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ABSTRACT

This thesis investigated the expression and regulation of cytochrome P450s,
aromatase (P450arom) and cholesterol side chain cleavage (P450scc) enzyme mRNAs
in human granulosa-luteal cells using reverse transcription-polymerase chain reaction
(RT-PCR). The two enzymes are instrumental in steroid hormone biosynthesis. The
steroid hormone biosynthesis by the ovary is determined in part by the pattern of
gonadotropin secretion and also appears to be under the influence of local regulators
which provide the fine tuning at a local level in a gonadotropin dependent or
independent way.
In this study, the granulosa-luteal cells were aspirated from preovulatory
follicles obtained from women undergoing in vitro fertilization. A highly sensitive
method, reverse transcription-polymerase chain reaction (RT-PCR), was used to
quantitate P450arom and P450scc mRNA expression. Two sets of primers designed
from cDNA sequences were used to amplify cDNAs from granulosa-luteal cells. The
authenticity of the PCR products was confirmed by Southern blot hybridization with
specific cDNA probes. It was shown that cAMP and h C G increased the levels of
P450arom and P450scc mRNA by 2-3 fold and 4-5 fold. GnRH at 10 M had no
6

significant effects either on basal or on h C G or cAMP stimulated P450arom and
P450scc mRNA expression. Under the same cell culture conditions, GnRH at lower
concentrations 10" or 10 M did not show significant effects on basal P450arom and
8

9

P450scc gene expression, but significantly inhibited hCG-stimulated P450arom and
ii

P450scc gene expression and progesterone production. By contrast, GnRH treatment
had no significant effect on exogenous 8-br-cAMP-stimulated P450arom and P450scc
gene expression. Studies on the time course for the inhibitory effect indicated that
G n R H at 10" M significantly inhibited h C G stimulated P450arom and P450scc mRNA
9

expression from 24 to 48 hour of treatment.
These results provide evidence

that chorionic gonadotropin

stimulates

P450arom and P450scc mRNA expression and cAMP could be a mediator for a
positive regulation. GnRH not only plays a role in neuroendocrine regulation, but also
has local effects on extrapituitary sites. In human ovary, the paracrine/autocrine
effects of G n R H on steroidogenesis of human granulosa-luteal cells may play an
important role in determining an individual follicles's response to gonadotropins.
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1.0 I N T R O D U C T I O N A N D L I T E R A T U R E R E V I E W

The ovaries are paired organs hidden within the abdominal cavity protected
from insults of the environment and trauma. Their primary function is to produce
gametes and all their endocrine activities subserve this function.
In ovaries, maintenance of a normal menstrual cycle and cyclicity of
gametogenesis are dependent on the precise regulation of steroid hormone production.
This is achieved through endocrine, autocrine, paracrine, and intracrine control.
Gonadotropin-releasing hormone (GnRH) is a neuroendocrine regulator. It mediates
the hypothalamic control of pituitary gonadotropin secretion. During the last decade,
evidence has accumulated to suggest that GnRH and its agonists can exert
extrapituitary effects via specific tissue receptors which have been identified in many
tissues including ovary (Hsueh and Jones, 1981). GnRH like peptide and mRNA
encoding GnRH has been characterized locally in the ovary, therefore the action of
GnRH in the ovary has been suggested to be exerted in an autocrine or paracrine
manner (Aten et al., 1987). Several studies have confirmed the direct inhibitory effect
of GnRH on granulosa cell steroidogenesis in vitro. However, the nature of regulatory
effects of GnRH on steroidogenesis in the human ovary is controversial. In this study,
the effects of GnRH on basal, as well as hCG-induced P450arom and P450scc mRNA
expression were investigated at different doses andtimecourses in human granulosaluteal cells.
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At the molecular biology level, much is known about the actions of ovarian
steroid hormones and their receptors to stimulate the transcription of specific genes,
but less is known about the regulation of steroid hormone synthesis itself. This area
has long been the subject of intensive physiological and clinical investigation, but its
molecular basis is a relatively new field. This thesis investigated P450arom and
P450scc gene expression and regulation by gonadotropins as well as by GnRH

at

mRNA level.

1.1 Ovary

1.1.1 Ovarian histology
The human mature ovary is covered by a layer of cuboidal cells that constitute
the germinal epithelium. The dense layer of connective tissue under the epithelium
is called the tunical albuginea. The remainder of the organ is divided into outer
cortical and inner medullary portions, of which the cortex is the larger. The cortex
contains follicular structures in all stages of development. The medulla consists of a
connective tissue stroma containing elastic fibers, blood vessels, nerves, lymphatics,
and smooth muscle fibers.
Follicles as the functional unit: Follicles in the mature ovary consist of varying
numbers of layers of granulosa cells and an oocyte surrounded by the zona pellucida,
which is closely attached to the granulosa cell layer. The granulosa cells are limited
by a well-formed basement membrane; surrounding the basement membrane is a
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layer of cells known as theca cells. In the nonmature follicle, no capillaries cross the
basement membrane. As a given follicle matures the granulosa cells are first
connected by adherence junctions (Amsterdam et al., 1989), but gap junctions appear
at the time of onset of gonadotropin action on the follicle and the time of appearance
of the antrum. Cell-cell communication of ions, small organic molecules, and cAMP
through these junctions is postulated. The granulosa cells immediately surrounding
the zona pellucida are connected to the oocyte by microvilli and gap junctions. Thus
in the maturing follicle there is a clear pathway for signals among the cells contained
within the basement membrane.

1.1.2 T h e o v a r i a n cycle
The endocrine function of the ovary in the female is a cyclic process. The
cyclicity is designed to ensure that mature female gametes are produced in good
condition in the appropriate number at ovulation so that they are available for
fertilization by sperm (Adashi, 1991).

1.1.2.1 Folliculogenesis
The basic reproductive unit of the ovary is the small primordial follicle,
consisting of (1) a small oocyte arrested in the diplotene stage of meiotic prophase;
(2) a few, or a complete ring of, poorly differentiated granulosa cells; and (3) a
basement membrane that surrounds the granulosa cells. By a mechanism which is
poorly understood a given number of oocytes is recruited each day for development-
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the process known as folliculogenesis. The initial stages of folliculogenesis from
primordial follicles to primary follicles are not dependent on gonadotrophins.
However, by the time an antrum is formed both follicle-stimulating hormone and
luteinizing hormone are required although the relative amounts probably vary
depending on the stage of development. The mechanism by which small follicles are
selected for preovulatory development is not fully understood. F S H plays a crucial
role in this selection process. Large healthy antral follicles in women all contain
detectable amounts of F S H (McNatty & Baird, 1978). It has been suggested that local
paracrine factors may play a role in selecting the dominant follicle (Goodman &
Hodgen, 1983; Tonetta & DiZerega, 1989). While locally produced steroidal and nonsteroidal factors probably modulate the responsiveness of the ovarian cells to
gonadotrophins. Thus, by the mid-follicular phase the selected dominant follicle has
a monopoly of the endocrine signals from the ovary and is able to dictate to the
hypothalamo-pituitary unit the secretion of gonadotrophins which are optimal for its
further development.

1.1.2.2 Control of gonadotropin secretion
Ovarian

cyclicity

is

controlled

by

a

feedback

system involving

the

hypothalamus, anterior pituitary and the ovaries (Harris & Naftolin, 1970; Knobil,
1980). F S H and L H are secreted by the same cell in the anterior pituitary in response
to stimulation by gonadotropin-releasing hormone (GnRH) which interacts with
specific receptors on the surface of the gonadotrophin. Ovarian steroids feedback at
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the level of both the hypothalamus and anterior pituitary to regulate the secretion
of gonadotropins. The main ovarian steroids are oestradiol and progesterone, specific
receptors for which are located in the hypothalamus and anterior pituitary. In recent
years it has become apparent that the ovary secretes some protein hormones, such
as inhibin, which inhibits the secretion of FSH selectively by interacting at the level
of the anterior pituitary (de Jong, 1987; Burger et al., 1987).

1.1.2.3 Ovulation
Ovulation occurs as a result of a massive discharge of L H from the anterior
pituitary (Yen et al.,1975). About 36 hour after the onset of L H surge, the follicular
wall of the dominant follicle ruptures leading to the release of the oocyte. Ovulation
marks the end of the first stage of the cycle which is referred to as the follicular
phase.

1.1.2.4 T h e luteal phase
After ovulation, the corpus luteum is formed from the cellular components of
the ovarian follicle, the granulosa and theca cells (Rodgers et al., 1983). The
granulosa cells do not divide after ovulation, but they increase in size and undergo
morphological changes (Auletta and Flint, 1988). These changes are referred to as
luteinization. The corpus luteum consists of two types of steroidogenic luteal cells, the
large luteal cells and the smaD luteal cells (Rodgers et al., 1985). The large luteal
cells are derived from the granulosa cells while the small luteal cells are derived from
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the thecal cells (Rodgers et a l 1983). The corpus luteum is a large endocrine gland
M

which secretes large amounts of steroid hormones especially progesterone, which
prepares the uterine endometrium for implantation and maintains early pregnancy.
If fertilization and implantation do not occur, the ovulatory cycle ends and the corpus
luteum undergoes luteolysis.

1.2 Molecular basis of o v a r i a n steroid synthesis

1.2.1 Introduction
The principal hormonal secretions of the ovary are estradiol, produced by the
follicular apparatus in amounts of up to 500ug/day, and progesterone, produced by
the corpus luteum in amounts of 25-30 mg/day. All steroid hormones are synthesized
by pathways (Fig.l.), that all steroidogenic tissues have in common. Based on the
results of Northern analysis of R N A extracted from bovine, human and rat ovaries
throughout the ovarian cycle, it has been concluded that the pattern of steroid
hormone secretion throughout the ovarian cycles is explicable, in large part, on the
basis of the differential expression of the various enzymes involved in the
steroidogenic pathway.
The next approach, then, to understand the regulation of these enzymes is to
examine the factors which influence the transcription of the genes encoding these
enzymes with the hope that definition of the cis-acting and trans-acting elements
which are responsible for the regulation will not only provide important information
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in its own right, but will eventually lead back to the cell surface and a complete
picture of the regulatory pathway including the paracrine and other hormonal agents
that may be involved.

1.2.2 A c q u i s i t i o n of cholesterol b y steroidogenic cells
Cholesterol from both low-density lipoprotein and high-density lipoprotein has
been demonstrated to serve as a precursor for steroidogenesis in the ovarian follicle.
Lipoprotein uptake from plasma is regulated by the availability of serum lipoproteins
and the lipoprotein receptor-dependent uptake system (Gwynne & Strauss, 1982).
When ovarian cells are deprived of an exogenous source of cholesterol, the
steroidogenic cells in the ovaries readily synthesize cholesterol from acetyl coenzyme
A and rates of sterol synthesis are enhanced in response to trophic stimulation
(Strauss et al., 1981).

1.2.3 Cytochrome P450s
Cytochrome P450 constitutes a super-family of hemoproteins which catalyzes
monooxygenase of various lipophilic substrates (Hall, 1986). All P450 enzymes contain
500 amino acids and have a haem-binding region near the carboxy terminus. The
steroid-binding sites of ovarian and other steroidogenic P450 enzymes have
considerable similarity in primary structure (Picado-Leonard & Miller, 1988).
Cytochrome P450 enzymes require oxygen and reducing equivalents derived from
N A D P H for catalytic activity. The electrons from N A D P H are transferred to the
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cytochrome P450s by either a mitochondrial or microsomal electron-transport chain
with an obligatory flavoprotein constituent.

1.2.3.1 Cholesterol side-chain cleavage system (cytochrome P450scc)
Cholesterol

side-chain

cleavage,

which

yields

pregnenolone

and

isocapraldehyde, is the first committed step in steroid hormone synthesis. This
reaction takes place in the inner mitochondrial membrane and is the major ratedetermining step in steroid hormone synthesis. It is catalysed by cytochrome P450scc
and its associated electron-transport system, consisting of a flavoprotein reductase
(ferredoxin reductase or adrenodoxin reductase), and an iron sulphur protein shuttle
(ferrodoxin or adrenodoxin), which carries electrons to cytochrome P450scc (Miller,
1988).

1.2.3.1.1 T h e cholesterol side-chain cleavage reaction
The cholesterol side-chain cleavage reaction entails three catalytic cycles: the
first two lead to the introduction of hydroxyl groups at positions C-22 and C-20, and
the third results in cleavage of the side-chain between these carbons. Each catalytic
cycle requires one molecule of N A D P H and one molecule of oxygen (Hall, 1986).

1.2.3.1.2 Structure of the cholesterol side-chain cleavage system: the proteins,
m R N A s a n d their genes
Mature cytochrome P450scc is the 50 kDa protein product of a 2.0 kb mRNA
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which is encoded by a gene spanning some 20 kb, consisting of 10 exons split by 9
introns (Morohashi et al., 1984,1987; Chung et al., 1986; Sparkes et al., 1991; Fig.2.).
Human beings have only one gene for cytochrome P450scc located on chromosome 15.
The enzyme is synthesized as a large protein which is transported into the
mitochondria and subsequently processed to the mature enzyme by a metal ionrequiring endoprotease (Matocha & Waterman, 1985).
Ferredoxin reductase exists in two forms, a protein of 41 kDa and another of
42 kDa (Suhara et al., 1982). Both are products of a single gene which resides in man
on chromosome 17. Ferredoxin reductase and ferredoxin are synthesized as larger
proteins containing leader sequences rich in basic amino acids, typical of proteins
imported into mitochondria. These preproteins, like cytochrome P450scc are processed
to the mature forms by an endoprotease.
The iron-sulphur protein, ferredoxin, is generated from a large gene which
spans more than 20 kb located in man on chromosome 11 (Morel et al., 1988). The
human gene has four exons, the first of which encodes a 60 amino acid signal-peptide
and the other three exons code for the 124 amino acids of the mature polypeptide
(Chang et al., 1988).

1.2.3.1.3 C o n t r o l of cholesterol side-chain cleavage enzyme levels
Cytochrome P450scc is detectable in the theca interna and in the granulosa cell
layer of preovulatory follicles. Interestingly, granulosa cells in the cumulus oophorus
do not contain detectable cytochrome P450scc until after ovulation, whereas the
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Fig.2. Schematic diagram of the genes encoding human cytochrome P450arom
(A) and P450scc (B).
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enzyme

is

present

in mural

granulosa cells throughout late preovulatory

development. In luteal tissue, the enzyme is found in granulosa-lutein and thecalutein cells. The relative abundance of cytochrome P450scc mRNA during follicular
development parallels changes in cellular levels of the enzyme protein (Goldring et
al., 1986; McMasters et al., 1987; Goldschmit et al., 1989). The level of cholesterol
side-chain

cleavage

enzyme

protein generally

reflects

follicular and luteal

steroidogenic capacity. Gonadotropins or cAMP analogues act via cAMP-dependent
protein kinase to increase the synthesis of cytochrome P450scc, ferredoxin and
ferredoxin reductase, in association with increased accumulation of the mRNAs which
encode them (Tuckey & Stevenson, 1986; Waterman et al., 1986; Goldring et al.,
1987; Simpson et al., 1987; Trzeciak et al., 1986). Levels of mRNA for cytochrome
P450scc and ferredoxin in steroidogenic tissues parallel those of their encoded
proteins. These mRNAs appear to rise primarily as a result of increased gene
transcription. Several structural features were found that the basal expression of
P450scc gene was increased by sequences between -89 and -152 and was increased
further by sequences between -605 and -2327. This upstream region also conferred
inducibility by cAMP (Moore et al., 1990)

1.2.3.2 Aromatase cytochrome P450
Aromatase is the granulosa cell enzyme crucial to preovulatory follicular
estrogen synthesis.
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1.2.3.2.1 Aromatization reaction
Cytochrome P450 arom catalyses two sequential hydroxylations of the angular
C-19 methyl group of the steroid nucleus, resulting in its ehmination, and a third
hydroxylation of the 26-hydroxyl group which results in subsequent aromatization of
the steroid A-ring (Miller, 1988; Mendelson et al., 1988). The reaction sequence occurs
at a single active site on the enzyme and requires three electron pairs donated from
three molecules of N A D P H via the action of N A D P H flavoprotein cytochrome P450
reductase and three molecules of oxygen (Thompson & Siiteri, 1974a,b).

1.2.3.2.2 Structure of the aromatase system: the proteins, m R N A s a n d their
genes
The 55 kDa aromatase protein has been purified from human placenta and a
full length cDNA for the enzyme has been cloned. The cDNA sequence is 3000 bp long
and encodes human cytochrome P450 aromatase protein 503 amino acid (Harada,
1988). Southern blot analyses of human D N A under stringent hybridization
conditions suggest: the human aromatase structural gene consists of 10 exons and is
70 K B in length, located on chromosome 15. The initiation codon (ATG) is within the
second exon. (Fig.2.). The nucleotide sequence analysis of the 5'-flanking region of
the gene revealed the existence of T A T A and C A A T boxes and two putative AP-1
binding sites beginning at -28,-83,-55 and -68 respectively from the transcription
initiation site (Simpson et al., 1991).
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1.2.3.2.3 C o n t r o l of aromatase enzyme activity
In the human ovary, cytochrome P450arom is detectable in the granulosa cells
of maturing antral follicles, consistent with the high level of aromatase enzyme
activity expressed by granulosa cells in estrogen-secretory preovulatory follicles
(Hillier et al., 1981). In the corpus luteum P450arom is located in granulosa-lutein
cells. The enzyme protein is not detectable in any other ovarian cell type.
A variety of hormones have been reported to stimulate accumulation of
cytochrome P450arom mRNA in ovarian and extragonadal tissues including
gonadotrophins(FSH), IGF-I, cAMP analogues, phobol esters and glucocorticoids
(Steinkampf et al., 1987, 1988).

1.2.3.2.4 Regulatory characterization
A lot of research work has been done on the first exon which is capable of
driving aromatase expression. A cis-acting regulatory region from -242-166 was
characterized as a enhancer in the human-aromatase gene expression (Toda, 1992).
Additionally a putative cAMP-responsive element was found at -211 bp and a
glucocorticoid regulatory elements at -352 bp (Means et al., 1989).

1.2.3.3 17-Hydroxylase/C-17,20-lyase (cytochrome P450cl7)
Pregnenolone and progesterone, both C21 steroids, can be hydroxylated at C-17
as well as converted into C19 androgens [dehydroepiandrosterone (DHA) and
androstenedione] by a single microsomal enzyme, cytochrome P450cl7 (Nakajin &
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Hall, 1981a,b). Molecular cloning has established that human cytochrome P450cl7
is encoded by a single gene residing on chromosome 10, yielding a mRNA of 2Kb
(Matteson et al., 1986; Chung et al., 1987). The intron-exon structure of this gene is
unique, but there are similarities between its structure and that of cytochrome
P450c21, another member of the same gene superfamily. There are also structural
similarities between the cytochrome P450 proteins encoded by these two genes.
In the human ovarian follicle, expression of the cytochrome P450cl7 gene
appears to be restricted to thecal cells, consistent with these cells being major
intrafolhcular sites of androgen synthesis (Voutilainen et al., 1986). These findings
support the notion that tissue-specific regulation of this gene occurs in the ovaries
and also, indirectly, support the 'two-cell, two gonadotrophin' mechanism of oestrogen
synthesis whereby thecal cells are believed to provide the androgen substrate
aromatized by granulosa cells in the preovulatory follicle.

1.2.4 Hydroxysteroid dehydrogenases

The

hydroxysteroid dehydrogenases

or oxido-reductases

catalyse

the

interconversion of steroidal alcohols and carbonyls in a positional and stereospecific
manner.

1.2.4.1 3B-Hydroxysteroid dehydrogenase/A -A isomerase
5

4

3B-Hydroxysteroid dehydrogenase/A -A isomerase is a microsomal enzyme that
5

4

utilizes NAD as a co-factor (Miller, 1988). It converts pregnenolone into progesterone,
+
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17-hydroxypregnenolone into 17-hydroxyprogesterone and dehydroepiandrosterone
into androstenedione (Bigerson et al., 1986).
Some success has been achieved in purifying 3fi-hydroxysteroid dehydrogenase.
The N-terminal amino acid sequence of the human placental enzyme has been
determined and a full-length cDNA cloned (Luu-The et al., 1989). The predominant
3fi-hydroxysteroid dehydrogenase mRNA is 1.7 Kb i n length, derived from a gene
which lies on chromosome 1 i n human beings.

1.2.4.2 17B-Hydroxysteroid dehydrogenase
Reversible interconversion of estrone and estradiol, and androstenedione and
testosterone is catalysed by 1713-hydroxysteroid dehydrogenase, also termed 17ketosteroid reductase. Studies using extracts from a variety of tissues indicate that
these enzymes utilize both N A D H and N A D P H as co-factors, are loosely bound to
microsomal membranes and have a monomelic molecular weight of 35 kDa (Engel &
Groman, 1974).
The gene is expressed in luteinized granulosa cells and placenta, and both of
these tissues contain a prominent 1.4 Kb mRNA. The levels of 17J3-hydroxysteroid
dehydrogenase mRNA are regulated by cAMP (Bogovich & Payne, 1980).

1.2.4.3 20a-Hydroxysteroid dehydrogenase
20oc-Hydroxysteroid dehydrogenase is a NADPH-dependent enzyme which
catalyses the reversible oxidation and reduction of the C-20 oxy function of C21
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steroids. This enzyme is located in microsomes and the cytosol. This enzyme has an
estimated molecular weight of 36 kDa (Pongsawasdi & Anderson, 1984).
In the ovary, 20oc-hydroxysteroid dehydrogenase is believed to function
primarily as a catabolic enzyme, converting progesterone into a biologically inert
steroid, 20a-hydroxyprogesterone.

1.2.5 Steroid reductases
The reductases are microsomal proteins that catalyse the reduction of the

4

-

olefinic bonds of the steroid A-ring producing either 5a- or 5B-reduced steroids
utilizing N A D P H as a co-factor. 5a-Reductase has diverse functions in that it
generates a potent androgen by converting testosterone into 5a-dihydrotestosterone,
and participates in the catabolism of steroids including androgens, progestins and
corticosteroids. It has been shown that solubilized 5a-reductase is a 29 kDa protein
encoded by a 2.5 kb mRNA derived from a single gene (Farkash et al., 1988;
Andersson et al., 1989).

1.3 O v a r i a n regulation

1.3.1 Neuroendocrine regulation
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1.3.1.1 G n R H
Gonadotropin-releasing hormone (also known as the luteinizing hormonereleasing hormone) is synthesized in the hypothalamic neurosecretory cells then
released in a pulsatile pattern into the hypothalamo-hypophyseal portal circulation.
This pulsatile pattern provokes the secretion of the gonadotropins, L H and F S H , from
the anterior pituitary.
Several neurotransmitters are involved in the pulse secretion of GnRH. The
amplitude and frequency of the pulses are regulated by catecholamines and
neuropeptides. These inputs to the GnRH neurons are affected by the feedback of
estradiol and progesterone (Yen, 1982). Estradiol and dihydrotestosterone (DHT) are
concentrated in the nuclei of catecholaminergic neurons; the target neurons for these
two steroids are surrounded by catecholaminergic terminals (Heritage et al., 1980).
GnRH and GnRH analogues exert their effects by binding to specific receptors located
in the surface membranes of the pituitary gonadotropes. Gonadotropin responses to
GnRH are maximal when GnRH receptor numbers are highest. Increased GnRH
concentration and pulse frequency increases GnRH receptor numbers, a process
known as upregulation. GnRH receptors will be downregulated if continuous GnRH
administration is substituted for pulsatile stimulation (Clayton & Catt, 1981).

1.3.1.2 P r o l a c t i n (PRL) regulating factors
Prolactin-containing cells which are referred to as lactotropes have been
identified in the human anterior pituitary gland.

18

Human pituitary lactotropes are

tonically suppressed by hypothalamic factors. Dopamine, a neurohormone produced
in the arcuate nucleus, is an important inhibitor. Dopamine is secreted into the portal
circulation in concentrations (0.7 ng/ml) sufficient to inhibit P R L release (Neill et al.,
1981). Dopamine binds to specific membrane receptors on lactotropes. Hypothalamic
thyrotropin releasing hormone (TRH) has both PRL and thyroid-stimulating hormone
(TSH) releasing function.

1.3.2 Gonadotropic hormone regulation

1.3.2.1 Chemistry of gonadotropic hormones
The pituitary gonadotropic hormones and T S H , plus the chorionic gonadotropin
(CG) from the placenta are each composed of two dissimilar subunits, a and B, which
are joined by noncovalent interactions (Pierce, 1988; Strickland et al., 1985). They are
members of a family of glycoprotein hormones (Pierce, 1988; Pierce and Parsons,
1981). The glycoprotein hormones of a given species are all composed of an identical
a subunit, and different (but homologous) B subunits. It has been shown that
although both subunits of the glycoprotein hormones are necessary for binding, it is
the B subunit which dictates the binding specificity of the hormone (Pierce et al.,
1971; Williams et al., 1980). The molecular weight of L H and h C G is about 28,000
while that of F S H is 33,000. The genes encoding human L H and h C G B-subunits have
relatively little genetic drift and differ mainly in the expression of the C-terminal
translated region. This sequence codes for an additional SER-rich region in hCG that
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attaches O-linked carbohydrate chains that are not present in the L H molecule.

1.3.2.2 Role of gonadotropin hormones

1.3.2.2.1 Role of F S H
F S H is the prime inducer of ovarian follicle maturation and is responsible for
the development of granulosa cell responsiveness to several other hormones. F S H
stimulates the granulosa cells to secrete estrogens and progestins as well as various
nonsteroidal substances. The action of these multiple granulosa cell products ensures
optimal folliculogenesis and oocyte maturation. Since F S H receptors are present
exclusively in the granulosa cells, various ovarian effects of F S H are believed to be
mediated through granulosa cells.
In follicular estrogen biosynthesis, the two-cell, two-gonadotropin hypothesis
provides a useful model. According to this model, L H stimulates the biosynthesis of
androgen from cholesterol in the theca interna compartment. Androgens diffuse
across the lamina basalis and are converted to estrogens by granulosa cells. After the
finding that F S H stimulates estradiol secretion by rat ovaries in organ culture (Moon
et al., 1975), Dorrington et al. (Dorrington et al., 1975) first demonstrated the ability
of F S H to induce aromatase in a serum-free rat granulosa cell culture. The F S H effect
on granulosa cell aromatases is dose dependent and occurs at physiological levels
(Erickson and Hsueh, 1978). F S H treatment increases progesterone production by
cultured avian and human granulosa cells (Hammond et al., 1981; Hillier et al.,
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1980). The major regulatory site of F S H is probably at the cholesterol side-chain
cleavage step (Toaff, 1983; Nimrod, 1977; Jones, 1982). F S H also increases 313hydroxysteroid dehydrogenase activity which is responsible for the conversion of
pregnenolone to progesterone in the granulosa cells (Zeleznik et al., 1974).
F S H stimulates the secretion of various nonsteroidal substances such as
inhibin (Lee et al., 1982), prostaglandins (LeMaire et al., 1973), plasminogen activator
(Martinat and Combarnous, 1983) by the granulosa cells. These nonsteroidal
secretions ensure optimal folliculogenesis and oocyte maturation by altering steroid
hormone production by granulosa cells. During differentiation of granulosa cells, F S H
treatment increases L H , prolactin and E G F receptor content in granulosa cells in vivo
and in vitro. F S H also enhances the ability of granulosa cells to utilize serum
lipoprotein by increasing lipoprotein receptor content in the cell membrane (Strauss
et al., 1982). In addition to the heteroregulation of various membrane receptors by
F S H , F S H may increase the number of its own receptors in the granulosa cells in vivo
and in vitro (Amsterdam et al., 1981; White and Ojeda, 1981).
During follicular development, F S H stimulates granulosa cell division which
is reflected by an increase in the amount of D N A (Ryle, 1969) and stimulates
granulosa cell protein synthesis (Ahren and Rubinstein, 1965; Ahren et al., 1967).
F S H treatment also affects carbohydrate metabolism by the granulosa cells. In vitro
treatment with F S H increases glucose uptake and lactate formation by the ovary
(Hamberger and Ahren, 1967; Farmer et al., 1973). During follicular development,
granulosa cells undergo morphological changes. The avascular nature of granulosa
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cells requires intercellular contacts between neighbouring cells. Extensive gap
junctions are found among granulosa cells. Studies in cultured granulosa cells further
demonstrate the ability of F S H to increase gap junction formation (Lawrence et al.,
1979). The mechanism of F S H action is generally believed to involve cAMP as the
second messenger for F S H action in granulosa cells. It was found that F S H
stimulation of cAMP formation activates type II cAMP-dependent protein kinase in
porcine and rat granulosa cells (Conti et al., 1984; Halpren-Ruder et al., 1980).

1.3.2.2.2 Role of L H
L H stimulates preovulatory follicle growth, induces ovulation, and regulates
corpus luteum function. In estrogen biosynthesis, after the F S H induction of L H
receptors in cultured rat granulosa cells, these cells are capable of responding to L H
in the maintenance of aromatase activity (Wang et al., 1981; Zhuang et al., 1982). L H
stimulates progesterone production from the corpus luteum in vivo, dissociated luteal
cells and FSH-primed granulosa cells in vitro (Zhuang et al., 1982). The major site
of action of L H on progesterone biosynthesis is the conversion of cholesterol to
pregnenolone, although 3B-hydroxysteroid dehydrogenase is stimulated as well
(Madej, 1980; Caffrey, 1979). L H receptors are located on theca interna cells. L H acts
on the thecal cells via its receptor to stimulate progesterone and androgen synthesis.
L H stimulation of androgens is required for maintenance of estradiol production by
the granulosa cells.
L H stimulates the granulosa and luteal cells to secrete several nonsteroidal
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substances such as prostaglandins (Marsh et al., 1974; Clark et al., 1978),
plasminogen activator, and proteoglycans (Beers et al., 1975). These nonsteroidal
substances, as well as progesterone (Rondell, 1974), may be important in the L H
induction of follicle rupture which leads to ovulation. L H alters granulosa cell
morphology and reduces the size of granulosa cell gap junctions. This may serve to
signal the resumption of meiotic maturation, to allow granulosa cell desegregation
and the physical release of the oocyte cumulus complex at the time of ovulation.
Furthermore, L H stimulates transcription and translation in granulosa cells, both
processes are essential for steroidogenesis and prostaglandin production.
L H inhibits D N A synthesis of luteinizing bovine and rat granulosa cells
(Gospodarowicz and Gospodarowicz, 1975; Rao et al., 1978). L H stimulates cAMP
production by enhancing adenylyl cyclase activity. The stimulation of adenylyl cyclase
activity may be the result of the activation of a membrane protease (Reichert and
Ryan, 1977). Furthermore, microfilaments and calcium ions may also be involved in
adenylyl cyclase activation.

1.3.2.2.3 Role of h C G
Progesterone secretion from the corpus luteum of the fertile menstrual cycle
becomes markedly enhanced concurrent with the appearance of h C G during
implantation. Maintaining progesterone secretion by the corpus luteum for the first
6-7 weeks of pregnancy is a critical role for hCG.
As the amino acid sequences of the B subunits of L H and h C G are highly
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conserved, it is not surprising that either L H or h C G can bind to the L H / C G receptor,
and they each elicit almost identical biological responses (Ascoli and Puett, 1978;
Buettner and Ascoli, 1984; Huhtaniemi and Catt, 1981; Lee and Ryan, 1972; Reichert
et al., 1973; Strickland and Puett, 1981). On binding L H or hCG, the L H / C G receptor
activates a G protein which stimulates adenylyl cyclase (Hunzicker-Dunn and
s

Birnbaumer, 1985). The resulting increase in cAMP in turn stimulates the cAMPdependent protein kinase . The primary results of this response in L H / C G receptorbearing gonadal cells is an increase in the synthesis and secretion of steroids (GoreLangton and Armstron, 1988; Hall, 1988).

1.3.3 P a r a c r i n e signalling i n ovary
Paracrine control is a generalized form of bioregulation whereby one cell type
in a tissue selectively influences the activity of an adjacent cell type through the
biosynthesis and release of chemical messengers which ctoffuse into the parenchyma
and act specifically on neighbouring target cells.

1.3.3.1 Steroidal regulation

1.3.3.1.1 Estrogens
Estrogens maintain secondary sexual characteristics and exert feedback action
on the hypothalamic-pituitary unit to affect synchronized preovulatory gonadotropin
release.
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Estrogen is an intrafollicular autocrine regulator in ovary. Treatment of
hypophysectomized immature female rats with exogenous estrogen stimulates
granulosa cell mitosis, raises gonadotropin receptor levels and amplifies follicular
responsiveness to exogenously administered gonadotrophs (Goldenberg et al., 1973;
Richards, 1980; Hsueh et al., 1984). At the intracellular level, estrogen augments
FSH-induced expression of the regulatory subunit RUB of type II cAMP-dependent
protein kinase (Richards et al., 1987) and the steroidogenic enzymes P450arom and
P450scc (Richards et al., 1987). Estrogen also stimulates expression of inhibin a- and
BB-subunit mRNAs (Turner et al., 1989) and augments FSH-induced inhibin
production by cultured rat granulosa cells (Bicsak et al., 1988).
Regulatory actions of estrogen in granulosa cells are thought to be mediated
by binding of the steroid to receptors which regulate rates of transcription from
estrogen responsive genes (Richards et al., 1987). The raised follicular fluid estrogen
level in the preovulatory follicle is thought likely to contribute to the intrafollicular
mechanism whereby a single preovulatory follicle is selected to ovulate in the human
menstrual cycle. Although there is no direct evidence to support regulatory estrogen
action in human granulosa cells, granulosa cell aromatase activity (Hillier et al.,
1981) and follicular fluid estradiol levels (Bomsel-Helmreich et al., 1979; McNatty,
1981) increase during preovulatory follicular development and correlate positively
with follicular health (Hillier, 1985). Once selected , the preovulatory follicle is
presumed to be developmentally favoured through the activation of a local positive
feedback loop in which the estrogen it produces stimulates granulosa cell proliferation
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and augments responsiveness of these cells to gonadotropins, thereby causing
further increase in estrogen formation, and so on (Hillier, 1981; McNatty, 1981;
Hsueh et al., 1984).
Granulosa cell estrogen is also implicated as a paracrine regulator of thecal cell
function (Leung & Armstrong, 1980; Hillier, 1985) and may be involved in the
suppression of thecal androgen synthesis in response to the mid-cycle L H surge
(Erickson et al., 1985).

1.3.3.1.2 Progestins
Although the granulosa cells produce large quantities of progesterone, its local
action in modulating follicular growth and granulosa cell functions is not clear.
Unilateral ovarian progesterone implants in monkeys inhibit follicular growth
without affecting the contralateral ovary (Goodman & Hodgen, 1979). Further,
follicular growth begins immediately following lutectomy, suggesting that locally
elevated progesterone concentrations inhibit folliculogenesis.

The progesterone

receptor has been identified in the cytoplasm of rodent, bovine, lapin and human
granulosa cells (Schreiber & Erickson, 1979; Philibert et al., 1977; Jacobs & Smith,
1980; Jacobs et al., 1980; Pasqualini et al., 1980). Progesterone receptors and high
progesterone concentrations (4x10 M) in follicular fluid (McNatty, 1975) suggest an
6

intrafollicular regulatory role for progesterone.
Progesterone regulates its own production by granulosa cells. Pretreatment
with progesterone for 2 days enhanced F S H - and LH-stimulated progesterone and
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20a-OH-P production in cultured granulosa cells (Fanjul et al., 1983). These findings
may relate to the autonomy of luteal cell progesterone production and represent
another example of an autocrine control mechanism.
Sustained progesterone secretion during the preovulatory stage may exert a
local action at the ovarian level to induce ovulation. Progesterone treatment enhanced
LH-stimulated ovulation in hypophysectomized rats in vivo (Fanjul et al., 1983). This
steroid may also contribute to ovulation in hamster ovaries obtained during proestrus
and incubated with progesterone in vitro (Baranczuk & Fainstat, 1976). Progestin
inhibits FSH-stimulated estrogen production and L H receptor formation in cultured
rat granulosa cells (Schreiber et al., 1981; Schreiber et al., 1982).

1.3.3.1.3 Androgens
Androgens produced by thecal cells cross the lamina basalis, penetrate the
granulosa cell layer and accumulate in follicular fluid (Tsang et al., 1979; McNatty,
1981). Depending on stage of development (controlled by FSH), granulosa cells
express enzymes which interconvert androstenedione and other steroids with
potential regulatory functions in the follicle wall, including testosterone (via 17ketoreductase: Bjersing, 1967), 5a-reduced androgens (via 5a-reductase: McNatty et
al., 1979), oestradiol (via aromatase: McNatty et al., 1979) and catechol oestrogens
(via oestrogen hydroxylase: Hammond et al., 1986).
For several mammalian species, including a non-human primate (Harlow et al.,
1986), it has been shown that FSH-induced differentiation of cultured granulosa cells
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is modulated by the presence of androgens at concentrations found in follicular fluid
(Hillier, 1985; Daniel& Armstrong, 1986). Receptor-mediated androgen action in
granulosa cells leads to increased generation of extracellular cAMP and attendant
amplification of cAMP-dependent biochemical process initiated by F S H . Androgens
active in this regard include testosterone and androstenedione as well as their nonaromatizable 5a-reduced congeners. The net effect is enhanced granulosa cell
sensitivity to stimulation by F S H , suggesting a possible role for locally produced
androgens in modulating follicular threshold requirements for stimulation by F S H
(Hsueh, 1986).

1.3.2.2 Non-steroidal regulation
Neither F S H nor oestrogen exert mitogenic effects on granulosa cells in vitro
whereas they do so when administered in vivo. This raises the question of whether
locally produced hormones co-ordinate mitogenic and differentiative actions of
gonadotrophins and sex steroids.

1.3.2.2.1 G n R H
Gonadotropin-releasing hormone was originally believed to be secreted only
from the hypothalamus and act on the pituitary gland to increase gonadotropin
release. But unexpectedly, chronic treatment with high doses of GnRH or its agonists
inhibits various male and female reproductive functions (Hsueh and Jones, 1981).
This paradoxical inhibitory effect of GnRH and its agonists led to the discovery of an
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extrapituitary effect of G n R H - a direct inhibitory action of the hypothalamic
releasing hormone at the gonadal level.

There is experimental evidence which

demonstrates a direct modulatory role of G n R H on granulosa cells. In primary
cultures of rat granulosa cells, treatment with GnRH or its agonists inhibits F S H stimulated estrogen and progestin production (Hsueh and Erickson, 1979; Hsueh and
Ling, 1979). Treatment with GnRH also inhibits the FSH-stimulated release of H 0
3

2

from [16- H] testosterone, indicating that this peptide inhibits aromatase enzymes
3

(Gore-Langton, 1981). Furthermore, concomitant treatment with GnRH or its agonist
inhibits the F S H stimulation of L H and P R L receptor formation in cultured rat
granulosa cells (Hsueh and Ling,1979; Hsueh et al., 1980). In addition to the
suppression of steroidogenesis and receptor formation, GnRH inhibits FSH-stimulated
cAMP

formation. Specific high affinity GnRH binding sites also have been

demonstrated in granulosa and luteal cells (Bramley, et al., 1986).
Although GnRH-like hormones have been identified in ovarian extracts and
molecular studies have confirmed transcription of the GnRH gene in this tissue
(Oikawa et al., 1990), there is controversial information about the possible effect of
GnRH or its analogs on human granulosa and luteal cells (Pellicer and Miro, 1990).
Some researchers reported that GnRH treatment decreased aromatase activity as
well as the biosynthesis of pregnenolone and progesterone via inhibition of cholesterol
side-chain cleavage and 3B-hydroxysteroid dehydrogenases enzymes (Hsueh and
Schaeffer, 1985). Others reported that GnRH and its analogues basically did not
modify either the basal or the stimulated progesterone secretion of human granulosa

29

cells (Torok et al., 1992).

1.3.2.2.2 Inhibin
Mature inhibin is a 32 kDa glycoprotein which has been isolated from ovarian
follicular fluid as two distinct forms composed of a common a-subunit and one of two
fi-subunits J3A and fiB (Ling et al., 1985; Miyamoto et al., 1985; Rivier et al., 1985).
The three inhibin subunits are encoded by separate genes (Mason et al., 1985; Forage
et al., 1986; Esch et al., 1987) whose expression in granulosa cells is developmentally
regulated and inducible by F S H (Woodruff et al., 1987, 1988).
Histochemical techniques have demonstrated that granulosa cells of the ovary are the
primary producers of inhibin. Inhibin was identified as an inhibitor of F S H secretion
from pituitary gonadotrophs (Vale et al.,1986). Besides its effect on F S H secretion,
inhibin acts directly on the gonadal cells via paracrine and possibly autocrine
mechanisms to influence steroidogenesis. Two paracrine actions of inhibin have been
reported. Inhibin has been shown to enhance LH-induced androgen production by rat
theca cells (Hsueh et al., 1987) and by human theca cells (Hillier et al., 1991). This
effect of inhibin can be attenuated by activin (Hsueh et al., 1987). Inhibin A has been
found to inhibit spontaneous maturational divisions of rat oocytes (0 et al., 1989).
There are conflicting reports of an autocrine influence of inhibin on granulosa cell
steroidogenesis. Ying et al. in 1986 reported that porcine inhibin inhibited FSHinduced estradiol production by rat granulosa cells in vitro. Using cultured human
granulosa cells from women undergoing in vitro fertilization, inhibin-A showed no
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effects on basal or gonadotropin-stimulated progesterone (Li et al., 1992; Rabinovici
et al., 1992) and estradiol secretion (Rabinovici et al., 1992).

1.3.2.2.3 Activin
During the purification of inhibin from porcine follicular fluid, a substance with
FSH-stimulating activity was discovered and was characterized as a 28 KDa protein
that was disulfide-linked dimers of the inhibin B-subunits (Vale et al., 1986; Ling et
al., 1986). Three different forms of activins have been identified: activin A (B /B ),
A

A

activin B (Bg/Bg) and activin A B (B /B ). Activin is mainly known for its ability to
A

B

stimulate F S H synthesis and release from the pituitary (Ling et al., 1986; Carroll et
al., 1989). Besides its effect on F S H and cellular growth, activin can affect granulosa
cell function in vitro (Findlay et al., 1990) and in vivo (Woodruff et al., 1990). It
augments aromatase activity but inhibits progesterone synthesis. There are also
conflicting reports of an autocrine influence of activin on granulosa cell steroid
production. Miro et al. (1991) reported that activin alone enhanced basal levels of
progesterone whereas it inhibited FSH-stimulated progesterone production in
differentiated rat granulosa cells. In human granulosa cells, activin-A inhibited basal
as well as FSH-stimulated oestradiol (Rabinovici et al., 1992) and progesterone
production (Rabinovici et al., 1992; L i et al., 1992).
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1.3.2.2.4 Follistatin
During the isolation of inhibin from the porcine follicular fluid, a side fraction
was found that also suppressed F S H secretion from the pituitary cell cultures.
Follistatin is a monomelic glycosylated protein with at least three isoforms with
molecular weights of 32, 35, and 39 Kda. Genes encoding porcine (Esch et al., 1987),
human (ShimasaM et al., 1988), and rat (Shimasaki et al., 1989) follistatin have been
cloned. Follistatin is a potent inhibitor of estrogen production as demonstrated by
suppression of the FSH-stimulated accumulation of estrogen in a primary culture of
rat granulosa cells for 48 h under serum-free conditions (Ying., 1988). Whether this
inhibition of aromatase activity by follistatin is overcome by coincubation with TGFfl
or activin remains to be determined. It was reported that follistatin augmented
progesterone production at a concentration of 0.3 n M in human granulosa-luteal cells
(Li et al., 1993).

1.3.2.2.5 IGFs
The IGFs (IGF-I and IGF-II) are a family of low molecular weight single-chain
peptides which share considerable structural and functional homologies with
proinsulin (Froesch et al., 1985). IGF-I and IGF-II each cross-react with the insulin
receptor and both factors are present on most cells (Rechler & Nissley, 1985),
including thecal and granulosa cells in the human ovary (Poretsky et al., 1985).
There is increasing evidence that stimulatory effects of F S H on granulosa cell growth
and differentiation are subject to positive paracrine/autocrine regulation by IGFs
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(Adashi et al., 1989; Hammond et al., 1988). Granulosa cells express IGF-I receptors
which increase in number following treatment with F S H in vitro (Adashi et al., 1986).
Induction by F S H of granulosa cell steroidogenesis, expression of L H receptors, are
augmented

by

the

presence

of

physiological

concentrations

of

IGF-I

or

supraphysiolgical concentrations of insulin (Adashi et al., 1985). The stimulatory
effects of insulin on granulosa cells is explained by cross-reaction with granulosa cell
IGF-I receptors. IGF-I also synergizes with oestradiol to promote granulosa cell
steroidogenesis (Veldhuis et al., 1986). Granulosa cells are intrafollicular sites of IGFI mRNA expression (Oliver et al., 1989) and synthesis of IGF-I (Hammond et al.,
1985), regulated by gonadotrophins, oestradiol and G H (Jia et al., 1986).
Although thecal cells are not sites of discernible IGF-I gene expression (Oliver
et al., 1989), they possess IGF-I receptors (Poretsky et al., 1985), and both basal and
LH-stimulated synthesis of androgen in cultured thecal/interstitial cells can be
enhanced by treatment with insulin or IGF-I (Barbieri et al., 1986). IGF-I of
granulosa cell origin therefore has the potential to exert paracrine control over the
theca interna as well as exerting autocrine control within the granulosa cell layer.
IGF-II has been identified in significant amounts in human follicular fluid
(Ramasharma et al., 1986) and is produced in vitro by proliferating granulosa cell
cultures obtained from human ovaries (Ramasharma & L i , 1987).
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1.3.2.2.6 E G F a n d T G F a
E G F and T G F a are closely related gene products with similar properties which
bind to the same receptors (Massague, 1983). The active factors are polypeptides
consisting of 50 amino acids. Granulosa cells express hormonally-regulated receptors
for EGF/TGFcc (Feng et al., 1987). Treatment in vitro with E G F / T G F a promotes
granulosa cell proliferation and interferes with the induction by F S H of functional cell
differentiation (expression of L H receptors, aromatase activity and progesterone
synthesis, inhibin synthesis) (Jones et al., 1982;

Steinkampf et al., 1988).

Intrafollicular expression of T G F a has been localized to the theca interna (Kudlow
et al., 1987). E G F / T G F a of thecal origin is therefore likely to be involved in the
paracrine control of granulosa cell responsiveness to F S H , serving to enhance cell
proliferation and inhibit steroidogenesis.

1.3.2.2.7 T G F B
TGFB are 25 kDa homodimeric proteins usually expressed in regions of
epithelio-mesenchymal interation, notably during embryonic organogenesis (Slack,
1989). They are multi-functional regulators of cell growth, differentiation and function
which either stimulate or inhibit cellular proliferation in vitro depending on the cells,
growth conditions and presence of other growth factors (Roberts et al., 1988).
Ovarian thecal (Skinner et al., 1987) and granulosa cells (Kim & Schomberg, 1989)
have been identified as sites of TGFB synthesis, and steroid synthesis in both cell
types is influenced by treatment with TGFB in vitro. In rat granulosa cell cultures,
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treatment with TGFB modulates stimulatory effects of F S H and inhibitory effects of
E G F / T G F a on LH-receptor induction as well as steroidogenesis (Adashi & Resnick,
1986). In rat thecal/interstitial cell cultures, TGFB inhibits androgen synthesis and
stimulates progesterone accumulation (Magoffin et al., 1989). TGFB is therefore a
potential autocrine regulator of steroid synthesis in both cell types as well as a
possible mediator of paracrine theca-granulosa cell interaction in the follicle wall.

1.3.2.2.8 F G F s
The corpus luteum is a rich source of basic F G F and the factor is thought to
play an important local role as an angiogenic factor during luteal development
(Gospodarowicz & Ferrara, 1989). The factor is also implicated in the local control of
granulosa cell proliferation and differentiation in the preovulatory follicle. Bovine
granulosa cells express the b F G F gene and produce bioactive bFGF, furthermore,
their proliferation in tissue culture is stimulated by the presence of bFGF (Neufeld
et al., 1987). b F G F is not a mitogen for cultured rat granulosa cells but it inhibits
FGF-mediated induction of L H receptors, reversibly attenuates F S H induction of
aromatase activity and stimulates progesterone synthesis in these cells (Baird &
Hsueh, 1986). b F G F is therefore thought likely to exert autocrine regulatory
influences over granulosa cell growth and differentiation. Because of its angiogenic
properties, b F G F is also implicated in the paracrine control of the development of the
thecal vaculature in the preovulatory follicle (Gospodarowicz & Ferrara, 1989).
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1.3.2.2.9 Cytokines
Immunoregulatory peptides produced by blood and immune cells (cytokines)
are modulators of the growth and differentiation of diverse non-immunological cell
types, including ovarian endocrine cells (Adashi, 1989). Several members of the
interleukin, interferon and colony stimulating factor families of immuno-regulatory
peptides have been shown to influence granulosa cell growth and steroidogenesis in
vitro (Fukuoka et al., 1989).

1.3.2.2.10 Other factors
Other factors produced by ovarian cells which are likely to have local
regulatory functions include plasminogen activators (Knecht, 1988) and inhibitors (Ny
et al., 1985), components of the renin-angiotensin system (Kim et al., 1987),
extracellular matrix (Amsterdam et al., 1989), platelet-derived growth factor
(Schomberg, 1988), MIF (Voutilainen & Miller, 1989), and relaxin (Too et al., 1984),
all of which inevitably function in various ways in the follicular paracrine system.

1.4 Postreceptor signalling
Receptor-activated increases in adenylyl cyclase activity and intracellular
production of cyclic adenosine monophosphate (cAMP) mediate the effects of F S H and
L H (Richards et al., 1987). Other factors transmit information into these cells via
receptor-activated tyrosine kinase or phosphoinositide

(PI) hydrolysis, thereby

modulating cellular responsiveness to gonadotrophins (Fig.3.).
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Fig.3. Postreceptor signalling pathways in ovarian follicular cells (based on Michell,
1989).
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1.4.1 Adenylate cyclase-cAMP pathway
A large number of hormones exert their effects by increasing intracellular
cAMP concentration. Membrane receptors may be associated with two classes of G
proteins; G protein activates adenylate cyclase, while G protein inhibits this enzyme.
8

4

Certain types of hormone-receptor complexes can be linked to G protein. The GccB

GTP subunit of a G protein stimulates adenylate cyclase to catalyze the formation
8

of cyclic adenosine monophosphate from adenosine triphosphate. cAMP affects
cellular function by activating a protein kinase which phosphorylates specific cellular
functions. cAMP may be the second messenger for L H , F S H and h C G in ovarian cells
(Kolena, 1972; Goff, 1977).

1.4.2 Tyrosine kinases
Granulosa cells also possess other receptors which regulate intracellular
tyrosine kinase activity. Receptors in this category include those for epidermal growth
factor (EGF/TGFa) (Feng et al., 1987) and insulin-like growth factor (IGF)-I (Adashi
et al., 1985).
Factors which stimulate postreceptor signalling involving tyrosine kinases
promote cell proliferation and positively or negatively regulate gonadotrophin-induced
steroidogenesis. They are therefore strongly implicated in the local regulation of
cellular responsiveness to gonadotropins in the preovulatory follicle.
The tyrosine kinase postreceptor pathway differs from the cAMP and protein
kinase C pathway in that the binding of ligand to its receptor does not involve a G
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protein. The ligand-binding and tyrosine kinase domains of the receptor are on
different portions of a single polypeptide chain spanning the plasma membrane: the
ligand binding site is outside coupled to tyrosine kinase inside. Binding of ligand to
the extracellular bmding sites activates intracellular tyrosine kinase, promoting the
phosphorylation of tyrosine residues in protein involved in cell growth and/or
differentiation (Michell, 1989).

1.4.3 C a l c i u m a n d protein kinase C pathway
A variety of different cell-surface receptors have been shown to utilize the
inositol-phospholipid transduction pathway. A n activated receptor is thought to
activate a G protein that in turn activates the phospholipase C. In less than a second,
this enzyme cleaves PIP diacylglycerol (DAG) has two potential signalling roles. It
2

can be further cleaved to release arachidonic acid which can be used in the synthesis
of prostaglandins and related lipid signalling molecules; more important, it can
activate a specific protein kinase (C-kinase), which can then phosphorylate a number
of proteins with different functions in the target cell (Alberts B., 1989). GnRH is a
peptide hormone and its effects are mediated by specific receptors. The mechanism
of GnRH action on the ovary has been investigated. GnRH and GnRH agonists
stimulate the breakdown of polyphosphoinositides into inositol phosphates and D A G
in the ovary. C a is required for GnRH action in granulosa cells (Leung P.C.K., 1989)
2

and protein kinase C has been characterized in the ovary (Davis, 1983; Noland, 1987).
Through several ways, the binding of G n R H to its membrane receptor has also been
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observed to result in the rapid release of arachidonic acid (Minegishi T., 1985).

1.5 H o r m o n a l regulation of gene expression

1.5.1 Pathways of gene expression a n d protein synthesis
The first step in the synthesis of a protein is the transcription of its gene
(Fig.4.). The gene is transcribed in the nucleus to yield a precursor RNA, known as
heteronuclear RNA. At this point, the first transduction of information occurs.
Information in the form of a polymer of deoxyribonucleotides (DNA) is transformed
into a polymer of ribonucleotides (RNA). This R N A is short-lived in the nucleus,
having a half-life of several minutes while undergoing a number of alterations,
including R N A processing or splicing. After the processing of the precursor RNA, the
mature messenger R N A (mRNA) is transported from the nucleus to the cytoplasm.
Soon thereafter, the mRNA interacts with the protein synthetic machinery composed
of ribosomal/protein complexes located in the cytoplasm. The nucleic acid information
is then transferred into protein information encoded in a polymer of amino acids. The
initial information molecule present in the form of protein is known as the
polypeptide precursor. Even before translation is complete, this precursor molecule
is rapidly altered by the removal of the signal peptide and possibly glycosylated by
the addition of N-linked carbohydrate moieties. This partially processed protein then
enters the Golgi complex where further post-translational modifications occur (Chin,
1989).
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Figure.4. The information flow from gene to mature protein. The first step is
the transfer of information in the gene to heteronuclear R N A via the process of
transcription. This heteronuclear RNA is rapidly modified in the nucleus via
RNA processing to yield a mature messenger R N A (mRNA). The mRNA is
then transferred from the nuclear cytoplasm where it encounters ribosomal
complexes, associated i n this instance with the endoplasmic reticulum. At this
site translation occurs to yield the protein hormone precursor. After a series of
co-translational steps, the immature protein hormone precursor is transported
through the Golgi apparatus, where further post-translational process occur
before yielding the mature hormone, which enters secretory vesicles, (based on
William, 1989)
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1.5.2 Regulation of gene transcription
The major effect of hormones apparently is exerted at the transcriptional level.
Clearly, modulation of gene activity by altering transcriptional rates of genes can
significantly alter the amount of protein ultimately produced in a cell. The critical
step in transcription appears to reside in the initiation step, the interaction of the
transcriptional machinery, with an emphasis on the RNA polymerase II, with a
specific gene is often the rate-limiting step in gene expression. Enhancers, silencers,
and hormone-regulatory elements within the gene and their interactions with their
respective nuclear binding proteins will determine the transcription initiation rate.
This effects are manifested either as tissue-specific expression or hormone regulation
of the rates of transcription (Hum and Miller, 1993).

1.5.3 Regulation of other processes
Although we have focused our attention on events occurring at the gene
transcriptional level, other sites of protein synthesis pathway may be points at which
regulation by hormones may occur. In particular, regulation of heteronuclear RNA
and mRNA stabilities are likely to be highly controlled events (Chin, 1989). Estrogen
has been shown to stabilize chicken liver vitellogenin mRNA's and prolactin to
increase the half-life of casein mRNA's in breast tissue. The protein processing with
its attendant changes in the ultimate product may also be regulated by various
hormonal factors.
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OBJECTIVES

Previous

studies

using

Northern blot

analysis

have

reported

that

gonadotropins, cAMP and growth factors induce P450arom and P450scc mRNA
expression in human granulosa cells (Voutilainen, 1986; Steinkampf, 1988). The
effects of G n R H and other locally produced regulators have not been fully
demonstrated as to their potential as paracrine or autocrine regulators in the ovary.
In our experimental system, the amount of total R N A from such small amount of
granulosa cells is not enough to use Northern blot analysis for the research of
physiological

process

of

the

hypothalamic-pituitary-gonads

axis,

and

the

microenvironment of the ovary or individual follicles by local substances.
Therefore the objective of this thesis was to investigate the usefulness of a
highly sensitive method, the reverse transcription coupled polymerase chain reaction
method, for the relative quantification of mRNA expression and to examine the effects
of various hormones, especially local hormones on P450arom and P450scc mRNA
expression.
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RATIONALE

The regulation of the human steroidogenic enzymes at the molecular level has
been studied extensively (Voutilainen et al., 1986; Voutilainen and Miller, 1987;
Voutilainen et al., 1991). Since P450 mRNA levels were shown to correlate with
enzyme activity (Evans et al., 1987), further studies to better understand the
hormone regulation of P450arom and P450scc mRNA levels can help us bridge the
gap in our knowledge of P450arom and P450scc and their regulations, especially in
terms of the autocrme/paracrine regulation by ovarian hormones.

HYPOTHESIS

The regulation of cytochrome P450 gene is very complex. Some hormonal
stimulation of P450arom and P450scc mRNAs in human granulosa cells is
presumably mediated by increased gene transcription. It is hypothesized that
gonadotropin releasing hormone acts not only as a neuroendocrine regulator, but also
as a local hormone that is involved in paracrine/autocrine regulation of ovarian
steroid hormones. This study investigated the regulation of steroid hormone synthesis
at the mRNA level by gonadotropin releasing hormone as a local factor.
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SPECIFIC AIMS

1.

To establish an experimental system which is sensitive enough to quantitate
specific mRNA expression from human granulosa-luteal cells.

2.

To test the direct effects of GnRH on basal as well as gonadotropin stimulated
P450arom and P450scc gene expression in human granulosa-luteal cells at
different doses and time courses.
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2.0 M A T E R I A L S A N D M E T H O D S

2.1 Collection, incubation, a n d hormone treatment of h u m a n granulosa cells
The use of human granulosa cells was approved by the Clinical Screening
Committee for Research and Other Studies Involving Human Subjects of the
University of British Columbia. Human granulosa cells were aspirated from
preovulatory follicles from women undergoing procedures for in vitro fertilization in
which the clomiphene citrate/human menopausal gonadotropin or the human
menopausal

gonadotropin/gonadotropin-releasing

hormone

agonist

(Buserelin)

ovulation induction protocols were used. Briefly, granulosa cells were washed and
separated from red blood cells by 40% Percoll gradient (Sigma). Subsequently cells
were cultured at 37°C in humidified air with 5% C 0 in medium 199 (Gibco)
2

supplemented with 10% fetal bovine serum, sodium penicillin (100IU/ml) and
streptomycin (lOOug/ml) at a density of 0.5-lxlO cells/ml. Forty-eight hours after
5

plating, the incubation media was replaced with M199 supplemented with sodium
penicillin, streptomycin, and 2% fetal bovine serum. Following ninety-six hours after
plating, media was replaced with M199 supplemented with sodium penicillin,
streptomycin, and 0.5%BSA and subjected to various hormone treatments: h C G
(llU/ml, Sigma), 8-bromo-cAMP (0.15mM, Sigma), and GnRH ( l u M - l n M , Sigma).
One sample from single patient is divided into six groups. Each group was treated by
a single hormone or a combination of two hormones. Cell viability was determined by
Trypan Blue exclusion test. After 40% Percoll purification, cell viability exceeded 95%.
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After hormone treatment for 24, 48, or 72 hrs., the cell viability was 90%, 80%, or
70%. Following treatment, the cells were collected with guanidine buffer and stored
at -70°C for RNA preparation.

2.2. P r e p a r a t i o n of total R N A
Granulosa cells were removed from culture plates after washing the wells with
500 ul of lysis buffer containing 4 M guanidine isothiocyanate, 5 mM NaCitrate and
0.1 M beta mercapto ethanol and 0.5% sarcosyl. Extraction of RNA was performed
with the use of the RNAid Kit (Biocan) following manufacturer's suggested procedure.
Briefly, lysed cell solution was mixed with equal volume of phenol/chloroform for 15
min, centrifuged at 10,000xg for 20 min, the upper phase (RNA is in) was taken.
RNAMATRLX lul/ug RNA was added at RT for 5 min to allow absorption of RNA to
RNAMATRLX. RNAMATRLX/RNA complex was pelleted and washed 2 or 3 times with
RNA wash solution. The pellet was resuspended in RNAase-free water and incubated
at 55°C for 5 min. After centrifugation for 30 seconds, the supernatant containing
purified R N A was removed. R N A integrity was assessed after addition of 1 ug of
ethidium bromide to each sample, electrophoresis on an 18% formadehyde-agarose
gel, and identification of the 28S and 18S ribosomal bands. RNA concentrations were
determined from optical density readings at absorbance wavelength of260nm through
UV-spectrophotometry.
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2.3 Quantitative R T - P C R

2.3.1 Quantification of P450arom a n d P450scc m R N A
Total R N A (lug) was electrophoresed on formaldehyde agarose gels. Ethidium
bromide (lug) was added to each sample and the gel was photographed under UVlight following electrophoresis. Appearance of ribosomal RNA was used to assess the
integrity and to confirm equal loading of RNA.

2.3.2 Synthesis of first strand c D N A from m R N A
Total RNA(lug) was subjected to first strand cDNA synthesis using the first
strand cDNA synthesis kit (Pharmacia, Canada). Avian Myeloblastosis Virus (AMV)
Reverse Transcriptase and 1.0 ug oligo d(T) . were added. The reaction buffer for
12

18

cDNA synthesis contained 10 m M Tris-HCl (PH 8.3), 6 m M Mg, 40 mM KC1, 50 m M
DTT, 1 m M dNTPs and 25 U RNase inhibitor. The reaction mixtures (15 pi) were
incubated at 37°C for 1 h, then 95°C for 10 min and chilled on ice. Synthesized cDNA
(lpl from total 15 pi) was used for PCR at standard conditions.

2.3.3. Quantitative P C R
One pi of the reverse transcribed mixture was used as template D N A and
amplified in a reaction volume of 25 pi. Primers used to amplify segments of the P450
aromatase and P450 Sec genes are shown in Table 1. Amplification was performed
in the presence of 0.04 pCi [a P] dCTP and PCRs for B-actin mRNA were also
32
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performed to control the variation in mRNA concentrations in the RT reaction and
genomic D N A contamination. The maximal incorporation of [a P] dCTP into specific
32

PCR products was about 20% of total counts. Optimal conditions of PCR were chosen
by determining the ranges of exponential increase of product formation with the
numbers of amplification cycles. Optimal cycle number was determined for each batch
of cDNA synthesized. Each P C R cycle consists of a denaturing step of 95°C for 30
sec, annealing step of 55°C for 30 sec, and a polymerization step of 72°C for 1 min
30 sec in a D N A thermal cycler (Perkin-Elmer/Cetus). Products were fractionated on
1.5% agarose gels, visualized by staining with ethidium bromide, and assessed for
radioactivity levels by B-counter.

Table 1. Primers used in mRNA amplification

Oligonucleotide

Sequences

Fragment size
(bases)

Arom (sense)
Arom (antisence)

S'GCTCAAACTTCTAAGGGGTAS'
5'CAGTAGAGATAGTTATATTGGCT3'

328

Sec (sence)
Sec (antisence)

5'ACATCACCTACTTCCGGAACT3'
5'ACCCATTCAACCTGCTGAGCA3'

360

p-actin( sence)
p^actin(antisence)

5'GGACCTGACTGACTACCTCATGAA3'
5'TGATCCACATCTGCTGGAAGGTGG3'

524
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2.4 P C R product analysis

2.4.1 P r e p a r a t i o n of plasmid vector D N A

2.4.1.1 Transformation
Ligated recombinant plasmid

(lOpl, 1-5 ng/pl) was mixed with 200 pi of

competent cells. After 30 min incubation on ice, the mixture was incubated at 42°C
for 1 min, then 0.5 ml L B medium was added and incubated at 37°C for 1 h to allow
expression of the antibiotic resistant gene. The cell mixture (0.2 ml) was spread over
an LB-agar plate containing ampicillin (50 mg/L) for overnight culture. The positive
colony was selected by small scale D N A preparation.

2.4.1.2 S m a l l scale D N A preparation
The plasmid vectors PBR322 containing human aromatase cDNA (kindly
offered by Dr. Evan Simpson) and BSSK containing sec cDNA (kindly offered by Dr.
Michael Waterman) were propagated in E . coli strain DH5a in 5 ml L B . The E . coli
cells transformed with plasmid vector were incubated at 37°C until the exponential
phase. The cells were collected by centrifugation and resuspended in 150 pi solution
I

(50

m M glucose,

25

(ethylenechaminetetraacetate,

m M Tris.Cl

(pH8.0),

and

10

mM

EDTA

pH8.0) and chilled on ice. Five min later, 200 ul of

freshly prepared solution 11(0.2 N NaOH and 1% SDS (sodium didecyl sulfate) was
added and mixed by inversion. Another 300 ul of ice-cold solution III (5 M potassium
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acetate 60 ml, glacial acetic acid 115 ml, H 0 28.5 ml) was added and mixed for 5
2

min on ice. The mixture was extracted with equal volumes of phenol/chloroform. The
supernatant was aspirated and dispensed into a fresh tube. Two volumes of 99%
ethanol was added into supernatant for 5 min. The supernatant was discarded. The
pellet was washed with 70% ethanol, then dissolved in 10 pi T E buffer (tris-EDTA,
10 m M Tris.Cl, 1 m M E D T A , pH8.0). This plasmid "mini-prep" method was used for
a rapid analytical restriction digest analysis for the specific insert before large scale
plasmid production.

2.4.1.3 L a r g e scale p l a s m i d preparation
E . coli cells transformed with plasmid vestor were incubated with 250 ml L B
medium (Luria-Bertani medium, bacto-tryptone, 10 g; bacto-yeast extract, 5 g; NaCl
10 g in 1 liter deionized H 0 ) containing 12.5 mg ampicillin overnight at 37°C. Cells
2

were harvested at 5000 x g at 4°C for 15 min and resuspended in 6 ml freshly
prepared ice-cold lysis buffer (25 m M Tris-HCl, p H 8.0, 10 m M E D T A , 15% sucrose
and 2 mg/ml lysozyme) at 4°C for 20 min. Twelve ml freshly prepared 0.2 N NaOH,
1% SDS were added, mixed by inversion and kept on ice for 10 min. 7.5 ml of 3 M
sodium acetate (pH4.6) was added for 20 min incubation on ice. The solution was
centrifuged at 10000 x g for 15 min to allow separation of the D N A layer. The
supernatant was removed and incubated with 50 pi of RNAse A (stock lmg/ml) for
20 min at 37°C. One volume of phenokchloroform (1:1) saturated with T E buffer
(pH7-8) was added and vortexed for 5 min, then centrifuged at 10000 x g for 10 min.
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This step was performed twice. The upper phase containing D N A was transferred
into a fresh tube and 1 volume of chloroform:isoamyl alcohol (24:1) was added and
vortexed. The phases were separated at 10000 x g for 10 min. The upper phase was
transferred to a fresh tube containing 2 volumes of 95% ethanol. D N A was
precipitated at 10000 x g for 20 min after 30 min incubation at -20°C. Sterile water
(1.6 ml) was added to dissolve the pellet. 4 M NaCl (0.4 ml) and;2 ml of 13%
polyethylene glycol (PEG, M W 6,000) were added for separating plasmid and bacterial
DNA. Following 1 h incubation at 4°C, plasmid DNA was precipitated at 10000 x g
for 10 min, washed with 70% ethanol arid dissolved with water to about 1 mg
DNA/ml.

2.4.1.4 P r e p a r a t i o n of specific h y b r i d i z a t i o n probe
The recombinant cDNA insert was isolated by restriction enzyme digestion,
followed by electrophoresis in 1% agarose gel. cDNA (25 ng) insert was labelled with
[ P] deoxycytidine triphosphate by a random primer labelling technique according to
32

the procedure described in the B R L random primer labelling system (BRL,
Burlington, ON). D N A (25 ng) dissolved in distilled water was boiled at 95°C for 5
min, followed by rapid chilling on ice to denature the DNA. Two ul of 0.5 m M dATP,
dTTP and dGTP, 15 pi of random primer buffer, 50 pCi of [a- P] dCTP and 1 pi of
32

Klenow fragment (3U) were added and the mixture was incubated at 25°C for 1 h.
The solution was heated at 100°C for 5 min followed by rapid chilling at 4°C. The
probe was labelled to a specific activity of 10 dpm/pg DNA.
9
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2.4.2 Southern blot analysis
PCR products were size-fractionated by electrophoresis on 1.5% agarose
containing lx T B E buffer. After electrophoresis the D N A was visualized with a longwave length U V light source by staining with lpg/ml ethidium bromide solution. The
gel was soaked in 0.2 N NaOH, 0.6 M NaCl for 30 min at room temperature in order
to denature the D N A fragments. The alkali solution was removed and the gel was
neutralized by soaking in 1 M Tris-HCl (pH 7.4) and 0.6 M NaCl for 30 min. The gel
was then placed on a Whatman 3 M M filter paper resting on a glass plate set up in
a pyrex dish. The bottom of the pyrex dish was covered with 3xSSC (stock 20xSSC;
3.0 M NaCl and 0.3 M sodium citrate (pH 7.0) but only to a level lower than the
whatman 3 M M filter. The filter was longer than the glass so that the edges were
soaked in the 3 x SSC solution, and the entire filter was kept wet by capillary action.
A nylon membrane filter, cut to the exact dimensions of the agarose gel, was then
prewet with 3x SSC solution and laid on top of the nylon membrane. A stack of paper
towels, about 10 cm in height, was placed on top of the second Whatman 3MM filter.
This set up was left overnight at room temperature for capillary transfer of the DNA
from the gel onto the nylon membrane. The nylon membrane was subsequently rinsed
once with lxSSC, air dried and irradiated by U V light for 5 min in order to
immobilize the DNA.
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2.4.3 Hybridization/Washing
The filter was soaked in a prehybridization solution (50% formamide, 5x
Denhardt's solution (lx Denhardt's solution is 0.02% ficoll, 0.02% bovine serum
albumin, 0.02% polyvinylpyrrolidone), 5x SSPE (lx SSPE is 3M NaCl, 200 m M
sodium phosphate, 20 m M E D T A (pH 7.4), 0.1% SDS and 0.1 mg/ml denatured
salmon sperm DNA) at 42°C for at least 2 hours. The filter was subsequently
hybridized with a radioactive labelled probe overnight at 42°C. The filter was then
washed 3 times at 42°C for 20 min with about 100 ml of lx SSC containing, 0.1%
SDS and once with O.lxSSC, 0.1% SDS at 55°C for 30 min. The blot was then dried
briefly and autoradiographed by using intensifying screens at -70°C for overnight.

2.5 Radioimmunoassay (RIA) for progesterone
1) The progesterone (Sigma) standards were serially diluted in glass distilled ethanol
from 0.32 m M stock solution. A standard curve was set up with 8 reference
concentrations ranging from 0.5 n M to 64 n M . 100 pi progesterone standard or
sample solution was added to each tube, each standard in triplicate and each sample
in duplicate.
2) The antisera was rabbit anti-progesterone kindly provided by Dr. D.T. Armstrong
(University of Western Ontario), used at a final dilution of 1:12500 w/v in PBSG and
gave approximately 50% binding of tracer. 100 pi diluted antibody solution was added
to each tube.
3) The radio-tracer was H -progesterone (NET-724, N E N DuPont, Mississauga, ON)
3
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and 100 ul was added in each tube.
4) 500 ul P B S G was added in all tubes to make final volume 800 ul.
5) Incubation at 4°C for overnight.
6 500 ul dextran charcoal solution was added to each tube.
7) Incubation for 10 min at 4°C.
8) Centrifugation 3000 x g for 10 min at 4°C.
9) Supernatant was transferred to vials.
10) Scintiverse (3 ml) was added to each vial which was counted by L K B B-counter.
11) The progesterone concentration of samples were calculated from the standard
curve.

2.6 Statistical analysis
All P450 aromatase, and P450 Sec mRNA values divided by B-actin mRNA
values are expressed as the mean ± S E M from different patients. Statistical
significance is assessed by one-way analysis of variance for multiple comparisons
followed by Newman-Keuls' test.
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3.0 Results

3.1 Expression of P450arom a n d P450scc m R N A i n h u m a n granulosa-luteal
cells
The yield of total R N A from cultured human granulosa-luteal cells is about
1 ug/2xl0 cells. Fig.5 shows ethidium bromide stained-denaturing gel containing 1
5

pg total R N A in each well. The six wells of total R N A were from 1 patient sample
containing about 10 cells which was divided into six groups (A-F) treated by different
6

hormones.
The specific mRNA expression of P450arom and P450scc is quantitated by RTPCR system. Fig.6 A) shows the product formation for P450arom and P450scc with
PCR amplification. To verify the amplified fragments of P450arom and P450scc as
being authentic, southern blot analysis was performed. A 2.7 kb P450arom cDNA
probe was used to identify a signal of 328 bp corresponding to the PCR fragments of
expected size for P450arom. A 360 bp signal corresponding to the expected size for
the amplified P450scc PCR fragment was also detected after hybridization of the blot
with a 1.8 kb P450scc cDNA probe (Fig.6 B).

3.2 V a l i d a t i o n of the P C R assays

3.2.1 Cycle experiments
When cDNA from granulosa cells was amplified with primers specific for
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Fig.5. Ethidium bromide-stained ribosomal RNA bands on denatured gel.
Each well (A.B.C.D.E.F) containes 1 ug total RNA from human
granulosa-luteal cells treated by different hormones.
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Fig.6. Analysis of PCR products by agarose gel electrophoresis and by
southern blot. (A): Analysis of PCR products from a: sec primers and
b: aromatase primers by electrophoresis on a 1.5% agarose gel.
(B): Autoradiograph of a southern blot of the above agarose gel probed
by a: an 1.8Kb-oligonucleotide cDNA probe of sec, b: an 2.7 Kboligonucleotide cDNA probe of aromatase.
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P450arom and P450scc, products with the expected sizes were obtained. The amounts
of the amplified products were increased with the increasing number of PCR cycles
(Fig.7). The exponential phase of PCR product accumulation were 22-32 cycles for
aromatase and sec and 18 to 28 cycles for fi-actin. Therefore 30 cycles were chosen for
aromatase and sec amplification and 25 cycles were chosen for 13-actin amplification.

3.2.2 A m p l i f i c a t i o n efficiency of different i n i t i a l amounts of total R N A
Fig.8 shows the initial amounts of total RNA between 10 ng and 2 ug were
used for RT-PCR amplification. A linear relationship between the amount of RNA and
PCR products was obtained when 10 ng -1 ug total R N A was reverse transcipted and
used as PCR templates.

3.3 Effects of h o r m o n a l stimulations

3.3.1 Stimulatory effects of h C G a n d 8-br-cAMP
To examine the effects of gonadotropins on p450arom and P450scc gene
expression i n cultured human granulosa-luteal cells, h C G (1 IU/ml) was added to the
culture media and incubated with the cells for 24 hours. As shown in Fig.9, hCG
induced increases in mRNA levels of P450arom and P450scc to 400 or 500% of the
control, respectively.
It has been suggested that cAMP mediates actions of L H , F S H and hCG in
ovarian cells. In the present study, the effects of cAMP on P450arom and P450scc
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arom
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B-actin

PCR

cycles

Fig.7. Influence of PCR cycle number on product formation. A)
Ethidium bromide stained PCR products of arom, sec, p-actin
separated on 1.5% agarose gel. B) The intensity of radioactive label
(log scale) incorporated into a multiplex amplification, plotted
against number of PCR cycles.
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Fig.8. The amplification efficiency of RT-PCR from different amount of
total RNA (u.g). (A) Ethidium bromide stained PCR products from
different amount of total RNA. (B) The intensity of radioactive label (log
scale ) incorporated into a multiplex amplification, plotted against
different amount of total RNA.
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Fig.9. Effects of hCG and GnRH on P450arom and P450scc
mRNA expression. Granulosa cells were treated with
hCG(HU/ml), G n R H (luM), combination of G n R H and h C G , or
M199 (control) for 24 hr. P450arom and P450scc mRNA levels
were normalized as ratio to (3-actin and expressed as percentage
of control. Data represent Meant S E of 7 (for arom) or 6 (for sec)
independent experiments. * P<0.05 that P450arom and P450scc
mRNA levels were significantly higher than that of control.
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mRNA levels was tested. When the cAMP analog, 8-br-cAMP at 0.15 m M was added
to culture medium for 24 hours, a 2-3 fold increase in mRNA levels of P450arom and
P450scc was observed (Fig. 10, P<0.05).

3.3.2 Effects of G n R H
To examine the effect of GnRH on P450arom and P450scc gene expression,
granulosa-luteal cells were precultured for 4 days, then treated with 10 M of GnRH,
6

in the presence or absence of h C G or 8-br-cAMP for 24 hours. Treatment with GnRH
alone had no significant effects either on basal or on h C G (Fig.9, P>0.05) or cAMP
(Fig. 10, P>0.05) stimulated P450arom and P450scc mRNA expression.
It was reported that low concentration of a GnRH agonist (less than 10" M)
8

f

increased G n R H binding activity in cultured granulosa cells (Ranta et al., 1982). With
the same cell culture conditions, granulosa-luteal cells were treated with lower
concentrations (10~ or 10 M) of G n R H for 24 hours. Treatment with GnRH alone did
8

9

not have significant effects on P450arom and P450scc gene expression, however ,
combined treatment of GnRH and h C G significantly lower mRNA levels for P450arom
and P450scc when compared with hCG-treatment alone (Fig.ll, P<0.05). At the same
time, G n R H at the dose of 10" M , also inhibited hCG-stimulated progesterone
9

production (Fig. 12, P<0.05).
To determine the inhibitory effect of GnRH on hCG-stimulated P450arom and
P450scc gene expression was exerted on cAMP formation, or impairment of cAMP
action, granulosa cells were treated

with 8-br-cAMP (0.15 mM) with or without
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G n R H (10 M). It was shown that GnRH had no significant effect on 8-br-cAMP9

stimulated P450arom and P450scc gene expression (Fig. 13, P>0.05).
The time-course effect of G n R H on P450arom and P450scc gene expression was
also studied. Granulosa-luteal cells that have been precultured for 4 days were
treated with G n R H (10 M), h C G (HU/ml), or a combination of GnRH and h C G for
9

12, 24, 48, or 72 hours. At all the time points tested, GnRH alone had no effect on
P450arom and P450scc mRNA levels; h C G significantly enhanced P450arom and
P450scc mRNA levels at 24 and 48 hr after treatment; while GnRH significantly
inhibited hCG-stimulated P450arom and P450scc mRNA expression at 24 and 48 hr
(Fig.14).
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Fig. 10. Effects of cAMP and GnRH on P450arom and P450scc
mRNA expression. Granulosa cells were treated with cAMP
(0.15 mM), G n R H (luM), combination of G n R H and cAMP, or
M199 (control) for 24 hr. P450arom and P450scc mRNA levels
were normalized as ratio to P-actin and expressed as percentage
of control. Data represent meant S E of 8 (for arom) or 6 (for sec)
independent experiments. * P<0.05 that P450arom and P450scc
mRNA levels were significantly higher than that of control.
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F i g . l l . Effects of GnRH at 10 n M or 1 n M on basal and hCG-stimulated P450arom
and P450scc mRNA expression. (A) Ethidium bromide stained PCR products
stimulated by different hormones. Lanes: MW. molecular size marker, a. control,
b. GnRH 10 nM, c. GnRH 10 n M + h C G HU/ml, d. GnRH 1 nM, e. GnRH 1 n M +
hCG, f. h C G , g. negative control without cDNA template. (B) Summary graph of the
effect of GnRH on P450arom and P450scc mRNA levels. P450arom and P450scc
mRNA levels were calculated as ratios to B-actin and expressed as the percentage of
the control. Data represent Mean ± S E of 5 experiments. Significant differences were
indicated by different letters a and b.
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Fig. 12. Effects of GnRH at 10 n M or 1 n M on basal and hCG-stimulated
progesterone production. * P<0.05 that progesterone secreted after 24
hour treatment with GnRH 1 n M + h C G was significantly less than that
secreted with h C G alone, (mean ± S E , n=5).
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Fig.13. Effects of G n R H at 1 n M on basal and cAMP-stimulated
P450arom and P450 sec mRNA expression. Granulosa cells were
treated with cAMP (0.15 mM), GnRH (1 nM), combination of GnRH and
cAMP, or M199 (control) for 24 hours. P450arom and P450scc mRNA
levels were normalized as ratio to fl-actin and expressed as
percentage of control. Data represent Mean ± S E of 3 independent
experiments.
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Fig. 14. Time-course effect of GnRH (1 nM) on basal and hCG-stimulated
P450arom (A) and P450scc (B) mRNA expression. After 4 day preculture,
cells were treated with hormones for 12, 24, 48, or 72 hours.
•Significantly lower than h C G treated alone (P<0.05). Values are Mean ±
SE of C P M of P450arom/B-actin mRNA or P450scc/J3-actin mRNA (n=3).
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4.0 D I S C U S S I O N

P450arom and P450scc are steroidogenic enzymes which are involved in the
production of steroid hormones by the gonads. A lot of hormonal regulation on steroid
hormone biosynthesis are through steroidogenic enzymes. The effects of gonadotropin
on steroid hormone biosynthesis have been tested in many species. A number of
recent studies have shown the direct effects of GnRH on gonadal cell function,
modulating ovarian steroidogenesis (Ledwitz-Rigby, 1990; Bussenot, 1993). In this
study, in order to further characterize the effects of GnRH on ovarian cell function,
I have investigated the regulation of P450arom and P450scc mRNA level by GnRH
in human preovulatory granulosa-luteal cells.

4.1 Quantitative P C R
Studies on P450arom and P450scc gene expression have been conducted using
developing follicles, corpora lutea, placenta, and other steroid secreting cells/tissues
in various species including human with Northern blot. However comparatively fewer
studies have been conducted in human granulosa cells. In order to study regulatory
effects of various kinds of hormones on P450arom and P450scc mRNA expression in
granulosa-luteal cells, the quantitative PCR method was used. It can be seen that
there are different amounts of P C R products under different kinds of hormone
stimulations either through the bands on ethidium bromide stained gels or the
radioactivity of P-dCTP incorporated in the bands.
32
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Coupled reverse transcription and PCR amplification results in a 1,000-to
10,000-fold increase in sensitivity compared to Northern analysis for detection of
transcripts. Yet, since PCR amplification results in exponential increases in product,
any minute differences in reactants may affect amplification efficiency and thus final
product yield. Thus, to normalize for differences in amplification efficiencies, PCRs
for fi-actin mRNA were also performed to control the variation in mRNA
concentrations and genomic D N A contaminations. Cytoskeletal J3-actin is one of the
most abundant cellular proteins found in mammalian and avian nonmuscle cells.
According to the D N A sequence of the 2,826 base pairs of the human 6-actin gene
(NG., et al., 1985), the primers AC2 (2747-2770) and AC3 (2040-2063) were designed.
If the P C R product is amplified from cDNA, the size will be 524 bp, if from
contaminated genomic DNA, the size will be 730 bp including two introns, one from
2292 to 2387, another one from 2570 to 2682. In data analysis, P450arom and
P450scc mRNA levels estimated by quantitative PCR were expressed as the ratio of
P450arom or P450scc to 6-actin. Therefore the PCR product from fi-actin mRNA has
two functions: l)correcting different amounts of total RNA added in RT-PCR system.
2)recognizing genomic D N A contamination. The results obtained here are also in
agreement with previous findings with Northern blot, especially the effects of cAMP
and hCG. They further suggest that RT-PCR is a reliable method to quantitate
mRNA levels from a small number of cells (Voutilainen et al., 1986; Steinkampf et
al., 1988; Price, 1992; Price and O'Brien, 1993).
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4.2 Stimulatory effects of h u m a n chorionic gonadotropin a n d c A M P
Ovarian steroidogenesis is regulated primarily by gonadotropins. F S H , L H and
h C G work via cyclic A M P and protein kinase A. cAMP as a second messenger can
regulate gene transcription through cis-acting CREs (cAMP responsive elements)
which bind a family of related CRE-binding proteins (Gonzalez, et al., 1989; Hoeffler,
et al., 1988), as well as a number of other proteins.
In the present study, P450arom and P450scc mRNA levels are increased in
human granulosa cells 2-3 fold by cAMP and 4-5 fold by h C G indicating an activated
adenylate cyclase-cAMP signalling pathway for both genes (Kolena and Channing et
al., 1972; Goff and Armstrong, 1977; Marsh and Savard et al., 1966). The cAMPdependent pathway appears to play a key role in the positive regulation of these
mRNAs in human granulosa cells. The key role of cAMP in the regulation of mRNAs
encoding P450arom and P450scc has been further evidenced by studies showing
cAMP-responsive elements on the upstream regions of human structural genes
(Means et al., 1989; Moore et al., 1990).
Long-term regulation of mammalian steroid hormone synthesis occurs
principally at transcriptional regulation of the gene for the rate-limiting cholesterol
side-chain cleavage enzyme P450scc. Inoue et al. investigated the mechanism of
regulatory expression of the human cytochrome P450scc gene by cAMP in a transient
expression system using Y-I cells (mouse adrenal tumor cell line). Introduction of
deletions and point mutations in the upstream regulatory sequence demonstrated
that three regions were mainly required for a response to cAMP. These regions
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contained a short similar sequence. All of them have a 5-bp motif G T C A T in common,
and have at least two motifs which conserve four out of five base pairs of the
consensus sequence of the cAMP-responsive element (CRE). They are all apparently
necessary for regulation by cAMP (Inoue et al., 1991).

4.3 Paracrine/autocrine effects of G n R H
Although classically recognized as a hypothalamic hormone regulating release
of L H and F S H from the pituitary, G n R H has also been suggested to be involved in
the regulation of steroidogenesis in the ovary (Hsueh, 1985; Leung, 1992).
The action of G n R H in the ovary has been suggested to be exerted in an
autocrine or paracrine manner. In the rat, GnRH gene transcripts (Oikawa, 1990;
Goubau, 1992), GnRH binding sites (Hsueh, 1985; Leung, 1992), and GnRH receptor
(GnRHR) mRNAs (Kakar, 1994; Olofsson, 1994) have been demonstrated in the ovary.
Whether GnRH and its binding sites are present in the human ovary is somewhat
controversial. Using the reverse transcription-polymerase chain reaction (RT-PCR)
technique, Ohno et al. (Ohno, 1993) detected GnRH mRNA in human ovarian
epithelial carcinoma, but not in normal ovary, whereas Dong et al. (Dong, 1993)
reported that G n R H mRNA is expressed in this tissue. Similarly, GnRH binding sites
have been reported to be absent in the ovary (Clayton, 1982), present but with low
affinity in the corpus luteum (Bramley, 1986; Popkin, 1983), or present with high
affinity in granulosa cell layer of the preovulatory follicle (Latouche, 1989). Using
primers specific for the human GnRHR cDNA, RT-PCR detected a product in the
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ovary (Kakar, 1992), suggesting the presence of GnRHR in this tissue. The presence
of specific GnRH receptor in ovarian tissue indicates that GnRH acts through
receptor-mediated processes (Clayton, 1988). Recently in this regard, the ability of
GnRH to act as either an inhibitory or stimulatory ligand on the same ovarian
processes, such as steroidogenesis and ovulation, complicates the development of a
unifying hypothesis of GnRH action in the ovary.
The original demonstration of a direct effect of GnRH in the rat ovary was
followed by extensive studies on its gonadal actions in other species. Animals that
exhibit responses to the direct gonadal effects of GnRH include the rat, pig, hamster,
rabbit, and chicken (Knecht et al., 1985). In these species, GnRH has effects on cyclic
nucleotide production, steroidogenesis, gonadotropin receptor formation, follicular
morphology, and the oocyte. The direct effect of GnRH on the primate ovary is still
somewhat controversial. In several studies, no effects of GnRH upon gonadotropininduced steroidogenesis were observed in human granulosa and luteal cells cultured
from several hours for up to 12 days (Casper et al., 1984). However, other reports
have suggested that a direct response of GnRH in the primate ovary may be observed
under appropriate conditions. In the human, GnRH alters basal, as well as LH- and
FSH-induced progesterone and estradiol production (Olsson et al., 1990; Tureck et al.,
1982; Bussenot et al., 1993; Parinaud et al., 1988). It is not clear whether the lack
of consistent responses in the primate ovary is largely due to methodological
differences or to physiological variations in receptor abundance. Some studies have
demonstrated that the nature of the response to GnRH is largely determined by the
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maturational status of the ovary (Steele et al., 1992).
The results of this study demonstrate that GnRH can modulate steroidogenesis
in human granulosa cells. This modulation seems to occur in a gonadotropininhibiting action at a dose-dependence. When 4-day precultured granulosa cells were
treated with GnRH at 10 M , either the basal or the cAMP or h C G stimulated
6

P450arom and P450scc mRNA expression were not significantly modulated, whereas
G n R H at 10" M and 10 M significantly inhibited hCG-stimulated P450arom and
8

9

P450scc mRNA expression. At the same time, 10" M GnRH also inhibited hCG9

stimulated

progesterone

production. The dose-dependence

of steroidogenesis

modulation by G n R H can be associated with GnRH receptor expression. The GnRH
receptor content of the ovary is regulated by gonadotropins and by GnRH itself
(Pieper et al., 1981; Ranta et al., 1982). Thus gonadotropins and low concentrations
of GnRH can increase GnRH binding activity in cultured granulosa cells. In contrast,
high concentration of GnRH can decrease homologous receptors in cultured granulosa
cells. These results are also in good agreement with some animal studies. In porcine
granulosa cells, the actions of a GnRH agonist on basal and L H stimulated
progesterone secretion were examined. The GnRH agonist inhibited both basal and
L H stimulated progesterone secretion by granulosa cells from medium and large
antral follicles. In particularly L H stimulated progesterone secretion was more
sensitive to inhibition than basal progesterone secretion (Ledwitz-Rigby, 1990).
The mechanism by which GnRH can alter the function of human granulosa
cells, specifically decreasing granulosa cell response to h C G stimulation, could include
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a decrease in h C G receptor number and/or a decrease in adenylate cyclase activity.
Since the action of gonadotropins on ovarian steroidogenesis is believed to be
mediated by cAMP, several investigators have studied the effect of GnRH on cAMP
production. Treatment with G n R H or its agonist inhibits LH-stimulated cAMP
production by luteal cells in vitro (Knecht et al., 1983a; Massicote et al., 1980; Ranta
etal., 1983). In this experimental system, when exogenous 8-br-cAMP 0.15 m M was
used to stimulate granulosa cells for 24 hours, GnRH had no significant effect on
8-br-cAMP-stimulated P450arom and P450scc gene expression. This observation
suggests that the inhibitory effect of GnRH on gonadotropin-induced steroidogenesis
may be exerted on cAMP production. GnRH may perturb the functional coupling
between L H receptor and the adenylate cyclase system, since GnRH inhibits
gonadotropin-induced cAMP synthesis and reduces cAMP catabolism (Knecht et al.,
1983b,c). The effect of GnRH on cAMP production could be mediated by calcium or
protein kinase C activation. Some studies indicated that both A23187 and 12-0tetradecanoyl phorbol-13-acetate are potent inhibitors of the steroidogenic response
of granulosa cells to follicle-stimulating hormone (FSH) stimulation (Leung et al.,
1988). In addition, other reports show that the actions of cAMP in ovarian cells are
also impaired by GnRH, since steroidogenesis and L H receptor formation induced by
cAMP derivatives or cAMP-inducing ligands were suppressed by GnRH agonist
treatment (Knecht et al., 1981). Further, the FSH-stimulated increase in cAMPdependent protein kinase activity was reduced by a GnRH agonist (Darbon et al.,
1984). GnRH also inhibited an FSH-induced rise in the regulatory subunit of type II
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cAMP-dependent protein kinase (Darbon et al., 1984; Dorrington et al., 1983).
Although G n R H treatment could affect multiple enzymes involved in steroidogenesis
(Jones et al., 1981; Jones et al., 1982), the present results suggest that these changes
are secondary to the alterations in gonadotropin-induced cAMP production by GnRH.
Studies of the time course for GnRH inhibition of hCG-stimulated P450arom
and P450scc mRNA expression indicated that the decrease i n P450arom and P450scc
mRNA expression occurred 24 to 48 hr after first exposure to GnRH. GnRH effects
on rat granulosa cell function have been shown to be mediated by several
mechanisms including elevation of intracellular Ca** levels (Ranta et al., 1983),
increased protein kinase C activity (Aberdam & Dekel, 1985) and increased
arachidonic acid metabolism (Wang & Leung, 1989). Each of these second messengers
has its own time course (Wang & Leung, 1989) and they appear to have opposing
actions. Moreover, granulosa cells in culture contact each other and form gap
junctions which permit communication between cells. It is possible that cells with
GnRH receptors influence the functions of neighbouring cells which lack GnRH
receptors, in response to their exposure to GnRH. Such a process might take certain
time to occur in vitro as cell contact and gap junction formation can take that long
to be established.
The physiological significance of GnRH in the ovary remains to be determined.
Evidence to date suggests that both GnRH-like molecules (Aten et al., 1986; Ireland,
1988; Jackson et al., 1989) and receptors that bind GnRH (Jones et al., 1980; Clayton
et al., 1979; Ledwitz-Rigby & Dement-Liebenow, 1989; Latouche et al., 1989) exist in
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ovaries of a variety of species including in human preovulatory granulosa and luteal
cells (Latouche et al.,1989; Popkin et al., 1983). GnRH actions on the ovary have
been demonstrated but they vary depending on the concentrations tested, the time
course examined and the species tested. Our data suggest that GnRH at InM
decreases the responsiveness of granulosa cells to h C G . In our laboratory, another
quantitative P C R study showed that G n R H receptor mRNA was significantly
increased by 1 n M GnRH treatment while higher doses had no effects (Peng et al.,
1994). This supports the contention that the inhibitory effect on steroidogenesis is
mediated through GnRH receptors. At this point we do not know what regulates
either the local production of an ovarian GnRH-like molecule or the development of
receptors for the GnRH-like molecule on granulosa cells. It appears, nevertheless,
that these two events may be synchronized and play an important role in determining
an individual follicle's response to gonadotropins.
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5.0 S U M M A R Y A N D C O N C L U S I O N S
The steroidogenic cytochrome P450arom and P450scc enzymes are very
important in the hormonal regulation of steroid hormone biosynthesis. Steroid
hormone biosynthesis by the ovary occurs in a highly coordinated and episodic fashion
which is determined in part by the pattern of gonadotropin secretion. Like those in
most other organs, the cells of the ovary appear to be under the influence of local
regulators. The local regulators in the ovary are not necessarily substitutes for the
roles of F S H and L H . In many cases, these substances provide the fine tuning at a
local level which is necessary, in the face of a continuing barrage of stimulation by
the

gonadotropins,

to

allow

synchronous

and coincident

development

and

degeneration of the ovarian follicles and corpus luteum. Many can only exert their
action if the cells have or are being stimulated with gonadotropin.
This study used a highly sensitive RT-PCR method to investigate P450arom
and

P450scc

mRNA expression in preovulatory granulosa-luteal cells under

gonadotropin and GnRH stimulation. Both h C G and cAMP positively regulated
P450arom and P450scc mRNA expression. Gonadotropin-releasing hormone, in
addition to its classical releasing action at the pituitary level, acts on multiple
extrapituitary sites to regulate various reproductive functions. In the human ovary,
the effects of GnRH on steroidogenesis are controversial. In this study, low
concentrations of GnRH (less than 10 M ) did not significantly affect basal P450arom
8

and P450scc mRNA expression, but significantly inhibited hCG-stimulated P450arom
and P450scc mRNA expression as well as progesterone production in human
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granulosa-luteal cells, while higher doses had no effect. Such changes could be
mediated by the inhibitory effect of GnRH on gonadotropin-dependent

cAMP

formation, since in this experimental system, GnRH did not inhibit exogenous 8-brcAMP-stimulated P450arom and P450scc gene expression. It suggests that the
inhibitory effect of G n R H on hCG-stimulated P450arom and P450scc gene expression
can be exerted on perturbing the functional coupling between L H receptor and
adenylate cyclase system. The low concentrations of a GnRH can be associated with
increasing GnRH binding activity in cultured granulosa cells. In a time course study,
the GnRH inhibition of hCG-stimulated P450arom and P450scc mRNA expression
occured 24 to 48 hr after first exposure to GnRH.
These

data

suggest

that

GnRH

suppresses

gonadotropin

action

in

steroidogenesis of human preovulatory granulosa-luteal cells. The physiological
significance of G n R H in the ovary remains to be determined. The local production of
an ovarian GnRH-like molecule or the development of GnRH receptor may be
synchronized and play an important role in ovary response to gonadotropins.
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