterone.·

The ovarian follicle develops and m·atures under the influe·nce of gonadotropins
'

'

'

which in turn elicit the production of steroid hormones. During the follicular phase of the
menstrual cycle, the predominant hormone produced is estrogen while the luteal phase
is largely marked by progesterone synthesis. Estrogen is responsible in part for follicle
growth and hypothalamo-pituitary feedback. Progesterone influences luteal formation
presumably acting through its receptor to alter proliferation and differentiation of
granulosa cells [61-63].
Steroid production by the ovarian follicles (reviewed in [64]) follows the well-

12

established two cell hypothesis proposed by Armstrong and Darrington [65]. Under this
paradigm, cholesterol is metabolized to androstenedione by the vascular theca layer
and these steroids diffuse to the avascular granulosa cell layer where they are further
converted to estrogen.

Estrogen is generated by the aromatase enzyme (CYP19)

under the influence of follicle stimulating hormone (FSH) [66] .. There is some evidence·
to suggest that human thecal cells produce very little if any testosterone so this is not
considered to be the major androgen in the primate ovary .. With the ovulatory luteinizing
hormone (LH) surge, the principal product of the follicle is in favor of progesterone over
estrogen. It should be noted, however, that overall steroid synthesis is greatly enhanced
[67] even though there is reordering of the steroidogenic machinery of the granulosa
cells such that progesterone synthesizing enzymes are preferentially increased.
Periovulatory levels of estrogens are also increased over pre-surge levels in primates
and CL estrogen. production is thought to provide feed-back suppression of release of ·
pituitary gonadotropins [68]. This helps prevent further follic!e recruitment during one
menstrual cycle.
All steroid synthesis begins with initial conversion of cholesterol to pregnenolone
by the mitochondrial enzyme cytochrome p450 side-chain cleave (P450scc, CYP11A).
The protein steroidogenic acute regulatory protein (STAR) was discovered as being
responsible for shuttling cholesterol into the inner mitochondrial membrane [69] where it
is made available to P450scc. While there is some speculation as to how this is
accomplished, the mechanism is as yet unknown for the action of StAR. StAR protein
expres.sion has been shown to be low in primate granulosa cells of large preovulatory
follicles [70, 71 ]. Following the LH surge, StAR expression undergoes a biphasic
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increase such that an initial peak occurs early in the periovulatory interval followed by a
drop in mRNA before a steady. an~ sustained rise to levels in the. CL [70, 71 ].
promote progesterone production, the type II
(3~HSD)

3~-hydroxysteroid

To

. dehydrogenase

is upregulated early in luteinization [72] even though enzymes ·respo'nsible for

estrogen generation (aromatase) persist in primates [51] contrary to their disappearance
in the CL of other species.

In the human CL, theca

deriv~d

luteal cells continue to

produce androgens while granulosa-luteal cells produce estrogens [51, 73].
These

obse~ations

notwithstanding, the predominant steroid product of the CL is

progesterone. The CL also possesses the ability to synthesize several fold more steroid
than the intact ovarian follicle so much so that the mid-luteal human CL has been
estimated to produce as much as 40 mg of progesterone per day [74]. Such an increase
in steroid synthesis indicates a higher rate of cholesterol conversion within luteal cells.
This cholesterol could be the result of de novo synthesis within the cells. However, the
enzyme

3-hydroxy-3~methylglutaryl

coenzyme A reductase (HMG-CoA) which catalyzes

the rate-limiting step in cholesterol synthesis is constant in luteinizing cells [75] and its
inhibition does not affect overall progesterone production in women [76]. It is therefore
unlikely that this is the source of cholesterol for steroidogenesis. Much more probable is
the idea of increased cholesterol scavenging from circulating high-density lipoproteins
(HDL) and low-density lipoproteins (LDL). In fact these lipoproteins are the major source
of cholesterol in many species although differences exist such that rodents utilize HDL
preferentially and other species use LDL [77]. It therefore follows that several elements
in the machinery allowing for
cells [75, 78].

liproprot~in

appropriation are upregulated in luteinizing
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Progesterone and Granulosa Cell Proliferation

The steroid hormone progesterone· has long been associated with luteinization
with_ levels increasing as soon as .30 min after an ovulatory stimulus_ in vivo [79]. The
actions of progesterone are mediated via the
two isoforms; PR-A and PR-8.
preovulatory foll-icles [43].
granulosa cells [44]

li~ely

progest~rone

receptor of which there are

LH induces both PR-A and PR-8 proteins in

Specifically PRs are induced in mural but not cumulus

underscoring the importance of progesterone responsiveness

to proper luteinization of granulosa -cells retained after ovulation. The general roles of
these receptors have been characterized in large part due to the creation of knock-out
·mouse models with corresponding characteristic phenotypes.

Whereas the PR-A-/-

(PRAKO) mouse shows an anovulatory phenotype, the PR-8-/- (PR8KO) mice can be
superovulated and shows no ovulatory defects (reviewed· by [80]).

PR-A therefore

appears to be the receptor of importance with regard to effects of progesterone in the
periovulatory intenial pertinent to proper ovulation and luteini;zation.
These important observations are compounded with the demonstrated necessity
for

progest~rone

to prevent -apoptosis and_ ·promote differentiation in luteinizing

granulosa cells. Specifically, progesterone even in the absence of its receptor inhibits
- apoptosis of granulosa cells as well as insulin-dependent granulosa cell proliferation
[81--83]. Specific target genes through which progesterone exerts ·its influence on cell

cycle have proved difficult to. identify.

Such progesterone influenced genes have

important implications for granulosa cell proliferation and differentiation during the
peri ovulatory interval. While it -is uncertain whether progesterone induces exit from the
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cell cycle in luteinizing granulosa cells, previous studies examining cip 21/27 and cyclins
E and B1 seem to indicate differential regulation by progesterone at varying, times in the
periovulatory interval [62, 63, 84]

Cell Cycle Dynamics in Granulosa Cells

Cell Cycle:
Most of the information available on the mechanics of the mammalian cell cycle
has been elucidated in the context of cancer. Cell cycle progression is accomplished
through the interaction of cyclins, cyclin dependent kinases (cdk) and cyclin dependent
kinase inhibitors (CKI). Target genes essential for cell proliferation are phosphorylated
by a cdk when bound to its corresponding cyclin.

D-type cyclins, for example, are

induced early in the cell cycle [85] and predominantly use retinoblastoma protein (Rb)
as a substrate.

Cyclin D/ cdk4, 6 and cyclin E/ cdk2 complexes, promote G1-S

transition, while cyclin A/cdk2 accumulates at the G1/S boundry and persists through S
phase [86]. Two families of CKI have been identified, Cip/Kip (p21, p27, p57) and INK4
(p15, p16, p18, p19) with broad substrate specificity and universal ability to inhibit the
activity of cyclin/ cdk

comple~es

[86].

Cell cycle and Granulosa Cells:
Research efforts in understanding the human ovary have led to the discovery
that progesterone mediates ovulation and luteal formation in addition to systemic
endocrine actions. In contrast, a. role for estrogen is well established in the context of
neoplastic disease [87] although its role within the normal functioning ovary still requires
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.extensive investigation.
In small developing follicles of the rat ovary, granulosa cells acquire
responsiveness to FSH [66, 88] and will subsequently increase the rate of proliferation
in response to FSH and estrogen [89]. Cyclin 02 has been localized to· granulosa cells
in the rat ovary and shown to increase with exposure to estrogen and FSH [90].
However, as soon as 4 hrs after hCG, cyclin 02 expression is markedly attenuated
demonstrating reduced proliferative capacity of granulosa cells [90]. Cyclin 02-/- mice
are infertile due to the inability of the granulosa cells to proliferate in response to
gonadotropins. Thus, follicular growth in rats depends on the coordinated actions of
FSH, estrogen and at least cyclin 02. In contrast, follicular growth proceeds normally in
cdk4-/- mice [91] while luteinization is impaired, underscoring the complexity of cell
cycle control in the mammalian ovary.
The issue of estrogenic

inf~uence

on the cell cycle has been addressed to some

degree predominantly using a rodent model. While rodent models offer a convenient
vehicle for studies . of.. the ovary, the lack of functional corpora lutea and _absence of a
luteal phase in the non-fertile cycle limits their usefulness as a model for women.
Against this is juxtaposed the difficulty of hormonally-manipulating living primates. In an
elegant series of experiments by

z~·linski-Wooten

et al. [92, 93], rhesus monkeys were

administered steroid synthesis inhibitors during a superovulation protocol and follicular
growth monitored. Neither aromatase nor 3(3-hydroxysteroid dehydrogenase inhibition
attenuated follicle growth, suggesting that estrogen is not mitogenic ·in primate
granulosa cells. However, the use of these pharmacologic inhibitors reduced serum_
estrogen to only 7-10% of controls. Given that the concentration of intrafollicular
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steroids can range 10-100 fold higher than serum levels [94], very high local estrogen
concentrations almost certainly remained. Thus while a role for estrogen in follicular
growth of rodents is widely accepted, the same cannot be said of biomedically relevant
primate species.

Cell Cycle Control During Luteinization

The issue of cell cycle control remains intimately tied to that of the follicular
steroid milieu.

It is largely held that the process of luteinization is accompanied by

proliferation cessation and terminal differentiation in· most species [95] accompanying
that key change in steroid production. from :estrogen. to progesterone· in granulosa cells.
Recent evidence challenges the paradigm that luteinization in granulosa cells is
preceded by _cell cycle arrest. Levels of mRNA of the proto-oncogene c-myc are
increased .transiently in granulosa cells treated with hCG while the myc antagonists
mad1 and mad4 decreased transiently over the same time period [96]. In addition, hCG
administered in vitro causes a transient increase in cyclin 02 mRNA at 12hr, suggesting
that a similar situation may exist in intact animals.

This evidence of a "proliferative

burst" in luteinizing granulosa cells is supported by studies in 3T3-L 1 cells prior to
terminal differentiation ·into adipocytes [97] and myeloid leukemic cells preceding
differentiation into mature macrophages [98]. This .phenomenon of a proliferative burst
may be a characteristic of granulosa cells critical to their luteinization and as such
warrants further investigation. Furthermore there is evidence of continued proliferation
of granulosa cells up to ovulation [53] and even proliferation in the corpus luteum [99101] even though it is generally limited to about 10°/o of the steroidogenically active

18

luteal cells.

Steroid Synthesis (Figure 1)

While the adrenals and. gonads have typically been thought of as the major sites ·
of steroid hormone biosynthesis, evidence now shows that steroid hormones' may be
synthesized in a wide

arr~y

of organs including heart [1 02-1 04] and brain [1 05]. The

steroid hormones produced largely depen.d on availability of s.ubstrate and enzyme such
that different organs or organ regions produce specific hormones only if they possess
the proper metabolizing enzymes. This paradigm is illustrated in the adrenal cortex that
is subdivided into a minerlocorticoid producing glomerulosa layer, ·a glucocorticoid
producing fasciculata layer and an androgen secreting reticularis layer.
mineralocorticoids

are

responsible

for

maintaining

salt

homeostasis

The
while

glucocorticoids manipulate sugar homeostasi.s and androgens have far-reaching effects
on secondary sex characteristics. Enzymes involved in steroidogenesis are classified
as either cytochrome P450 enzymes or hydroxysteroid dehydrogenases. · Expertly
detailed elsewhere (see review by [1 06, 107] a discussion ensues of steroidogenic
enzymes and their products as generalized from various tissues and species.
The conversion .from cholesterol to pregnenolone is the rate limiting step in
steroid biosynthesis and is catalyzed by CYP11A (P450 side-chain cleavage, P450scc).
This reaction requires NADPH and involves the oxidation of both C20 and C22 of
cholesterol, followed by cleavage between these two carbons thus yielding the C21
pregnenolone steroid [108]. CYP11A istherefore present in aiLsteroidogenically active
tissues being observed in both theca and granulosa cells of ovulatory follicles [38].
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Pregnenolone resulting from CYP11A activity may be metabolized into
· progesterone (8.4 steroid) by 3P-hydroxysteroid dehydrogenase (3PHSD) or metabolized
down the 8.5 pathway by ·CYP17 (P450c17). In fact 3PHSD catalyzes the conversion
from pregnenolone, 17a-hydroxypregnenolone and DHEA to the 8.4-3-ketosteroids
progesterone, 17a-hydroxyprogesterone and androstenedione respectively via a twostep reaction that does not allow for release of an intermediate [1 09].
The enzyme CYP21 is capable of catalyzing both progesterone conversion to 11deoxycorticosterone

(DOC)

and

17a-hydroxyprogesterone

conversion

to

11-

deoxycortisol. The main reaction involves the hydroxylation of C21 in each substrate.
· Spe_cificity for DOC production or 11-deoxycortisol is predicated by the presence of
CYP17 (below) so that were CYP17 is absent, progesterone is the preferred substrate
and vice versa. DOC synthesis commits the steroid to mineralocorticoid synthesis as
DOC cannot serve as a substrate for CYP17 and thereby cannot be used in
glucocorticoid (cortisol) synthesis.
CYP11 81 is then responsible for catalyzing corticosterone and cortisol synthesis
via 11 P-hydroxylation of DOC and 11-deoxycortisol. This signifies the last step in
cortisol synthesis in tissues expressing both CYP17 and CYP21. In aldosterone
synthesis,_ however,

CYP11 82

(aldosterone synthase)

expression

is

required.

CYP11 82 catalyzes three sequential reactions 1) _11 P-hydroxylation of DOC 2)
hydroxylation of C18 and most importantly, ·oxidation of the 18 hydroxyl group to a C18
aldehyde thereby generating aldosterone. CYP11 81 is capable of the first two but not
the last crucial step and is therefore unable to generate aldosterone by itself stopping at
18-hydroxycorticosterone. There is some evidence· that CYP11 82 does not metaboliz·e
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corticosterone as well as DOC so it may·rely on DOC as sole substrate [11 0].
Generation of glucocorticoids or androgens relies on the presence of CYP17
enzyme. CYP17 can act on either pregnenolone or progesterone to convert them into
their 17a-hydroxylated forms (17a-hydroxypregnenolone and 17a-hydroxyprogesterone)
which serve as an intermediate with subsequent cleavage of the C17-C20 bond to yield
dehydroepiandrosterone

(DHEA)

and

androstenedione

respectively

[111,

112].

Subsequent cloning and characterization of this enzyme in bovine established that
CYP17 alone was responsible for both the hydroxylase and lyase activities that
generated DHEA and androstenedione [113].

There exist some species-specific

differences regarding which substrate is preferred for use in generating androgens via
CYP17. In humans 17a-hydroxypregnenolone is used to generate DHEA while rodents
preferentially metabolize 17a-hydroxyprogesterone to yield androstenedione [114]. This
is due to the ability of the human enzymatic lyase activity to be greatly enhanced by
cofactor cytochrome b5 aiding the conversion from hydroxypregnenolone to DHEA
[115].
CYP19 (aromatase, P450arom) catalyzes conversion of .. 17,20 lyase product
androstenedione

along

with

testosterone ·from · type.

Ill . 17f3HSD

action

on

androstenedione (C19 androgens) to estrone and estradiol (C18 estrogens) respectively
(reviewed in [116]). CYP19 expression has· been shown in human preovulatory. follicle,
corpus luteum [117] and placenta [118] unlike in rodent where placental expression has
· not been shown. GYP 19 expression is central to the expr~ssion of estrogens and its
induction is associated with estrogen synthesis in response to FSH in the growing
follicle.
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Figure 1.

An overview of the steroidogenesis pathway detailing relevant catalytic

enzymes and their products._ Artows are used to designate the relationship between
enzymatic substrates and metabolites. * denotes major steroid hormone products of the
ovarian follicle.

Progesterone Metabolism

In studying early periovulatory events, it is important to consider the implications
for further progesterone metabolism. Established in other steroidogenic tissues such as
the adrenal glands, progesterone is metabolized to 11-deoxycorticosterone (DOC) in
the presence of 21 hydroxylase (CYP21) enzyme.

DOC is further metabolized to
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corticosterone by 11 ~hydroxylase (CYP11 81) enzyme. Aldosterone is finally generated
by aldosterone

synthase

(CYP11 82) from

corticosterone.

This

pathway of

progesterone metabolism constitutes mineralocorticoid synthesis.
The predominant mineralocorticoid in humans, aldosterone, is synthesized in the
glomerulosa layer of the adrenal glands. However, DOC and cortisol show high binding
affinity and similar activity at the mineralocorticoid receptor to aldosterone [119]. The
ovary has been suggested -to be a site of DOC production with circulating DOC level~
rising in parallel with increased progesterone levels in pregnant women as· measured
from ovarian vascular efferents [120]. Because there is a documented increase of DOC
in the luteal phase of non-pregnant women and a sustained increase during gestation
but not during the follicular phase [121-123], it is probable that prior to an ovulatory
stimulus DOC production is from the adrenals but after the LH surge it is from extraadrenal sources. In support of this idea is the fact that such luteal phase-related
increases in DOC are refractory to ACTH suppression via the administration of oral
dexamethasone to normovulatory women [124] and in near term pregnant women [125].
While the ovary· itself may be a source of DOC production, the expression of
mineralocorticoid receptor has been insufficiently studied in ·the ovary ·[126]. Thus it
remains unclear if an intra-ovarian mineralocorticoid system ·exists in women.
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.Use of the Non-human Primate

In order to address the issues of steroidogenesis and proliferation that are
addressed within this thesis, it. was necessary to use both an in vivo and in vitro
approach. Since the source of the materials must be derived from the preovulatory
follicle, there exists no ·alternative to using animals in these experiments.

With the

ultimate goal of relating this research on ovarian function to the regulation of human
repr9duction, the monkey is uniquely qualified as a surrogate primate system to the
human. In contrast to many laboratory and domestic animals, the characteristics of the
macaque ovary during the menstrual cycle are very similar to those in women.
Characteristics distinguishing the human and monkey cycle from that other species
include: (1) primates are monovular species, forming only one corpus luteum per cycle,
(2) the primate forms a functional corpus luteum during the non-fertile cycle, (3) the
I

periovulatory interval is 3-4 times longer in primates than most non-primate species,
and (4) a role for proge.stin metabolites in ovarian function has not been established in
primates. Much of the previous work on the regulation of the follicle/ luteal function in
primates has utilized the rhesus monkey as the model system. Thus the adult female
macaque is the relevant model of choice for studying the periovulatory events during the
menstrual cycle, with application to control ovarian function in women. Female rhesus
monkeys were not terminated at the end of experiments. Rather, tissues were collected
via aspiration to include granulosa cells, follicular fluid and time-matched serum
samples at the end of a controlled ovarian stimulation (COS) protocol. Several follicles
were aspirated (>4 mm) per animal and pooled to generate samples for subsequent
experiments. Each animal was therefore considered a discrete experimental unit and
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comparisons were made_ between animals and not between follicles per animal.

Controlled Ovarian Stimulation

Otherwise referred to as superovulation, this method is employed in order to
over-ride normal follicle selection and stimulate growth of multiple follicles from which a
large pool of granulosa cells may be collected. The general principle is to augment and
externally regulate exposure of follicles to gonadotropins while suppressing the internal
GnRH pulse mechanism. This exogenous administration of gonadotropins also serves
the added purpose of allowing for timing of post-surge events as the LH surge is hereby
simulated using exogenous hCG (human chorionic gonadotropin) bolus.
Summarized in schematic form (Fig. 2) the general protocol (rhesus macaques,
Davis, CA) was started within three days of onset of menstruation in a mature female
macaque. It consisted of 7 days of recombinant human (rh) FSH (35 IU) with daily
antide so suppress endogenous GnRH release. Follicles were aspirated the morning
after the last dose of rh-FSH. An alternate protocol was. employed on cynomologous
macaques (Medical College of Georgia) and comprised of 6 days of recombinant
human (rh) FSH at 35 IU im bid eight hours apart (e.g. 8am/4pm). On day 6 of the
protocol, Antide (GnRH antagonist) administration was initiated at O.Smg/kg qd sq and
accompanied the rhFSH treatment. On days 7 and 8, LH at 30 IU bid im was introduced
to the regimen of animal injections. The protocol was halted at day 8 in order to aspirate
..

non-luteinized granulosa ·cells (NLGC) for protein or further in vitro manipulation. When
in vivo luteinization was the desired outcome, a bolus of rhCG. at 1000 IU was
·administered on day ~ of the protocol to simulate the LH surge since hCG acts at the
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LH/CG receptors on the granulosa cells with higher potency and half-life than LH (30 hr
vs. 6 hr). Subsequent aspiration of cells was undertaken at timed intervals from the
hCG bolus (3, 6, 9, 12 and 24 hr) and served as luteinizing granulosa cells (LGC).

Day 1-3 of
Menses

Day 9 Intervention

•

Days 1-8 r-hFSH bid

t

hCG {3, 6, 12, 24hr) frozen for mRNA
Aspirate prior to hCG

Antide qd

.

l..in vitro luteinization

~frozen for mRNA

Figure 2. Schematic summary of controlled ovarian stimulation (COS) protocol used in

rhesus macaques. FSH and LH are

recombin~nt

human hormones (Ares-Serono ).

Antide is a GnRH antagonist that suppresses endogenous LH release.

Surgical Manipulation ·
In order to collect samples at the end of COS, aseptic surgery involving
laparotomy was performed on anesthesized animals by experienced personnel. In all
surgical protocols, ketamine HCI is initially administered to sedate the monkey, followed
by gaseous anesthesia (isoflurane gas vapo,rized in 100% 0 2 ) in the operating room.
Medications are administered to combat infections and to relieve post-operative pain
(buprenorphine, 0.03 mg/kg im). The simple laparoscopy or laparotomy with ovarian
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biopsy results in minimal trauma; the animal is awake, mobile, and eating fruit within a
few hours. Multiple surgeries were performed on each monkey. Allowing at least one
menstrual cycle for recuperation between protocols (i.e. >two months between
surgeries), e?<perience indicates that ovarian

biop~ies

can be performed on 3-4

occasions in a year without any problems. This repetitive, but certainly not excessive,
use of each monkey permits the optimal scientific use of a highly valuable research
species to decrease the experimental error, increase the statistical power for each
experiment, and hence increase the confidence in the scientific findings. The repetitive
use allows the maintenance of a small cohort of monkeys :that are· carefully monitored
for normal menstrual cycles and assures provision of ovarian tissues characteristic of
normal follicular/ luteal function.

Over time, surgical intervention by laparatomy was

replaced by less invasive ultra-sound guided . aspiration procedures.

This greatly

reduced recovery times from foiHcle aspirations although the limitations imposed by use
of immur:~ogenic recombinant 'human hormones r~main.

Facilities

The Medical College of Georgia maintains a cer1tralized animal care program
. with administrative responsibility assigned to the office of Research Support Services
(L. Easley, D.V.M., Director). Facilities for housing, care and surgery for primates

-are

located on campus. All facilities conform to NIH guidelines for humane treatment of
laboratory animals.

The facility is accredited by the American Association for the

Accreditation of Laboratory Animal Care (AAALAC) and has been a Registered
Research Facility with United States Department of Agriculture (USDA) since 1967.
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There are two full time veterinarians on staff with non-human primate experience and 17
animal care technicians. It is at this location that the applicant received training in
animal husbandry, laparotomy, ovariectomy and follicle aspiration on long-tailed
_macaques (M. fasciculata) thereby mimicking surgeries and aspirations ·pe.rformed at
the California National Primate Research Center where collaboration exists with Dr. C.
VandeVoort through which the bulk of research samples were gathered in M. mulatto
(rhesus monkeys).
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ABSTRACT

Ovulation and luteal formation in primates is associated with the sustained synthesis of
progesterone.

High

intra-follicular concentrations of progesterone during

the

periovulatory interval raise the possibility that this steroid serves as a precursor for
mineralocorticoids. The aim of this study was to determine if mineralocorticoids are
synthesized by the luteinizing macaque follicle_ during controlled ovarian stimulation
cycles in which follicular fluid and granulosa cell aspirates were obtained before or up to
24 hr after an ovulatory human chorionic gonadotropin (hCG) bolus.

Follicular fluid

concentrations of both progesterone and 17a-hydroxyprogesterone increased within 3
hr of an ovulatory hCG bolus.

Their respective metabolites, 11-deoxycorticosterone

(DOC) and 11-deoxycortisol, were not detectable prior to an ovulatory stimulus and
increased starting 6 hr post-hCG, while corticosterone and aldosterone were
undetectable. Cortisol_ was present before and after hCG, and increased modestly after
an ovulatory stimulus. The expression of 21-hydroxylase mRNA increased within 3 hr
of hCG, while CYP11 81 and CYP11 82 mRNAs were not detectable.

11 (3-HS_D1

· mRNA increased 12 hr post-hCG and 11 (3-HSD2 decreased by 3 hr after hCG.
.

.

Mineralocorticoid receptor (MR) ·mRNA levels did not· change following hCG, while
glucocorticoid receptor (GR) mRNA increased in response to an ovulatory stimulus.
Treatment of granulosa cells with the MR antagonist spironolactone blocked hCGinduced progesterone synthesis in vitro. These data indicate that macaque granulosa
cells can synthesize mineralocorticoids in response to an ovulatory stimulus, and that
the MR plays a key role in steroid synthesis associated with luteinization of macaque
_granulosa cells.
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INTRODUCTION

The complex processes of ovulation and corpus luteum formation are initiated by
the mid-cycle surge of LH.

The onset of the LH surge heral9s the start of the

periovulatory interval that extends until the extrusion of the fertilizable oocyte.

A

hallmark of the periovulatory interval is the rapid· induction of progesterone, which
occurs within 30 min of an ovuiatory stimulus to rhesus monkeys undergoing controlled
ovarian stimulation [94] .. The increase in progesterone during the periovulatory interval
has peripheral as well as essential local actions that lead to ovulation and corpus
luteum formation [44, 47, 127]. What remains underappreciated is the potential for high
levels of progesterone to be locally metabolized into mineralocorticoids.
Progesterone

or

17a-hydroxyprogesterone · can

be

converted ·to

11-

deoxycorticosterone (DOC) or 11-deoxycortisol, respectively, through the action of 21hydroxylase. DOC and 11-deoxycortisol can be further metabolized to corticosterone or
cortisol by CYP11 81. Unlike rats, where corticosterone is the primary glucocorticoid,
corticosterone in primates serves as a substrate for CYP11 82 in the synthesis of
aldosterone. While no studies have yet examined the

expre~sion

of 21-hydroxylase in

the ovary, the presence of cortisol in human follicular fluid suggests that this enzyme is
expressed and active in the human ovary [128].
The current study was designed to test the hypothesis that macaque granulosa
cells synthesize· mineralocorticoids in response to an ovulatory stimulus and that these
steroids have a local role in luteinization.

Additionally, local metabolism of 17a-

hydroxyprogesterone to cortisol in the primate ovary has not been completely
addressed in spite of the long-standing evidence that cortisol is present in follicular fluid
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[129-131]. In light of evidence that cortisol may be relevant to

~varian

processes [132],

intrafollicular levels of glucocorticoids and granulosa cell expression of glucocorticoid
synthesizing enzymes before and after an ovulatory stimulus are reported herein. A
controlled ovarian stimulation of rhesus macaques is used in conjunction with an in vitro
model of granulosa cell luteinization to address these questions [133].

MATERIALS and METHODS

Animals

Adult female rhesus macaques (Macaca mulatta) were housed at the California
National Primate Research Center (CNPRC) as described [134]. Anir:nal protocols and
experiments were approved by the CNPRC Animal Care and Use Committee, and
studies were conducted iri accordance with the Guide for the Care and ·use of
Laboratory Animals [135].

Following the onset of menstruation, adult female rhesus

monkeys were treated with recombinant human follicle stimulating hormone (r-hFSH,
Ares-Serono, Randolph, MA or Organon, West Orange, NJ; 37.5 IU im bid) for seven
days. Antide (Serono, 5 mg/kg body weight, sc, qd) was administered daily to prevent
endogenous gonadotropin secretion. Follicles were aspirated the morning after the last
dose of r-hFSH by an ultrasound-guided procedure as previously described [134] for
use in in vitro luteinization procedures. A subset of animals received r-hCG (1 000 IU,
sc, Ares-Serono) to initiate periovulatory events and follicles were aspirated before (0 ·
hr), 3, 6, 12 and 24 hr .later (n=3, 3, 3, 3, 3, although follicular fluid was available from
n=2 animals at 3 hr post-hCG). Additional animals received hCG for 33 hr as part of an
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in vitro fertilization program. Aspirates from each animal were pooled and granulosa

cells isolated as described previously [96].

In vitro luteinization of macaque granulosa cells

Granulosa cells were plated overnight at 37°C with an initial seeding density of 2.5x1 05
viable cells I well in 24-well plates pre-coated with fibronectin (Biocoat, Becton
Dickinson, MA) iri DMEMIF12 supplemented with penicillin I streptomycin (SO U I ml),
ITS (201JIIml), and 25 nglml human FSH (Sigma-Aldrich; F4021 ). Following the initial
overnight seeding period, media were changed to include either 25 nglml hFSH to
maintain a non-luteinized phenotype (controls) or 20 IU/ml hCG (Sigma) to induce
luteinization. Cultures were· terminated 6 or 24 h after the addition of hCG or hFSH.
Total RNA was isolated using the RNAqeous Micro kit (Ambion Inc., Austin, TX) and
media were assayed for steroids (see below).

Mineralocorticoid Receptor Antagonism

In order to investigate the effects of mineralocorticoid receptor (MR) antagonism on
steroid synthesis, granulosa cells were cultured as above in the presence or absence of
the MR c:tntagonist spironolactone (1 OJJM) for 24 hr. Because spironolactone also acts
as an androgen receptor (AR) antagonist [136],_. FSH or. hCG with ·or without the AR
antagonist flutamide (1 OOnM; $igma) was used as a control.
removed for steroid analysis.

Cultu.re media were
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GranulosC! Cell Viability

Cell viability of cultured granulosa cells was measured using the CeiiTiter 96® Aqueous
One Solution Cell Proliferation Assay (Promega) per manufacturer's directions.
Granulosa cells were cultured in a 96-well plate and treated with hCG or FSH ±
spironolactone or flutamide as described above for 48 hr. This time-point was chosen in
order to ensure that spironolactone and I or flutamide do not induce loss of viability.

Real Time RT-PCR

Granulosa cell RNA was reverse transcribed using MMLV reverse . transcriptase
. (Invitrogen) and semi-quantitative real time RT-PCR (Applied 8iosystems, ·Inc., Foster
City, CA) was performed for 21-hydroxylase, mineralocorticoid and glucocorticoid
receptor (MR, GR), CYP11 81 and CYP11 82, and 11 J3-hydroxysteroid dehydrogenase
(HSD)-1 and 11 J3-HSD-2.

Primers and 6FAM-Iabeled probes were synthesized by

Applied 8iosystems, Inc. Primers and ROX-Iabeled. probe for internal control ribosomal
protein ,L 19 (RPL 19) were· synthesized by .8josearch Technologies (Novato, CA).
Target genes and RPL 19 were detected in the same reaction. Rela_tive mRNA levels
were quantified using a standard curve constructed with pooled macaque granulosa cell
eDNA. PCR was carried out as described [133] and data expressed as a ratio of target
gene: internal control. H295R human adrenocortical cells treated with 10 IJM fors·kolin
for 5 hr were used as a positive control.
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·Primer and probe sequences are as follows:
CYP21 (21 ~hydroxylase)
Forward: 5'-ATTGTGGACGTGATTCCCTTTCT (nt 633-655)
Probe: .5'-6FAM-TCCGGAGGCTGMGCAGGCCATAG (nt 679-702)
Reverse: 5'-TCTCCACGATGTGATCCCTCTT (nt 726-705)

Mineralocorticoid receptor (NR3C1)
Forward: 5'-CGGATTCTTCATTCTCAGTACCMTA (nt .1262-1287)
. Probe: 5'-6FAM-TCMCCMGCATTCATGTTCAGGCACC (nt 1297-1323)
Reverse: 5'-GGTTTACTGTTGGATTCCCTTTAMA (nt 1351-1326)

CYP11 81 (11 B-hydroxylase)
.

.·

Forward: 5'-TGGGTGGCCTACAGACMCAT (nt 343~36.3). :·
Probe: 5'-6FAM-TGMTCCAGMGTGCTGTCGCCCM (nt 428-452)
Reverse: 5'-GGCCACTGCATCCACCAT (nt 492-475)

Aldosterone synthase (CYP11 82)
Forward: 5'- ACGGTGACMCTGTATCCAGAMAT (nt 800-824)
Probe: 5'-6FAM-CGCCCTCMCACTACACAGGCATCGT (nt 847-872)
. Reverse: 5'-CTCCCTGCAGTGAGTTCCATAGA (nt

947~925)
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Experiments for 11 PHSD1 (Hs00194153_m1 ), 11 PHSD2 (Hs00388669_m1) and GR
(Hs00230818_m1) were performed

using Assays-on-Demand

Gene Expression

products (Applied Biosystems) per the manufacturer's instructions.

Steroid Assays: Gas Chromatography and Mass Spectrophotometry (GC/MS)

GC/MS was performed as described [137]. Steroids were from Steraloids (Newport, Rl,
USA) and cortisol-d 4 used as internal standard (I.S.) was from CON Isotopes (PointeClaire, Canada). Samples". were extracted using a SepPak C18 cartridge, and eluted
with methanol. After addition of 5 ng of Cortisol-d4 (internal standard) samples were
evaporated under N2 stream and derivatized by heating for 1 h at 55°C with 50 JJI of 2°/o
(w/v) methoxyamine hydrochloride in pyridine, followed by 16h at 1ooac with 50 JJI TMSI
(N-trimethylsilylimidazole ). Three calibration samples were extracted in parallel. The
final

extracts .were evaporated

and

re-dissolved

in 40

JJI of BSTFA (N,O-

bis(trimethylsilyl)-trifluoroacetamide ). The analyses were performed by injecting 3 JJI of
the final extracts in a _gas chromatographer coupled to an ion trap mass spectrometer.
A specific method was set up in order to optimize the sensitivity for 11deoxycorticosterone,

corticosterone,

11-deoxycortisol

and

cortisol.

Gas

chromatography/mass spectrometry (GC/MS) was carried out on a PolarisQ ion· trap
mass spectrometer (ThermofinnigCiln, San Jose, CA, US) interfaced with a TraceGC
(Carlo Erba, Milan, Italy) gas chromatograph. Samples were injected with an Al3000
autosampler (Carlo Erba). The sterols were separated on a DB-1 cross-linked methylsilicone column, 15 m x 0.25 mm i.d., film thickness 0.25 J.lm (J&W Scientific, Folsom,
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CA, USA). To evaluate the linearity and the· precision, five calibration samples at three different

conc~ntrations

(lower and high concentration 1 replicate, medium level, 3

replicates) were prepared and analyzed. Those calibration .samples· were extracted in
parallel to the samples.

A linear correlation was found in all cases with mean

determination coefficients (~) better than 0.98. Intra-assay variability for all compounds
was< 15o/o .

.Steroid Assays: Enzyme Linked Immunoassay (EIA)
Measurements of 17I3-estradiol_ (E2), progesterone (P), and cortisol concentrations in
culture media were made using commercially available ELISA· kits (Aipco Diagnostics,
Windham, NH).

Statistical Analysis
Data are presented as mean ± SEM. Bartlett's

PJtl was used to test for heterogeneity

of variance, and data were logarithmically transformed (log+2) if variances were
significantly different. _Data were analyzed by one-:-way ANOVA followed by a StudentNewman-Keuls means comparison test (data from in vitro samples were analyzed with
one repeated measure). Means were considered significantly different if p < 0.05.

RESULTS
Follicular fluid aspirated from the ovaries of adult macaques undergoing
controlled ovarian stimulation before or up to- 24 hr after hCG administration in vivo was
assayed for steroid hormones by GC/MS (Fig. 3). ·Consistent _with published data [94],
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intrafollicular progesterone increased 43-fold (p<0.05) 6 hr after hCG and remained
elevated through 24 hr. DOC was undetectable in follicular fluid from any animal prior
to hCG, but was present in both animals 3 hr after hCG administration. DOC increased
significantly 6, 12, and 24 hr post-hCG (8. 7 ± 4.1 ng/ml, 38.9 ± 18.1, 198.5. ± 75.6, ·
respectively; p<0.05).

Neither corticosterone nor aldosterone was detectable in

follicular fluid at any time point in any animal before or after hCG injection. 17ahydroxyprogresterone increased 6 hr after hCG · (15-fold, · p<0.05) and remained
elevated through 24 hr (18 ± 18 ng/ml, 265.2 ± 98.4, 176.2 ± 95.2, 421.6 ± 95.2,
respectively).· 11-deoxycortisol was not detectable in follicular fluid before (0 hr) and 3
hr after hCG, but increased (p<0.05) at 6 and 12 hrs, with a further increase (p<0.05) 24
hr post-hCG (0 ng/ml, 5.6 ± 1.6, 7.7 ± 3.2, 31.8 ± 9.2, respectively).

Cortisol was

present in all samples before and after hCG and intrafollicular concentrations increased
2-fold by 24 hr (0 hr: 64.3 ± 18.2 ng/ml; 24 hr: 140.0 ± 21.5 ng/ml).
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Figure 3. Follicular fluid steroid concentrations following an ovulatory hCG bqlus
to macaques undergoing controlled ovarian stimulation. Follicular fluid was
collected from macaques undergoing controlled ovarian stimulation p~otocols before )0
hr) and up to 24 hr after the administration of an ovulatory hCG bolus. Steroids were
assayed by gas chromatography I tandem mass spectophotometry as described in the
methods. (A) Progesterone, (B) 11-deoxycorticosterone (DOC), (C) 17 ahydroxyprogesterone, (D) 11-deoxycortisol, (E) cortisol. Aldosterone and
corticosterone were undetectable in follicular fluid before or after hCG. All time points
are n=3 with the exception of 3 hr post-hCG (n=2). Data are expressed as mean±
SEM. Different superscript letters -denote significant differences between groups
(p<0.05).

24

40

Treatment of non-luteinized macaque granulosa cells with hCG in vitro for 6 hr
resulted in a 3-fold increase (p<0.05) in culture media levels of progesterone over FSH
controls (Fig. 4A). Gas chromatography I MS was used to determine the identity of the
mineralocorticoids present in culture media 6 hr after FSH or hCG. Similar to follicular
fluid, corticosterone was undetectable in either FSH or hCG treatment, and given the
absence of this precursor, aldosterone was not assayed. _In contrast, hCG induced a 7fold increase in DOC over

F~H-treated

cells (p<0.05; Fig. 28).

treated samples did not have detectable levels of DOC.

Two of three FSH-

Media concentrations of

cortisol were very low (<1 ng/ml) and did not change with treatment (Fig. 4C).
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Figure 4. Culture media steroid concentrations following hCG treatment of nonluteinized macaque granulosa cells. Non-luteinized granulosa cells (NLGC) were
obtained from rhesus monkeys (n=3) undergoing controlled ovarian stimulation in the
absence of an ovulatory hCG stimulus. NLGC were cultured for 6 hr in the presence of
FSH or hCG. Media levels of (A) progesterone and (C) cortisol were determined by
ELISA, and (B) 11-deoxycorticosterone (DOC) by GC/tandem MS. Treatment with hCG
induces progesterone and D09, but not cortisol. Corticosterone was undetectable by
GC/MS. Data are mean± SEM. Asterisk denotes significant differences versus FSH
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21-hydroxylase
hydroxyprogestserone

(CYP21)
to

DOC

metabolizes
and

progesterone

11-deoxycortisol,

respectively.

17a-

and

In

vivo

administration of hCG induced the expression of CYP21 mRNA in granulosa cells within
3 hr (6-fold; p<0.05; Fig 5). Levels of CYP21 mRNA returned to controi(O hr) values 24
hr after hCG. Treatment of cultured granulosa cells with hCG for 6 hr increased levels of
CYP21 mRNA 12-fold (p<0.05) over FSH controls (Fig. 5). The expression of CYP21
mRNA 24 hr after addition of hCG to culture media was not different than FSH controls.
Both 11 J3-hydroxylase (CYP11 81) and aldosterone synthase (CYP11 82) mRNAs were
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undetectable before and after hCG in vivo and in vitro.

For both genes, H295R

adrenocortical cells served as a positive control to verify the probe I primer sets.
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Figure 5. Expression ·of 21-hydroxylase, 11 (f-HSD1 and 11 P-HSD2 mRNA before
and after hCG stimulus in vivo and in vitro. Granulosa cells were isolated from
follicles of rhesus macaques before (0 hr) or up to 24 hr post-hCG (in vivo), or cells
isolated before hCG were used in a model of in vitro luteinization (in vitro) in which
cells received either FSH (controls} or hCG for 6 or 24 hr (see Materials and Methods
for further details). Levels of mRNA were determined by real-time RT-PCR using
mRNA for the ribosomal protein L19 (RPL19) as an internal standard. Data are
presented as mean± $EM of values normalized to RPL 19. In vitro data are presented
as the percent change versus FSH controls. Superscript letters denote significant
differences across time; asterisk denotes significant differences versus FS H control
(p<0.05).

The enzyme 11 PHSD2 metabolizes cortisol to its inactive metabolite cortisone. In
contrast, 11 PHSD1 metabolizes cortisone to cortisoL Levels of 11 PHSD1 mRNA were
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present in all samples collected before and after an ovulatory hCG bolus, although at
very low expression until 12 hr, at which time mRNA leve·ls increased 25-fold relative to
0 hr (p<0.05; Fig. 5). An additional increase in 11 ~HSD1 mRNA occurred 24 hr posthCG (233-fold relative to 0 hr; p<0.05). Similarly, 11 ~HSD1 mRNA levels from in vitro
cultured granulosa cells did not increase until 24 hr after hCG (12-fold vs. FSH controls;
p<0.05; Fig. 5).

Conversely, mRNA levels of 11 ~HSD2 were highest prior to. an

ovulatory· stimulus and declined within 3 hr of hCG (2-fold; p<0.05; Fig. 5), with an.
additional reduction in mRNA levels 24 hr post-hCG (8-fold vs. 0 hr; p<0.05). Treatment
of non-luteinized granulosa cells with hCG reduced 11 ~HSD2 mRNA 5- and 2.5-fold 6
and 24 hr later, respectively (p<0.05).

45

IN VIVO

IN VITRO

0.7

~
"2

0.6

G)

0.5

180
160

;:,

.2:

iii

0.4

c:(

0.3

0:::

0.2

~

:z
E

0:::
:liE

s:

140

~

120

c:(

100

0:::

80

0:::
:liE

40

U)

:z
E

0.1

20

0.0

NLGC

en
~

c

:fi
..!:!2

~
c:(
:z

*

3;5
3.0

FSH

hCG

FSH

hCG

200

s:

2.5

160

U)

lL

:::S!
Cl

2.0

120

c:(

:z

1.5

0:::

1.0

0:::

0.5

E

0

LGC

;:,

G)

60

0:::

E

80

0:::

(!)

40

(!)

0

0.0

NLGC

LGC

Figure 6. Mineralocorticoid receptor (MR) and glucocorticoid receptor (GR)
mRNA expression in vivo and in vitro. Levels of MR and GR mRNA were
determined using real-time RT-PCR in extracts of granulosa cells isolated before
(NLGC) or 33 hr after hCG (LGC), and following in vitro luteinization. Data are mean
±SEM ( N=3); asterisk denotes significant differences between treatments (p<O.OS).

Mineralocorticoid receptor (MR, NC3R1) mRNA was detectable in all samples in
vitro and in vivo, and did not change in response to hCG (Fig. 6).

Levels of

glucocorticoid receptor (GR) mRNA increased 5-fold (p<0.05) 33 hr after an ovulatory
hCG bolus (LGC; Fig. 6), although this was not recapitulated by treatment of nonluteinized granulosa cells with hCG for 24 hr (Fig. 6).
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The

MR antagonist spironolactone was. used

to

elucidate the

role of

mineralocorticoids during luteinization of macaque granulosa cells. NLGC treated with
hCG for 24 hr showed the expected increase in progesterone over FSH controls (18fold; p<0.05; Fig. 7A).

Treatment of NLGC with FSH + spironolactone did not. alter

progesterone synthesis significantly.
hCG-induced progesterone synthesis.

In contrast, spironolactone completely blocked
The AR antagonist flutamide was used to

demonstrate that the effects of spironolactone were through MR rather than AR.
Treatment of NLGC with flutamide did not alter progesterone levels in the presence of
FSH or hCG. Previous studies have demonstrated that an hCG treatment of NLGC in

vitro results in a transient increase in estrogen synthesis [94, 133]. Treatment of NLGC
with hCG for 24 hr induced a 2-fold increase (p<0.05) in media concentrations of
estrogen (Fig. 78).

Similar to progesterone synthesis, spironolactone inhibited hCG-

but not FSH-induced estrogen production. . Flutamide did not alter estrogen levels
during FSH or hCG treatment. In order to determine if the reduction in steroidogenesi~
following hCG was due to loss of cell viability, NLGC were treated for 24 hr with FSH or
hCG in the presence or absence of spironolactone or flutamide.

Figure 7C

demonstrates that no significant changes were observed in cell viability as assessed by
MTT.
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DISCUSSION

While cortisol has been postulated to have actions on the ovary, notably in the
regulation of steroidogenesis [138, 139], a similar role for mineralocorticoids has not
been proposed. In addition, the high concentrations of intrafollicular progesterone (P)
following an ovulatory gonadotropin surge raise the possibility that P metabolites such
as mineralocorticoids may be present in the luteinizing follicle. The current study was
undertaken

to

determine

·if

luteinizing

follicles

-in

macaques

mineralocorticoids in response to an ovulatory b61us of hCG.

synthesize

Progesterone, 11-

deoxycorticosterone (DOC), 17a-hydroxyprogesterone, and 11-deoxycortisol, but not
corticosterone or aldosterone all increase in follicular fluid following hCG. Cortisol also
increases after hCG, but in a much more modest fashion.

Importantly, cortisol is

present in follicular fluid prior to hCG, while the direct precursor 11-deoxycortisol is not,
suggesting that some or all of the cortisol is of non-ovarian origin. The expression of
steroidogenic enzymes is consistent With hCG-induced DOC production, as well as the
local conversion of cortisone to cortisol. treatment of luteinizing granulosa cells with a
mineralocorticoid receptor antagonist blocks· hCG-induced progesterone synthesis.
These data collectively support the hypothesis that hCG stimulates the synthesis of
DOC, and- that mineralocorticoids have an important role in peri ovulatory processes.
The administration. of an· ovulatory stimulus to rhesus monkeys undergoing
controlled ovarian stimulation results in a marked increase in concentrations of
intrafollicular progesterone [94]. The early increase in a progesterone synthesis is most
· likely mediated at least in part by the induction of steroidogenic acute regulatory (StAR)
protein and this is reflected by the fact that there is a generalized increase in steroid
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synthesis soon after an ovulatory stimulus in primates [94]. Treatment of non-luteinized
granulosa cells with hCG in vitro indicates that the steroidogenic response in culture is
essentially identical to that observed in vivo [133], underscoring the central' importance
of steroidogenesis as a part of the luteinization program.

Progesterone itself is

essential for follicle rupture, luteinization, and in luteal phase species such as primate
and bovine, function of the corpus luteum [44, 79, 127, 140], and has the potential to
serve as a substrate for both glucocorticoids and

mine~alocorticoids.

Interestingly,

levels of 17a-hydroxyprogesterone (17a-P) also increase after hCG, although
intrafollicular concentrations are approximately 10-fold lower than progesterone.
Previous studies have suggested that expression of the P450c17 gene, the· product of
which metabolizes pregnenolone to DHEA and P to 17a-P, declines following hCG,
although not until after 6 hr post-hCG [70], so that 17a-hydroxylase I
.

c17 ,20 lyase

'

activity may remain elevated through 24 hr. The net result is the synthesis of both P
and 17a-P following an ovulatory stimulus.
The synthesis of 11-deoxycorticosterone (DOC) following hCG supports the
hypothesis that intrafollicular P serves as a mineralocorticoid substrate.

DOC is not

detectable prior to hCG and increases as early as 3 hr after an ovulatory stimulus,
although concentrations even 24 hr after hCG are substantially lower than follicular P.
·Non-luteinized granulosa cells treated with FSH in vitro have low levels of DOC,
although this was due to only 1 of the 3 cultures. Treatment with hCG in vitro results in
a marked increase in DOC, and similar to the intrafollicular milieu, levels are
approximately 10-fold less than P. Importantly, granulosa cells express 21-hydroxylase
mRNA that increases following an ovulatory stimulus in a temporal profile similar to
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DOC, although mRNA levels 24 hr post-hCG decline back to

pre~hCG

controls.

Whether this means luteal levels of DOC drop after ovulation is unknown, although
circulating levels of DOC change in tandem with progesterone in pregnant women, and
the profile of serum DOC during the non-fertile luteal phase parallels that of
progesterone [122].

Luteal phase levels of circulating DOC, but not cortisol, are

refractory to dexamethasone suppression in normovulatory women [124], s-uggesting an
extra-adrenal, possibly luteal, origin. The relatively low levels of DOC in comparison
with P during luteinization suggest that synthesis is limited by CYP21 rather than
-

substrate.

.

The expression of CYP21 iri _H295R adrenocortical cells is mediated by

multiple transduction pathways, including PKA, PKC, potassium, and angiotensin II
[141], although it is unknown if the regulation of CYP21 mRNA in granulosa cells is
similar to adrenal cells or perhaps unique to the ovary. Importantly, rat granulosa cells
do not express CYP21 mRNA before or after hCG, nor are mineralocorticoids evident in
follicular fluid in rats during PMSG/hCG induced follicular growth (unpublished
observations).
The ovary is also a site of 11-deoxycortisol synthesis. 11-deoxycortisol requires
17a-P as a precursor, making theca cells a possible source. Because 11-deoxycortisol
requires 21-hydroxylation, this could suggest that theca cells in primates also express
CYP21. Alternatively, theca-derived 17a-P could be metabolized to 11-deoxycortisol in
granulosa cells. This, latter scenario would be consistent with the very low levels of
intrafollicular 11-deoxycortisol.

The actions of 11-deoxycortisol are poorly understood,

although some data suggest that this steroid transactivates MR but not GR [142].
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Cortisol is present in follicular fluid before and after an ovulatory bolus and
exhibits a modest increase 24 ~r after hCG, especially relative to, for example, 11deoxycortisol. The fact that intrafollicular concentrations of cortisol are in the range of
60 ng/ml prior to hCG while its immediate precursor 11-deoxycortisol is undetectable at
that time suggests that all or at least most of the preovulatory follicular cortisol derives
from the adrenal gland.
expres~

This is supported by the fact that granulosa cells do not

detectable levels of 11 ~-hydroxylase1 mRNA.. While it is possible that theca

cells express 17a-hydroxylase, 21-hydroxylase and CYP11 81, this is unlikely given that
corticosterone and aldosterone are undetectable in follicular fluid. This hypothesis is in
contrast with a recent report by Acosta et al. [129] in which bovine follicles were shown
to synthesize cortisol. Similarly, there is an increase in bioactive cortisol in follicular
fluid of women following the LH surge of the natural cycle [143]. Based on the lack of
11-deoxycortisol prior to hCG and the shift in the ratio of 11 ~-HSD1 and 2, _it is
hypothesized that the increase in follicular fluid cortisol stems from local metabolism of
corticosterone to cortisol. While very low levels of cortisol (<0.5 ng/ml) were detected in
culture media, it is presumed this reflects cross-reaction of the ELISA as the absence of
corticosterone and CYP11 81 mRNA do not suggest local cortisol synthesis. Thus it is
proposed that intrafollicular cortisol in the macaque originates at the adrenal origin.
The 11 ~-HSD enzymes [144] are thought to be a key pre-receptor regulator of
mineralocorticoid an·d glucocorticoid receptor specificity.

11 ~-HSD2 is an exclusive

NAD dependent dehydrogenase responsible for converting cortisol to its inactive
metabolite,

cortisone.

11 ~-HSD1

is . an

NADPH · dependent

reductase

that

predominantly converts cortisone to cortisol, leading to the hypothesis that 11 ~-HSD2 ·
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promotes mineralocorticoid receptor specificity by inactivating glucocorticoids [145-147].
In macaque granulosa cells, the expression of 11 P-HSD1 mRNA is lowest prior to hCG
and increases after an ovulatory stimulus while 11 P-HSD2 declines following hCG.
Multiple studies have postulated .a role for cortisol, the main human and primate
glucocorticoid, in the ovary on the basis of studies of 11 P-HSD expression and/or
activity [126, 130, 148]. Coupling 11 P-HSD mRNA measurements with bioassays of
cortisol to cortisone inter-conversion indicates that immature follicles primarily inactivate
cortisol while preovulatory follicles increasingly generate cortisol from cortisone [149].
Cortisol has been further proposed as an anti-apoptotic factor in granulosa cells [150,
151 ]. Most recently, a direct increase in cortisol during the periovulatory interval has
been measured [129] although the mechanism for such an -increase was not
investigated. Data from· the current study suggest the conversion of steroidogenesis in
the periovulatory follicle to favor local activation of glucocorticoids, especially as the
time of ovulation approaches.

If enzyme activity follows these mRNA data, it would

.suggest that the ovulatory follicle in macaques utilizes circulating cortisone as a
. substrate for 11 P-HSD1-mediated conversion to cortisol.

Because cortisol is anti-

inflammatory, it seems reasonable that the limited cortisol production serves to balance
inflammation associated with ovulation ·[152], although it is clear that levels of cortisol
are tightly controlled through the 11 P-HSDs.

The presence of cortisol confounds

_specificity of DOC action at the mineralocorticoid receptor. While cortisol can act as· a
mineralocorticoid receptor agonist, it is not· clear that its effects downstream of the
receptor would mimic exactly mineralocorticoid specific effects i.e identical gene
regulation.
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The presence of glucocorticoid receptors (GR) in human granulosa cells has
been suggested [153], supporting a local role for cortisol. The expression of GR mRNA
increases 33 hr after ovulatory hCG bolus. It is interesting to note that GR mRNA does
not increase in vitro after hCG, suggesting two possibilities. First, GR mRNA may
increase after 24 hr of hCG and thus the increase was not evident in vitro. Alternatively,
increased GR mRNA may be mediated by theca-derived factors absent in granulosa
cell culture.

In either event, the increase in GR mRNA supports the hypothesis that

cortisol mediates the inflammatory events associated with ovulation [152].

Granul~sa

cells in vivo and in vitro express MR mRNA at equivalent le~els before and after hCG.
This is in contrast with the hormonally stimulated immature rat, in which MR mRNA is
reduced following an ovulatory bolus [9]. In addition, MR protein is localized to nuclei of
granulosa cells in the macaque ovary (appended experiments to Chapter II), suggesting
that the receptor may be transcriptionally active. Despite this, it is not currently possible
to draw a direct m~chanistic link between DOC synthesized by granulosa cells and MR.
However, DOC is an MR agonist and has been shown to be nearly as potent as
aldosterone in transactivating MR [154].
.

.

Thus it is

hypoth~sized

.that increased

.

synthesis of DOC following hCG is reflected by a parallel increase in MR 'transactivation
of target genes. More compelling in implicating MR in normal periovulatory events is
the fact that the MR antagonist spironolactone inhibits hCG-induced progesterone
~ynthesis.

However, because spironolactone has androgen receptor (AR) antagonistic

properties [136], the AR antagonist flutamide was used to verify specificity. No effects
of flutamide were noted on steroid synthesis in response to hCG.

Further,

spironolactone does not appear to reduce granulosa-cell viability, although the reduction
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in progesterone would be expected to ultimately reduce granulosa cell survival [155]. It .
is possible that the low levels of progesterone present in culture media following hCG
plus spironolactone (121 pg/ml) were sufficient to maintain cell viability. An additional
interesting caveat to these data is the fact that progesterone itself may be an MR
antagonist, although there is considerable variation between species, cell type, and in
vitro versus in vivo, making it unclear .if progesterone is a physiologic antagonist of the
MR [156]. Furthermore, previous observations contend that treatment of hirsute women
with spironolactone is associated with decreased levels of circulating total androgens
[157] which may be accounted for by a decrease in total available

progest~rone

as was

the case with spironolactone treatment of in vitro luteinized granulosa cells. .Finally, a
recent report by Ge et al., ·[158] indicates that Ieydig cells respo.nd to aldosterone with
increased testosterone synthesis. Thus, while it is clear that MR ago~ists can regulate
gonadal steroids, the mechanisms remain obscure:
Figure 8 summarizes the effects of an ovulatory hCG bolus on the synthesis of
mineralocorticoids and .glucocorticoids by macaque preovulatory follicles. The presence
of MR mRNA, along with the potent, specific action of the MR antagonist spironolactone
in blocking hCG-induced steroidogenesis in vitro, suggests

th~t

mineralocorticoids play

a key role in initiating and/or maintaining periovulatory progesterone synthesis in
primates.
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Figure B. A model of mineralocorticoid and glucocorticoid synthesis by the
primate luteinizing follicle. An ovulatory ·gonadotropin stimulus increases
progesterone (P) and 17a-hydroxyprogesterone (17a-P}, as well as increasing
expression of 21-hydroxylase mRNA. It is hypothesized that 21-hydroxylase activity

metabolizes a fraction of P to 11-deoxycorticosterone (DOC), and 17a-P to 11deoxycortisol. 11 (3-hydroxylase mRNA is not detectable, and neither corticosterone
nor aldosterone are detectable in follicular fluid, suggesting that intrafollicular cortisol
is a product of 11 f3-HSD1 metabolism of adrenally-derived cortisone.
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The following appended experiments, while not complete studies on their own,
are considered important to guiding the future direction of the studies outlined in the
Chapter II.

I. 11-deoxycorticosterone (DOC) Induces Progesterone Production in Nonluteinized Granulosa cells in vitro.

INTRODUCTION
On the strength of experiments demonstrating progesterone suppression
secondary to mineralocorticoid antagonism and being that 11-deoxycorticosterone
(DOC) is the predominant mineralocorticoid produced by luteinizing granulosa cells, it is
hypothesized that DOC can induce progesterone produ_ction in the absence of an
ovulatory stimulus. In fact, it has been observed previously that DOC treatment of
porcine granulosa cells enhances progesterone production [187]. Experiments were
designed to determine whether DOC treatment of non-luteinized granulosa cells results
in progesterone. It should be noted that mineralocorticoid receptor (MR) is present in
equivalent amounts before and after the surge (cf. Chapter II).

MATERIALS AND METHODS
Animals
Adult female rhesus macaques (Macaca mulatta) were housed at the California
National Primate Research Center (CNPRC) as described [134]. Animal protocols and
experiments were approved by the CNPRC Animal Care and Use Committee, and
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studies were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals [135]. ·Following the onset of menstruation, adult female rhesus
monkeys were treated with recombinant human follicle stimulating hormone (r-hFSH,
Ares-Sereno, Randolph, MA or Organon, West Orange, NJ; 37.5 IU im bid) for seven
days. An tide (Sereno, 5 mglkg. body weight, sc, qd) was administered daily to prevent
endogenous gonadotropin secretion. Follicles were aspirated the morning after the last
dose of r-hFSH by an ultrasound-guided procedure as previously described [134] for
use in in vitro luteinization procedures. Aspirates from each animal were pooled and
granulosa cells isolated as described previously [96]

In vitro luteinization of macaque granulosa cells
Granulosa cells were plated overnight at 37°C with an initial seeding density of .
2.5x1 05 viable cells I well in 24-well plates pre-coated with fibronectin (Biocoat, Becton
Dickinson, MA) in DMEMIF12 supplemented with penicillin I streptomycin (50 U I ml),
ITS (201JI/ml), and 25 nglml human FSH (Sigma-Aldrich; F4021 ). ·Following the initial
overnight seeding period, media were changed to include 25 nglml human FSH alone
(control) or FSH + DOC ·at concentrations of 0.1, 1 and 10 1JM. Treatments were done in
duplicate per animal and the experiment repeated with 3 animals. Media were
1

harvested after 6hrs of culture and assayed for progesterone.

Steroid Assay
Progesterone (P) assays were made using commercially available EIA kits (Aipco
Diagnostics, Windham, NH) as per manufacturer's instructions.
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Statistical Analysis
Data are presented as mean ± SEM. Bartlett's

x2 was used to test for

heterogeneity of variance, and data were logarithmically transformed (log+2) if
variances were significantly different. Data were analyzed by one-way ANOVA followed
by a Student-N(3wman-Keuls means comparison test with one repeated measure.
Means were considered significantly different if p < 0.05.

RESULTS
While not significant, there is a modest increase in progesterone by physiologic
doses of DOC (0.1 ~M to 1 ~M) although the largest increase is observed with a dose of
DOC

(10~M)

(Fig. 9). The maximum intrafoUicular concentration of DOC measured at

24 hr is in the 1 ~M range and may continue to increase at later timepoints. Therefore, it
seems plausible that this could elucidate a significant increase in progesterone
production. These data lend credence to the hypothesis that DOC plays a supportive (or
inductive) role in progesterone synthesis during luteinization, although additional
experiments are required to fully test this hypothesis.
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Figure 9. Treatment of non-luteinized granulosa cells with
increasing doses of DOC. Media progesterone was assayed after
6 hr of culture to test DOC's ability to enforce progesterone
synthesis in the ~bsence of hCG. Different superscript denotes
significant difference (p<0.05)

II. Mineralocorticoid Receptor (MR) and CYP21 mRNA expression in Macaque

INTRODUCTION
Previous experiments showed the presence

~f

mineralocorticoid receptor and

CYP21 (21-hydroxylase) induction in granulosa cells subsequent to hCG. While MR
mRNA appeared to remain unchanged before and after· hCG in vivo, antagonism of MR
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in vitro resulted in profound negative effects on progesterone synthesis after 24 hr of

culture. Being that both MR and CYP21 genes were not evaluated later than 24 hr into
the preovulatory interval, an initial attempt was made to establish their presence and
regulation in the corpus luteum. If the hypothesis that MR

modula~es

progesterone

synthesis in vivo is accurate, the effects on the corpus luteum could be profound. The
aim of these experiments was therefore to measure MR and CYP21 mRNA in
progressively ageing corpora lutea from mature, normal cycling macaques.

MATERIALS AND METHODS
Corpora Lutea eDNA

Luteal eDNA were ~,generous gift from Dr. Jon Hennebold (Oregon. National
Primate Research Center). Normal cycling macaques were allowed to progress through
the menstrual cycle until days 2-4 post-LH surge (early luteal phase), days 6-8 (mid
luteal phase), days 10-12 (mid-late luteal phase), and days 14-15 (late luteal phase).
Corpora lutea extracted from a menstruating animal were designated very-late luteal
phase (n=3 I time point). Staging of the CL was dependent on date of the preovulatory
estrogen surge, which denotes day 0 of the luteal phase. Total RNA was extracted from
the Cls and reverse transcribed to yield eDNA which were subsequently used for
mRNA evaluation via real-time PCR.

Real Time RT-PCR

Semi-quantitative real time RT-PCR (Applied Biosystems, Inc., Foster City, CA)
was performed for CYP21 and mineralocorticoid receptor (MR). Primers and 6FAM-
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-labele,d probes were synthesized by Applied Biosystems, Inc. Primers and ROXlabeled probe for internal control ribosomal protein L 19 (RPL 19) were synthesized by
Biosearch Technologies (Novato, CA). Target genes and RPL 19 were detected in the
same reaction. Relative mRNA levels were quantified using a standard curve
constructed with pooled macaque granulosa cell eDNA. PCR was carried out as
described [133] and data expressed as a ratio of target gene: internal control. H295R
human adrenocortical cells treated with 10 !J-M forskolin for 5 hr were used as a positive
control. Primer and probe sequences are as follows:

21-hydroxylase (CYP21)
Forward: 5'-ATTGTGGACGTGATTCCCTTTCT (nt 633-655) ·
Probe: 5'-6FAM-TCCGGAGGCTGAAGCAGGCCATAG (nt 679-702)
Reverse: 5'-TCTCCACGATGTGATCCCTCTT (nt 726-705)
mineralocorticoid receptor
Forward: 5'-CGGATTCTTCATTCTCAGTACCAATA (nt 1262-1287)
Probe: 5'-6FAM-TCAACCAAGCATTCATGTTCAGGCACC (nt 1297-1323)
Reverse: 5'-GGTTTACTGTTGGATTCCCTTTAAAA (nt 1351-1326)

Statistical Analysis
Data are presented as mean ± SEM. Bartlett's

x2 was used to test for

heterogeneity of variance, and data were logarithmically transformed (log+2) if
variances were significantly different. Data were analyzed by one:-way ANOVA followed
by a Student-Newman-Keuls means comparison test (data from in vitro samples were
analyzed with one repeated measure). Means were
p < 0.05.

consi~ered

significantly different if
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RESULTS
MR mRNA is expressed in the early CL (Fig.1 0) and does not change in the mid
luteal phase. However, at day 14-15 post menstruation (late CL) there is a significant
increase in MR expression which is sustained in the CL of menstruation (Very late CL).
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Figure 10. Real-time PCR assessment of MR
mRNA expression in corpora lutea (CL) of rhesus
macaques from very early CL to the CL of
menstruation (VL,Very-Late CL). MR mRNA
expression progressively increases as the corpus
luteum ages. Different superscript denotes significant
different means (p<0.05). ML: Middle Late.
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The mRNA expression profile of CYP21 in the CL follows a less linear pattern. While
expression appears high and remains so through the mid-late CL (Fig. 11 ), there is a
transient decline of CYP21 mRNA in the late CL with levels rebounding in the CL of
menstruation.
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Figure 11. Real-time assessment of 21-hydroxylase
(CYP 21) mRNAexpression in corpora lutea (Clfof
rhesus macaques. While mRNA expression appears to
remain steady as the CL ages, there is a significant
decrease in available mRNA in the late CL which recovers
in the CL of menstruation (VL, Very Late·CL). Significant
difference is denoted by different superscript (p<0.05).

DISCUSSION
MR mRNA progressively increases as the CL ages . Simultaneously CYP2j
mRNA expression declines in the late luteal phase. Given the hypothesized
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luteotrophic role of MR, i_t is hypothesized that reduction of ligand (DOC) towards the
end of the luteal phase contributes to luteal demise in the non-fertile cycle. Supporting
experiments for this emerging hypothesis will include measurement of DOC in similarly
staged CL as well as evidence of MR protein in the CL (which follow).

Ill. Mineralocorticoid Receptor (MR) Protein Expression in Macaque Corpora
Lutea (CL) .
INTRODUCTION
Due to the observed changes in mineralocorticoid receptor (MR) mRNA
expression over the lifespan of the CL, it became important to establish the status of the
assessment would be done via
protein over a similar time-course.
Protein
.
.
-

'

immunohistochemistry (IHC) because such methodology would yield both visu_al
quantification of protein but also localize it to specific cellular compartments. MR is
restricted to the cytosolic compartment when free of ligand but is present in the nucleus
when bound to ligand. Information could therefore be gathered as to the activation
status of apparently rising MR levels as the CL matures and eventually undergoes
luteolysis.

MATERIALS AND METHODS
Slides and Staining
· Corpora lutea from across the luteal phase (described in II. Above) were paraffin
embedded and stained for MR using mouse anti-MR antibody Rh-H10E (1 :750,
AbCam). Control slides were stained with anti-lgG (200 J.Jg/500 J.JI) at a working dilution
of 1:750. A goat anti-mouse biotinylated secondary· antibody was used for

bot~

control
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and· test slides. Consecutive sections were used for each CL at every stage for control
and MR staining.

RESULTS

MR staining in the early CL shows heavy cytoplasmic staining (Figure 12). Over
the next days in the mid to mid-late CL, staining is increasingly nuclear but reverts to a
cytosolic localization in the late to very late CL of menstruation.
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help account for this transient mobilization of MR to the nucleus. Furthermore, it would
be important to determine-which genes are transcribed as a result of such migration of
the MR in subsequent stages of the CL.
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CHAPTER Ill
Regulation of granulosa cell proliferation and EGF-Iike ligands during the
periovulatory interval in monkeys
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ABSTRACT

BACKGROUND: The midcycle surge of LH initiates periovulatory events, including
changes in granulosa cell proliferation, leading ·to the formation of the corpus luteum.
METHODS: Studies were designed to determine cell cycle characteristics and
expression of EGF-Iike ligands following an ovulatory stimulus to rhesus monkeys
undergoing controlled ovarian stimulation, and to determine the effects of insulin and
EGF on granulosa cell proliferation in vitro. RESULTS: The percentage of granulosa
cells in S phase was not requced until 24 hr post-hCG. EGF-R mRNA was reduced
within 3 hr of hCG, while amphiregulin and epiregulin increased at 3 and 12 hr posthCG, respectively. Culture of non-luteinized granulosa cells with FSH and insulin for 24
hr increased 3 H-thymidine incorporation by 600o/o versus FSH alone, an effect blocked
by the EGFR antagonist AG1478. In the presence of hCG, insulin was less mitogenic
and AG1478 had no effect on insulin-induced proliferation. Insulin, EGF, and AG1478
did not have effects on steroid levels in the presence of FSH or hCG.

EGFR and

betacellulin mRNAs were increased by insulin in the presence of FSH but not hCG.
CONCLUSIONS: Luteinizing granulosa cells may become refractory to EGF-stimulated
proliferation via decreased EGFR expression despite the presence of insulin.
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INTRODUCTION

The midcycle surge of luteinizing hormone (LH) in humans and non-human
primates initiates a cascade of "periovulatory" events culminating in extrusion of a
fertilizable oocyte and remodeling of the follicle into a functional corpus luteum (CL).
The periovulatory interval is associated with increases in numerous mitogenic growth
factors, including members of the epidermal growth factor family, notably epiregulin
(EREG), amphiregulin (AREG) and betacellulin (BT_C)

[159]~

In rodents, the expression

of all three of these ligands increases rapidly in response to a gonadotropin stimulus
[160-162], and it is clear in ·several species examined to date that EGF-Iike ligands

mediate expansion of the cumulus -oocyte complex [161-164]). In addition, there are
some data to support the hypothesis that EGFs promote steroidogenesis by cumulus
cells [165], although the actions ofEGFs on mural granulosa cell steroidogenesis are
not clear and may well depend on the degree of differentiation (e.g., [166]-168]).
The formation of the corpus luteum has classically been considered to consist at
least in part of the· differentiation of granulosa into luteal cells, and with that, it has been
assumed to be associated with an abrupt exit of granulosa cells from the cell cycle [84,
169, 170].

However, luteinizing granulosa cells from both women and non-human

primates can proliferate in culture if hormonally manipulated, e.g., with a PR antagonist
[62, 63], and a fraction (<5-1 Oo/o) of steroidogenic luteal cells continue to proliferate

during·the luteal phase of the non-fertile cycle [25, 159]. EGFs are also able to increase
luteinizing mural granulosa cell proliferation in vitro, and this is consistent with the
hypothesis that EGFs are potent granulosa cell mitogens [171, 172]. · EGFR protein
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(Erb81/HER1) expression is evident in preovulatory follicles in porcine and human·
ovaries, and is detectable at low levels in corpora lutea throughout the luteal phase
[173-175]. Thus, while EGFs are likely to play a central role in periovuatory processes,
the expression of these factors during the early stages of luteinization is not known, nor
are the effects of EGFs on luteinizing granulosa cells in primates well established [166].
In general, the potential intera.ction
between m_itogenic
growth factors such as EGF-Iike
.
.
..
'

.

'•

'

.

ligands and cell cycle dynamics during luteinization and corpus luteum formation
remains a poorly understood, albeit potentially important, area.
Studies were undertaken therefore to elucidate the effects of an ovulatory hCG
bolus given to rhesus monkeys undergoing controlled ovarian stimulation on the
proliferation and EGF-Iike ligand expression by mural granulosa cells.

Four specific

hypotheses were tested: (a) an ovulatory stimulus leads to rapid withdraw from the cell
cycle, (b) an ovul_atory stimulus induces expression of EREG, AREG and BTC, (c)
luteinizing murql"granulosa cells are refractory to the mitogenic actions of EGF, and (d)
EGFs promote progesterone synthesis by luteinizing mural granulosa cells ..
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MATERIALS and METHODS

Animals

Adult female rhesus macaques (Macaca mulatta) were housed at the. California
National Primate Research Center (CNPRC) as described [134] . Animal protocols and
experiments were approved by the CNPRC Animal Care and Use Com.mittee, and
studies were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals [135].

Following the onset of menstruation, adult female rhesus

monkeys were treated with recombinant human follicle stimulating hormone (r-hFSH,
Ares-Serono, Randolph, MA or Organon, West Orange, NJ; 37.5 IU im bid) for seven
days. The. GnRH antagonist Antide (Serono, 5 mg/kg body weight, sc, · qd) was
administered daily to prevent endogenous gonadotropin secretion.

Follicles were

aspirated the morning after the last dose of r-hFSH by an ultrasound-guided procedure
as previously described [134]. The resulting granulosa cells are referred to. as nonluteinized. In a subset of animals (n=12), r-FSH was administered for 6 days, followed
by 2 days of rFSH+ r-hCG (37.5 IU im bid) culminating in an ovulatory bolus of r-hCG
(1000 IU, sc, Ares-Serono). Follicles were aspirated up to 24 hr later (3, 6, 12 and 24hr
time points).

Aspirates represented the pooled contents of multiple follicles from each

animal. These were maintained at approximately 35°C within a temperature-controlled
isolette containing a fixed volume of media at all times.

Cumulus~oocyte

complexes

. were removed by transferring the mixture of media, follicular fluid and cellular aspirate
to a 24mm diameter, 70 1Jfv1.filter (NetweU Inserts #3479, Corning; Inc., Acton, MA). To
collect granulosa cells for the corresponding time points, the tube was rinsed with fresh
TL-Hepes-PVA media {TL-Hepes /. 0.1 mg/ml PVA that was also poured through the
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filter. The filter was further rinsed with fresh TL-Hepes-PVA medium until blood cells
were removed.· The rinse from the filter was saved for recovery of granulosa cells for
various experiments (see below).

Real Time RT-PCR

Total RNA was extracted from cells using the RNAqeous Micro kit (Ambion Inc., Austin,
TX) and reverse transcribed using MMLV reverse transcriptase (Invitrogen).

EGFR

Primers and 6FAM-Iabeled probes were synthesized by Applied Biosystems (Foster
City, CA) as well as primers and VIC-labeled probe for internal control ribosomal protein
L19 (RPL 19). Target gene and internal standard gene (RPL 19) were detected in the
same reaction.

Semi-quantitative real time experiments using Assays-on-Demand

Gene ·Expression

products

(Applied

Biosystems)

for

amphiregulin

(AREG,

Hs00155832_m1, NM_001657 .2), epiregulin (EREG, Hs00154995_m1, NM_001432.1 ),
and

betacellulin

(BTC,

Hs_00156140_m1,

NM_001729.1)

were . performed

per

manufacturer's instructions. The protocol consisted of 40 cycles of denaturing at 95C
for 15s and annealing/extending at 60C for -1 min .per cycle.

Detection of gene

expression was performed during the 2nd step in a two-step RT-PCR protocol. To
relatively quantify mRNA levels, a standard curve was constructed using pooled
macaque granulosa cell eDNA.

Data were. analyzed as the. inverse log ([Ct-Y

intercept]/slope of the standard curve) and expressed as a ratio of target gene:
endogenous control. Primer and probe sequences are as shown in Table 1.
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Table 1. Gene detection primer sequences (Applied Biosytems, Foster City, CA).
GenBank identification numbers are also included for corresponding sequences.
Gene

Sequence/' ABI cat. #

Reference
Sequence

Name
RPL19

BC095445

Forward:
CCCCAATGAGACCAATGAAATC
Reverse:
CAGCCCATCTTTGATGAGCTT
Probe:
ATGCCAACTCCCGTCAGCAGATC

EGFR

BC094761

Forward:
AACCAACAAAACTGGGCTTAGG
Reverse:
CGCACAGCACCGATCAGA
Probe:
AACTGCCCATGCGGAACTTACAGGAA

· In Vitro Culture of Non-luteinized Granulosa Cells
In order to test the effect of EGFs on proliferation and steroidonesis of mural granulosa
cells, non-luteinized granulosa cells were plated at a seeding density of 2.5 X 105
cells/well in fibronectin coated 24 well plates that were (Biocoat, Becton Dickinson, MA)
in DMEM/FI2 media supplemented with penicillin

I streptomycin (50 U I ml) and either
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25 ng/ml hFSH to maintain a proliferative phenotype or 20 IU/ml hCG (Sigma) to
induce luteinization. The following duplicate treatments were started immediately (n=4
animals); 50 ng/ml EGF as a source of exogenous EGFR ligand, 1 IJM AG1478 (an
inhibitor of EGFR tyrosine kinase activity) alone to antagonize any endogenous EGF,
EGF+AG1478, 0.1X ITS (insulin-transferrin-selenium, Sigma), ITS+EGF, ITS+AG1478,
ITS+EGF+AG1478. These treatments were done with either FSH or hCG so that
comparisons of each treatment could be made to the FSH or hCG only wells._ ·Cultures
were maintained for 22 hrs/ 37 C after which 100 IJI of media was collected for steroid
analysis· and 3 1JCi of methyi-3 H -thymidine was added to wells as the first step in
assessing 3 H-thymidine incorporation.

3

H-Thymidine Incorporation

At 22 hrs of culture, 1 JJCi 3 H-T/1001JI media was added to each culture well (3
JJCi to remaining 300 IJI culture media) and incubated for 2 hr at 37 C (50 Ci/mmol·,
methyi- 3H-thymidine, MP Biomedical). After incubation, wells were washed 3X with ice
cold PBS and incubated for 10 min/ 4 C with 500 IJI 20°/o ice-cold trichloroacetic acid
(TCA, Sigma). Wells were washed 2X with ice-cold PBS and incubated for 1 hr/ 37 C
,with 500 IJI of 0.3 M NaOH/1 o/o SDS. 350 IJI of the lysate was added to scintillation fluid
(Scintiverse, Fisher Scientific) and used to obtain dpm (Multi-purpose scintillation
counter, LS 6500, Beckman Coulter).
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Steroid Detection
.

-

Media supernatant was collected (1 00~1/well) from cell culture at 22 hrs after treatment
and assayed for progesterone (P4 ), estradiol (E2) and androstenedione (A4 ). All
steroids were measured by ELISA as per manufacturer's protocols (AipCo Diagnostics,
Windham, NH).

Flow Cytometric Analysis
Cell cycle analysis was undertaken for granulosa cells aspirated from in vivo hCG
exposed follicles (as described above) by flow cytometry.
were fixed . with 70o/o ice-cold ETOH for >24hrs.

1X

106 granulosa cells/ml

Samples were stained with 1ml

propidium iodide (PI) solution containing RNAse A (1 00 U/ml). Subsequent cell staging
was performed on either a FACSCalibur or FACSVantage flow cytometry system.

Statistical Analysis
Data are presented as mean± SEM. Bartlett's

Pll was used to test for heterogeneity

of variance, and data were logarithmically transformed (log+2) if variances were
significantly different. Data were analyzed by one-way ANOVA followed by a StudentNewman-Keuls means comparison test (data from in vitro samples were· analyzed with
one repeated

me~sure ).

Means were considered significantly different if p < 0.05.

animals per treatment unless where indicated (n=2
analyses).

w~re

N~3

not included in statistical

78

RESULTS

Granulosa cells aspirated before (0 hr), 3, 6, 12, and 24 hr after an ovulatory
hCG bolus were analyzed by flow cytometry for stage of the cell cycle. The percentage
of cells in S phase did not decline until 24 hr post-hCG (7 .5% ± 1.3 vs 3.1 o/o ± 0.36;
p<0.05; Fig. 13). No significant differences were observed for cells in Go/G1 or G2/M
phases of the cell cycle.
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The expression of EGF-R mRNA in periovulatory granulosa cells declined 9-fold
(p<0.05) within 3 ·hr of the ovulatory hCG injection and partially returned to pre-hCG
levels thereafter (Fig. 14A). Levels of EGFR mRNA in vitro were also suppressed by
hCG both 6 and 24 hr after treatment compared to time-matched controls (76%> and
53o/o of FSH controls, respectively; p<0.05; Fig. 14C). However, levels of total EGFR
protein were not significantly altered by hCG in vivo (Fig. 148), nor were levels
apparently reduced 24 hr after hCG (inset of Fig. 148; n=2). Thus while EGFR mRNA
levels decline after hCG, no clear reduction in protein was observed.
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The expression of AREG,, EREG, and BTC mRNAs was examined in vivo and in
vitro. AREG mRNA is undetectable by RT -PCR in any sample prior to the ovulatory

bolus, but is induced by 3 hr post-hCG (p<O.OS) and increases again at 24 hr.
Treatment of non-.luteinized gran·ulosa cells with hCG for 6 hr resulted in a 97 -fold
increase (p<O.OS) in AREG mRNA, .although values were not different than timematched FSH at 24 hr (Fig. 15A). The expression of EREG mRNA increased 4-fold by
3 hr following hCG treatment in vivo (p<O.OS), with a second increase at 24 hr (11-fold
vs 0 hr; p<O.OS). EREG mRNA was increased 6 hr after hCG treatment in vitro (14-fold,
p<0.05), and similar to AREG, values 24 hr after hCG were not different than FSH
controls (Fig. 158). In contrast, BTC mRNA tended to decrease 3 hr post-hCG (2.9fold, p=O.O?) and was not different than 0 hr values at any time point following hCG.
BTC mRNA in vitro was significantly reduced 24 hr after hCG compared to FSH controls
(2.6-fold, p<O.OS).
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Non-luteinized granulosa cells were used to assess the role of EGF on
proliferation before and after hCG

treatme~t

in vitro (Fig. 16). Consistent with published
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accounts, treatment of granulosa cells with hCG resulted in a 2-fold increase ·in 3 Hthymidine incorporation [176],' and thus data were normal.ized to the .respective
gonadotropin (i.e., FSH or hCG) treatment.

In the presence of FSH, EGF (50ng/ml

increased 3H-thymidine incorporation 300o/o of controls (p<O.OS), while EGF + the EGFR antagonist AG1478 reversed this effect. Insulin (in the form of ITS) was used as a
control mitogen and increased proliferation 600% (p<0.05). There was no cumulative
effect of EGF+ITS on 3 H-thymidine incorporation.

Interestingly, AG1478 was able to

partially reduce (p<0.05 vs ITS· alone) the proliferative actions of ITS. Treatment of
NLGC with hCG plus EGF increased 3 H-thymidine incorporation by 200o/o versus hCG.
alone (p<0.05). The actions of EGF were blocked by AG1478. ITS also increased 3 Hthymidine incorporation, but in contrast to FSH treated cells, only by 300°/o, although
this effect of ITS was not blocked by AG1478.
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Media steroid levels were assessed in the same cultures by removing 100
media just prior to the addition of 3 H-thymidine.

Progesterone, 17

of

Progesterone, 17~-estradiol, and

androstenedione were all increased by hCG versus FSH control (12-, 2-,
respectively, p<0.05).

~I

~nd

12-fold,

No significant differences were found in media levels of

~-estradiol,

or androstenedione following treatment with EGF,

AG1478, or ITS in either FSH or hCG-treated cells (Fig. 17).
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Because the mitogenic actions of insulin were partially attenuated by the EGFR
antagonist AG1478 i.ri the presence of FSH, a

dose~response

was done with NLGC

treated with FSH or hCG for 6 hrs in the presence of no ITS (0; control), 0.01X, 0.1X, or
1X ITS. In the presence of FSH, the lowest dose of ITS increased EGFR and BTC
mRNA by 13- and 3.6-fold, respectively (p<0.05; Fig. 14), while EREG mRNA was not
altered by increasing dos.es of ITS. ITS with hCG did not apparently regulate EGFR, .
BTC, or EREG mRNA, although there was a modest trend for BTC mRNA to decrease
with increase ITS (n=2; Fig. 18).
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DISCUSSION

The issue of granulosa cell proliferation is one that is poorly understood in the
preovulatory and periovulatory intervals .. Studies were undertaken to" examine the effect
of an ovulatory stimulus on granulosa cell proliferation as well as endogenous mitogen
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synthesis. Particularly, hypotheses were tested as to the synthesis of EGF ligands by
luteinizing granulosa cells which were also hypothesized to be refractory to their
mitogenic stimulus as evidenced by granulosa cell exit from the cell cycle.

The

influence of exogenous mitogens, both EGF and insulin, were also tested on granulosa
cell proliferation and steroid synthesis in vitro.

The experiments used a model of

controlled ovarian_ stimulation in a primate followed by aspiration of granulosa cells for
mRNA investigation or culture experiments.

They confirm that granulosa cells

experience diminished proliferation 24hr after an ovulatory stimulus. Further, they also
synthesize some EGF family ligands in response to hCG stimulation and while EGF in

vitro proved more mitogenic to nonluteinized · granu.losa cells, insulin demonstrated a
greater ability to stimulate granulosa cell proliferation before and after hCG.
The first aim of this project was to demonstrate the timing of cell cycle exit by
granulosa cells following an ovulatory stimulus. The findings indicate that granulosa
cells are already proliferating at a low rate (7 .5% ± 1.3 in S-phase) before administration
of ovulatory stimulus in vivo.

Subsequently, the percentage of cells in S phase is

maintained for another 12hrs giving way to a significant. decline at 24hrs after hCG.
Previous studies [84] demonstrated a decrease in Ki-€?7 staining of. macaque granulosa
cells at 12 hr post ~lmulated surge. However, unlike observations in the rodent [90] the
levels of cyclin 02 and cyclin E did not change throughout the period examined (up to
36hr post-hCG). Moreover, Quirk [177]

demonstrat~d ·a

decrease '·in S-phase granulosa

·cells in the bovine model of GnRH initiation of an LH surge at 6 hr post-GnRH using
flow cytometry while Ki-67 staining demonstrated decreased S-phase cells by 14 hr.
The level of pre-GnRH proliferation of bovine granulosa cells is at ?Oo/o which may be
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partly responsible for the detection of a decrease earlier_ in the periovulatory interval
barring the possibility that observed differences are not species specific in nature.
Given the dynamic nature of luteinization, the fact that a more rapid and dramatic
decrease in S-phase granulosa cells was not observed opens up the possibility that
other factors are involved in cell cycle exit prior to the LH surge to account for the low
number of proliferating cells. Similar observations have been made in the rodent [178].
In direct conflict with observations made in rat [179], immunohistologic studies in
human ovaries fail to demonstrate tight regulation qf EGFR protein at any stage in the
menstrual cycle [180]. However, there is limited data to suggest that EGFR expression
is transiently increased at in the CL of mid-luteal phase .in humans [175].

EGFR

expression in mural granulosa cells shows a suppression of expression following LH/CG
receptor activation. This is consistent ih vivo and in vitro for mRNA although the protein
levels appear to remain constant.

It is therefore not immediately clear why with the

protein levels remaining constant, mural granulosa cells are spared the autocrine and
paracrine mitogenic effects of EGF family ligands during the periovulatory interval. The_
possibility exists that EGFR protein levels may decrease later on_ in the periovulatory
interval (later than the 12hr examined) and therefore account for lack of proliferation
even as AREG and EREG mRNA are increasing {<12 hr).
Evaluation

of granulosa

cells

acquired

under the

same

paradigm

of

superovulation for EGF family members shows increases in AREG and EREG but not
BTC as soon as 3hr after hCG. It should be noted that BTC synthesis is ongoing in
granulosa cells prior to hCG suggesting that its role in cellular proliferation precedes the
ovulatory stimulus. Other studies have shown increases in AREG, EREG in cultured
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human granulosa-lutein cells [160] in addition to BTC in rodent mural and cumulus
-granulosa cells [161, 162]. The EGF family members are suspected to play a mostly
redundant_ role in stimulating mitogenesis being that they are often clustered on the
would indicate that the EGF family ligands
same chromosome .[181 ]. The current study
.
are, in fact, differentially regulated in prfmate granulosa cells through as yet unclear
mechanisms. It is likely th~t ,PKA signaling is important for their expression and that
BTC experiences different regulation from AREG and EREG.

Information is not yet

available on the status of mRNA translation and protein presence in follicular fluid within
the time frame examined .and beyond, therefore increases in active EGF ligand are
hypothesized.
In cultured granulosa cells, EGF can increase proliferation although this is more
apparent in FSH treated over hCG treated ganulosa cells. This increase in proliferation
is successfully antagonized with the EGFR antagonist AG1478. This observation _is
consistent with existing models of EGF action via the EGFR. It is also consistent

~ith

the observed stasis in EGFR protein in the early periovulatory interval. ITS (insulin)
addition to culture media is also capable of increasing proliferation and does this more
effectively in FSH versus hCG treated cells.

In vivo, the granulosa cells would be

presented with a complex system of insulin, IGF-1 from circulation and IGF-11 from both
local production and circulation [182, 183] therefore admittedly, this culture model is
greatly simplified. However, that luteinizing granulosa cells even presented with insulin
do not exhibit the robust proliferative response of non-luteinized cells is consistent with
the steady decline in S-phase granulosa cells observed. In the presence of FSH but not
·hCG, the proliferative effect of insulin is partially reversed by the EGFR antagonist.
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It is therefore postulated that some of insulin's mitogenic effects are mediated via
the EGFR receptor possibly by stimulatin·g BTC and EGFR expression. Evidence in a
porcine model indicates that' insulin alone does not stimulate granulosa cell proliferation
above that observed with FSH alone [184] although, significantly, no studies have
examined the additive effect on proliferation of insulin and FSH directly· on granulosa
cells. After hCG however, insulin is unable to stimulate either BTC or EGFR expression
which

is

consistent

with

BTC

mRNA

profile

in

vivo

after

hCG.

Because

dihydrotestosterone (OHT) can suppress cyclin 02 in rodents [185], androstenedione
may similarly be the. cause of reduced proliferation in the periovulatory interval.
However, because cyclin 02 is not shown [84] to change in primate periovulatory
interval it is unlikely to be a target of androgen action in macaque follicles. _Of course,
not all of insulin's proliferative activity

i~

proposed to occur via EGFR because

FSH+insulin+AG1478 still generates higher proliferation than FSH alone. Also
proliferation generated by the hCG+insulin treatment is not · reduced by EGFR
antagonist.
Experiments in the rodent suggest that EGFs may_ also promote steroidogenesis
and progesterone production in particular by granulosa cells in lieu of LH/CG stimulation
[165].

Culture of non-luteinized gr~nulosa cells with EGF fails to result in increased

progesterone production. Likewise, insulin does not induce progesterone production.
There is some evidence in human granulosa lutein cells tl:lat insulin/IGF-1/IGF-11 are not
very effective in stimulating progesterone production [186] although they are able to
stimulate increases in STAR expression via mechanisms independent of the STAR
promoter. Moreover, EGF have been demonstrated to suppress FSH-stimulated STAR
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expression [167] thus negatively impacting steroidogenesis. While limited data exist to
suggest

rodent

cumulus

cell

response

·to

EGF

stimulation

steroidogenesis, evidence is lacking in primates and humans.

with

increased

Because mural

granulosa cells possess EGFR,. it. is likely that should cumulus cells uniquely respond
steroidogenically to EGF stimulus, the mechanism lies downstream of EGFR.
Additionally, estrogen and androgens are not increased by culture with EGF. Culture
with hCG is all that is necessary to enforce significantly increased production of all the
steroid hormones evaluated; progesterone, estrogen and androstenedione. The source
of androstenedione is yet undetermined with a likely cause being theca cell
contamination of cultures.
In conclusion, it has been demonstrated that members of the EGF family (AREG,
EREG) are synthesized in the ovarian follicle as a result of the ovulatory stimulus. Given ·
the powerful trophic response that EGFs yield in cumulus granulosa cells, the issue of
mural granulosa cells becomes a relevant and pertinent one. To wit, given the same
stimulus mural granulosa cells do not respond with increased proliferation in spite being
the site of EGF family synthesis and EGFR expression. Taken collectively, i.t appears
that non-luteinized granulosa cells are more receptive to mitogenic stimulus in the form
of EGF ligands or insulin while luteinizing granulosa cells are refractory to either
mitogen.
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The following appended experiments, while not complete studies on their own, are
considered important to guiding the future direction of the studies outlined in the
Chapter II.

I. Effect of Androgens on 3H-thymidine incorporation in Macaque Granulosa cells
INTRODUCTION
Since we have shown that a) hCG treatment is accompanied with a 10-fold increase in
androstenedione synthesis b) hCG treated granulosa cells fail to proliferate as robustly
in response to insulin as non-luteinized granulosa cells, the following hypothesis was
generated. It was hypothesized that androgens, acting through their receptor, were
responsible for blunting the proliferative response of hCG treated granulosa cells to insulin. The paradigm used to test this hypothesis was one of in vitro culture whereas
non-lutei'nized granulosa cells were treated with androgens and luteinizing granulosa
cell AR activity was blocked both in the presence of insulin and subsequent 3 Hthymidine incorporation evaluated.

MATERIALS AND METHODS
In Vitro Culture of Granulosa Cells
Cells were plated at a density of 2.5 x 106 per well in 24-well fibronectin coated plates
(Becton-Dickinson) and cultured either in the presence· of FSH and treated with insulin
alone or insulin in the presence of the androgen DHT (dihydrotestosterone).
Simultaneously, cells were plated in the presence of hCG alone or supplemented with
insulin or insulin and the androgen receptor (AR) antagonist, flutamide.
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H- Thymidine Incorporation

At 22hrs of culture, 11JCi 3 H-T/1001JI media was added to each culture well (31JCi to
3001JI culture media) and incubated for 2hr at 37C (50 Ci/mmol, methyi-3 H-thymidine,
MP Biomedical).

After incubation, wells were washed 3X with ice cold PBS and

incubated for 1Om in/ 4C with 5001JI 20o/o ice-cold trichloroacetic acid {TCA, Sigma).
Wells were washed 2X with ice-cold PBS and incubated for 1hr/ 37C with 5001JI of 0.3M
NaOH/1 o/o SDS. 3501JI of the lysate was added to scintillation fluid (Scintiverse, Fisher
Scientific) and used to ·obtain dpm (Multi-purpose scintillation counter, LS 6500,
·Beckman Coulter).

RESULTS

No statistical tests could be performed on the preliminary data presented owing
to a sample size of only two animals. It should be reported that both animals behaved
in a highly consistent manner to produce the ·results hereby presented. When treated
· with 0.1 X ITS, non-luteinized granulosa cells responded with increased 3 H-thymidine
incorporation while addition ofDHT blunted the proliferative response.
In cell cultures where hCG was added to induce luteinization, addition of ITS .
(0.1X) induced greater 3 H-thymidine incorporation. When the androgen receptor (AR)
antagonist (Fiutamide) is introduced to the culture paradigm, an increase in the
proliferative effect of insulin is observed.
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Figure 19. 3H-thymidine incorporation in mural granulosa cells as
a marker of cell proliferation. Treatment of granulosa cells with 0.1X

ITS induces a robust increase in 3H-thymidine incorporation however,
when non-luteinized cells are treated-with androgens (in addition to
insulin) there is an incomplete suppression of proliferation. Likewise,
androgen receptor (AR) antagonism in luteinizing granulosa cells
supports increased proliferation over insulin alone. N=2

DISCUSSION
This preliminary experiment (n=2) suggests that although insulin is able to
increase 3 H-thymidine· incorporation in FSH treated samples, the addition of an
androgen blunts this response somewhat (Figure 19). However, in a situation were
androgens are present (produced by luteinizing granulosa cells) blockade of the
androgen receptor results in further increase in insulin stimulated proliferation. Similar
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experiments are planned to establish the validity of these observations. If the effect is
real then it follows that the presence of androgens in the· follicular fluid is responsible for
.

-

blunting the proliferative response of granulosa cells after hCG as previously observed

in vitro.
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Discussion of Findings

It would be impossible to initiate a discussion of issues related to ovulation
without grounding it in the context of the world's female population. A woman's
- reproductive lifespan starts i,n her teens (onset of puberty) and extends through her
forties (and beyond in some cases). Global socio-economic factors play a role in what
issues concern women the most. For several decades, developed countries have been
experiencing consistently falling birth rates. This holds true for the US population as well
[188]. While generalized birth rates have been decreasing, the main decrease has been
in younger women (<30 yr old). In this population there is a high demand for effective
contraception. In fact birth rates for .women aged 30-44 have -seen a steady increase
since 1971 the first year for which complete .. data exist [188, 189]. Such increases have
been attributed to

t~e

delay of pregnancy for mostly economic -reasons.

Pregnancy

delay means that when ·women do decide to conceive, they are often towards the end of
their reproductive years and are therefore impatient. This directly translates into a high
demand for assisted

rep~oductive

shorter time span.

In stark contrast, women in developing countries (for whom

teQhnologies (ART} to· he'p couples conceive in a

complete data is hard to come by) are faced with high rates of fertility and fecundity in
the face of rising poverty and disease rates (HIV in particular). For them the unfilled
need (discussed in detail in [190]) is in access to effective contraception unlike the
irreversible option of sterilization currently employed in most poor countries.· These
observations underscore the importance of studying the female menstrual cycle whose
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understanding is critical to eventual development of more effective ART techniques to
aid fertility or conversely, provide insights to better contraceptive targets.
The efforts presented within this dissertation are primarily aimed at furthering
knowledge of the early (<12hr) part of the periovulatory interval.

Two sets of

experiments were designed to add res~ questions of changes ·in steroid metabolism as
well as cell

·cycl~

events in granulosa cells of the non-human primate. The underlying

hypothesis being that early events may impact later events (ovulation and luteinization)
on which female _fertility and pregnancy survival. rely.

Use of a controlled ovarian

stimulation (COS) protocol very similar to in vitro fertilization (IVF) ovarian stimulation
protocols used in women ensures that the findings (generated in 'rion-human primates)
· may be immediate-ly relevant to women. These findings will now be discussed in the
context of some clinical pathology.
The female factors contributing to couple infertility have been ascribed 40% to
tubal or pelvic pathology, 40°/o to ovulatory_ dysfunction while another 20o/o cannot be
sufficiently explained [191 ]. Among the many causes of ovulatory dysfunction is the
condition of congenital adrenal hyperplasia usually the result of a 21-hydroxylase
deficiency (detailed on genetests~org). Diagnostically, it is characterized by increases in
the circulation of progesterone and
are diminished.

c;:~ndrogens

even as aldosterone and cortisol levels

When genetic mutation renders_ the enzyme completely ineffective,

mineralocorticoids are absent and the disease phenotype is characterized by ·salt
wasting (Salt Wasting Disease, SWD). If some enzyme activity persists, patients have
a virilized phenotype with near-normal salt homeostasis (Simple Virilization Disease,
SVD). Some investigators have suggested that SVD is the result of a basic defect in
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metabolization of 17a-hydroxyprogesterone while an additional mutation incapacitating
progesterone 21-hydroxylation is necessary for a patient to demonstrate SWD [192].
Both phenotypes are associated with much reduced_ fertility with the effects being more
profound in patients with SWD.
hydrocortisone

(synthetic
-

However, it has. been shown that treatment with

glucocorticoid)

and

fl ud rocortisone

(synthetic

-

mineralocorticoid) successfully· resulted in ·pregnancies ·even as treatment with
hydrocortisone alone failed to result in pregnancy. Hoepffner et al. therefore concluded
that glucocorticoids are necessary but insufficient to restore fertility to 21 hydroxylase
deficiency patients (especially SWD) [193]. This is in spite of the fact that treatment
with glucocorticoid alone is successful in reducing circulating progesterone levels from
_the elevated levels observed in congenital adrenal hyperplasia thereby making normal
ovarian function more likely [194]. For the first time, our experiments conclusively show
that luteinization is naturally associated with induction of 21-hydroxylase expression in
granulosa cells. This induction is suspected to be species specific as attempts to
demonstrate ovarian CYP21 in the rat were unsuccessful (rat adrenal eDNA as positive
control). This caveat presents limitations of study in the rodent model. More importantly
in primates, the enzyme is active as evidenced by increasing amounts of 11deoxycorticosterone (DOC) production early in the periovulatory interval (over the
studied 0-24 hr timepoints).

Previously, increases have been reported in 11-

deoxycorticosterone (DOC) in pregnant women as well as luteal phase non-pregnant
_women[120, 124] hinting at its association with luteinized granulosa ·cells/ CL formation.
We are also able to sho·w that treatment of granulosa cells with mineralocorticoid
receptor (MR) inhibitor is able to attenuate luteinizing granulosa cell production of
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progesterone. This leads to the postulation that DOC acts via MR to regulate production
of progesterone.

It is implied therefore that DOC may in fact support progesterone

production by granulosa cells even in the absence of luteinizing stimulus (hCG). Indeed
DOC treatment of porcine granulosa cells enhances progesterone. production [187].
Similar results have been obtained with in vitro cultured non-luteinized granulosa cells in.
the presence of varying doses of DOC and FSH alone (Figure 15).
While it is not entirely clear through what mechanism DOC exerts its influence on
progesterone· production, it is apparent that DOG synthesis is closely linked to
luteinization and may in fact play a key role. Further experiments need to be developed
to examine the role in vivo of ovarian MR stimulation.

For example intrafollicular

injection of the specific MR antagonist eplerenone during a natural cycle may be
expected to impair proper luteinization in primate follicles thereby demonstrating a role
for MR in the follicle.
Meanwhile, preliminary experiments implicate mineralocorticoids in the corpus
luteum of the primate. Examination of MR mRNA expression in the CL demonstrates
steadily increasing expression as the CL ages in a non-fertile primate cycle. CYP21
expression in the corpus luteum is generally well maintained with a transient decrease
in mRNA occurring in the late CL and recovering in the very late CL. The presence of
both progesterone metabolizing enzyme as well .as MR in the· corpus luteum implies that
MR activation, possibly in the ·late CL, may have implications on

C~

function and by

extension pregnancy maintenance. Staining for MR just prior to ovulation demonstrates
light cytoplasmic staining in granulosa cells with cytoplasmic staining persisting in the
corpus luteum. Most intriguing is the observation that MR staining is localized to the
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nucleus in the mid-late CL before becoming cytoplasmic again in the very late CL.
Therefore, MR and CYP21 both warrant investigation as luteotrophic agents that
promote in the realm of ART. IVF, for example, relies on retrieval of oocytes from nearovulatory follicles. In this scenario, in order to ensure the best oocyte quality, it is
important that culture media conditions recapitulate in vivo conditions in a normal
woman's cycle.

Observed steroidogenic changes in the follicular fluid may be

immediately applied to experiments of oocyte health and downstream endpoints.
Therefore DOC addition to oocyte culture should be investigated with regards to effects
on oocyte maturation, fertilization rates and implantation success. This novel finding
could be exploited to- increase oocyte quality in vitro as recapitulation of the follicular
fluid is made more complete.
Additionally, experiments demonstrated for the first time the dynamic changes
that occur over time in follicular fluid steroids. Although. not yet entirely understood,
17a-hydroxyprogesterone production is apparent in follicular fluid analysis. Moreover, it
appears to increase as the periovulatory interval proceeds. While it is not immediately
apparent whether such steroid production is the result of theca 17 a-hydroxylase activity
[195], information -from granulosa cell culture suggests strongly that CYP 17 activity
exists in granulosa cells (androstenedione production is increased in luteinizing
granulosa cells). To support this shift in thinking is the recent demonstration of CYP 17
in human granulosa cells [196].

Granulosa cells therefore appear to be far more

steroidogenically involved than previously thought and perhaps further experiments can
support the hypothesis that granulosa cells are responsible for some of the
periovulatory intrafollicular rise in androgen synthesis.
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Of interest, cortisol is also detectable in the follicular fluid with levels modestly
increasing from 0-24 hr. lntrafollicular levels of the cortisol precursor 11-deoxycortisol
also demonstrate an increase although fascinatingly 11-deoxycortisol is not detectable
in samples prior to 6hr post-hCG, well beyond the time point at which cortisol is
detectable. This observation is consistent with inability to ·demonstrate CYP11 81 (1113
hydroxylase) or CYP11 82 (aldosterone synthase) expression in luteinizing granulosa
cells by real-time PCR. It also suggests an extra-ovarian (adrenal) source of
intrafollicular cortisol. As both metabolizing enzymes are not present, neither of the
potent

mineralocorticoid

receptor

agonists

corticosterone · nor aldosterone

are

detectable. However, two independent reports emerging in 1988 [145, 147] concluded
that specificity of ligand action at the mineralocorticoid receptor was predominantly
enzymatically and not receptor driven. The predominant glucocorticoid cortisol would
be metabolized to its inactive keto form, cortisone, by 1113HSD2 enzyme thus
preventing its activity at the .MR as an agonist in tissues that relied on MR stimulation by
aldosterone [197].

It follows, therefore, that local enzymatic action could sequester

cortisol away from the MR freeing it for mineralocorticoid stimulation in the ovary.
Conversely the presence of 11J3HSD1 encourages cortisol conversion from the inactive
metabolite cortisone.

Experiments regarding the expression of both 1113HSD1 and

11J3HSD2 in vivo reveal that during the periovulatory interval, mRNA expression of
11J3HSD1 increases even as 1113HSD2 mRNA levels decrease. Extrapolating to later
protein and enzymatic activity, it is plausible that later increases in intrafollicular_ cortisol
-are the result of increased cortisone to cortisol conversion and not necessarily de novo
synthesis from follicular cells. To test this hypothesis experimentally, dexamethasone
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injection could be used to suppress adrenal cortisol production in a model of primate
controlled ovarian stimulation.

Such suppression would commence prior to the

administration of ovulatory hCG and continue to the day of follicle aspirations. Serum
cortisol measurements would assure effective elimination of adrenal cortisol while timed
follicle aspirations

post-hC~

assayed for cortisol and . cortisone would reveal their

concentrations during the periovulatory interval providing further insights into the source
of follicular cortisol.
Studies examining cortisol and its receptor (glucocorticoid receptor, GR) have
previously been carried out .because this corticosteroid has been postulated to have an
anti-inflammatory role in the 'inflammation-like' process of ovulation. It is suggested that
cortisol tempers local periovulatory inflammatory activity as to limit the damaging effects
of LH-induced proteases (refs) when it acts through the glucocorticoid receptor (GR).
Difficulties-exist in addressing, more specifically, the question of cortisol· action via GRin
the periovulatory interval as the widely marketed GR antagonist RU 486 is also a PR
antagonist and thus its utility is limited in the ovary where PR antagonism would incur_
·damaging and confounding effects.

Cortisol is also a recognized agonist of the

mineralocorticoid receptor [119, 198-200] although it is not clear whether cortisol
activation of MR portends the same downstream effects as when aldosterone serves as
the agonist. There is limited evidence to suggest that, in some instances, cortisol acting
via MR generates aldosterone stimulatory effects e.g. the clinical syndrome of apparent
mineralocorticoid excess (AME) is the result of a defect in the 11 PHSD2 gene such that
circulating cortisol is not inactivated to cortisone and is free to stimulate MR resulting in
such sequelae as hypertension. The possibility cannot be ignored that the presence of
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cortisol as well as DOC in the follicular fluid may have additive actions at the MR. In the
broader examination of. progesterone metabolites activity at the MR [119], several
important conclusions were arrived at including i) progesterone, cortisol, DOC and
aldosterone have a high binding affinity to the MR, ii) cortisol has .a 10-fold weaker
transactivating activity of

MR than aldosterone and iii) progesterone and 17-

hydroxyprogesterone are potent MR antagonists.

However, the in vivo effects of

progesterone as an MR antagonist appear to be very mild during pregnancy for
example when progesterone concentrations exceed aldosterone by 100-fold.

It has

therefore been hypothesized that the kidneys may . possess a metabolizing system
similar to the activity of 11(3HSD2 on cortisol, which metabolizes progesterone into
metabolites with negligible ·effect on the MR [201]. One is forced to acknowledge the
inherent complexity of studying the effects of steroids at a receptor for which multiple
endogenous agonists and antagonists exist.
Recently, studies in Chinese hamster ovary (CHO) cells concluded that
aldosterone demonstrated the ability to stimulate EGFR expression [202]. This finding
was of particular interest because it identified a potential MR regulated gene.
Hypothesizing that increasing DOC in the periovulatory interval may act via MR to
increase EGFR synthesis by granulosa cells, EGFR expression was investigated· in
mural granulosa cells over the interval that showed increasing amounts of DOC. At this
juncture it became apparent that EGFR may not be regulated in the early periovulatory
interval via MR as increasing amounts of DOC were correlated with a tendency of
EGFR expression to be suppressed. New hypothesis were therefore generated to test
the role of EGF family ligands and EGFR in the early periovulatory interval pursuant to
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data generated regarding the cumulus oocyte complexes.

In particular, EGFs and

EGFR ·were investigated for their role in mural granulosa cell cycle progression andsteroidogenesis early in the periovulatory interval.

In ensuing discussion, the term .

proliferation is loosely used to refer to measurements of percentage of cells in S-phase
as measured by flow cytometry or the rate of 3 H-thymidine incorporation in cultured
cells.
Since the process of luteinization has typically been thought· of as a terminal
differentiation process for granulosa cells·, their· exit from the cell cycle after the
ovulatory stimulus has been deemed necessary. However it is not known how quickly
cells exit from the cell cycle nor. what the stimulus for exit is. Our studies show i) low Sphase in granulosa cells at the time of the ovulatory surge, ii) a significant decrease in

o/o granulosa cells in S phase at 24hr after the surge and iii) downregulation in EGFR
mRNA but not protein within 24hrs of the surge. Within that same time period there is
an increase in the mRNA expression of two EGF family ligands (AREG and EREG) and
maintenance in the synthesis of another (BTC).

The EGF family ligands are potent

mitogens, discovered and described in the context of cancers and acting through the
·EGF receptor (EGFR, Erb81 in humans).
.'

..

This implicates receptor tyrosine kinase

.

signaling in the processes of ovulation and luteinization. It is

su~prising

therefore, that in

the face of rising mitogen levels ·the proliferation rate of granulosa· cells plateaus .and
eventually declines .. Some· yet undefined factor(s) is responsible for maki~g luteinizing
granulosa cells refractory to EGFR stimulation by its ligand.
In cultured granulosa cells, proliferation could be stimulated by both· EGF family
ligands and insulin. That insulin could, stimulate proliferation to a greater degree than
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E_GF was an interesting finding especially when one notes that the proliferative
response is greater in FSH treated .than hCG treated cells. Androgens are also shown
to be induced by hCG and it is hypothesized that it is this rise in androgen production
(androstenedione) that is responsible for blunting insulin-stimulated proliferation after
hCG. Further experiments need t9 be conducted to support this theory but preliminarily,
it would appear that_ decreased response to insulin stimulation in the periovulatory
interval is at least partially due to AR signaling. The mitogenic effect of insulin in the
periovulatory interval may be partly mediated via upregulation of BTC and EGFR. That
such a response is appreciated before but not after hCG may be because BTC is crucial
for granulosa cell proliferation prior to the surge (more than say AREG or EREG) and a
similar response after hCG is blocked androgen-inhibition of BTC and EGFR induction
by insulin. Additionally, cumulus cells

a~e

hypothesized to be refractory to the anti-

proliferative activity of androgens as evidenced by reports citing EGFR stimulation of
cumulus expansion [159, 163, 164]. The result of AR stimulation is, of course, not
restricted to any possible effects on BTC and EGFR synthesis.
The observation of. insulin stimulated granulosa cell. proliferation compounded
with its possible interaction with androgens may have implications on pathologic
conditions

like

polycystic ovarian

syndrome

(PCOS).

PCOS

is

a syndrome

characterized by infertility, elevated LH and androgen levels as well as peripheral insulin
resistance [203]. The ovaries are riddled with multiple antral follicles that fail to ovulate
and serve only to increase total ovarian volume. In fact this syndrome is the primary
cause of anovulatory infertility in women.

While the peripheral tissues are insulin

resistant, the follicles themselves are still responsive to insulin so that in effect the ovary
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experiences PCOS as a condition of LH, insulin and androgen excess with respect tothe ovaries.

Insulin serves as a potent mitogen stimulating follicle growth but it is

unclear why follicle arrest ensues in PCs>S. Tonically elevated LH levels negatively
impact on follicle development but then also there is the issue of increased androgens.
Studies in primate now suggest that androgen action may depend on follicle size being
that they are pro-proliferative in smaller follicles and ·without atretogenic effect in
· preovulatory follicles [204]. Data already exist to support abundant ·androgen receptor
(AR) expression in granulosa cells of the primate ovary ·which is enhanced by animal
exposure to testosterone [1 02]. In contrast, DHT can block insulin-mediated expression
of cyclin 02 and proliferation in isolated rat granulosa cells [185]. Thus the actions of
androgens on granulosa cells may well be dependent upon the stage of follicle
development, with less

~ature. (~.g.,

preantral) f()llicle growth. being supported by

androgens while continued granulosa cell proliferation in an.tral- follicles is inhibited by
the rising intra-follicular concentrations of androstenedione.

Androgen action may

therefore be responsible for impeding granulosa cell response to mitogens in the
periovulatory interval and blockage of AR action may be hypothesized to i)delay onset
of ovulation due to prolonged granulosa cell proliferation in normal women or ii) permit
ovulation in otherwise anovulatory women with PCOS. In fact, limited evidence points
to flutamide therapy as being supportive of restoring ovulation in PCOS patients [205]
While the preceding discussion offers hypotheses relevant to human medical
intervention, it remains that the early periovulatory interval appears to be a period of
dynamic changes within the primate follicle. The true benefit of studies focusing on this
time period is that they highlight changes in gene transcription thereby giving clues as to
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relevant p·roteins later in the periovul'atory interval. It .is early in the periovulatory interval
however, that dramatic changes in steroidogenesis are easily observed both in steroid
enzyme induction as well as steroid production.· New studies should be designed to
extend into the late periovulatory interval (>24hr) ~s carefully especially in order to
elucidate the function of genes induced earlier in the periovuatory interval. Because
multiple studies demonstrate a low level of granulosa ceU ·proliferation even just prior to
the simulated LH surge, it may be important to extend studies of cell cycle exit in
granulosa cells several hours prior to the surge. As observations initially made in the
rodent are tested in non-human primates, species differences may emerge and in which
case the principal strength of these studies is the use of the non-human primate model;
a critical step to human studies.
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