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MESENCHYMAL-EPITHELIAL CELL INTERACTIONS IN THE

OVARIAN FOLLICLE

Jeff A. Parrott

Biomedical Sciences

University of California, San Francisco

Advisor: Michael K. Skinner

Interactions between mesenchyme-derived theca cells and

epithelial granulosa cells are essential for follicular development in the

ovary. The current study showed that these mesenchymal-epithelial

cell interactions are in part mediated by keratinocyte growth factor

(KGF), hepatocyte growth factor (HGF) and kit-ligand (KL). This study

demonstrated that theca cell-derived growth factors (e.g. KGF and HGF)

regulate granulosa cell functions while granulosa cell-derived growth

factors (e.g. KL) regulate theca cell functions. A novel positive feedback

loop was identified between theca cells and granulosa cells that is

mediated by these growth factors. KGF and HGF (from theca cells)

stimulated granulosa cell KL expression, and KL (from granulosa cells)

stimulated KGF and HGF expression. Quantitative RT-PCR assays were

developed to analyze the developmental and hormonal regulation of

KGF, HGF, KL and their receptors (i.e. KGFR, HGFR, c-kit) during ovarian

follicular development. Gene expresssion of all of these factors was

observed throughout bovine follicular development and was highest

during the later stages. Interestingly hormones (i.e. estrogen and

vi



gonadotropins) were found to directly regulate gene expression of most

of these factors. In addition to the role during antral follicle

development, KL was found to be important for initiation of primordial

follicle development. In rat ovary organ culture, inhibition of KL actions

with a function blocking antibody to the KL receptor (i.e. c-kit)

completely blocked primordial follicle development. In addition,

treatment with KL dramatically induced primordial follicles to initiate

development. These results demonstrate that KL is necessary and

sufficient for initiation of primordial follicle development in the ovary.

Combined observations lead to the following conclusions:

1) KGF and HGF (from theca cells) and KL (from granulosa cells)

interact in a novel positive feedback loop to regulate ovarian

follicular development.

2) Hormones (e.g. estrogen, h0G and FSH) indirectly control

ovarian follicular growth in part by regulating the local expression

and actions of growth factors such as KGF, HGF and KL.

3) KL is necessary and sufficient to induce initiation of primordial

follicle development in the ovary. KL is the only factor that has

been identified to be involved in primordial follicle development.

22°C,
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CHAPTER 1: INTRODUCTION

CELL-CELL INTERACTIONS IN THE OVARIAN FOLLICLE

I. INTRODUCTION

A. Introduction to Thesis

Mammalian reproduction is dependent on the maturation of germ

cells in the gonad. In the female, germ cells (i.e. oocytes) are contained

in the ovary. The ovary is a structurally dynamic organ that supports

the maturation of oocytes within developing follicles. Ovarian follicular

development begins with the induction of primordial follicles to initiate

development and continues through ovulation. After the oocyte is

released at ovulation, the follicle develops into the corpus luteum. In

humans, one dominant follicle ovulates from a single ovary during each

menstrual cycle. Follicles that do not ovulate become atretic and

degenerate. A great deal of research during the last 100 years has

provided an understanding of some of the factors that control ovarian

follicular development. However two important aspects of ovarian

folliculogenesis are still largely unknown. These processes are the

initiation of primordial follicle development and the selection of the
dominant follicle. Identification of the factors that are involved in these

processes will provide critical information about basic ovarian functions.

By understanding the factors that control ovarian follicular

development, insight will be gained into the processes that control

reproduction in females. Experiments in the current thesis provide



insight into some of the factors that may regulate these processes in the

ovary.

Ovarian follicular development is controlled by a complex set of

cell-cell interactions between oocytes and two other somatic cell types

(i.e. theca cells and granulosa cells). Theca cells are mesenchyme

derived cells that surround the developing follicle. Granulosa cells are

epithelial cells that surround the developing oocyte. Mesenchymal

epithelial cell interactions between theca cells and granulosa cells are

essential for folliculogenesis. Cell-cell interactions of this type (i.e.

mesenchymal-epithelial cell interactions) are common to many tissues.

Mesenchymal cells are proposed to produce "inducer proteins" that

influence cellular proliferation and differentiation of adjacent epithelial

cells (described in Section I-c). Identification of the factors (i.e. inducer

proteins) that mediate theca cell-granulosa cell interactions is an

important area of ovarian research. This information will not only be

important to understand the factors that control follicular development,

but may provide insight into the factors that mediate mesenchymal

epithelial cell interactions in many tissues.

The ovary is used in this thesis as a model system to study the

factors that mediate mesenchymal-epithelial cell interactions. Within

the ovary, the ovarian follicle is a hormone-responsive tissue that is

dependent on mesenchymal-epithelial cell interactions between theca

cells and granulosa cells. As follicles develop, mesenchymal theca cells

are proposed to produce a number of factors (i.e. "inducer proteins) that

regulate granulosa cell proliferation and differentiated functions.

Similarly granulosa cells are proposed to produce a number of factors

that feedback and regulate theca cell proliferation and differentiated



functions. Since theca cells and granulosa cells are known to produce a

number of growth factors (Carson et al., 1989; Croteau and Menezo,

1994; Monget and Monniaux, 1995; Roy and Greenwald, 1996; Skinner

and Parrott, 1994), many of these "inducer proteins" are proposed to be

growth factors. The production and actions of three new ovarian

growth factors are identified in this thesis (i.e. keratinocyte growth

factor-KGF, hepatocyte growth factor-HGF, and kit-ligand-KL). These

growth factors are proposed to control cellular growth and functional

differentiation during ovarian follicular development. Experiments are

presented that suggest ovarian hormones may regulate folliculogenesis

by controlling the local production and actions of these theca cell- and

granulosa cell-derived growth factors.

These studies are presented in 7 different chapters (Chapters 2-8)

that examine the production and actions of ovarian growth factors from

primordial follicle development through antral follicle development. In

order to place these studies in context, this introductory chapter will

present a historical view of ovarian research as well as mesenchymal

epithelial cell interactions. The early development of the ovary and

oogenesis will be discussed in order to explain how the pool of

primordial follicles are established in the ovary. Follicular development

and the role of theca cell-granulosa cell interactions will also be

discussed. Finally a review of the production and actions of ovarian

growth factors will be presented since the current thesis uses ovarian

growth factors to study theca cell-granulosa cell interactions.



B. Historical Perspective of the Ovary

The history of the ovarian research has previously been described

by K. Hopkin (Hopkin, 1997) and R. Short (Short, 1979). Ovaries were

first recognized as anatomical entities around 300 BC when Herophilus

of Alexandria compared them to the male testes. However the essential

role of the ovary in female reproduction was not recognized for 2000

years. Aristotle was very influential in his notion that mammalian eggs

were formed in the uterus when the "menstrual coagulum" from the

female mixed with male semen. Galen (around 100 - 200 AD) suggested

that the ovaries produced female semen that mixed with male semen to

create an embryonic slurry. The first recognition of ovarian follicles

came in the 16th century when Vesalius described specific vesicles in

the "female testes" (Vesalius, 1543). In the late 1660's, the

reproductive capacity of the ovary could no longer be ignored when

Swammerdam, Van Horne, and Bishop Stensen suggested that the

female testes in mammals contained eggs (Hopkin, 1997).

The essential reproductive function of the ovary was

experimentally established in 1672 when the Dutch physician De Graaf

wrote: "Thus, the general function of the female testicles is to generate

the ova..." (De Graaf, 1672). De Graaf was the first to experimentally

demonstrate ovulation (in rabbits) and concluded that the female testes

functioned as ovaries. However De Graaf mistakenly thought that the

whole follicle was the egg. Today large antral follicles are commonly

called Graafian follicles. In 1827, one hundred and fifty five years after

De Graaf established the reproductive function of ovarian follicles, von

Baer removed and observed a follicular "ovule" under a microscope (von

Baer, 1827).



During the last 100 years, a vast amount of research has revealed

that ovarian follicular development is a dynamic process that involves

many cell-cell interactions. Oocytes organize into primordial follicles

during embryonic development. Primordial follicles develop into

preantral, antral, and ovulatory follicles. Eventually follicles ovulate

and release the oocyte for potential fertilization. Theca cells, granulosa

cells, and oocytes interact during follicular development to support

oocyte maturation and produce steroid hormones in females.

Identification and characterization of the factors that mediate these

cell-cell interactions will be useful for elucidating the mechanisms that

control folliculogenesis in mammals. The factors that mediate theca

cell-granulosa cell interactions are addressed in this thesis.

. Mesenchymal-Epithelial ell Interactions

Evolution of multicellular organisms required the ability of

different cells to communicate with each other. As a result cellular

communications via cell-cell interactions are essential for the survival

and function of most plants and animals. In complex organisms such as

mammals, the ability of cells to interact and communicate allows many

different organ systems to develop and function uniformly. In every

organ, different types of cells interact and change the behavior of other

adjacent groups of cells. Therefore investigation of the mechanisms of

how cells communicate is important for understanding the basic biology

of complex organisms. This concept of cell-cell interactions has been

studied since the mid-19th century when the "milieu interiur" (i.e.

internal fluid environment) and a cybernetic-like control system (i.e.

cell-cell communications) were proposed in multicellular animals



(Bernard, 1878). It was proposed that these components were essential

to regulate the growth, development and maintenance of normal tissues

(Bernard, 1927). Classic studies have established the role of cell-cell

interactions in cell aggregation (Grunwald, 1991; Steinberg, 1963;

Steinberg, 1996; Wilson, 1907), embryonic induction (Harrison, 1920;

McKeehan, 1951; Spemann, 1938), and specialized cellular functions

(Harrison, 1933; Tyler, 1946; Weiss, 1947). Subsequent investigation of

the mechanisms of how cells interact established the significance of cell

cell interactions during embryogenesis, organogenesis and induction of

cell lineage (Cunha et al., 1981; Grobstein, 1966a; Grobstein, 1966b;

Grobstein, 1967; Hood et al., 1977; Jacobson, 1966; Kratochwil, 1972;

Roth, 1973; Trosko et al., 1990).

One of the most common types of cell-cell interactions between

different cell types in animals is mesenchymal-epithelial cell

interactions. Epithelia and mesenchyme are two distinct cell types

found essentially in every organ. Typically epithelial cells are closely

associated and relatively immobile. Many epithelial cells are polar and

are interconnected by adherens junctions and desmosomes. Epithelial

cells express tyrosine kinase receptors for a variety of mesenchymal

specific ligands such as KGF receptor, HGF receptor (c-met), and

neuregulin receptor (c-erbBs) that mediate mesenchymal-epithelial cell

interactions (Kraus et al., 1989; Orr-Urtreger et al., 1991; Plowman et al.,

1993; Press et al., 1990; Sonnenberg et al., 1993a). Mesenchymal cells

are fibroblast-like cells that are non-polarized, loosely connected, and

surrounded by extracellular matrix (ECM). Many mesenchymal cells

(i.e. fibroblasts) express various integrin receptors that recognize ECM

(Hynes, 1992). Mesenchymal cells produce various ligands for



epithelial-specific tyrosine kinase receptors such as keratinocyte growth

factor (KGF), hepatocyte growth factor (HGF), and neuregulin (also called

neu differentiation factor, NDF) that are important for mesenchymal

epithelial cell interactions (Birchmeier and Birchmeier, 1993).

During development cellular transitions from epithelia to

mesenchyme or mesenchyme to epithelia are normal (Birchmeier and

Birchmeier, 1994; Birchmeier and Birchmeier, 1995). Epithelial cells are

the first embryonic cell type and appear during compaction of the

morula. During gastrulation the three germ layers are formed (i.e.

ectoderm, mesoderm, and endoderm). The mesoderm consists of the

first mesenchymal cells in development. Thus formation of the

mesoderm is the first epithelial cell to mesenchymal cell transition. As

development continues both mesenchymal cells and epithelial cells

contribute to the formation of the various parenchymal organs. New

epithelial cells typically develop from the ectoderm or endoderm. An

exception is in the formation of the kidney where mesenchymal cells of

the mesoderm undergo a transition to epithelial cells (Saxen, 1987).

Most mesenchymal-epithelial cell transitions occur during embryonic

development in a temporally and spatially controlled manner. However

inappropriate mesenchymal epithelial cell transitions in the adult have

been implicated in tumor progression (Birchmeier et al., 1996;

Birchmeier and Birchmeier, 1995). In some cases human epithelial

carcinoma cells lose epithelial cell characteristics and become invasive

and metastatic.

Mesenchymal-epithelial cell interactions have been

experimentally examined for several decades. Classic experiments in

the 1950's and 1960's demonstrated that mesenchymal cells were



responsible for the specificity of induction of various organs during

development (Fleischmajer, 1967; Grobstein, 1955; Grobstein, 1956;

Grobstein, 1967; Kratochwil, 1968; Kratochwil, 1969; McLoughlin, 1963;

Saunders et al., 1957). Regional portions of mesenchyme from various

organs were recombined with epithelia from other organs. In many

cases mesenchymal cells induced competent epithelial cells to grow and

functionally differentiate into the mesenchyme-derived organ. These

observations led to the hypothesis that mesenchymal cells produce

"inducer proteins" that regulate the functions of adjacent epithelial cells

(Figure 1). These "inducer proteins" were proposed to regulate

proliferation and functional differentiation of epithelial cells. This

general hypothesis has been repeatedly examined in a number of

different tissues. This research has established that the development

and function of essentially every organ is influenced by paracrine

interactions between mesenchymal cells and adjacent epithelial cells. It

is also apparent that mesenchymal cells (i.e. stromal cells) influence

epithelial cells after organogenesis in the adult. Therefore the growth

and differentiation of epithelial cells is specified by adjacent

mesenchymal cells during embryonic development (Birchmeier and

Birchmeier, 1993; Birchmeier et al., 1993; Cunha et al., 1983; Yang et al.,

1995) and optimally maintained by adjacent stroma in the adult (Cunha

et al., 1985). Epithelial cells also produce proteins that can feedback

and regulate the functions of mesenchymal cells. This is sometimes

referred to as reciprocal induction (Grobstein, 1955; Grobstein, 1956).

In the 1970's and 1980's, Kratochwil established that local

mesenchymal-epithelial cell interactions can mediate the actions of

endocrine hormones in a hormone-responsive tissue (Kratochwil, 1985;
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Kratochwil and Schwartz, 1976). These experiments demonstrated that

hormones may indirectly regulate the development and function of

target tissues by acting directly on local mesenchymal cells. As a result

these hormones may induce mesenchymal cells to produce "inducer

proteins" that influence adjacent epithelial cells (Figure 1). These

observations led to the hypothesis that mesenchymal-epithelial cell

interactions may be essential for the function of many hormone

responsive tissues. Cunha has extended this concept and demonstrated

that local mesenchymal-epithelial cell interactions can mediate

hormone-induced growth and morphogenesis in many tissues (Cunha,

1984; Cunha et al., 1983; Cunha et al., 1995; Cunha et al., 1981; Cunha et

al., 1982). Although the biological importance of mesenchymal

epithelial cell interactions in hormone-responsive tissues is well

established, relatively little is known about the factors that mediate

these cell-cell interactions. Mesenchymal cell-specific factors such as

KGF and HGF are proposed to mediate hormone-induced growth and

differentiation in many tissues. The ovarian follicle provides a

hormonally-responsive tissue that is dependent on mesenchymal

epithelial cell interactions. Mesenchymal theca cells and epithelial

granulosa cells can be purified from ovarian follicles in large quantities
in order to elucidate the factors that mediate cell-cell interactions

between them. This information may be useful for understanding the

factors that mediate mesenchymal-epithelial cell interactions in other

hormone-responsive tissues. Therefore the ovary is used in this thesis

as a model system to study mesenchymal-epithelial cell interactions.
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Figure 1. Classic hypothesis of mesenchymal-epithelial cell interactions.
Mesechymal cells produce soluble factors called "inducer proteins." Some
inducer proteins may be tissue specific. Through the production of these
inducer proteins, mesenchymal cells instruct adjacent epithelial cells to
proliferate and differentiate. These mesenchymal-derived instructions are
important for organogenesis and optimal function of many tissues. Many
hormones may act indirectly in tissues by inducing mesenchymal cells to
produce "inducer proteins" that influence epithelial cell proliferation and
differentiation. Epithelial cells can also produce similar factors that feedback
on mesenchymal cell to facilitate cell-cell interactions (not shown). This
feedback is sometimes called reciprocal induction.
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D. Early Development of the Ovary and Primordial Germ Cells

The experiments in this thesis utilize the adult ovary to examine

cell-cell interactions during follicular development. In order to present

this work in an appropriate context, the early development of the ovary
and establishment of ovarian follicles needs to be discussed. The

process of ovarian development in the embryo establishes the tissue

structures and cell populations that are necessary for follicular

development in the adult. Most importantly the germ cell population is

established during ovarian development. Ovarian organogenesis

involves the coordinated movements and induction of several dynamic

cell populations. The sequence of events at specific developmental

stages is conserved from mice to humans (Table 1). Although the

primary function of the mammalian ovary is to support germ cell (i.e.

oocyte) development, all germ cells initially develop outside of the

genital ridge. Interestingly primordial germ cells follow a specific

migratory pathway through the embryo into the gonad. In this section

the aspects of early ovarian development will be summarized with

special attention to the migration and development of germ cells.

In the mammalian embryo, gonads develop from 1) the coelomic

epithelium, 2) the mesenchyme of the mesonephric ridge and 3) the

primordial germ cells. The development of gonads is unique in that the

gonadal rudiment can differentiate into an ovary or a testis. This

developmental decision determines the future sexual development of

the organism. Before this decision is made the mammalian gonad first

develops through an indifferent stage. During this stage the gonadal

rudiment is first recognizable as a thickening of the coelomic epithelium

and budding mesonephric mesenchyme on the medial side of the
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mesonephric ridge. As the thickening tissue buds out from the

mesonephros, it forms the genital ridge (Figure 2a). This thickening of

the genital ridge occurs during embryonic days 31-35 in humans

(Gillman, 1948; Hamilton and Mossman, 1972; Patten, 1953) and on

embryonic day 9 in mice. The coelomic epithelial cells of the genital

ridge proliferate and migrate into the adjacent loose mesenchymal

tissue in the budding indifferent gonad (Figure 2b) (Wagenen and

Simpson, 1965; Winiwarter and Sainmont, 1909). The indifferent gonad

is recognizable during embryonic week 6 in humans (Langman, 1981)

and day 11 in mice.

Two important paired ducts are also present in the mesonephros

during early embryonic development. The Wolffian duct appears

during embryonic week 4 in humans and on day 10 in mice (Figure 2a).

The Mullerian duct is first seen during embryonic week 6 in humans

and on day 11 in mice (Figure 2b). The Wolffian and Mullerian ducts

will eventually develop into reproductive tracts of the male or female,

respectively. Later in male development the Mullerian duct will regress

due to the production of mullerian inhibiting substance (MIS) by Sertoli

cells in the testis (Behringer, 1994; Behringer, 1995). Androgen

production by Leydig cells in the developing testis will support

development of the Wolffian duct into the epididymus, vas deferens,

and seminal vesicles (Langman, 1981). Later in female development

the Wolffian duct will regress due to the lack of high androgen

production by the gonad (i.e. ovary). The Mullerian duct will develop

into the oviduct, uterus, and upper part of the vagina (Langman, 1981).

The development of the female reproductive tract from the Mullerian

duct is not dependent on estrogen. Targeted disruption of the estrogen
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Figure 2. Early development of the indifferent gonad. The indifferent
gonad can develop into an ovary or a testis. (A) During this stage the gonadal
rudiment begins to bud out from the genital ridge to form the indifferent
gonad. This is first observed as a thickening of the coelomic epithelium (B) As
the gonad grows, the coelomic epithelium of the genital ridge proliferates and
migrates into the adjacent loose mesenchymal tissue. Germ cells are not
present when the indifferent gonad buds out from the genital ridge. Germ
cells migrate into the gonad during embryonic weeks 6-7 in humans and
embryonic days 11-12.5 in mice.

receptor gene in mice (i.e. the ERKO mouse) had no effect on prenatal
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development of the reproductive tract (Korach, 1994; Korach et al.,

1996).

In essentially all mammals, germ cells are not present in the

indifferent gonad when the genital ridge begins to bud out from the

mesonephros. Primordial germ cells migrate along a characteristic

pathway (described below) and enter the indifferent gonad when the

coelomic epithelium is invading the loose mesenchyme (Donovan et al.,

1987; Everett, 1943; Gomperts et al., 1994; Witschi, 1948). Primordial

germ cells begin to enter the developing ovary during embryonic weeks

6-7 in humans and embryonic day 11 in mice. This process of germ cell

migration is highly conserved from flies to frogs to humans and is

thought to be the result of a specific evolutionary process (Denis, 1994).

In particular, primitive Metazoa already had germ cells but no gonads

to harbor them. As higher animals acquired gonads, biological

strategies evolved to support germ cell migration to developing

indifferent gonads. Migration of primordial germ cells is controlled by

short-range cell-to-cell contacts (Wartenberg, 1982) and long-range

effects of the genital ridge (Godin et al., 1990).

Analysis of germ cell migration during embryonic development
has been an area of research for several decades. Most of the initial

work was performed in mice (Brambell, 1927). A significant advance in

mapping mammalian germ cell migration was achieved with the

observation that primordial germ cells contained extremely high levels

of the enzyme alkaline phosphatase (Baxter, 1956). This information

allowed germ cells to be easily distinguished from other embryonic cells

by staining for alkaline phosphatase. Using this staining procedure,

primordial germ cells can first be seen in the allantois on embryonic
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Figure 3. Germ cell migration in mammals. Primodrial germ cells are
detected by staining for alkaline phosphatase. (A) Primordial germ cells can
first be seen in the allantois on embryonic day 28 in humans and embryonic
day 7.5 in mice. Germ cells then begin to migrate into the yolk sac at the base
of the allantois. By this time, the germ cells have split into two populations
that will migrate into the left or right gonad. (B) Migration continues
caudally from the yolk sac through the newly formed hindgut and up the
dorsal mesentery into the genital ridge. Primordial germ cell migration into
the gonads is complete by the end of embryonic week 7 in humans and
embryonic day 12.5 in mice. The overall process of germ cell migration is
common from flies to frogs to humans.
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day 28 in humans and embryonic day 7.5 in mice (Table 1) (Chiquoine,

1954; Mintz, 1957a). The germ cells then begin to migrate into the yolk

sac at the base of the allantois (Figure 3a). By this time, the germ cells

have split into two populations that will eventually migrate into the left

or right gonad. Migration continues from the yolk sac through the

newly formed hindgut and up the dorsal mesentery into the genital

ridge (Figure 3b). Germ cells migrate by amoeboid movements that

have been observed in vitro in pieces of mouse hindgut and gonadal

ridges (Blandau et al., 1963). Primordial germ cell migration into the

gonads is complete by the end of embryonic week 7 in humans and on

embryonic day 12.5 in mice (Table 1).

The number of primordial germ cells is relatively small before

germ cell migration takes place. In 70% of early vertebrate embryos,

20 to 100 primordial germ cells are present (Hardisty, 1967). The

degree of consistency of early germ cell numbers in vertebrates

suggests that some common processes are involved in the induction of

the germ cell line (Whitington and Dixon, 1975). Primordial germ cells

dramatically increase in number by proliferating (Kemper and Peters,

1987). During germ cell migration in the human (embryonic weeks 4-7)

and mouse (embryonic days 8-12.5), the number of primordial germ

cells increases from about 100 to 2500-5000 (Baker, 1970; Chiquoine,

1954; McCoshen and McCallion, 1975; Mintz, 1957b; Spiegelman and

Bennett, 1973). After migration to the gonad is complete, primordial

germ cells (i.e. oogonia) organize into clusters and continue to

proliferate. Oogonia continue to proliferate until embryonic month 7 in

humans and day 13 in mice (Table 1). In humans the number of

oogonia increases to 6 to 7 million (Baker, 1970).
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Migration and proliferation of primordial germ cells is critical for

fertility (Allison et al., 1968; Mintz, 1957a; Mintz and Russell, 1955;

Mintz and Russell, 1957). In the 1950's Mintz and Russell described

several White Spotting (W) mutations in mice that caused sterility.

Molecular analysis of these mutants demonstrated that the W locus

encodes the c-kit gene that is necessary for germ cell migration in the

embryo (Geissler et al., 1988; Nocka et al., 1990). The c-kit gene is a

protooncogene receptor that interacts with the kit-ligand (KL)

(described in Section II). Both KL and c-kit are essential for germ cell

migration and proliferation during embryonic development. The

somatic cells that line the migratory pathway express KL while

migrating primordial germ cells express c-kit (Keshet et al., 1991;

Manova and Bachvarova, 1991; Wartenberg, 1983). In the absence of

KL or c-kit, embryonic germ cell migration and proliferation is inhibited

(Mintz and Russell, 1957; Motro et al., 1991). Subsequent studies have

demonstrated that KL and c-kit may also be important for ovarian

folliculogenesis in the adult (Bedell et al., 1995; Dolci et al., 1991; Godin

et al., 1991; Huang et al., 1993; Matsui et al., 1991; Packer et al., 1994).

The potential functions of KL/c-kit during adult ovarian follicular

development are examined in this thesis.

Indifferent gonads are first recognizable as ovaries when
primordial germ cells (i.e. oogonia) stop proliferating and enter meiotic

prophase (Ohno et al., 1962; Pinkerton et al., 1961). This process occurs

during embryonic weeks 7-8 in humans and on day 13 in mice (Table

1). Oogonia that have entered meiosis are called oocytes. Initiation of

oocyte meiosis in the ovary marks the initiation of oogenesis. However

not all oogonia enter meiosis at the same time. Therefore proliferating
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TABLE 1

AGE OF EMBRYO

EARLY DEVELOPMENT OF GERM CELLS AND THE OVARY

HUMAN MOUSE DEVELOPMENTAL PROCESS

day 28 day 7.5 First primordial germ cells recognizable
weeks 4-7 days 8-12.5 Germ cells proliferate during migration

week 4 (days 25-30) day 9 Mesonephric tubules form
weeks 4-5 (days 28-30) day 9 Germ cells migrate to hindgut
weeks 4-5 (days 28-30) days 9-10 Wolffian Ducts form

week 5 (days 31-35) day 9 Coelomic epithelium thickens to form genital ridge
week 6 (days 35-42) days 10-11 Germ cells migrate to dorsal mesentery
week 6 (days 38-42) day 11 Budding indifferent gonad is recognizable
week 6 (days 40-42) day 11 Mullerian duct forms
week 7 (days 42-48) days 11-12 Germ cells migrate to indifferent gonad

week 7 (day 49) day 12.5 Germ cell migration to gonads is complete
weeks 7-8 day 13 Gonad is recognizable as ovary

months 2-7 days 12-13 Oogonia proliferate within ovary
months 2.5-7 days 13-16 Oocytes initiate then arrest in meiosis (oogenesis)

oogonia and meiotic oocytes are present in young ovaries at the same

time. As shown in Table 1 oogenesis occurs during embryonic months

2.5-7 in humans (Baker, 1963; Manoyata and Potter, 1963) and

embryonic days 13-16 in mice (Borum, 1961; Brambell, 1927). Meiosis

continues through the first meiotic prophase until arresting at the

diplotene stage. The ability of germ cells to develop from primordial

germ cells to meiotic oocytes does not require the presence of the gonad

(Upadhyay and Zamboni, 1982).

oocytes to develop beyond this stage.

However the gonad is necessary for

A single layer of presumptive

granulosa cells organizes around each oocyte (Byskov, 1986; Odor and

Blandau, 1969; Rajah et al., 1992; Waldeyer, 1870).

pregranulosa complexes are called primordial follicles.

These oocyte

Oocytes in

primordial follicles remain arrested in meiosis until later in life when

they resume development (described below). In humans some oocytes
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are arrested in meiotic prophase in the form of primordial follicles for

up to 50 years. The factors that control recruitment of primordial

follicles to develop are not known (described below).

Not all oocytes in the ovary survive. Proliferation of oogonia in

the embryo establishes an abundance of germ cells in females. After

this proliferative phase is complete, the number of germ cells in the

ovary decreases progressively throughout life (Faddy et al., 1992; Faddy

et al., 1976; Gosden and Faddy, 1994; Jones and Krohn, 1961). Germ

cells degenerate during embryonic ovarian development or during

follicular development in the adult. Medvedev has suggested that the

majority of germ cells are eliminated in females in order to select germ

cells with stable, viable genomes (Medvedev, 1981). In humans the

number of germ cells is reduced from 6-7 million in the 7-month-old

embryo to 2 million at birth and 400,000 at puberty (Baker, 1970).

E. Primordial Follicle Development

A crucial event for ovarian development is the enclosure of

oocytes by somatic cells into individual "compartments" (Byskov, 1986;

Odor and Blandau, 1969; Peters, 1979; Peters and Pedersen, 1967;

Waldeyer, 1870). These cellular structures are called primordial

follicles. Survival and differentiation of germ cells depend on their

organization into primordial follicles (Byskov, 1986). Primordial

follicles are formed when mesonephric-derived cells within the ovary

contact and organize into a single layer of pregranulosa cells around the

oocyte (Figure 4a and 5a) (Byskov, 1978a; Byskov and Lintern-Moore,

1973). These cell-cell contacts may act as a trigger for the onset of

meiosis in germ cells (Byskov, 1974; Byskov, 1975; Byskov, 1978b; O
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and Baker, 1976). After arrest in prophase of meiosis, oocytes remain

dormant in the form of primordial follicles until recruited for follicular

development later in life (Figure 5).

An extensive amount of research (i.e. histological, histochemical

and autoradiographic techniques) has established that primordial

follicles represent the pool from which all developing follicles will

emerge. However much debate has occurred on this topic. Waldeyer

correctly proposed in 1870 that the germ cells observed in the

embryonic ovary developed sequentially into mature ova throughout

life (Waldeyer, 1870). In 1887 and 1903, Paladino claimed there was a

continuous destruction of follicles with a constant new formation of egg

tubes and ova, the process going on from birth to old age in mammals

(Paladino, 1887; Paladino, 1903). Subsequent studies showed that de

novo formation of oocytes does not occur in ovaries depleted of germ

cells. Today it is well accepted that oocytes that are established in the

pool of primordial follicles are all an animal will ever have.

The large pool of primordial follicles in mammalian ovaries is

progressively reduced by initiating follicular development. Throughout

life a subset of available primordial follicles is continuously recruited to

develop (Figures 4 and 5). Ovarian follicular development is described

below. In embryonic and prepubertal ovaries, all developing follicles

degenerate. In adult ovaries some follicles will continue development

and successfully ovulate (Figure 5c). All primordial follicles that initiate

follicular development are destined to ovulate or degenerate through

atresia (Hsueh et al., 1996; Peters et al., 1975). Therefore the factors

that control recruitment and initiation of primordial follicle
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Figure 4. Shematic of primordial follicle development in the ovary. (A)
Primordial follicles (stage 0) consist of an oocyte surrounded by a full or
partial layer of flattened pregranulosa cells. (B) Early primary follicles (stage
1) have initiated development and contain some columnar (enlarged)
granulosa cells. Theca cells are being recruited and are starting to organize
around the follicle. (C) Primary follicles (stage 2) are surrounded by a single
layer of cuboidal granulosa cells around the oocyte. (D) Transitional follicles
(stage 3) contain 1-2 layers of columnar granulosa cells. Formation of theca
cell layers continues. (E) Preantral follicles (stage 4) have 2 or more layers of
columnar granulosa cells. Theca cells are well organized around the follicle.
No factors have previously been identified that are involved in this process of
primordial follicle development. Gonadotropins (i.e. FSH and LH) are not
necessary. Granulosa cells were proposed to produce a "theca cell organizer"
that recruits theca cells during early follicle development. This thesis
establishes that kit-ligand (KL) may be such a "theca cell organizer."
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development ultimately determine the number of available follicles in

the animal.

The factors that control initiation of primordial follicle

development in the ovary are not known. The identification of such

factors has been an extensive area of research for more that 100 years.

During this time no hormone (including gonadotropins and estrogen) has

been identified that influences this process (Peters, 1979). However

there is some evidence that the total number of primordial follicles (i.e.

the pool) in the ovary may influence the number of developing follicles

(Krarup et al., 1969). Nevertheless initiation of primordial follicle

development is proposed to be controlled by a hormone or soluble

factor. The mechanism of how a subset of primordial follicles can

initiate development was being considered by Hargitt in 1930 (Hargitt,

1930). Hargitt argues that "if an assumption be made that many latent

primary follicles are stored in the mammalian ovary, a serious difficulty

is encountered in explaining the stimulation of a few to renewed

development, while others remain quiescent. Likely enough, some

hormone might stimulate renewed activity, but why of a few not all of

the same age?" This question has led to the proposal that initiation of

primordial follicle development is controlled locally by a factor(s)

produced in the ovary (Peters et al., 1973a).

Peters' discussion of follicular development in immature mouse

ovaries (Peters et al., 1973a) suggested that initiation of primordial

follicle development may be influenced by a factor(s) produced by

developing follicles. Such factors may induce or inhibit initiation of

primordial follicles. The local presence of stimulatory and inhibitory

factors for this process may determine how a subset of primordial
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Figure 5. Primordial follicles are recruited to develop later in life. (A) A
single layer of presumptive granulosa cells organizes around oocytes to form
the pool of primordial follicles. Primordial follicles represent the complete
pool from which all ovarian follicles can develop. Oocytes arrest at the
diplotene stage of the first meiotic prophase. Oocytes remain dormant in the
form of primordial follicles until later in life when they are recruited to
develop. (B) Follicular development involves follicular expansion due to theca
cell and granulosa cell proliferation as well as the formation of an antrum.
Oocytes remain arrested in meiosis. (C) After the LH surge at ovulation, oocyte
meiosis is resumed. In humans some oocytes are arrested in meiotic prophase
in the form of primordial follicles for up to 50 years.
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follicles begins to develop. The influence of antral follicles on initiation

of primordial follicle development was tested by injecting follicular

fluid (bovine) into neonatal mice for four days. Within a few days the

number of primordial follicles that initiated development was reduced

by 35 per cent (Peters and McNatty, 1980). These results suggest that

antral follicles may produce an unknown inhibitory factor(s) for

primordial follicle development. Midgley suggested that granulosa cells

in early developing follicles may produce an unknown factor that

promotes primordial follicle development (Midgley et al., 1974; Peters,

1979). The identity of these putative factors is not known despite their

potential importance for ovarian follicular development. Identification

of these factors will provide critical information about the mechanisms

that control initiation of primordial follicle development.

F. Follicular Development and Ovarian Function

Oocyte maturation occurs in developing ovarian follicles. The pool

of quiescent primordial follicles is established during ovarian

development (described above). Throughout life primordial follicles are

progressively recruited to undergo follicular development (i.e.

folliculogenesis). Some follicles develop from the primordial stage into

preantral, antral, and ovulatory follicles (Figure 6). Many more follicles

become atretic and degenerate at different stages of follicular

development (Gougeon, 1986; Peters et al., 1975). After ovulation the

remaining follicular cells develop into the corpus luteum. During

follicular development oocyte meiotic arrest is maintained until fully

developed oocytes are ovulated (Figure 5c and 6) (Baker and Franchi,

1967). Upon being released from the ovary, ovulated oocytes resume
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Figure 6. Schematic of cycling adult ovary. The basic functional unit is the
ovarian follicle. Follicles are recruited to initiate development from the pool
of primordial follicles (PM). Developing follicles consist of a single oocyte and
two somatic cell types (enlarged box). Granulosa cells surround the oocyte and
provide the critical microenvirionment for oocyte maturation. Surrounding
the granulosa cells, theca cells provide structural integrity for the follicle.
Theca cells differentiate into two distinct layers during folliculogenesis.
Theca interna (TI) are adjacent to granulosa cells and theca externa (TE) are
further outside. Theca cells and granulosa cells proliferate and differentiate
to form preantral follicles (PA) and fluid filled antral follicles (A). A small
number of follicle continue development and eventually ovulate (OV). After
ovulation the remaining theca cells and granulosa cells organize into the
corpus luteum (CL).

meiosis and proceed to metaphase of meiosis II. The successful

development of ovarian follicles involves the endocrine actions of
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hormones as well as local cell-cell interactions among oocytes and

somatic cells. One of the most important cell-cell interactions occurs

between mesenchyme-derived theca cells and epithelial granulosa cells

(described below).

After primordial follicles initiate follicular development, each

follicle consists of an oocyte and two main somatic cell types (i.e. theca

cells and granulosa cells). Granulosa cells surround the developing

oocyte and provide the essential microenvironment for oocyte

maturation. Surrounding granulosa cells, theca cells provide structural

integrity for the follicle (Figure 6). Both theca cells and granulosa cells

proliferate and differentiate during follicular development.

Proliferation of theca cells and granulosa cells as well as the formation

of an antrum causes developing follicles to increase in size by about

10,000-fold leading up to ovulation (Gougeon, 1986). Two

gonadotropins were isolated in 1942 that are essential for this follicular

expansion and ovulation (Greep et al., 1942). These endocrine

hormones, follicle stimulating hormone (FSH) and luteinizing hormone

(LH), are produced by the anterior pituitary. In 1973 Midgley used

autoradiographic techniques to show that FSH binds to granulosa cells

and LH binds to theca cells (Midgley, 1973). The same year Channing

and Kammerman demonstrated that LH receptors are also on granulosa

cells in large follicles (Channing and Kammerman, 1973). FSH and LH

activate expression of steroidogenic enzymes in theca cells and

granulosa cells. Expression of these enzymes in theca cells (e.g. 17-a-

hydroxylase cytochrome P450) and granulosa cells (e.g. aromatase) are

involved in the production of androgens and estrogens, respectively
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(Figure 7). The production of steroid hormones is one of the primary

roles of theca cells and granulosa cells during follicular development.

Steroid production by theca cells and granulosa cells is essential

for folliculogenesis and ovulation. Therefore the regulation of theca cell

and granulosa cell steroidogenesis by hormones such as FSH and LH is

essential for reproduction in females (Figure 7). During the early stages

of antral follicle development, theca cells produce the steroid

androstenedione (A) in response to luteinizing hormone (LH) from the

anterior pituitary (Erickson and Ryan, 1976; Fortune and Armstrong,

1977). Granulosa cells aromatize this androstenedione substrate to

produce large amounts of estradiol (E). The production of estradiol by

granulosa cells is stimulated by follicle stimulating hormone (FSH) and

is important for follicular development (Dorrington et al., 1975). Theca

cells must provide the substrate (A) and granulosa cells must provide

the enzyme (aromatase) for estradiol synthesis. Therefore these cells

interact in an essential "two-cell" system that was first proposed in

1959 by Falck (described by Armstrong and Dorrington, 1977). This

cell-cell interaction was one of the first examples of paracrine

interactions between theca cells and granulosa cells in the ovarian

follicle (Figure 7). During the later stages of follicular development,

both theca cells and granulosa cells begin to luteinize and produce

increasing amounts of progesterone (P). LH augments the production of

progesterone by theca cells and granulosa cells.

Hormonal stimulation of follicular growth (i.e. by gonadotropins

and steroids) is a critical aspect of folliculogenesis in vivo (Goldenberg

et al., 1972; Rao et al., 1978; Richards and Farookhi, 1978; Richards and

Midgley, 1976). However no effect is apparent on purified theca cells or
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granulosa cells in vitro. These observations have led to the hypothesis

that hormones may indirectly stimulate follicular growth by influencing

the local production of ovarian growth factors. The same growth factors

may also influence theca cell and granulosa cell steroidogenesis during

follicular development. Ovarian growth factors are proposed to mediate

critical cell-cell interactions between mesenchymal theca cells and

epithelial granulosa cells. As a result the production and actions of

growth factors in the ovary may be essential for folliculogenesis

(summarized in Section II).

. Theca Cell-Granulosa Cell Interactions

Cell-cell interactions between mesenchymal theca cells and

epithelial granulosa cells are essential for ovarian folliculogenesis.

Theca cell-granulosa cell interactions are important for the structure of

the follicle (e.g. extracellular matrix) and the regulation of follicular

functions. Theca cells and granulosa cells communicate during

folliculogenesis through the local production of growth factors,

hormones, and cytokines. Growth factor-mediated theca cell-granulosa

cell interactions is addressed throughout this thesis. An extensive

introduction to ovarian growth factors is provided in Section II. A more

brief description of other theca cell-granulosa cell interactions is

presented below.

Investigation of interactions between theca cells and granulosa

cells first reveals a complex extracellular matrix (ECM) between the

outer layer of mural granulosa cells and the theca interna. This ECM

basement membrane contains several structural proteins including

collagen, fibronectin and laminin. Theca cells and granulosa cells
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Figure 7. Theca cells and granulosa cells provide a two-cell system for
synthesis of estradiol. During the early stages, theca cells produce
androstenedione (A) under the control of luteinizing hormone (LH).
Granulosa cells aromatize this androstenedione substrate to produce large
amounts of estradiol (E). Granulosa cell estradiol production is stimulated by
follicle stimulating hormone (FSH) and is important for follicular
development. Theca cells must provide the substrate (A) and granulosa cells
provide the eznyme (aromatase) for estradiol synthesis. Therefor theca cells
and granulosa cells interact in an essential "two-cell" system. As cells begin to
luteinize during the later stages of follicular development, both theca cells and
granulosa cells produce increasing amounts of progesterone (P) under the
control of LH (not shown).

cooperate in the production and formation of the ECM (Zhao and Luck,

1995). Collagen subunits alpha1(I), alpha2(I), alpha2(IV), and laminin

B1 are expressed by the ca cells but not granulosa cells. Collagen alpha

3(IV), fibronectin 1, and laminin B2 are expressed in theca cells and
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granulosa cells. There is evidence that the production of some of these

ECM components in the ovarian follicle is regulated by hormones

(Skinner et al., 1985). The establishment of the basement membrane in

the ovarian follicle is important for structural integrity and expression

of secretory proteins (Maresh et al., 1990).

One primary interaction between theca cells and granulosa cells

involves the production and actions of steroids. Theca cells produce

androstenedione (A) that is aromatized by granulosa cells to produce

high levels of estradiol (E). These high levels of estradiol in the ovarian

follicle mediate a paracrine regulatory interaction between theca cells

and granulosa cells (Table 2, First Entry). Granulosa cell-derived

estradiol feeds back on theca cells to increase the production of

androstenedione (Roberts and Skinner, 1990a). Estradiol may also

influence other aspects of theca cell functions such as the production of

growth factors. By stimulating growth factor expression estradiol may

indirectly promote follicular growth. The potential ability of granulosa

cell-derived estradiol to regulate expression of theca cell growth factors

is examined in this thesis.

Non-steroidal interactions between theca cells and granulosa cells

are mediated by locally-produced growth factors, cytokines, and

hormones. The local production and actions of growth factors in the

ovary will be reviewed in section II of this Chapter and are also the

focus of this thesis. In addition to growth factors, theca cell-granulosa

cell interactions are mediated by locally-produced hormones (Table 2).

Granulosa cells produce inhibin, activin and follistatin that were

originally identified as endocrine regulators of pituitary FSH secretion.

Inhibin and activins are dimeric glycoproteins, structurally similar to
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TABLE 2 LOCAL HORMONES AND CYTOKINES IN THE OVARY

SITE SITE
FACTOR OF SYNTHESIS OF ACTION PROPOSED FUNCTION

Es tradiol Granulosa Theca #Androgen
In hib in Granulosa Granulosa #LH-induced Androgen
Activ in Granulosa Theca JLH-induced Androgen

Granulosa #FSH-induced Estrogen
Follist a tin Granulosa (Theca/Granulosa)* J Activin Actions
Oxytocin Granulosa/Luteal Luteal Ovulation, Luteal Functions

Prostagland in Luteal Luteal Ovulation, Luteal Functions
TNF-o. 1 Oocyte/The ca/ Luteal Induction of Ovulation, Luteal

Granulosa Functions

Interleukin? The ca/Granulosa/ Endothelial Cells Angiogenesis During or After
Luteal Ovulation

"Tumor Necrosis Factor-o.
*IL-1, IL-6 and IL-8 have been observed in the ovary. Other interleukins may also be
present.
*Follistatin acts as a high-affinity binding protein for activin. As a result, folliststin
indirectly regulates theca cell and granulosa cell functions.

transforming growth factor-beta (TGFB) (Mason et al., 1985), that inhibit

and stimulate FSH secretion, respectively. Although structurally

unrelated, follistatin also inhibits FSH secretion by the pituitary.

Granulosa cell-derived inhibin, activin and follistatin can also regulate

ovarian cellular functions in a paracrine and autocrine manner (Findlay,

1993; Hillier and Miro, 1993; Jaffe et al., 1993; Peng et al., 1996).

Inhibin can stimulate LH-induced androgen synthesis by theca cells.

Activin can inhibit LH-induced androgen synthesis by theca cells and

stimulate FSH-induced estrogen synthesis by granulosa cells. Follistatin

appears to block the actions of activin in the ovary by acting as a high

affinity activin binding protein. These observations suggest that

inhibin, activin and follistatin may influence gonadotropin-induced

steroidogenesis in the ovary (Findlay, 1993; Hillier and Miro, 1993;
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Hsueh et al., 1987; Knight, 1996; Shukovski et al., 1993). Although

inhibin, activin and follistatin have been proposed to regulate ovarian

function in the absence of gonadotropins, the potential direct effects of

these factors on ovarian growth or steroidogenesis remain to be

elucidated.

Other hormones and cytokines may be important for theca cell

granulosa cell interactions just prior to ovulation, during ovulation, and

after ovulation in the corpus luteum (Table 2). Expression of oxytocin

(OT) has been observed in granulosa cells and luteal cells in the bovine,

human and sheep ovary (Furuya et al., 1995; Ivell et al., 1990; Voss and

Fortune, 1991). Ovarian oxytocin expression can be hormonally

regulated and may be important for cell-cell interactions during or after

ovulation (Stormshak et al., 1995). Prostaglandins are produced in the

ovary, especially in the corpus luteum (Olofsson and Leung, 1994;

Olofsson and Leung, 1996). Paracrine and/or autocrine actions of

ovarian prostaglandins have been proposed to facilitate ovulation and

promote corpus luteum function (Gelety and Chaudhuri, 1992; Hanzen,

1984). Tumor necrosis factor-alpha (TNF-o) is produced in the ovary

by oocytes, granulosa cells, and theca cells in late stage follicles (Chen et

al., 1993; Kondo et al., 1995; Marcinkiewicz et al., 1994). TNF-O. can

induce ovulation in rats (Brannstrom et al., 1995) and may also be

important for ovarian cell-cell interactions before or after ovulation.

Interleukins are also expressed in the ovary, especially after the LH

surge during ovulation. Theca cells express IL-1 (Hurwitz et al., 1992)

and granulosa cells express IL-6 (Machelon et al., 1994) and IL-8 (Arici

et al., 1996). Interleukins have been proposed to be involved in theca
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cell or luteal cell angiogenesis before or after ovulation (Motro et al.,

1990).

The number of growth factors identified in the ovary has

increased dramatically over the last several years. Many studies of the

production and actions of growth factors in the ovary suggest that

growth factors may influence normal and abnormal follicular

development. However in many cases the physiological significance of

growth factors in the ovary is not clear. The experiments in this thesis

are designed to examine the role of three different growth factors

during ovarian follicular development. In order to present this work in

an appropriate context, a review of ovarian growth factors is presented

in the next section. The potential roles of these growth factors during

folliculogenesis is discussed.
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II. GROWTH FACTORS IN THE OVARY

A. Introduction to Growth Factors

The local production and integrated actions of various growth

factors are required for the growth and development of all tissues.

Growth factors mediate critical cell-cell interactions that control cell

proliferation and organ development, and the number of specific growth

factors identified has increased dramatically. Growth factors often exist

in families composed of unique gene products that have similarities in

structure and function, but often differ in the way gene expression is

controlled. The existence of multiple members in a growth factor family

allows for unique sites of expression and more precise developmental

and hormonal regulation of growth factor production. Table 3 contains

a partial list of several of the major types of growth factors, including

nomenclature and major functions attributed to them.

Ovarian development also requires growth factor-mediated cell

cell interactions as a general mechanism for controlling cellular

proliferation. Most of the information available on growth factors and

the ovary deals with follicular development and adult ovarian function.

These are the primary stages of development discussed here. However,

it is likely that many of the same cell-cell interactions and growth

factors are also important for other stages of ovarian development (e.g.

embryonic or prepubertal stages). Since research has been focused

primarily on identifying the sites of production and actions of specific

growth factors, this section emphasizes the growth factors potentially

involved in ovarian cell-cell interactions. The specific functions of many

of these growth factors in vivo remain to be elucidated.
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B. Role of Growth Factors in the Ovar

Ovarian physiology requires rapid and continuous regulation of

the growth associated with folliculogenesis. Growth factor-mediated

interactions among theca cells, granulosa cells, and the oocyte are

needed to maintain ovarian function and oogenesis. Granulosa cells

provide the cytoarchitectural support for the developing oocyte and also

help to form the follicle and antrum. Theca cells surround and form the

exterior wall of the follicle. The interactions between theoa cells and

granulosa cells provide an example of a mesenchymal (stromal)-

epithelial cell interaction. The effects of this cellular interaction on

oocyte development and the influence of the endocrine system on this

cellular interaction are essential to female reproductive biology. The

theca cells and granulosa cells of the preantral and small antral follicles

must undergo extensive proliferation and functional differentiation

prior to ovulation (Hsueh et al., 1984). In most large animals, follicle

size increases from millimeters to centimeters. The primary expansion

in cell number takes place in both the granulosa and theca cell

populations. In addition to the cell proliferation required during follicle

development, follicles at various stages of development become atretic

and cell growth is arrested. Therefore, the regulation of cell

proliferation in the follicle requires both stimulatory and inhibitory
growth factors.

Follicle-stimulating hormone (FSH) and estrogen have been shown

to stimulate proliferation of follicle cells in vivo (Goldenberg et al., 1972;

Louvet and Vaitukaitis, 1976; Richards, 1979). These hormones,

however, have negligible effects on cell growth in vitro. This implies
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that in vivo hormone actions are most likely indirectly mediated by the

local production of growth factors. The mechanisms and specific growth

factors involved in the control of ovarian cell proliferation remain to be

fully elucidated (Carson et al., 1989). However, several major growth

factors have been identified as being produced and/or acting in the

ovary. These are summarized in Table 4.

C. Insulin-like Growth Factor

The insulin-like growth factors (IGF) derive their name from their

structural similarity to insulin (Froesch et al., 1985). IGF-I (previously

termed somatomedin C) is considered essential for cellular replication

and is a progression factor for cell growth and DNA synthesis.

Essentially all cells require IGF-I to progress from the G1 to S phase

during the cell cycle (Campisi and Pardee, 1984; Yang and Pardee,

1986). Production and secretion of IGF-I by the liver accounts for the

high levels of IGF-I in serum and interstitial fluid (Daughaday and

Rotwein, 1989). IGF-II is another member of this family and may act as

a growth factor during fetal development.

IGF-I is produced by granulosa cells under the control of growth

hormone (Davoren and Hsueh, 1986), FSH, and estradiol (Hammond et

al., 1985; Hsu and Hammond, 1987). The gene expression of IGF-I has

also been localized in granulosa cells (Hernandez et al., 1989; Oliver et

al., 1989) but not theca cells. The receptors for IGF-I have been

localized to granulosa cells (Adashi et al., 1988c; Baranao and Hammond,

1984; Davoren et al., 1986) and are elevated by the actions of FSH

(Adashi et al., 1988b; Adashi et al., 1988d; Adashi et al., 1986). The

regulation of IGF receptor gene expression has also been examined
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(Hernandez et al., 1991; Hernandez et al., 1992). IGF-I stimulates

granulosa cell oxytocin production (Schams et al., 1988), the P450 side

chain cleavage enzyme (Veldhuis et al., 1986), the aromatase gene

expression (Steinkampf et al., 1988), lipoprotein metabolism (Veldhuis

et al., 1987), adenylate cyclase activity (Adashi et al., 1986),

plasminogen activator production (Tilly and Johnson, 1990), and LH

receptor induction (Adashi et al., 1985b).

In addition to affecting cellular function, IGF stimulates the

proliferation of bovine (Savion et al., 1981) and porcine (Baranao and

Hammond, 1984) granulosa cells, but not rat granulosa cells in vitro

(Adashi et al., 1984). Although theca cells do not appear to produce

IGF-I (Oliver et al., 1989), IGF-II gene expression has been localized to

theca cells and not granulosa cells (Hernandez et al., 1990b). Theca cells

also contain IGF receptors and respond to IGF through an alteration in

steroidogenesis (Hernandez et al., 1988) and LH receptor binding (Cara

et al., 1990). Potential interactions between granulosa cells and theca

cells through the local production and action of IGF have been suggested

(Adashi et al., 1985a; Geisthovel et al., 1990). The localization of IGF-I

expression to granulosa and not theca cells implies a potential IGF-I-

mediated paracrine interaction between granulosa and theca cells. IGF

I can also play a role as an autocrine factor for granulosa cells. A

physiological parameter to consider for the regulatory role of IGF,

however, is the high circulatory levels of liver-derived IGF-I (>100

ng/ml) available to both cell types. This is an additional source of IGF-I

that needs to be considered in understanding the importance of IGF

mediated cell-cell interactions.
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Although the high circulatory levels of IGF-I may limit the

regulatory role of IGF during ovarian follicular development, locally

produced IGF-I may be essential for the embryonic growth of the ovary

and other organs. This possibility has been investigated by utilizing

embryonic tissue grafts from mice whose IGF-I gene has been disrupted

(i.e. IGF-I-KO mice) (Powell-Braxton et al., 1993). Cunha recently

transplanted urogenital sinuses (UGS) from 18 day IGF-I-KO embryos

under the renal capsule of athymic mice. Normal UGS tissue grafts

dramatically increase in weight under these conditions. Very little

growth of the IGF-I-KO UGS graft was observed even though the organ

was exposed to high levels of IGF-I from the serum of the host mouse

(Cunha, G.R., personal communication). These observations suggest that

locally-produced IGF-I may be important for tissue growth in the UGS

and possibly other tissues such as the ovary. However, the precise role

of IGF-I during ovarian follicular development in the adult remains to
be elucidated.

-

IGF binding proteins (IGFBP) are produced by ovarian cell types

and are present in the follicle. These binding proteins can reduce the
effective concentration and modulate the actions of IGF. Several forms

of IGFBP have been identified and are present in the ovary. Both

granulosa cells and theca cells produce IGFBP(2) (Nakatani et al., 1991;

Ricciarelli et al., 1991; Samaras et al., 1992), IGFBP(3) (Mondschein et

al., 1990; Ricciarelli et al., 1992; Samaras et al., 1992), and IGFBP(4),

which appears to be species-specific for cellular localization. IGFBP(4)

and IGFBP(5) appear to be expressed primarily by granulosa cells

(Erickson et al., 1992a; Erickson et al., 1992b; Nakatani et al., 1991). All

IGFBP forms are present in follicular fluid at various stages of
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TABLE 3 PROPERTIES OF SEVERAL COMMON GROWTH FACTORS

APPROX.
SIZE COMMENTS

GROWTH FACTOR (kDA) (EXAMPLES OF ACTIONS)

Keratinocyte growth factor (FGF7)" KGF 28 Epithelial cell growth"
Hepatocyte growth factor' HGF 65/dimer Epithelial cell growth"
Kit-ligand/stem cell factor? KL/SCF 30 Gametogenesis, Hematopoesis,

Melanogenesis”
Transforming growth factor-o. TGFO. 5 Cellular growth
Transforming growth factor-3 TGFB 25/dimer Cellular growth inhibition
Nerve growth factor NGF 13 Neuronal development,

Ovulation

Epidermal growth factor EGF 6 Cellular growth
Vascular endothelial growth factor VEGF 45/dimer Angiogenesis, Endothelial

cell growth
Fibroblast growth factor FGF 1 7 Angiogenesis, Limb bud

development
Platelet-derived growth factor PDGF 30/dimer Cellular growth
Insulin-like growth factor-I IGF-I 7.5 Skeletal growth, Cellular DNA

synthesis
Insulin-like growth factor-II IGF-II 7.5 Fetal Development, Cellular

DNA synthesis
"KGF and HGF are generally derived from mesenchymal/stromal cell types and act on

epithelial cell types. KGF and HGF expression and actions are examined in the ovarian
follicle.

*KL/SCF is proposed to promote stem cell recruitment/development. KL expresssion and
actions are examined in the ovarian follicle.

development. Although the specific function(s) of these IGFBPs remains

to be elucidated, it has been postulated that they may inhibit or control

the actions of IGF (Ui et al., 1989). Since IGF is an important

progression factor for DNA synthesis (Campisi and Pardee, 1984; Yang

and Pardee, 1986) and may prevent apoptosis (Sell et al., 1995), IGFBPs

may indirectly influence follicular growth and atresia during

folliculogenesis.
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D. Transforming Growth Factor-o/Epidermal Growth Factor

Transforming growth factor-o. (TGFo.) is one of the structurally

related peptides belonging to the epidermal growth factor (EGF) family

(Carpenter and Cohen, 1990; Derynck, 1988). Because they have a

similar protein structure, these factors act at the same receptor to
stimulate cell growth (Carpenter, 1987). TGFo. is synthesized as a

transmembrane precursor, which may activate EGF receptors on

neighboring cells or be proteolytically cleaved to release mature

peptide. TGFo: appears to be produced by non-transformed cells, and

may play an important role as a growth regulator in normal tissues.

Although EGF was not found to be produced in the ovary, an EGF

like substance was found in theea cells (Skinner et al., 1987b) and was

identified as TGFo. (Kudlow et al., 1987; Skinner and Coffey, 1988).

Granulosa cells do not express TGFo. (Lobb et al., 1989; Skinner and

Coffey, 1988) but have been shown to contain the EGF receptor (Chabot

et al., 1986; Feng et al., 1986; Mondschein and Schomberg, 1981). EGF

generally is inhibitory for adenylate cyclase (Dodson and Schomberg,

1987), LH receptor activity (Knecht and Catt, 1983a; May et al., 1987;

Mondschein and Schomberg, 1981), and FSH-induced aromatase activity

(Hsueh et al., 1981; May et al., 1982). TGFo has inhibitory effects on

granulosa cells (Adashi et al., 1987) that are similar to those of EGF. The

effects of TGFO., however, can vary among species (Gangrade et al.,

1991). Theca cells also contain the EGF receptor (Skinner and Coffey,

1988), and EGF/TGFo influences theca cell steroidogenesis (Erickson and

Case, 1983). One of the initial observations on growth regulation in the

ovary was the ability of EGF to stimulate granulosa cell proliferation

(Gospodarowicz et al., 1977). The growth of theca cells can also be

42



stimulated by TGFo/EGF (Skinner and Coffey, 1988). The actions of

TGFo/EGF and the potential presence of EGF in the ovaries of various

species can vary and remain to be fully elucidated.

Circulatory levels of EGF/TGFo are negligible, therefore, the factors

must be produced locally within a specific organ. The ability of the

theca cell to produce TGFo: that can stimulate the growth of both

granulosa and theea cells implies that TGFO may have an important role

in promoting cell proliferation during follicle development. TGFo has

been localized in developing ovarian follicles (Chegini and Williams,

1992; Lobb et al., 1989). An interesting observation is that this appears

to be a mesenchymal/stromal-controlled growth process (Skinner,

1990). Therefore, TGFo. is postulated to mediate a paracrine interaction

between theca and granulosa cells and an autocrine interaction between

theca cells. The ability of hormones to influence TGFo, production

remains to be elucidated and may provide a mechanism through which

hormones can regulate ovarian follicle cell growth.

E. Transformin rowth Factor

Transforming growth factor-3 (TGFB) is a multifunctional

regulatory molecule that can stimulate or inhibit aspects of cellular

growth and differentiation (Roberts and Sporn, 1988). TGFB acts as a

growth inhibitor by inhibiting the actions of growth factors such as

EGF/TGFo. TGFB can also promote cellular differentiation, extracellular

matrix production, and chemotaxis. Different subtypes of TGFB are

produced as latent secreted precursors. Most cell types contain

receptors for this ubiquitous factor.
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Previous studies (Gangrade and May, 1990; Skinner et al., 1987a)

demonstrated that ovarian theca cells express and produce TGFB. In

vivo, immunocytochemical localization of TGFB is primarily confined to

the theca cell layer (Thompson et al., 1989). Several recent studies

have confirmed the immunocytochemical localization of TGFB isoforms

in follicle cells (Chegini and Flanders, 1992; Chegini and Williams, 1992);

this may vary with follicle development and hormone treatment (Roy et

al., 1992). Although freshly isolated bovine granulosa cells do not

appear to express TGFB (Skinner et al., 1987a), cultured rat granulosa

cells produce TGFB which can be suppressed by FSH (Kim and

Schomberg, 1989; Mulheron and Schomberg, 1990). Therefore, theca

cells appear to be a predominant source of ovarian TGFB, but granulosa

cells also have the capacity to express TGFB's. The specific types of TGFB

expressed and their hormonal and developmental regulation remain to

be fully elucidated (Mulheron et al., 1992; Mulheron et al., 1991).

Local production of TGFB allows it to act on various ovarian cell

types. TGFB stimulates a number of granulosa cell functions, including

FSH-induced LH receptors (Dodson and Schomberg, 1987; Knecht et al.,

1986), EGF actions (Feng et al., 1986), FSH-induced aromatase activity

(Hutchinson et al., 1987; Ying et al., 1986), IGF-I production

(Mondschein et al., 1988), and inhibin production (Zhang et al., 1988).

TGFB can also influence theca cell function and steroidogenesis (Caubo et

al., 1989; Hernandez et al., 1990a; Magoffin et al., 1989), and oocyte

maturation (Feng et al., 1988; Tsafriri et al., 1989). However, it is not

known if TGFB acts directly or indirectly on oocytes. In addition to

effects on cellular differentiation, TGFB can also influence ovarian cell

growth. TGFB has been shown to inhibit TGFo:/EGF-induced bovine and
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porcine granulosa cell growth (Mondschein et al., 1988; Skinner et al.,

1987a). Conflicting data were found with rat granulosa cells (Dorrington

et al., 1988). TGFB can also inhibit TGFo/EGF-induced theca cell growth

(Roberts and Skinner, 1991). Observations suggest that TGFB may have

an important role as a growth inhibitor in the ovary. The ability of

TGFB to inhibit cell growth allows for a more differentiated state of the

cell that is reflected in the generally stimulatory effects of TGFB on cell

function. Therefore, the influence of TGFB on cell function may be

indirectly mediated through the inhibition of cellular proliferation.

Growth inhibition may be important in preventing premature cell

growth of the preantral follicle, arresting cell growth during atresia, and

controlling cell growth during follicle cell expansion.

The local production and action of TGFB within the developing

ovarian follicle implies that TGFB is an important paracrine and

autocrine factor for ovarian cell-cell interactions. The hormonal

regulation of TGFB production (Bendell and Dorrington, 1991) may also

have a role in the endocrine regulation of ovary growth. The

physiological significance of TGFB in the ovarian follicle remains to be

elucidated.

F. Fibroblas rowth Factor

Fibroblast growth factor (FGF) can influence aspects of both

cellular growth and differentiation (Gospodarowicz et al., 1987). Aside

from growth stimulation, recent studies indicate that FGF may play a

critical role angiogenesis and tissue repair (Fernig and Gallagher, 1994;

Friesel and Maciag, 1995; Slavin, 1995). FGF has many cellular targets

and is important in many organ systems, including the ovary
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(Gospodarowicz and Ferrara, 1989). There are at least 9 members of

the FGF family of growth factors (Benharroch and Birnbaum, 1990;

Fernig and Gallagher, 1994; Ledoux et al., 1992). At least two isoforms

of FGF are expressed in the ovary: basic FGF (FGF2 or bFGF) and

keratinocyte growth factor (FGF7 or KGF). KGF was described above.

Basic FGF (FGF2 or bFGF) is produced by granulosa cells in the

developing embryonic gonad (Gonzalez et al., 1990) and in the adult

ovary (Guthridge et al., 1992; Koos and Olson, 1989; Neufeld et al.,

1987). Expression of bFGF has also been reported in oocytes from

primordial and primary follicles (Koike and Noumura, 1994; van Wezel

et al., 1995). One of the angiogenic factors in the ovary and corpus

luteum has been identified as bFGF (Gospodarowicz et al., 1985). bFGF

can act on granulosa cells to alter the steroidogenic capacity of the cell

(Adashi et al., 1988a; Baird and Hsueh, 1986), gonadotropin receptors

(Mondschein and Schomberg, 1981), and plasminogen activator

expression (LaPolt et al., 1990; Tilly and Johnson, 1990). In addition to

these effects on cell function, bFGF can stimulate granulosa cell

proliferation (Gospodarowicz, 1979; Gospodarowicz et al., 1977), and

may indirectly cause many of the effects observed on cell function. An

additional role for bFGF production in the ovary is to act as an

angiogenic factor and promote vascularization of the developing follicle

and corpus luteum.

. Platelet-Derived rowth Factor and Vascular Endothelial

Growth Factor

Platelet-derived growth factor (PDGF) is a common growth factor

that allows cells to become competent to enter the growth cycle. The

*-
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receptor for PDGF has been observed in granulosa cells (McWilliam et

al., 1995). PDGF acts on granulosa cells to enhance FSH-induced

progesterone secretion, adenylate cyclase activity (Knecht and Catt,

1983b), plasminogen activator production (Tilly and Johnson, 1990),

and LH receptor induction (Knecht and Catt, 1983b; Mondschein and

Schomberg, 1984). The action of PDGF as a potential competence factor

for ovarian cellular proliferation is a plausible activity. PDGF may

directly promote theca cell proliferation (May et al., 1992), but this

possibility has not been thoroughly investigated. Although the potential

sites of PDGF synthesis in the ovary have been studied extensively,

PDGF expression has only been observed in oocytes after ovulation

(Rappolee et al., 1988). By direct or indirect mechanisms, ovarian PDGF

facilitates oocyte maturation especially during in vitro fertilization (IVF)

(Croteau and Menezo, 1994; Harper and Brackett, 1993).

A factor that is structurally related to PDGF has been identified as

vascular endothelial growth factor (VEGF) (Conn et al., 1990; Leung et

al., 1989). This growth factor is expressed in the ovary, particularly in

luteal tissue, and is postulated to have a role in angiogenesis of the

follicle (Phillips et al., 1990; Ravindranath et al., 1992). VEGF is also

expressed in granulosa cells and theca cells prior to ovulation (Dissen et

al., 1994; Kamat et al., 1995; Shweiki et al., 1993) and may be

hormonally regulated (Dissen et al., 1994; Garrido et al., 1993). A

related protein, VEGF-related protein (VRP) is also expressed in the

ovary (Lee et al., 1996). In addition to inducing angiogenesis in the

corpus luteum, VEGF and VRP may increase the permeability of theca

cell blood vessels before ovulation (Kamat et al., 1995). It is possible

that excessive expression of VEGF during ovulation contributes to
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ovarian hyperstimulation syndromes and fluid formation in ovarian

cysts (Gordon et al., 1996; Shweiki et al., 1993).

H. Neurotrophins (Nerve Growth Factor

Neurotrophins such as nerve growth factor (NGF) not only

promote neuronal survival and differentiation, but can also mediate

intercellular interactions between non-neuronal cells (Levi-Montalcini

et al., 1996; Yankner and Shooter, 1982). NGF is important for the

development and maintenance of sympathetic neurons in the peripheral

nervous system and cholinergic neurons in the central nervous system.

Its expression typically correlates with the amount of sympathetic

innervation.

Mature mammalian ovaries have been shown to synthesize

several neurotrophins including NGF, neurotrophin 3 (NT-3) and

neurotrophin 4/5 (NT-4/5) (Dissen et al., 1995; Lara et al., 1990a). The

ovary also expresses some of the neurotrophin receptors including the

p75 low-affinity nerve growth factor receptor (NGFR), trkA (the NGF

receptor), trkB (the receptor for NT-4/5) and trkC (the preferred NT-3

receptor) (Dissen et al., 1995; Meakin and Shooter, 1992). Expression of

NGF is affected by gonadotropins and ovarian innervation (Lara et al.,

1990a). NGF antibodies inhibit ovarian sympathetic innervation (Lara

et al., 1990b). Expression of NGF and trkA is activated at ovulation and

inhibition of trkA blocks ovulation (Dissen et al., 1991). NGF facilitates

ovulation by disrupting gap junctions between theca cells and therefore

induces cellular disassociation of the follicular wall (Mayerhofer et al.,

1996). In the cow, NGF may regulate theca cell proliferation and steroid

production during follicular development (unpublished observations).
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Therefore NGF production in the ovary influences ovarian function

through sympathetic innervation and non-neuronal actions. The

potential actions of other neurotrophins in the ovary remain to be
elucidated.

I. Keratinoc rowth Factor

KGF is a 28-kilodalton (kDa) protein that is a member of the

fibroblast growth factor family (FGF-7) (Benharroch and Birnbaum,

1990; Ledoux et al., 1992). KGF is primarily produced by mesenchyme

derived cells in many tissues and acts as an epithelial-cell-specific

mitogen (Aaronson et al., 1990; Rubin et al., 1995a; Rubin et al., 1995b).

The receptor to KGF (KGFR) is a splice variant of the FGF receptor family

(FGFR2) that is primarily localized on epithelial cells (Bottaro et al.,

1990; Miki et al., 1992; Rubin et al., 1995b; Werner et al., 1992). KGF

appears to be involved in many cellular processes including ovarian

follicular development (Parrott et al., 1994), placental trophoblast

proliferation (Izumi et al., 1996), secretory phase endometrial

development (Koji et al., 1994), bladder development (Baskin et al.,

1996a; Baskin et al., 1996c), hair development (Guo et al., 1996),

stomach development (Matsubara et al., 1996), wound healing (Werner

et al., 1994), corneal re-epithelialization (Sotozono et al., 1995), lung

branching morphogenesis (Post et al., 1996; Shiratori et al., 1996),

ventral prostate branching morphogenesis (Sugimura et al., 1996),

seminal vesicle branching morphogenesis (Alarid et al., 1994),

inflammatory bowel disease (Brauchle et al., 1996; Finch et al., 1996),

and mammary hyperplasia and adenocarcinoma (Kitsberg and Leder,

1996). Androgen has been shown to regulate the KGF gene by direct
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stimulation of the KGF promoter (Fasciana et al., 1996). These and other

studies have established that KGF can mediate the actions of endocrine

hormones and act as a paracrine mediator of mesenchymal-epithelial

cell interactions in many tissues.

The expression and function of KGF in the ovary have not been

previously studied. Experiments in this thesis show expression of KGF

in the ovary. Actions of KGF included stimulation of granulosa cells

growth and inhibition of granulosa cell differentiated functions (i.e.

aromatase activity and progesterone production). Expression of KGF in

theca cells was developmentally and hormonally regulated during

follicular development. These results suggest that KGF is another

important growth factor in the ovarian follicle. KGF appears to

specifically mediate mesenchymal-epithelial cell interactions (i.e. theca

cell-granulosa cell interactions) during folliculogenesis.

J. Hepatocyte Growth Factor

HGF is an 87-kDa protein composed of a 69-kDa O.-subunit and a

34-kDa 3-subunit that is important for the organogenesis and

morphogenesis of various tissues and organs (Matsumoto and

Nakamura, 1991; Matsumoto and Nakamura, 1992; Matsumoto and

Nakamura, 1996; Mizuno and Nakamura, 1993; Nakamura, 1991;

Weidner et al., 1993a; Weidner et al., 1993b). HGF is primarily

produced by mesenchyme-derived cells in many tissues and acts as an

epithelial cell-specific mitogen. Recently HGF production has also been

demonstrated other cell types such as leukemic hematopoietic cells,

neural cells and muscle cells (Gohda et al., 1995; Honda et al., 1995;

Matsumoto and Nakamura, 1996; Nakamura et al., 1994; Sonnenberg et
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al., 1993b). The receptor to HGF (HGFR) is the product of the c-met

protooncogene (p190MET) that is primarily localized to epithelial cells

(Bottaro et al., 1991; Di Renzo et al., 1991; Park et al., 1986; Tajima and

Nakamura, 1992; Zarnegar, 1995) but can also be expressed by

macrophages, neurons, endothelial cells, muscle cells and

cytotrophoblasts (Galimi et al., 1993; Honda et al., 1995; Saito et al.,

1995; Sonnenberg et al., 1993b). Two alternately spliced forms of HGF

known as NK1 and NK2 have been documented that may act as HGF

agonists or antagonists (Chan et al., 1993; Chan et al., 1991; Cioce et al.,

1996; Lokker and Godowski, 1993; Schwall et al., 1996). HGF appears to

be involved in mesenchymal-epithelial cell interactions in many tissues

such as hair follicle development (Bernard, 1994), bone development

(Grano et al., 1996), prostate development (Kasai et al., 1996; Nishi et

al., 1996), stomach development (Matsubara et al., 1996), pancreas

development (Otonkoski et al., 1996), heart development (Rappolee et

al., 1996), tooth development (Tabata et al., 1996), blood cell

development (Galimi et al., 1993), muscle development (Takayama et

al., 1996), liver regeneration (Matsumoto and Nakamura, 1991;

Matsumoto and Nakamura, 1992; Matsumoto and Nakamura, 1996;

Michalopoulos, 1995; Tsubouchi et al., 1993), lung regeneration

(Matsumoto and Nakamura, 1996; Ohmichi et al., 1996), kidney

regeneration (Matsumoto and Nakamura, 1996; Tajima and Nakamura,

1992), breast cancer (Nagy et al., 1996), angiogenesis (Rosen et al.,

1993), placental cytotrophoblast function (Saito et al., 1995),

endometrial proliferation (Tominaga, 1996), neuronal survival (Ebens et

al., 1996; Hamanone et al., 1996; Honda et al., 1995; Matsumoto et al.,

1995a), and neural induction (Stern and Ireland, 1993; Takayama et al.,
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1996). There is evidence that a homolog of HGF is expressed in

Hensen's node and may be the neural inducing signal described by Hans

Spemann more than 60 years ago (Spemann, 1938; Stern and Ireland,

1993). Expression of HGF can be regulated in an endocrine manner in

many tissues including kidney, spleen, lung and prostate (Matsuda and

Nakamura, 1993; Matsumoto and Nakamura, 1992; Matsumoto and

Nakamura, 1993; Matsumoto et al., 1992b; Nishi et al., 1996). These and

other studies have established that HGF can mediate the actions of

endocrine hormones and act as a paracrine mediator of mesenchymal

epithelial cell interactions in many tissues.

The expression and function of HGF in the ovary have not been

studied extensively. Experiments in this thesis show expression of HGF

in the ovary. Actions of HGF included stimulation of granulosa cells

growth and inhibition of granulosa cell differentiated functions (i.e.

aromatase activity and progesterone production). Expression of HGF in

theca cells was developmentally and hormonally regulated during

follicular development. Surprisingly Zachow et al (Zachow et al., 1997)

recently reported actions of HGF on rat theca-interstitial cells. In these

experiments, HGF inhibited LH-induced androgen production and

stimulated progesterone production by theca-interstitial cells. This

result is surprising since HGF generally does not act on mesenchymal

cell types. In addition no other example has been reported of HGF and

HGF receptor co-expression in the same cell type (Sonnenberg et al.,

1993b). Since ovarian theca cells do not express high levels of the HGF

receptor (Sonnenberg et al., 1993b), the apparent stimulatory actions of

HGF on theca cell androgen production may be indirect. While the

functions of HGF in the ovary are not completely understood, the
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potential importance of HGF for follicular development are clear. Most

notably, HGF appears to mediate mesenchymal-epithelial cell

interactions in the ovarian follicle.

K. Kit-Ligand/Stem Cell Factor

The KL [also named stem cell factor (Martin et al., 1990; Zsebo et

al., 1990b), mast cell factor (Anderson et al., 1990) or steel factor] and

its tyrosine kinase receptor c-kit are encoded at the steel (S1) and white

spotting (W) loci of the mouse, respectively (Chabot et al., 1988;

Copeland et al., 1990; Flanagan and Leder, 1990; Geissler et al., 1988;

Huang et al., 1990; Williams et al., 1990; Witte, 1990; Zsebo et al.,

1990a). Mutations at SI and W cause defects in melanogenesis,

gametogenesis, and hematopoiesis at several stages of embryonic

development and adult life (Bernstein et al., 1990; Besmer, 1991; Galli

et al., 1994; Russell, 1979; Silvers, 1979). During male and female

embryonic development KL and c-kit are essential for germ cell

migration (Bennett, 1956; Keshet et al., 1991; Matsui et al., 1990;

McCoshen and McCallion, 1975; Mintz, 1960; Mintz and Russell, 1957;

Orr-Urtreger et al., 1990). In the adult KL and c-kit are important for

follicular development in the ovary (Besmer et al., 1993; Manova et al.,

1993; Packer et al., 1994). It has been shown that granulosa cells

produce kit-ligand/stem cell factor (KL) that promotes oocyte

development in the ovary (Dolci et al., 1991; Godin et al., 1991; Keshet

et al., 1991; Manova et al., 1993; Matsui et al., 1991; Motro and

Bernstein, 1993; Motro et al., 1991). In situ and immunohistochemistry

experiments in the rodent have demonstrated that the receptor c-kit is

highly expressed in oocytes supporting the role of KL in granulosa cell
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oocyte interactions (Horie et al., 1993; Horie et al., 1991; Keshet et al.,

1991; Manova et al., 1990; Motro and Bernstein, 1993; Motro et al.,

1991). Although it is clear from these experiments that c-kit is also

expressed in theca cells in developing follicles (Manova et al., 1993;

Manova et al., 1990; Motro and Bernstein, 1993), the direct role of KL to

regulate theca cell function has not previously been addressed.

Several KL and c-kit mutations have been described with many

gonadal phenotypes. The ovaries of adult mice carrying the Steel-panda

(Slpan), Steel-contrasted (Slcon), or Steel-t (S1) mutations largely contain

small follicles whose development is arrested at the stage that theca

cells organize around the follicles (Bedell et al., 1995; Huang et al., 1993;

Kuroda et al., 1988). This lack of follicle development and subsequent

infertility have been widely attributed to a defect in granulosa cell

oocyte interactions via KL/c-kit. However it is possible that these

mutations arrest follicular development by disrupting granulosa cell

theca cell interactions. Terada et al (1986) found that ovaries from

suckling Sl/Slt mice do not produce androgens in response to luteinizing

hormone (LH) suggesting a defect in theca cells (Terada et al., 1986).

Kuroda et al (1988) suggested a possible stromal cell/theca cell defect in

the same mutant mice (Kuroda et al., 1988). These studies raise the

possibility that granulosa cell derived KL may promote follicular

development by directly regulating theca cell function.

L. Summar f Ovarian Growth Factors

It is apparent that a large number of growth factors are produced

and act in the ovary. Most of the research to date has focused on how

specific growth factors affect differentiated functions of gonadal cell
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TABLE 4 GROWTH FACTORS IN THE OVARY

SITE SITE
GROWTH FACTOR OF SYNTHESIS OF ACTION PROPOSED FUNCTION

KGFl Theca Granulosa #Growth
HGFl Theca Granulosa #Growth

KL/SCFl Granulosa The ca/ #Growth and #Differentiation

Oocyte Oocyte Maturation
TGFO. Theca Theca/Granulosa #Growth and J. Differentiation
TGFB The ca/Granulosa Theca/Granulosa J Growth and #Differentiation
NGF Theca/Granulosa” Theca Ovulation

VEGF Corpus Luteum Endothelial Cells Luteal Angiogenesis
FGF Granulosa Granulosa/ #Growth

Endothelial Cells Luteal Angiogenesis
PDGF º The ca/ #Growth

Granulosa # Differentiation

IGF-I Granulosa The ca/Granulosa #Growth and #Differentiation

"KGF, HGF and KL expression and actions are examined in the current thesis.
*Dissen et al (1996) showed production and action of NGF in rat theca cells. NGF may also
be produced by and act on granulosa cells (unpublished observation).

types. Factors that promote cell growth generally have suppressive

effects on differentiation and attenuate hormone responsiveness.

Factors that inhibit growth generally enhance differentiation and

increase hormone responsiveness. When considering the function and

physiology of locally produced growth factors, a distinction needs to be

made between growth and differentiation. A factor that promotes cell

proliferation and the cell cycle may indirectly reduce the differentiated

state of the cell, while the inverse is true of a factor that arrests cell

proliferation and inhibits the cell cycle. Although specific growth

factors may have a role in regulating differentiated functions, the

possibility exists that many of the actions observed may be the indirect

result of effects on cell growth. Therefore, the physiological importance

of growth factor regulation of differentiated function remains to be
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elucidated. The control of cell growth, however, is a major function of

specific growth factors. The integrated actions of various factors such as

TGFo, and TGFB could provide an efficient mechanism for regulating the

cell proliferation required in gonadal development. Further

investigation of the developmental regulation of the expression,

production, and action of individual growth factors will provide insight

into the potential physiological roles for the various growth factors.

Evidence obtained to date implies that growth factors will be critical

regulatory agents involved in ovarian cell-cell communication.

The endocrine regulation of ovarian cell growth has been well

documented in vivo. The actions of gonadotropins and reproductive

steroids, however, are distinct from the pharmacology of most growth

factors. In addition, these hormones often have negligible effects on cell

proliferation in vitro. The possibility that the actions of reproductive

hormones on gonadal cell growth are indirectly mediated through

alterations in the expression of locally produced growth factors needs to

be seriously considered. Current work suggests that hormones may

regulate growth factor production. Further investigation of the

hormonal regulation of the production and actions of growth factors will

help elucidate the mechanisms involved in the endocrine regulation of

gonadal development.
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III. THESIS OVERVIEW

Ovarian folliculogenesis is a dynamic process that involves local

cell-cell interactions between theca cells, granulosa cells, and oocytes.

One of the essential interactions is between mesenchymal theca cells

epithelial granulosa cells. Both theca cells and granulosa cells produce

growth factors that are proposed to control follicular development. In

this thesis the production and actions of keratinocyte growth factor

(KGF), hepatocyte growth factor (HGF), and kit-ligand (KL) are examined

in the ovary. The general hypothesis to be addressed in these

experiments is that mesenchymal-epithelial cell interactions

mediated by KGF, HGF, and KL control cellular growth and

functional differentiation during ovarian follicular

development. More specifically KGF and HGF are examined as

potential theca cell-derived growth factors that specifically regulate

granulosa cell growth and differentiation. KL is examined as a

granulosa cell-derived growth factor that controls theca cell functions.

The actions of KL are further examined by the ability of KL to induce

initiation of primordial follicle development in the ovary. No other

factor has been identified that is involved in primordial follicle

development.

In the current Chapter (Chapter 1) oogenesis, ovarian follicular

development, and ovarian growth factors were introduced. This

information suggests that many growth factors may be involved in

folliculogenesis. Several compensatory growth factors are proposed to

be important for ovarian function since reproduction is essential for

species' propagation. In addition the presence of several compensatory
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mechanisms for folliculogenesis may have allowed a wide variety

reproductive functions to evolve in animals. Chapter 2 identifies the

expression and action of two new growth factors in the ovary (i.e. KGF

and HGF). KGF and HGF are mesenchyme-derived growth factors that

support the original hypothesis of the role of mesenchymal-epithelial

cell interactions in the ovarian follicle (i.e. theca cell-granulosa cell

interactions). Chapters 3 and 4 examine the developmental and

hormonal regulation of KGF and HGF in the ovary. Chapter 5 examines

the developmental and hormonal regulation of granulosa cell-derived

kit-ligand (KL) as well as the ability of KL to regulate theca cell growth

and differentiated functions (i.e. androstenedione production). In

Chapter 6, a bidirectional positive feedback loop is identified between

theca cells and granulosa cells that is mediated by KGF, HGF and KL.

Chapters 7 and 8 extend the observations of the role of KL in the ovary

to primordial follicle development. The ability of KL to induce initiation

of primordial follicle development is examined in ovary organ culture.

In addition the potential role of KL in theca cell recruitment around

early developing follicles is examined. Finally Chapter 9 summarizes

these observations and conclusions. In order to put the current results

in perspective, Chapter 9 includes summaries of relevant previous

research, current research and proposed future research are presented.

The work in this thesis expands our knowledge of ovarian

follicular development in several ways. When the work in this thesis

was initiated, the importance of hormones (e.g. gonadotropins and

steroids) for folliculogenesis had been established. FSH, LH and

estradiol were known to promote follicular growth in vivo. However

the mechanism of how these hormones promote follicular growth was
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not clear. The potential ability of growth factors to influence cellular

functions during follicular development was appreciated. However

relatively few growth factors had been examined during different

stages of follicular development [e.g. transforming growth factor-alpha

(TGF0) and transforming growth factor-beta (TGFB)]. The ability of

several growth factors to mediate the actions of hormones was a

relatively new concept. No information was available concerning the

ability of growth factors to regulate the expression of other growth

factors in the ovarian follicle. Although initiation of primordial follicle

development had been studied for more than 100 years, no factor had

been identified that was involved in this process.

The work in this thesis establishes that two new ovarian growth

factors, KGF and HGF, are produced by mesenchymal theca cells. KGF

and HGF act on epithelial granulosa cells to stimulate proliferation and

indirectly inhibit steroidogenesis. KL is produced by granulosa cells and

stimulates theca cell proliferation and androstenedione production.

Expression levels of KGF, HGF and KL are developmentally regulated

during follicular development and are highest in large size follicles.

Expression levels of KGF, HGF, and KL are stimulated by hormones that

promote follicular development (i.e. LH, estrogen, and FSH) suggesting

that these growth factors may mediate the actions of hormones in the

ovarian follicle. Expression levels of KGF and HGF (in theca cells) are

stimulated by granulosa-cell derived KL. Expression levels of KL (in

granulosa cells) are stimulated by theca cell-derived KGF and HGF.

These results suggest that KGF, HGF, and KL positively stimulate

expression of each other in a bidirectional feedback loop. These

combined observations provide useful information about the
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importance of growth factors during follicular development. In addition

these observations may be useful for analyzing the factors that mediate

mesenchymal-epithelial cell interactions in many tissues.

Perhaps the most novel work in this thesis is the observation that

KL is necessary and sufficient for initiation of primordial follicle

development in ovary organ culture. In addition the current results

suggest that KL promotes theca cell recruitment around early

developing follicles. These observations are the first to identify a factor

that is involved in initiation of primordial follicle development.
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CHAPTER 2

MESENCHYMAL-EPITHELIAL INTERACTIONS IN THE
OVARIAN FOLLICLE INVOLVE KERATINOCYTE AND

HEPATOCYTE GROWTH FACTOR (KGF AND HGF)
PRODUCTION BY THECA CELLS AND ACTION ON

GRANULOSA CELLS

II. ABSTRACT

Mesenchymal-epithelial cell interactions between theca cells and

granulosa cells in bovine ovarian follicles was investigated.

Experiments were designed to examine the local production and action

of two mesenchymal (stromal)-derived growth factors, KGF and HGF.

Using reverse transcription-polymerase chain reaction (RT-PCR), gene

expression for KGF and HGF was detected in the mesenchymal-derived

theca cells, but not in the epithelial granulosa cells. The bovine PCR

products for KGF and HGF were sequenced and found to be similar to

known mouse, rat, and human sequences. The bovine KGF sequence

was found to have a high degree of identity (86-95%) with the other

species while bovine HGF has a lesser degree of identity (60-63%).

Immunoprecipitation of radiolabeled theca cell secreted proteins with a

KGF antibody demonstrated production of the 28 kDa KGF protein. An

immunoblot of theca cell secreted proteins with HGF antibodies detected

the 87 kDa HGF, as well as relevant 69 kDa and 34 kDa subunits.

Therefore, theca cells were found to express the genes and secrete the

proteins for KGF and HGF. Granulosa cells had no detectable KGF or HGF

expression. Treatment with recombinant KGF or HGF stimulated the
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proliferation of granulosa cells but not theca cells. Therefore, the

actions of KGF and HGF in the ovarian follicle appear to be restricted to

granulosa cells. Combined results indicate that KGF and HGF are

produced locally in the bovine ovarian follicle by theca cells and that

both of these growth factors can act on granulosa cells to influence cell

proliferation. Observations demonstrate that KGF and HGF can mediate

mesenchymal-epithelial cell interactions between theca cells and

granulosa cells. The potential importance that mesenchymal (i.e. theca

cell) derived factors may have in ovarian follicle development is
discussed.

III. INTRODUCTION

Mesenchymal-epithelial cell interactions are present in essentially

every organ and are one of the most common cell-cell interactions

between different cell types. It has long been recognized that

differentiation of epithelial cells is directed by adjacent mesenchymal

cells during embryonic development and optimally maintained by

adjacent stroma in adult tissues (Grobstein, 1967; Kratochwil, 1972).

Although the importance of mesenchymal-epithelial cell interactions

have been established for most tissues (Cunha et al., 1983), the

molecular mechanisms involved in these cell-cell interactions remain to

be elucidated.

The ovarian follicle provides a useful model system to investigate

mesenchymal-epithelial cell interactions in a hormonally responsive

tissue. During each reproductive cycle, the epithelial-derived granulosa

cells support the oocyte and form the antrum of the follicle. The
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Figure 1. Analysis of KGF and HGF gene expression. Reverse transcription
polymerase chain reaction (RT-PCR) analysis of KGF, HGF, and cyclophilin
(IB15) mRNA in theca cells (T) and granulosa cells (G). Base pair sizes (bp) are
determined with respect to DNA molecular weight standards (M). Data are
representative of at least 5 experiments.

mesenchymal-derived theca cells surround both the follicle and the

outer layer of granulosa cells to provide structural integrity for the

follicle. Theca cells have been shown to provide androgen to granulosa

cells as a substrate for estrogen production (Dorrington et al., 1975).

Theca cells also produce transforming growth factors alpha and beta

(TGF0 and TGFB) that can regulate both the granulosa and theca cell

proliferation required for follicle development (Kudlow et al., 1987;

Lobb et al., 1989; Skinner and Coffey, 1988; Skinner et al., 1987a).

Therefore, mesenchymal-epithelial interactions between theca cells and

granulosa cells appear to be important for ovarian physiology and

follicle development.

Two recently identified mesenchymal-derived growth factors that

mediate mesenchymal-epithelial interactions are KGF and HGF, KGF is a

fibroblast growth factor (FGF-7) related molecule that was origina'',

6 7



isolated from keratinocyte conditioned media and found to stimulate

epithelial cell proliferation (Rubin et al., 1989). KGF is a 28 kDa protein

that appears to primarily be produced by mesenchymal cells and is an

epithelial cell mitogen (Finch et al., 1989). The receptor to KGF is an FGF

receptor isoform that specifically binds KGF, but also can bind bFGF

(Bottaro et al., 1990; Eisemann et al., 1991; Miki et al., 1992; Miki et al.,

1991; Werner et al., 1992). The KGF receptor appears to be primarily

localized on epithelial cells (Miki et al., 1992). HGF is an 87 kDa protein

composed of a 69 kDa alpha subunit and 34 kDa beta subunit that was

originally isolated from human and rabbit plasma and rat platelets on

the basis of its ability to stimulate mitogenesis of rat hepatocytes

(Gohda et al., 1988; Miyazawa et al., 1991a; Montesano et al., 1991;

Nakamura et al., 1987; Tashiro et al., 1990; Zarnegar and Michalopoulos,

1989). HGF stimulates the proliferation of a number of epithelial cell

types including kidney epithelial cell lines (Igawa et al., 1991; Kan et al.,

1991; Rubin et al., 1991). In addition, HGF promotes tubule formation

and morphogenesis (Montesano et al., 1991; Tsarfaty et al., 1992). HGF

is a unique protein containing a kringle structure with identity to the

protease domain of plasmin (Degen and Davie, 1987; Miyazawa et al.,

1991b; Nakamura et al., 1989; Petersen et al., 1990). Interestingly an

alternately spliced low molecular weight form of HGF acts as an

antagonist of HGF action (Chan et al., 1991; Miyazawa et al., 1991b). The

receptor for HGF has been identified as the c-met proto-oncogene which

is a tyrosine kinase receptor (Bottaro et al., 1991; Chan et al., 1988; Park

et al., 1987). The HGF receptor (met) is predominantly expressed in

epithelial cells (Di Renzo et al., 1991; Iyer et al., 1990; Park et al., 1986).
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Both KGF and HGF are useful candidates for mesenchymal growth

factors that mediate mesenchymal-epithelial cell interactions.

The current study was designed to investigate the possible role

that KGF and HGF may have in mediating theca cell-granulosa cell
interactions in the ovarian follicle.

IV. MATERIALS AND METHODS

A. Tissue isolation and serum-free cell culture

Bovine ovaries were obtained from young nonpregnant cycling

heifers less than 10 minutes after slaughter. Ovaries were delivered

fresh on ice by Golden Genes, Inc. (Fresno, CA). Theca cells and

granulosa cells were isolated from fresh tissue and either used to

prepare RNA or cultured as previously described (Roberts and Skinner,

1990b; Skinner and Coffey, 1988; Skinner et al., 1987a; Skinner and

Osteen, 1988). Cells were plated with an initial density of

approximately 106 cells/2 cm2, and were maintained for 1-3 days at

370 C in a 5% CO2 atmosphere in Ham's F12 in the absence of serum

(Roberts and Skinner, 1990b; Skinner and Osteen, 1988).

B. Immunoprecipitation and Immunoblotting

Conditioned medium from theca cell cultures was collected for 1 to

3 days and concentrated by ultrafiltration using a 3 kDa molecular

weight size exclusion membrane. For fluorography, cells were grown in

methionine free medium containing 5 uCi/ml 35S methionine. Prior to
electrophoretic separation, the concentrated medium was treated either
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(A) BOVINE KGF SEQUENCE

1 TGACRTGGRTCCTGCCAAGT TTGCTCTACA GATCATGCTT CCACATTATC TGTCTAGTGG
61 GCACTATATC TTTAGCTTGC AATGACATGA CTCCAGAGCA AATGGCTACA AATGTGAACT

121 GTTCCAGCCC CGAGCGACAT ACAAGAAGTT ATGATTACAT GGAAGGAGGA GATATAAGAG
181 TGAGAAGACT CTTCTGTCGA ACACAGTGGT ATCTGAGGAT TGATAAACGC TAAGGCAAAG
241 TCAAAGGGAC TCAAGAGATG AAGAATAATT ACAACATCAT GGAAATCAGG ACCGTGGCAG
301 Tºreº

(B) SPECIES COMPARISON

BOVINE: TGACATGGATCCTGCCAAGTTTGCTCTACAGATCATGCTTCCACATTATCTGTCTAGTGG
HUMAN: -C T
MOUSE: -C -C-C -C-CC

RAT: -----C---------G-C-CC -C-G -C-CG T

BOVINE: GCACTATATCTTTAGCTTGCAATGACATGACTCCAGAGCAAATGGCTACAAATGTGAACT
HUMAN: -T
MOUSE: -C -G--G -C -G-G-

RAT: -C -G G-C---C--G-GC-------

BOVINE: GTTCCAGCCCCGAGCGACATACAAGAAGTTATGATTACATGGAAGGAGGAGATATAAGAG
HUMAN: T -C-- -G
MOUSE: -C--C C -G -G-

RAT: T -C--G -C -G -G-

BOVINE: TGAGAAGACTCTTCTGTCGAACACAGTGGTATCTGAGGATTGATAAACGCTAAGGCAAAG
HUMAN: -C C A- . . .
MOUSE: G -C--C C -C -

RAT: ----G--—G -C--C -C C - -

BOVINE. TCAAAGGGACTCAAGAGATGAAGAATAATTACAACATCATGGAAATCAGGACCGTGGCAG
HUMAN: -A -C T A
MOUSE: -G- -C--G -C-GC

RAT: -G--------C-G-------G---C-GC T---T

BOVINE: TTGGA
HUMAN: -----
MOUSE: ----

RAT: -----

Figure 2. DNA sequence of bovine KGF PCR product. Subcloned bovine KGF
PCR product was sequenced from several primer sites within the vector, and a
consensus of at least 5 sequences is shown. (A) Partial DNA sequence of
bovine KGF (305 bp). Boxed nucleotides indicate primer sequences and are not
confirmed bovine sequence. (B) Sequence comparison of bovine, human,
mouse, and rat KGF sequence fragments. The bovine (first) sequence is shown
with the other sequences displayed with the following key: "UPPER CASE" =
aligned non-identical bases, "----- " = aligned identical bases, "....." = gap.
Relative identities to the bovine sequence are: human, 95%; mouse, 90%; rat,
86%.

with a mouse monoclonal antibody directed against purified human KGF

(generously donated by Dr. Jeff Rubin, National Cancer Institute) or with

a polyclonal antibody raised in rabbit, directed against human HGF

(generously donated by Dr. Jeff Rubin, National Cancer Institute).
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Immune complexes were then aggregated with 60 ul of protein A

Sepharose (Pharmacia) slurry in presence of incubation NET buffer (NET

buffer: Tris, 50 mM, pH 7.4; NaCl, 150 mM; Nonidet P40, 0.1%; EDTA, 1

mM; gelatin, 0.25% and, Na azide 0.02%). After incubation, the

aggregated immune complexes were washed 5 times with NET buffer,

the pellets were boiled in Laemmli buffer for 2-3 minutes, and the

proteins were resolved by electrophoresis on a 10% polyacrylamide gel

under reducing conditions. Gels were then fluorographed with

diphenyloxazole in acetic acid, as previously described (Skinner and

Griswold, 1983).

For immunoblotting, concentrated media were further purified on

a 1 ml Heparin Sepharose column (Pharmacia). The retained proteins

were eluted with 1 M NaCl solution in 10 mM phosphate buffer,

dialyzed overnight against 50 mM NH4 HCO3, concentrated by drying in

a speed vac centrifuge, resuspended in Laemmli buffer, and separated

by electrophoresis on a 10% polyacrylamide gel under reducing

conditions. The separated proteins were then transferred to a PVDF

membrane (Immobilon Millipore, South San Francisco, CA) by

electrophoresis in Tris glycine buffer containing 20% methanol. The blot

was then blocked with 3% non fat milk (dissolved in 50 mM Tris ph 7.4,

150 mM NaCl, 0.05% Nonidet NP40) for 1 hr at room temperature and

probed for 2 hr with a polyclonal antibody directed against human HGF

(1/500 dilution in 1% non fat milk, 50 mM Tris pH 7.4, 150 mM NaCl,

Nonidet 0.05% NP40). Following three 15 min washes, the blot was

hybridized with a secondary antibody (1/3000 dilution, directed against

rabbit IgG) conjugated to horseradish peroxidase for 1 hr at room

temperature. After five washes under the same conditions as above the

7 1



detection of the immune complexes was performed using the

chemiluminescent ECL method (Amersham Corporation, Arlington

Heights, IL).

C. Polymerase chain reaction (PCR) of KGF and HGF

Total RNA was extracted from bovine theca cells and granulosa

cells using a guanidium thiocyanate procedure and further purified by

centrifugation through a cesium chloride gradient (Chirgwin et al.,

1979). Total RNA was reverse transcribed to obtain cDNA using avian

myoblastosis virus reverse transcriptase (Promega, Madison, WI). The

cDNA template was amplified by PCR using specific primers whose

sequences were derived from published KGF and HGF sequences. The

primer sequences were designed as follows. KGF primers were a

consensus of rat, mouse and, human sequences: primer 1, 5'-GGG TCG

ACC TGC AGT CTA GAA AGCTTA TACTGA CAT GGA TCCTGC CA-3',

primer 2, 5'-CTC GGA TCC TCC AAC TGC CAC GGT CCT GAT-3 (Finch et al.,
1989). HGF primers were a consensus of rat, mouse, and human

sequences: primer 1, 5'-GGG TCG ACT CTA GAA AGC TTA CAG CTTTTT
GCCTTC GAG CTA-3', primer 2, 5'-GGA GAT CTG GAT CCC ATC AAA GCC
CTT GTC GGG ATA-3' (Miyazawa et al., 1991b; Tashiro et al., 1990).

Primers sequences designed to amplify cyclophilin (IB15 gene) were

used as a positive control: primer 1, 5'-GGA TCC CTG CAG ACA CGC CAT

AAT GGC ACT GG-3', primer 2, 5'-GAA TTC ATTTGC CAT GGA CAA GAT

GCC-3'. Amplification was performed under stringent conditions for 45

cycles using Taq DNA polymerase (Perkin Elmer, Norwalk, CT). The 344

bp (KGF), 335 bp (HGF), and 143 bp (cyclophilin, IB15) fragments were
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(A) BOVINE HGF SEQUENCE

1 ■ CAGSTTTTTGCCTTCGAGCTATCGGGGTA AAGACCTACA GGAAAACTAC TGTCGAAATC
61 CTCGAGGGGA AGAAGGGGGA CCTTGGTGTT TCACAAGCAA TCCAGAGTTG AATGCATGAC

121 CTGCAATGGG GAAAGTTACC GAGGTCCCAT GGATCACACA GAAACAGGCA AGATTTGTCA
181 GCGCTGGGAT CATCAGACAC CACACCGGCA CAAATTCTTG CCAGAAAGAT ATCCCGACAA
241 GGGCTTTGAT GGGTTGATGC CGGTAAACTG NWA TCCCGAeºle:Geelºw
301 G

(B) SPECIES COMPARISON

HUMAN:
BOVINE:
MOUSE:

RAT:

HUMAN:
BOVINE:
MOUSE:

RAT:

HUMAN:
BOVINE:
MOUSE:

RAT:

HUMAN:
BOVINE:
MOUSE:

RAT:

HUMAN:
BOVINE:
MOUSE:

RAT:

HUMAN:
BOVINE:
MOUSE:

RAT:

ACAGCTTTTTGCCTTCGAGCTATCGGGGTAAAGACCTACAGGAAAACTACTGTCGAAATC

-------------------------C----------------------------------
------------------------- C----------------------------------

CTCGAGGGGAAGAAGGGGGACCCTGGTGTTTCACAAGCAATCCAGAGGTACGCTACGAAG
---------------------- T------------------------T- . . . . . . . ---.

TCTGTGACATTCCTCAGTG. . . . . TTCAGAAGTTGAATGCATGAC. CTGCAA. TGGGGAG
-GCA----C-G-AATG-G-aaagt-A-C--G--CCC---G--C--a-A—A--cA--CA--
-------------------. . . . . --------------------- ... ------. ---T--A
------------------- . . . . . ---------------------. ------. C--T--A

AGTTATCGAGGTCTCATGGATCAT. . . . . . . . . . . . . . . . ACAGAATCAGGC. . . . AAGA
-T--G--. -- . . –G-TG-------cagacaccacaccggc---A-T--TT--caga----
--C--CA------ C-------- -C. . . . . . . . . . . . . . . . ------------ . . . . ----

--C--CA------C---------C. . . . . . . . . . . . . . ... ------------ . . . . ----

TTTGTC. . . . AGCGC. . . . . TGGGATCATCAGACACCACACCGGCACAAATTCTTGCCTG
-A-CC-gaca--G--tttga----T-G-- . . . . . . . . . . G----..T---C-G----. . .
C-----. . . . ----- . . . . . -----C--G------------------- -G--------A-
CA----. . . . -----. . . . . ------- -G-----------------------------G-

AAAGATATCCCGA. CAAGGGCTTTGATG
.NGC--------- c--------------

Figure 3. DNA sequence of bovine HGF PCR product. Subcloned bovine HGF
PCR product was sequenced from several primer sites within the vector, and a
consensus of at least 3 sequences is shown. (A) Partial DNA sequence of
bovine HGF (301 bp). Boxed nucleotides indicate primer sequences and are not
confirmed bovine sequence. (B) Sequence comparison of human, bovine,
mouse, and rat HGF sequence fragments. The human (first) sequence is shown
with the other sequences displayed with the following key: "UPPER CASE" =
aligned non-identical bases, "lower case" = unaligned bases, "----- = aligned
identical bases, = gap. Relative identities to the bovine sequence are:
human, 63%; mouse, 60%; rat, 63%.

visualized by UV illumination on 5% polyacrylamide gels stained with

0.5 ug/ml ethidium bromide.
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D. Cloning and DNA Sequencin

KGF and HGF PCR products were ligated into bluescript SK(-) at the

SmaI site in the multi-cloning site. Blunt end ligations were performed

using 5-10U T4 DNA ligase (Boerhinger Mannheim, Indianapolis, IN).

All ligase reactions were initiated on wet ice, transferred to room

temperature, and incubated for 30 minutes to overnight. DNA

sequencing (Sanger et al., 1977) was performed using Sequenase

Version 2.0 chain termination DNA sequencing kit by incorporating 35S
dATP nucleotides (United States Biochemical, Cleveland, OH). Sequences

were entered into genbank to search for identities to KGF and HGF.

E. Growth Assays

Cell growth was analyzed by quantitating [3H] thymidine
incorporation into newly synthesized DNA. Theca and granulosa cells

were plated (approximately 1 million cells/cm3) in 0.5 ml DMEM media
containing 0.1% calf serum. After 24 hours cells were treated with no

growth factor (control), 10-100 ng/ml KGF, 5-50 ng/ml HGF. Granulosa

cells were also treated with 100 ng/ml basic fibroblast growth factor

(bFGF). Theca cells were also treated with 50 ng/ml epidermal growth

factor (EGF). Cells were plated for 24 hr then treated for 24 or 48

hours. After treatment 0.5 ml DMEM containing 2.5 uCi [3H] thymidine
was added to each well and the cells were incubated for 4 hours at 370

C and then sonicated. The quantity of [3H] thymidine incorporated into

DNA was determined, as previously described (Skinner and Fritz, 1986).

Data were normalized to total DNA per well using an ethidium bromide

procedure, described previously (Roberts and Skinner, 1990b).
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V. RESULTS

Both theca cells and granulosa cells were obtained from freshly

isolated bovine ovarian follicles. Cells were used immediately for RNA

preparation or placed in cell culture. The gene expression of KGF and

HGF was examined with a reverse transcription-polymerase chain

reaction (RT-PCR) procedure. Both KGF and HGF were found to be

expressed in theca cells but not granulosa cells (Figure 1). A

constitutively expressed protein cyclophilin was used to analyze the

integrity of the RNA. With the appropriate primers a 143 bp

cyclophilin, 344 bp KGF and 335 bp HGF PCR product was observed from

freshly isolated theca cell RNA, Figure 1. Granulosa cells did not express

detectable levels of steady state KGF or HGF transcripts but did express

cyclophilin, Figure 1. Cultured granulosa cell RNA was also not positive

for the growth factors. Both freshly isolated and cultured theca cell

RNA preparations were consistently positive for KGF and HGF.

Therefore, theca cells appear to express the KGF and HGF genes, but

granulosa cells do not have any detectable KGF or HGF gene expression.

The bovine KGF and HGF PCR products were subcloned into the

bacterial plasmid bluescript by blunt-end ligation (at the SmaI

restriction site). Both the KGF and HGF DNA inserts were sequenced

several times from different priming sites using the chain-termination

DNA sequencing method, Figure 2 and Figure 3 . These partial

sequences are the only bovine KGF and HGF sequences published to

date. A comparison of the bovine KGF sequence with the known rat

(86% identity, 125-427 bp) (Yan et al., 1991), mouse (90% identity, 17

319 bp) (GenBank accession #Z22703), and human (95% identity, 462
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764 bp) (Finch et al., 1989) sequences demonstrates a high degree of

similarity in this region of the protein, Figure 2. A similar comparison

of the bovine HGF sequence with rat (63% identity, 624-915 bp)

(Tashiro et al., 1990), mouse (60% identity, 482-773 bp) (GenBank

accession #D10212), and human (63% identity, 555-846 bp) (Miyazawa

et al., 1991 b) sequences also demonstrates a significant yet reduced

similarity. Rat, mouse, and human HGF sequences in this region show a

96% homology. Bovine HGF appears to be less homologous in this region

due to several gaps and inserts, Figure 3.

The ability of theca cells to secrete KGF and HGF protein was

examined in order to extend the above gene expression data. Theca

cells were cultured in the presence of 35S-methionine and then
radiolabeled secreted proteins collected from the conditioned medium.

Radiolabeled secreted proteins were incubated with KGF monoclonal

antibody and then precipitated, electrophoresed and fluorographed.

The KGF antibody specifically precipitated a 28 kDa protein from the

radiolabeled theca cell secreted proteins, Figure 4. The HGF antibodies

did not work well in immunoprecipitations and were used in an

immunoblot of theca cell secreted proteins. The HGF antibodies

specifically detected an 87 kDa protein, Figure 4, as well as relevant 69

and 34 kDa subunits (data not shown). These proteins are the

anticipated sizes for both KGF and HGF. The 87 kDa form of HGF

detected is most likely non-reduced or unprocessed form of HGF lacking

the proteolytic cleavage to generate the 69 and 34 kDa subunits.

Therefore, theca cells have the capacity to synthesize and secrete both

KGF and HGF proteins.
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(A)

TSP TSP B

(B) -87K

TSP TSP B

(C)

Figure 4. KGF and HGF protein production by theca cells. (A) KGF
immunoprecipitation of 35S-labelled theca cell secreted proteins with
monoclonal KGF antibody (KGF), non-specific mouse IgG (IgG), or non
immune serum (NS). Antibody complexes were precipitated, disrupted with
SDS sample buffer, electrophorised under reducing conditions, and detected by
fluorography. (B) Immunoblot of theca cell secreted proteins (TSP) with
rabbit HGF antibodies, a blank lane.(B). (C) Immunoblot of theca cell secreted
proteins (TSP) with rabbit non-immune serum (B indicates a blank lane). A
representative of four different experiments is shown.

The actions of KGF and HGF in the ovarian follicle were examined

through an analysis of the mitogenic activity of the growth factors on

purified granulosa cells and theca cells. After initial plating, freshly

isolated granulosa cells and the ca cells were cultured in the absence or

presence of recombinant KGF or HGF for 20 hr and then in the presence

of 3H-thymidine for 4 hr to assess the incorporation of *H-thy nº
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into DNA. Both KGF and HGF were found to stimulate the proliferation

of bovine granulosa cells, as indicated by increases in thymidine

incorporation, Figure 5. Basic fibroblast growth factor (bFGF, 100

ng/ml) was used as a positive control to stimulate growth of granulosa

cells, and epidermal growth factor (EGF, 50 ng/ml) was used to

stimulate growth of theca cells. Results indicate that both KGF and HGF

can stimulate granulosa cell proliferation but not theca cells.

VI. DISCUSSION

Theca cell-granulosa cell interactions are an example of an

essential mesenchymal-epithelial cell interaction in the ovary.

Mesenchymal cells are proposed to influence adjacent epithelial cells

through the production of mesenchymal inducer proteins that act on the

epithelium (Cunha et al., 1983; Grobstein, 1967; Kratochwil, 1972).

Although the role that theca cells have in regulating granulosa cell

steroidogenesis is well established (Adashi et al., 1987; Dodson and

Schomberg, 1987; Dorrington et al., 1975; Evans et al., 1981; Knecht et

al., 1987; Mondschein et al., 1988; Skinner and Parrott, 1994), the role

of theca cells regulating other granulosa cell functions remains to be

elucidated. Previous observations have implied that theca cells may

influence granulosa cell proliferation through the local production of

transforming growth factors (Kudlow et al., 1987; Lobb et al., 1989;

Roberts and Skinner, 1991; Skinner and Coffey, 1988; Skinner et al.,

1987a; Skinner and Parrott, 1994). Two growth factors that appear

restricted to mesenchymal-epithelial cell interactions are KGF and HGF.
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Figure 5. Effects of KGF and HGF on proliferation of theca cells and
granulosa cells. 3H-thymidine incorporation into DNA. Data (mean + SE) are
presented as percent of control (CON). Number of different experiments is
indicated in parentheses below each treatment. Values were generally greater
than 2 x 103 cpm/ug DNA.

The current study was designed to identify the potential role KGF and

HGF may have in mediating theca-granulosa cell interactions.

The mesenchymal-derived theca cells were found to express both

the KGF and HGF genes as well as synthesize and secrete KGF and HGF

proteins. In contrast, epithelial-derived granulosa cells had no

detectable KGF or HGF mRNA expression. Therefore, the growth factors

are produced by the mesenchymal cell population in the ovarian
follicle, consistent with results from other tissues. The KGF and HGF
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receptors are primarily expressed by epithelial cells such as the

granulosa cells. Both KGF and HGF were found to stimulate granulosa

cell proliferation but not theca cells. These observations imply that KGF

and HGF have the capacity to mediate mesenchymal-epithelial cell

interactions between theca cells and granulosa cells. Further analysis of

KGF, HGF and their receptor expression during follicle development with

in situ hybridization, immunocytochemistry and direct measurements is

needed. This analysis will assess whether KGF and HGF functions during

early and/or late follicle development. Analysis of the hormonal

regulation of KGF and HGF expression will reveal the significance of this

mesenchymal-epithelial cell interaction in the endocrine regulation of

follicle growth.

Investigation of the actions of KGF and HGF demonstrated that

granulosa cell proliferation is increased by these growth factors. Future

analysis of the actions of KGF and HGF on granulosa cell steroidogenesis

will determine whether these growth factors may also influence

granulosa cell differentiation. The stage of follicle development may

also influence the responsiveness of granulosa cells to KGF and HGF.

Indeed, other growth factors known to influence granulosa cell growth

and steroidogenesis have been shown to have altered actions during

different stages of follicle development (Roberts and Skinner, 1991;

Skinner and Osteen, 1988). The actions of KGF and HGF on granulosa

cell growth and differentiation (i.e. steroidogenesis) at various stages of

follicle development are currently under investigation.

The current study demonstrates the local production and action of

two mesenchymal-derived growth factors, KGF and HGF. These

observations provide additional support for the importance of theca
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cell-granulosa cell interactions in the regulation of follicle development.

The previously identified concept that the mesenchymal cell population

may have a significant role in the regulation of tissue growth is

supported by the current observations. Mesenchymal controlled tissue

growth may be a general phenomenon present in other tissues but

requires more rigorous investigations. Although the current study

suggests that KGF and HGF can mediate mesenchymal-epithelial cell

interactions between theca cells and granulosa cells, the in vivo

expression, action, and physiological importance of this cell-cell

interaction remain to be elucidated.
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CHAPTER 3

DEVELOPMENTAL AND HORMONAL REGULATION OF

KERATINOCYTE GROWTH FACTOR (KGF) EXPRESSION
AND ACTION IN THE OVARIAN FOLLICLE

I. ABSTRACT

The developing ovarian follicle is one of the most rapidly

proliferating normal tissues in vivo. Mesenchymal-epithelial cell

interactions between theca cells and granulosa cells are essential for

this follicular expansion. Ovarian hormones (i.e. estrogen and LH) may

promote follicular development by regulating the local production of

mesenchymal "inducer proteins" that mediate theca cell-granulosa cell

interactions. Recently theca cells were shown to produce keratinocyte

growth factor (KGF) that can act in a paracrine manner to stimulate

granulosa cell growth. In this study, the developmental and hormonal

regulation of KGF was examined during follicular development in the

bovine ovary. Expression of KGF in theca cells and the KGF receptor

(KGFR or FGFR-2) in granulosa cells was examined using reverse

transcription-polymerase chain reaction (RT-PCR). Both KGF and KGFR

were detected throughout follicular development in small (< 5 mm),

medium (5-10 mm) and large size (> 10 mm) follicles. Quantitative RT

PCR assays were used to determine steady state levels of KGF and KGFR

mRNA's. Developmental regulation of KGF and KGFR was analyzed in

freshly isolated theca cells and granulosa cells from small, medium and

large size follicles. Observations demonstrated that expression of KGF
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(in theca cells) and KGFR (in granulosa cells) was highest in large size

follicles. These results suggest that KGF actions are important for the

rapid proliferation of granulosa cells in large size follicles. Estrogen and

luteinizing hormone (LH) are the primary endocrine hormones that

regulate theca cell function in vivo. Therefore hormonal regulation of

KGF was analyzed by treating serum-free theca cell cultures with

estrogen and human chorionic gonadotropin (hCG, an LH agonist).

Results showed that both estrogen and hCG stimulated KGF gene

expression in theca cells. These results suggest that estrogen and LH

may promote follicular growth (i.e. granulosa cell proliferation) in part

by stimulating the local production of KGF. Effects of KGF on granulosa

cell differentiated functions were examined. Treatment with KGF

reduced basal levels as well as FSH-stimulated levels of aromatase

activity in bovine and rat granulosa cells. In addition, KGF inhibited the

ability of hCG to stimulate progesterone production by granulosa cells.

The inhibition of granulosa cell steroid production by KGF was likely the

indirect effect of promoting cellular proliferation. Therefore KGF

directly stimulates granulosa cell proliferation and indirectly inhibits

granulosa cell differentiated functions. Combined results suggest that

theca cell production of KGF may be important for ovarian

folliculogenesis. This is the first report of the regulation of KGF

expression in the ovary. The developmental and hormonal regulation of

KGF and KGFR during folliculogenesis provides evidence that KGF may

be important for hormone-induced granulosa cell proliferation. As a

result KGF may be essential for establishing the granulosa cell

population and the microenvironment required for oocyte maturation in
the female.
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II. INTRODUCTION

Mesenchymal-epithelial cell interactions occur in many organs
and are one of the most common cell-cell interactions between different

cell types. It has long been recognized that growth and differentiation

of epithelial cells is directed by adjacent mesenchymal cells during

embryonic development (Cunha et al., 1983; Cunha et al., 1982;

Fleischmajer, 1967; Grobstein, 1967; Kratochwil, 1969; McLoughlin,

1963) and optimally maintained by adjacent stroma in adult tissues

(Cunha et al., 1985). Identification and characterization of the inducer

proteins that mediate mesenchymal-epithelial cell interactions are

necessary to understand the mechanisms of how cells communicate in

an organ. The ovarian follicle is a useful model system to study these
cell-cell interactions.

Keratinocyte growth factor (KGF) is produced by mesenchymal

theca cells and stimulates epithelial granulosa cell proliferation during

follicular development in the ovary (Parrott et al., 1994). The ovarian

follicle is one of the most rapidly proliferating normal tissues known in

vivo, and granulosa cell growth accounts for the majority of this follicle

expansion (Gougeon, 1982). Factors such as KGF that promote the

growth of the granulosa cell population help establish the

microenvironment required for oocyte maturation and fertility in the

female. Endocrine hormones such as estrogen and luteinizing hormone

(LH) have been shown to stimulate follicle development and granulosa

Cell growth in vivo, but neither of these hormones act as granulosa cell

mitogens in vitro (Goldenberg et al., 1972; Rao et al., 1978; Richards and
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Farookhi, 1978; Richards and Midgley, 1976; Ross, 1976). Therefore the

effects of estrogen and LH on follicular growth in vivo are proposed to

be indirectly mediated by factors such as KGF.

KGF is a 28-kilodalton (kDa) protein that is a member of the

fibroblast growth factor family (FGF-7) (Benharroch and Birnbaum,

1990; Ledoux et al., 1992). KGF is primarily produced by mesenchymal

derived cells in many tissues and acts as an epithelial-cell-specific

mitogen (Aaronson et al., 1990; Rubin et al., 1995a; Rubin et al., 1995b).

The receptor to KGF (KGFR) is a splice variant of the FGF receptor family

(FGFR-2) that is primarily localized on epithelial cells (Bottaro et al.,

1990; Miki et al., 1992; Rubin et al., 1995b; Werner et al., 1992). KGF

mediates mesenchymal-epithelial cell interactions in many tissues

including the ovary (Parrott et al., 1994), placenta (Izumi et al., 1996),

endometrium (Koji et al., 1994), bladder (Baskin et al., 1996a; Baskin et

al., 1996c), hair follicle (Guo et al., 1996), stomach (Matsubara et al.,

1996), lung (Post et al., 1996; Shiratori et al., 1996), ventral prostate

(Sugimura et al., 1996), and seminal vesicle (Alarid et al., 1994).

Expression of KGF can be regulated by endocrine hormones such as

androgen, progesterone, and glucocorticoids (Chedid et al., 1996;

Fasciana et al., 1996; Koji et al., 1994). These and other studies have

established that KGF can mediate the actions of endocrine hormones and

act as a paracrine mediator of mesenchymal-epithelial cell interactions

in many tissues.

The current study was designed to investigate the role of KGF as a

paracrine mediator of mesenchymal-epithelial cell interactions during

ovarian follicular development. Experiments address the

developmental and hormonal regulation of KGF in theea cells and the
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Figure 1. Expression of KGF and KGFR mRNA in bovine ovarian follicles.
RT-PCR analysis was performed with 10 ug total RNA. Amplification was non
quantitative. (A) Specific primers were designed to amplify KGF from bovine
theca cDNA template. 306-bp KGF PCR products were detected in theca cells
from small, medium and large size follicles. (B) Specific primers were
designed to amplify KGFR from bovine granulosa cDNA template. 359-bp KGFR
PCR products were detected in granulosa cells from small, medium and large
size follicles. Standard DNA ladder (1 kB) was used for size determination (not
shown). S, small follicles; M, medium follicles; L, large follicles. Data are
representative of at least four experiments.

KGFR in granulosa cells. Estrogen and LH are proposed to stimulate

granulosa cell proliferation in vivo by stimulating theca cell KGF

production. Effects of KGF on granulosa cell steroid production are also

examined.
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III. MATERIALS AND METHODS

A. Tissue isolation and serum-free cell culture

Bovine ovaries were obtained from young nonpregnant cycling

heifers less than 10 min after death. Ovaries were delivered fresh on

ice by Golden Genes (Fresno, CA). Granulosa cells were isolated by

microdissection from fresh tissue as previously described (Skinner and

Osteen, 1988). Theca interna layers were then microdissected away

from the follicle wall and enzymatically dispersed with 2 mg/ml

collagenase (Sigma, St. Louis, MO) in Catt/Mg++ free buffer. For culture

cells were immediately plated in serum-free Ham's F-12 Medium

containing 0.1% BSA and maintained at 37 C in a 5% C02 atmosphere.

The indicated cells were treated with estradiol (10-7 M: Sigma, St. Louis,

MO), h(SG (100 ng/ml; 4010 IU/mg, Calbiochem, La Jolla, CA) or follicle

stimulating hormone (FSH, 100 ng/ml, National Pituitary Agency,

Baltimore, MD). Cell preparations obtained by this procedure have been

characterized cytochemically to contain less than 3% contamination with

endothelial cells.

B. Preparation of RNA and polymerase chain reaction (PCR

Follicles were dissected from the bovine ovaries and separated

into pools of small (< 5 mm), medium (5-10 mm), and large (>10 mm)
size follicles. Granulosa and theca cell total RNA was extracted from

each pool of samples using a guanidium thiocyanate procedure followed

by centrifugation through a cesium chloride gradient (Chirgwin et al.,

1979). Alternatively total RNA was prepared using the RNA-Stat 60 kit
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(Tel-Test, Friendswood, TX). For qualitative analysis of gene expression

10 ug total RNA was reverse transcribed with moloney murine

leukemia virus (M-MLV) reverse transcriptase (Gibco BRL) at 37 C for 1

h using oligo(dT)12-18 primers (Gibco BRL). This cDNA template was

amplified by PCR using specific primers for KGF, the KGF receptor (KGFR)

or the constitutively expressed gene cyclophilin (1B15). The KGF

primers were 5'-ATA CTG ACA TGG ATC CTG CCA AGT TTG CTC TAC AGA

TCA TGC TTC-3 (5' primer, 45-mer) and 5'-TCC AAC TGC CAC GGT CCT

GAT-3' (3' primer, 21-mer) which generated a specific 306-bp KGF PCR

product from bovine theca cells. The KGFR primers were 5'-GAA GTG

CTG GCT. CTG TTC AAT GTG AC-3 (5' primer, 26-mer) and 5'-TTG GAG

TTC ATG GAG GAG CTG GAC TC-3' (3' primer, 26-mer) which generated a

specific 359-bp KGFR PCR product from bovine granulosa cells. The

primers for cyclophilin (1B15) were: 5'-ACA CGC CAT AAT GGC ACT GGT

GGC AAG TCC ATC-3 (5' primer, 33-mer) and 5'-ATT TGC CAT GGA CAA

GAT GCC AGG ACC TGT ATG-3 (3' primer, 33-mer) which generated a

specific 105-bp product from all cell types demonstrating the integrity

of the RNA samples. Amplification was performed with Ampli'■ aq DNA

polymerase (Perkin Elmer, Foster City, CA) for 35 cycles using the

following conditions: 0.8 uM each primer, 100 uM dNTP's, 1.5 mM Mg++,

1.25 U Taq polymerase in 50 ul total volume. Each PCR amplification

consisted of an initial denaturing reaction (5 min, 95 C); 35 cycles of

denaturing (30 sec, 95 C), annealing (2 min, 60 C), and elongation (3

min, 72 C) reactions; and a final elongation reaction (10 min, 72 C). PCR

products were visualized by UV illumination (312 nm) of 2 % agarose

gels stained with ethidium bromide.
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The KGF, KGFR and 1B15 PCR products were subcloned into the

Bluescript plasmid (Stratagene, La Jolla, CA) at the SmaI site. Each

subclone was sequenced in both directions and confirmed to be bovine

KGF, KGFR and 1B15. These subclones were used as standard templates

in the quantitative PCR procedure below.

C. Quantitative RT-PCR assays

Steady state levels of KGF, KGFR and 1B15 mRNA's were measured

using a specific quantitative reverse transcription-polymerase chain

reaction (RT-PCR) assay for each gene. The primers used in this

quantitative analysis of KGF, KGFR and 1B15 were the same as described

above. Before reverse transcription tubes containing total RNA and

specific 3'-primers were heated to 65 C for 10 min to facilitate

denaturing and cooled to room temperature to facilitate annealing.

Total RNA (1 ug) was reverse transcribed for 1 h at 37 C using the

following conditions: 1 ug total RNA, 1 um specific 3'-primers of interest

(up to 4 different primers including 1B15), 0.1 mM dMTP's, 10 mM DTT,

40 Units RNAse inhibitor (Promega, Madison, WI), and 200 Units M

MLV reverse transcriptase (Gibco BRL, Gaithersburg, MD) in 40 ul RT

buffer (50 mM Tris-HCl ph 8.3, 75 mM KCI, 3 mM MgCl2). After 1 h

samples were heated to 95 C for five minutes to inactivate the reverse

transcriptase enzyme. Samples were immediately diluted 2.5 fold and

carrier DNA (Bluescript plasmid, Stratagene) was added to a final

concentration of 10 ng/ul. This concentration of Bluescript carrier DNA

(10 ng/ul) was included in all subsequent dilutions of samples and

standards. Immediately before amplification each unknown sample

was further diluted 1:10 in order to improve the fidelity of the PCR
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reaction (Kamalati et al., 1993). Plasmid DNA's containing bovine KGF,

KGFR or 1B15 subclones were used to generate standard curves from 1

attogram/ul (10-15 g/ul) to 10 pg/ul (10 x 10-9 g/ul) each containing 10

ng/ul Bluescript carrier DNA. Identical 10 ul aliquots of each sample

and standard were pipetted in duplicate into a 96 well reaction plate

(Marsh Biomedical Products, Rochester, NY) and sealed with adhesive

film (Marsh Biomedical Products) for PCR amplification. By this design

it was possible to simultaneously assay 5 known standard

concentrations and 40 unknown samples for each gene. Amplification

was performed in a Perkin Elmer 9600 equipped with a heated lid using

the following conditions: 0.4 uM each primer, 16 um dINTP's, and 1.25

Units Amplifaq polymerase in 50 ul GeneAmp PCR buffer (containing

1.5 mM MgCl2, Perkin Elmer). Each PCR amplification consisted of an

initial denaturing reaction (5 min, 95 C); 25-31 cycles of denaturing (30

sec, 95 C), annealing (1 min, 60 C), and elongation (2 min, 72 C)

reactions; and a final elongation reaction (10 min, 72 C). At least 0.25

uCi of 32P-labeled dcTP (Redivue, Amersham Life Sciences, Arlington

Heights, IL) was included in each sample during amplification for

detection purposes. Specific PCR products were quantitated by

electrophoresing all samples on 4-5 % polyacrylamide gels,

simultaneously exposing the gels to a phosphor screen for 8-24 h,

followed by quantitating the specific bands on a Storm Phosphorimager

(Molecular Dynamics, Sunnyvale, CA). Each gene was assayed in

separate PCR reactions from the same RT samples. Equivalent steady

state mRNA levels for each gene were determined by comparing each

sample to the appropriate standard curve. All KGF and KGFR data were
normalized for 1B15.
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Figure 2. Developmental regulation of KGF mRNA in bovine theca cells.
Steady state levels of KGF mRNA in theea cells from small, medium, and large
follicles were determined using quantitative RT-PCR. (A) Line graph of a
typical experiment validating the assay. Parallel curves of a standard bovine
KGF subclone (O) and a fresh theca cell total RNA sample (*) are shown. Raw
data are represented as arbitrary units +/- SEM (as read from the
Phosphorimager) and are directly proportional to actual counts per minute.
(B) Analysis of steady state KGF mRNA levels in theca cells from small, medium,
and large size follicles. Levels of KGF mRNA were determined and normalized
to levels of cyclophilin (1B15) mRNA (fg KGF mRNA/fg 1B15 mRNA). Data are
presented as the mean +/- SEM of duplicate determinations from seven
different sets of theca cell RNA. An analysis of variance was performed and
significant differences between follicle sizes were determined using the
Tukey-Kramer HSD test. Bars with different superscript letters differ from
each other (alpha < 0.05).
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Optimal cycle number for amplification was determined for each

assay in order to achieve maximum sensitivity while maintaining

linearity (i.e. logarithmic phase of PCR reactions). KGF quantitative PCR

products were amplified for 28 cycles, KGFR PCR products were

amplified for 31 cycles and 1B15 PCR products were amplified for 25

cycles. The sensitivity of each quantitative PCR assay was below 1 fg

which corresponds to less than 125 fg target mRNA/ug total RNA. For

each assay, all samples were simultaneously measured in duplicate

resulting in intra-assay variabilities of 11.3 % (KGF), 10.2 % (KGFR), and

6.5% (1B15).

D. Assay for Aromatase Activity in Granulosa Cells

Aromatase activity was assessed by the release of 3H2O from

aromatization of [13-3H]androstenedione as previously described (Gore

Langton and Dorrington, 1981) with the following modifications.

Approximately 1.5 million granulosa cells/cm2 were plated in 24-well

plates and immediately treated with no factor (control), KGF (50 ng/ml)

or FSH (100 ng/ml) in the presence or absence of KGF. After 20 hours

0.5 ml medium containing 0.5 mCi [13-3H]androstenedione (New

England Nuclear, Boston, MA) was added and incubated for 6 h at 37 C

in a CO2 atmosphere. The culture was then sonicated and an aliquot was

removed for DNA analysis. The remaining sample was transferred to a

tube and incubated with dextran-coated charcoal [0.2% (wt/vol) 70K

dextran (Sigma, St. Louis, MO), activated 2% (wt/vol) charcoal, 10 mM

Tris, and 1 mM EDTA, pH 7.5] for 2 h at 4 C, then centrifuged at 13,000

X g for 15 min. Aliquots of the supernatant containing 3.H2O were then
combined with 5 ml scintillation cocktail (ICN, Costa Mesa, CA) and
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counted for 5 min in a scintillation counter. Blank values were

established from identical incubations in the absence of cells and

contained less than 100 cpm. Aromatase activity, measured in counts

per min of 3H2O released, was normalized per ug DNA using an ethidium

bromide procedure, described previously (Skinner and Osteen, 1988).

E. Assay for Progesterone Production

Progesterone production by granulosa cells was determined by

quantitating progesterone accumulation in the culture medium.

Approximately 1.5 million granulosa cells/cm2 were plated in 24-well

plates and immediately treated with no factor (control), KGF (50 ng/ml)

or hCG (100 ng/ml) in the presence or absence of KGF. After 72 hours

the medium was collected and assayed for progesterone using the

ImmunoChem 125I progesterone kit (ICN, Costa Mesa, CA). The

sensitivity of the progesterone assay was 0.01 ng/ml. Progesterone

data were normalized per total DNA per well as previously described

(Skinner and Osteen, 1988).

F. Statistical Analysis

All data were analyzed by a JMP 3.1 statistical analysis program

(SAS Institute Inc., Cary, NC). Effects of hormones on KGF or KGFR

mRNA levels and on granulosa cell aromatase activity and progesterone

production were analyzed by a one-way analysis of variance (ANOVA).

Significant differences between treated cells and control (untreated)

cells were determined using the Dunnett's test which guards against the

high alpha-size (Type I) error rate across the hypothesis tests (Dunnett,

1955). Effects of follicle size on steady state KGF or KGFR mRNA levels
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were analyzed by a one-way ANOVA as described above. Significant

differences between small, medium, and large size follicles were

determined using the Tukey-Kramer HSD (honestly significant

difference) test which protects the significance tests of all combinations

of pairs (Kramer, 1956; Tukey, 1953; Tukey, 1991). These multiple

comparisons tests are recommended for multiple comparisons with

control (Dunnett's) or multiple comparisons of all pairs (Tukey-Kramer

HSD) (Hsu, 1989a; Hsu, 1989b).

IV. RESULTS

Mesenchymal theca cells and epithelial granulosa cells were

obtained from freshly isolated bovine ovaries. Cells were

independently isolated from pools of small (< 5 mm diameter), medium

(5-10 mm) and large (> 10 mm) size follicles. Cells were used

immediately for total RNA preparation or placed in cell culture. The

gene expression of keratinocyte growth factor (KGF) and keratinocyte

growth factor receptor (KGFR) was determined by reverse transcription

polymerase chain reaction (RT-PCR). Using appropriate primers the

306-bp KGF PCR product was observed in theca cell RNA isolated from

small, medium and large size follicles (Fig. 1a). The 359-bp KGFR PCR

product was observed in granulosa cell RNA from small, medium and

large size follicles (Fig. 1b). These PCR products were blunt-end

subcloned into the Bluescript plasmid, sequenced and confirmed to be

bovine KGF and KGFR cDNA (data not shown). KGF and KGFR subclones

were used below as standards for quantitative RT-PCR. Although KGF

and KGFR are generally expressed in mesenchymal-derived cells and
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Figure 3. Developmental regulation of KGFR mRNA in bovine granulosa
cells. Steady state levels of KGFR mRNA in granulosa cells from small, medium,
and large follicles were determined using quantitative RT-PCR. (A) Line
graph of a typical experiment validating the assay. Parallel curves of a
standard bovine KGFR subclone (D) and a fresh granulosa cell total RNA
sample ( ) are shown. Raw data are represented as arbitrary units +/- SEM (as
read from the Phosphorimager) and are directly proportional to actual counts
per minute. (B) Analysis of steady state KGFR mRNA levels in granulosa cells
from small, medium, and large size follicles. Levels of KGFR mRNA were
determined and normalized to levels of cyclophilin (1B15) mRNA (fg KGFR
mRNA/fg 1B 15 mRNA). Data are presented as the mean +/- SEM of duplicate
determinations from four different sets of granulosa cell RNA. An analysis of
variance was performed and significant differences between follicle sizes
were determined using the Tukey-Kramer HSD test. Bars with different
superscript letters differ from each other (alpha < 0.05).
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epithelial cells, respectively, their expression patterns have not been

well-characterized in the ovary. KGF mRNA expression has been shown

in bovine theca cells (Parrott et al., 1994) but KGFR expression has not

been directly examined in the ovary. The results in Figure 1 indicate

that KGFR is expressed by epithelial granulosa cells in ovarian follicles.

These results also demonstrate that KGF and KGFR are expressed

throughout follicular development since KGF and KGFR mRNA's were

observed from small, medium and large size follicles.

In order to examine the potential developmental regulation of KGF

and KGFR during follicular development, sensitive quantitative RT-PCR

were developed for both genes. KGF steady state mRNA levels in theca

cells and KGFR steady state mRNA levels in granulosa cells were

determined in total RNA samples from small, medium and large size

follicles. Under specific amplification conditions these assays utilized

the bovine KGF and KGFR subclones from Figure 1 as template to

generate standard curves. Samples consisting of total RNA from freshly

isolated theca cells or granulosa cells were reverse transcribed using the

specific 3' primers of the gene(s) of interest. These unknown samples

were simultaneously amplified by PCR along with the known standards

to quantitate gene expression. Cycle number and annealing

temperature were optimized for each gene in order to achieve

maximum sensitivity and maintain linearity. These quantitative assays

for KGF and KGFR mRNA's are extremely sensitive (< 10-11 g/sample)

and have intra-assay variabilities of 11.3 % and 10.2 %, respectively. As

is shown in Figures 2 and 3 each assay is linear over several orders of

magnitude (0.1 - 1000 fg/sample). Each assay was validated by

demonstrating parallel curves between the appropriate RNA samples
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and standards (Figure 2a and 3a). All samples were normalized for the

constitutively expressed cyclophilin mRNA (1B15) as determined by the

same procedure. This normalization corrects for the amount and

integrity of initial mRNA as well as small differences in the efficiency of

reverse transcription between samples. The results are shown in

Figures 2b and 3b. The steady state levels of KGF mRNA in theca cells

was highest in large size follicles and lowest in medium size follicles (Fig

2b). A small but significant difference in KGF mRNA expression was

observed between theca cells from small and medium size follicles.

Steady state levels of KGFR were dramatically higher in granulosa cells

from large size follicles than in small or medium size follicles (Fig 3b).

In addition, steady state levels of KGF mRNA in theca cells (0.3-0.8 fg

KGF/fg 1B15) were two orders of magnitude higher than the levels of

KGFR mRNA in granulosa cells (0.001-0.003 fg KGFR/fg 1B15). These

results demonstrate that the KGF and KGFR genes are developmentally

regulated during normal follicular development. Both KGF (in theca

cells) and KGFR (in granulosa cells) were highest in large size follicles.

Since KGF can stimulate granulosa cell proliferation (Parrott et al.,

1994), expression of KGF and KGFR may be important for granulosa cell

proliferation in large size follicles.
Previous studies have shown that endocrine hormones can

regulate KGF expression. Glucocorticoids regulate KGF mRNA and

protein during wound healing (Chedid et al., 1996), androgen stimulates

KGF promoter activity in male accessory glands (Fasciana et al., 1996),

and progesterone may directly stimulate KGF expression in

endometrium (Koji et al., 1994). In the female both estrogen and

luteinizing hormone (LH) promote follicular development and increase
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Figure 4. Hormonal regulation of KGF mRNA in bovine theca cells. Steady
state levels of KGF mRNA in cultured theca cells were determined using
quantitative RT-PCR. Theca cells were placed in serum-free culture and
treated with no factor (control), 10-7 M estradiol (E) or 100 ng/ml hCG. After
72 hours in culture cells were harvested and total RNA was prepared. Steady
state levels of KGF mRNA were determined as in Figure 2. Levels of KGF mRNA
were determined and normalized to levels of cyclophilin (1B15) mRNA (fg KGF
mRNA/fg 1B15 mRNA). Data are presented as the mean +/- SEM of duplicate
determinations from five different sets of theca cell RNA. An analysis of
variance was performed and significant differences from control were
determined using the Dunnett's test. Bars with asterisks differ from control
(alpha < 0.05).

granulosa cell proliferation in vivo. Neither hormone stimulates

proliferation of purified granulosa cells. The hypothesis was tested that

estrogen and LH indirectly promote follicular development by

regulating the local production of KGF. Fresh theca cells were placed in

serum-free culture and treated with estrogen and human chorionic

gonadotropin (hCG, an LH agonist). After 3 days, total RNA was
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prepared and steady state levels of KGF mRNA were measured using the

KGF quantitative RT-PCR assay. The results are shown in Figure 4. Both

estrogen and hCG stimulated KGF mRNA in bovine theca cells. These

results are the first to demonstrate regulation of the KGF gene in the

ovary. The regulation of KGF mRNA by estrogen and LH supports the

hypothesis that these hormones promote follicular growth by

stimulating the local production of KGF. The potential regulation of

ovarian KGF expression by other factors remains to be elucidated.

To investigate the actions of KGF in the ovary, granulosa cell

steroidogenic capacities in response to KGF were examined. Granulosa

cells were cultured in serum-free media and assayed for two functional

markers (Skinner and Osteen, 1988). The first functional parameter

examined was the ability of granulosa cells to aromatize

androstenedione to produce estradiol. Both bovine and rat granulosa

cells were utilized to quantitate aromatase activity in the presence or

absence of KGF. Bovine granulosa cells can be isolated in large

quantities but contain low levels of aromatase after short-term culture.

Rat granulosa cells have more robust levels of aromatase expression and

maintain aromatase activity for several days in vitro. The analysis of

bovine and rat granulosa cell aromatase activity is shown in Figure 5.

KGF significantly reduced basal levels of aromatase activity in bovine

and rat granulosa cells. In addition KGF reduced the ability of follicle

stimulating hormone (FSH) to stimulate aromatase activity. Since KGF

stimulates granulosa cell proliferation (Parrott et al., 1994) this negative

effect on aromatase activity is probably the indirect effect of promoting

cell cycle entry. A similar effect has been observed with transforming

growth factor alpha (TGF-o) in the ovary (Roberts and Skinner, 1991).
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(B) granulosa cells were cultured in the absence (II) or presence (H) of KGF.
Additionally cells were treated with FSH as a positive control. Bovine
granulosa cells can be isolated in large numbers but rat granulosa cells
express higher levels of aromatase in culture. Aromatase activity was
determined on day 1 of culture and normalized per ug DNA (cpm/ug DNA).
Data are presented as mean +/- SEM of triplicate determinations from at least
three different experiments. An analysis of variance was performed and
significant differences between treatments were determined using the Tukey
Kramer HSD test. Bars with different superscript letters differ from each
other (alpha < 0.05).
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function by decreasing aromatase activity.

The second functional parameter examined was progesterone

production. Bovine granulosa cells were cultured in serum-free media

for 72 hours in the presence or absence of KGF. Cells were stimulated

with hCG as a positive control. After 72 hours media were collected and

progesterone accumulation was determined by radioimmunoassay. The

results of granulosa cell progesterone production are shown in Figure 6.

KGF had no effect on basal levels of progesterone production but

dramatically inhibited the ability of hCG to stimulate progesterone.

Therefore KGF can inhibit both aromatase activity and progesterone

production in granulosa cells. These results demonstrate that KGF has

an inhibitory effect on the functional differentiation (i.e. aromatase

activity and progesterone production) of granulosa cells. These

differentiated functions are indirectly decreased due to the previously

shown ability of KGF to stimulate granulosa cell proliferation.

V. DISCUSSION

Mesenchymal-epithelial cell interactions between theca cells and

granulosa cells help regulate follicular development in the ovary.

Mesenchymal cells have been proposed to influence adjacent epithelial

cells through the production of mesenchymal "inducer proteins" that act

on the epithelium (Cunha et al., 1983; Cunha et al., 1982; Fleischmajer,
1967; Grobstein, 1967; Kratochwil, 1969; McLoughlin, 1963). These

"inducer proteins" regulate the cellular proliferation and functional

differentiation of epithelial cells. KGF has been shown to mediate

mesenchymal-epithelial cell interactions in many tissues including the
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ovary (Parrott et al., 1994). Endocrine hormones have been shown to

act on tissues such as skin (Chedid et al., 1996), endometrium (Koji et

al., 1994) and male accessory organs (Fasciana et al., 1996; Peehl and

Rubin, 1995; Sugimura et al., 1996) by locally regulating the production

and actions of growth factors such as KGF. In the ovary, KGF is

expressed by theea cells and acts on granulosa cells (Parrott et al.,

1994). The current study was designed to examine the developmental

and hormonal regulation of KGF in theca cells and KGFR in granulosa

cells. In addition, the actions of KGF on granulosa cells were further

investigated. By understanding the regulation and actions of KGF in the

ovary insight will be gained into the mesenchymal-epithelial cell

interactions that control follicular development.

The developing ovarian follicle is one of the most rapidly

proliferating normal tissues known in vivo, and granulosa cell growth

accounts for the majority of this follicle expansion (Gougeon, 1982). The

number of granulosa cells increases at least 10,000-fold during

development from preantral to ovulatory follicles, and the rate of

proliferation is highest in large size follicles (Gougeon, 1986). Locally

produced KGF is proposed to be important for this growth process.

Expression of KGF in theca cells and KGFR in granulosa cells was

observed throughout follicular development (Fig. 1). Levels of KGF and

KGFR mRNA's were highest in large size follicles (Fig. 2 and 3). Large

size follicles contain large numbers of proliferating granulosa cells. The

high expression of KGF and KGFR in large size follicles suggests that KGF

actions may be involved in this cellular proliferation. These results

demonstrate that expression levels of KGF and KGFR mRNA are
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Figure 6. KGF inhibits granulosa cell progesterone production. Bovine
granulosa cells were cultured in the absence (II) or presence (E) of KGF.
Additionally cells were treated with hCG as a positive control. Progesterone
accumulation was determined on day 3 of culture and normalized per ug DNA
(ng progesterone/ug DNA). Data are presented as mean +/- SEM of triplicate
determinations from three different experiments. An analysis of variance was
performed and significant differences between treatments were determined
using the Tukey-Kramer HSD test. Bars with different superscript letters
differ from each other (alpha < 0.05).

developmentally regulated during follicular development. Additional

studies are necessary to determine if expression of HGF protein is also

developmentally regulated in the ovarian follicle. It remains possible

that mRNA levels of these genes vary during follicular development

while protein levels may not change. However the observation that

gene expression of both HGF and HGFR is highest in large size follicles
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suggests that increased production of HGF is important in large size
follicles.

Endocrine hormones (i.e. gonadotropins and steroids) such as

estrogen and luteinizing hormone (LH) stimulate follicular growth

(Goldenberg et al., 1972; Rao et al., 1978; Richards and Farookhi, 1978;

Richards and Midgley, 1976; Ross, 1976). The actions of such hormones

in the ovary are necessary for follicular development and reproductive

viability. Although these hormones increase follicular growth in vivo,

proliferative effects are not apparent on purified cells in vitro. These

observations led to the hypothesis that estrogen and other hormones

indirectly stimulate follicular growth by influencing mesenchymal

epithelial cell interactions in the ovary. This hypothesis is supported by

the results in Figure 5. Both estrogen and hCG (an LH agonist)

treatment increased KGF mRNA levels in purified theca cells. These

results suggest that KGF is an estromedin (i.e. local mediator of estrogen

action) in the ovarian follicle. In addition, KGF may in part mediate the

actions of LH in the ovary. The regulation of KGF expression by

estrogen and LH helps explain the mechanism of hormone-induced

growth in the ovary. Endocrine hormones may stimulate follicular

growth by stimulating the local production of growth factors such as

KGF.

Factors that stimulate cellular proliferation generally inhibit

differentiated functions. Many growth factors stimulate DNA synthesis

in a particular cell by promoting entry of the cell into the cell cycle

(Cross and Dexter, 1991; Grana and Reddy, 1995; Monget and Monniaux,

1995; Pardee, 1994; Schneider et al., 1991). Progression of the cell into

the cell cycle results in the indirect effect of reducing the differentiated
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functions of the cell (Blau, 1992; Blau and Baltimore, 1991; Sato et al.,

1996; Stein et al., 1990a; Stein et al., 1990b; Watt, 1991). KGF has been

shown to stimulate granulosa cell proliferation (Parrott et al., 1994) but

no information has been available on the effects of KGF on granulosa cell

differentiation. The current results suggest that KGF can indirectly

inhibit granulosa cell differentiated functions. KGF reduced basal levels

or hormone-stimulated levels of aromatase activity and progesterone

production. Rat granulosa cells were included in these experiments

because rat granulosa cells have a higher level of aromatase expression

in culture than bovine granulosa cells. Similar effects were observed on

bovine and rat granulosa cells. These inhibitory effects of KGF on

steroid production were similar to the inhibitory actions of TGF-0, on

granulosa cells (Roberts and Skinner, 1991). Roberts demonstrated that

TGF-o, also stimulates proliferation and inhibits steroid production by

bovine granulosa cells.

This study shows that KGF may be an important mediator of

mesenchymal-epithelial cell interactions during ovarian follicular

development. Results demonstrate that KGF in theca cells and KGFR in

granulosa cells are expressed throughout follicular development and are

more highly expressed in large size follicles. Estrogen and LH are

known to directly act on theca cells and stimulate follicular growth in

vivo. This study demonstrated that both estrogen and hCG (an LH

agonist) increase KGF steady state mRNA levels in purified theca cells.

Therefore, KGF in part mediates the actions of endocrine hormones such

as estrogen and LH in the ovary. Other locally-produced growth factors

may also mediate the actions of these hormones in the ovary. The rapid

proliferation of granulosa cells is a critical aspect of follicular
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development and is proposed to be controlled through mesenchymal

epithelial cell interactions between theca cells and granulosa cells. This

study helps to establish that KGF in part mediates hormone-induced

follicular growth and helps gain an understanding of factors that control

mesenchymal-epithelial cell interactions in the ovary.
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CHAPTER 4

DEVELOPMENTAL AND HORMONAL REGULATION OF

HEPATOCYTE GROWTH FACTOR (HGF) EXPRESSION AND
ACTION IN THE OVARIAN FOLLICLE

I. ABSTRACT

Mesenchymal-epithelial cell interactions between theca cells and

granulosa cells are essential for ovarian follicular development. Ovarian

hormones (i.e. estrogen and LH) may promote folliculogenesis by

regulating the local production of mesenchymal "inducer proteins" that

mediate theca cell-granulosa cell interactions. Recently the ca cells were

shown to produce hepatocyte growth factor (HGF) that can stimulate

granulosa cell growth. In order to investigate the physiological role of

HGF in the ovarian follicle, the developmental and hormonal regulation

of HGF was examined during follicular development in the bovine ovary.

Reverse transcription-polymerase chain reaction (RT-PCR) analysis was

used to examine HGF expression in theca cells and the HGF receptor

(HGFR or c-met) in granulosa cells. Both HGF and HGFR were detected

throughout follicular development in small (< 5 mm), medium (5-10

mm) and large size (> 10 mm) follicles. Steady state levels of HGF and

HGFR mRNA's were determined using sensitive quantitative RT-PCR

assays. Developmental regulation of HGF and HGFR was analyzed in

freshly isolated theca cells and granulosa cells from small, medium and

large size follicles. Hormonal regulation of HGF was analyzed in
hormone-treated theca cell cultures. Observations demonstrate that
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expression of HGF (in theca cells) and HGFR (in granulosa cells) was

highest in large size follicles. These results suggest that HGF actions are

important for the rapid proliferation of granulosa cells in large size

follicles. Estrogen and luteinizing hormone (LH) are primary endocrine

regulators of theea cells in vivo. Therefore the effects of these

hormones on HGF gene expression in theca cells were examined. Steady

state levels of HGF mRNA in theca cells were increased by treatment

with hCG (an LH agonist), but estrogen had no effect. These results

suggest that LH may promote ovarian follicular growth (i.e. granulosa

cell proliferation) in part by stimulating the local production of HGF in

theca cells. Effects of HGF on granulosa cell differentiated functions

were examined. Treatment with HGF reduced basal levels as well as

FSH-stimulated levels of aromatase activity in bovine and rat granulosa

cells. In addition, HGF inhibited the ability of hCG to stimulate

progesterone production by granulosa cells. The inhibition of granulosa

cell steroid production by HGF was likely the indirect effect of

promoting cellular proliferation. Therefore HGF directly stimulates

granulosa cell proliferation and indirectly inhibits granulosa cell

differentiated functions. Combined results suggest that theca cell

production of HGF may be important for ovarian folliculogenesis. This is

the first report of the regulation of HGF by a gonadotropin (i.e. hCG/LH).

Results suggest that HGF may not act as a direct ovarian estromedin

since estrogen did not influence HGF gene expression in cultured theca

cells. The developmental and hormonal regulation of HGF and HGFR

during folliculogenesis provides evidence that HGF may be important

for hormone-induced granulosa cell proliferation. As a result HGF may
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be essential for establishing the granulosa cell population and the

microenvironment required for oocyte maturation in the female.

II. INTRODUCTION

The development and function of many organs are influenced by

paracrine growth mechanisms between mesenchymal cells and

epithelial cells in animals. These mesenchymal-epithelial cell

interactions are one of the most common cell-cell interactions between

different cell types and are the focus of much investigation. It has long

been recognized that growth and differentiation of epithelial cells is

directed by adjacent mesenchymal cells during embryonic development

(Cunha et al., 1983; Fleischmajer, 1967; Grobstein, 1967; Kratochwil,

1969; McLoughlin, 1963) and optimally maintained by adjacent stroma

in adult tissues (Cunha et al., 1985). Identification and characterization

of the "inducer proteins" that mediate mesenchymal-epithelial cell

interactions is necessary to understand the mechanisms of how cells

communicate in an organ. The ovarian follicle is a useful model system

to study these cell-cell interactions.

Hepatocyte growth factor (HGF) is produced by mesenchymal

theca cells and stimulates epithelial granulosa cell proliferation during

follicular development in the ovary (Parrott et al., 1994). The ovarian

follicle is one of the most rapidly proliferating normal tissues known in

vivo, and granulosa cell growth accounts for the majority of this follicle

expansion (Gougeon, 1982). Factors such as HGF that promote the

growth of the granulosa cell population help establish and maintain the

microenvironment required for oocyte maturation and fertility in the
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female. Endocrine hormones such as estrogen and luteinizing hormone

(LH) have been shown to stimulate follicle development and granulosa

cell growth in vivo, but neither of these hormones acts as a granulosa

cell mitogen in vitro (Goldenberg et al., 1972; Rao et al., 1978; Richards

and Farookhi, 1978; Richards and Midgley, 1976; Ross, 1976). Therefore

the effects of estrogen and LH on follicular growth in vivo are proposed

to be indirectly mediated by growth factors such as HGF.

HGF is an 87-kDa protein composed of a 69-kDa o-subunit and a

34-kDa 3-subunit that is important for the organogenesis and

morphogenesis of various tissues and organs (Matsumoto and

Nakamura, 1991; Matsumoto and Nakamura, 1992; Matsumoto and

Nakamura, 1996; Mizuno and Nakamura, 1993; Nakamura, 1991;

Weidner et al., 1993a; Weidner et al., 1993b). HGF is primarily

produced by mesenchyme-derived cells in many tissues and acts as an

epithelial-cell-specific mitogen. The receptor to HGF (HGFR) is the

product of the c-met protooncogene (p190MET) that is primarily

localized to epithelial cells (Bottaro et al., 1991; Di Renzo et al., 1991;

Park et al., 1986; Tajima and Nakamura, 1992; Zarnegar, 1995) but can

also be expressed by macrophages, neurons, endothelial cells, muscle

cells and cytotrophoblasts (Galimi et al., 1993; Honda et al., 1995; Saito

et al., 1995; Sonnenberg et al., 1993b). Two alternately spliced forms of

HGF known as NK1 and NK2 have been documented that may act as HGF

agonists or antagonists (Chan et al., 1993; Chan et al., 1991; Cioce et al.,

1996; Lokker and Godowski, 1993; Schwall et al., 1996). A great deal of

research has documented the ability of HGF to mediate mesenchymal

epithelial cell interactions in many tissues such as the hair follicle

(Bernard, 1994), bone (Grano et al., 1996), prostate (Kasai et al., 1996;
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Nishi et al., 1996), stomach (Matsubara et al., 1996), pancreas

(Otonkoski et al., 1996), heart (Rappolee et al., 1996), tooth (Tabata et

al., 1996), blood cells (Galimi et al., 1993), and muscle (Takayama et al.,

1996). Expression of HGF can be regulated in an endocrine manner in

many tissues including kidney, spleen, lung and prostate (Matsuda and

Nakamura, 1993; Matsumoto and Nakamura, 1992; Matsumoto and

Nakamura, 1993; Matsumoto et al., 1992b; Nishi et al., 1996). These and

other studies have established that HGF can mediate the actions of

endocrine hormones and act as a paracrine mediator of mesenchymal

epithelial cell interactions in many tissues.

The current study was designed to investigate the role of HGF as a

paracrine mediator of mesenchymal-epithelial cell interactions during

ovarian follicular development. Experiments address the

developmental and hormonal regulation of HGF in theca cells and the

HGFR in granulosa cells. LH is proposed to indirectly stimulate

granulosa cell proliferation by stimulating theca cell HGF production.

III. MATERIALS AND METHODS

A. Tissue isolation and serum-free cell culture

Bovine ovaries were obtained from young nonpregnant cycling

heifers less than 10 min after death. Ovaries were delivered fresh on

ice by Golden Genes (Fresno, CA). Granulosa cells were isolated by

microdissection from fresh tissue as previously described (Skinner and

Osteen, 1988). Theca interna layers were then microdissected away

from the follicle wall and enzymatically dispersed with 2 mg/ml
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Figure 1. Expression of HGF and HGFR mRNA in bovine ovarian follicles.
RT-PCR analysis was performed with 10 ug total RNA. Amplification was non
quantitative. (A) Specific primers were designed to amplify HGF from bovine
theca cDNA template. 306-bp HGF PCR products were detected in theca cells
from small, medium and large size follicles. (B) Specific primers were
designed to amplify HGFR from bovine granulosa cDNA template. 359-bp HGFR
PCR products were detected in granulosa cells from small, medium and large
size follicles. Standard DNA ladder (1 kB) was used for size determination (not
shown). S, small follicles; M, medium follicles; L, large follicles. Data are
representative of at least four experiments.

collagenase (Sigma, St. Louis, MO) in Catt/Mg++ free buffer. For culture

cells were immediately plated in serum-free Ham's F-12 Medium

containing 0.1% BSA and maintained at 37 C in a 5% CO2 atmosphere.

The indicated cells were treated with estradiol (10-7 M: Sigma, St. Louis,

MO), hCG (100 ng/ml; 4010 IU/mg, Calbiochem, La Jolla, CA) or follº's
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stimulating hormone (FSH, 100 ng/ml, National Pituitary Agency,

Baltimore, MD). Cell preparations obtained by this procedure have been

characterized cytochemically to contain less than 3% contamination with

endothelial cells.

B. Preparation of RNA and polymerase chain reaction (PCR)

Follicles were dissected from the bovine ovaries and separated

into pools of small (< 5 mm), medium (5-10 mm), and large (>10 mm)

size follicles. Granulosa and theca cell total RNA was extracted from

each pool of samples using a guanidium thiocyanate procedure followed

by centrifugation through a cesium chloride gradient (Chirgwin et al.,

1979). Alternatively total RNA was prepared using the RNA-Stat 60 kit

(Tel-Test, Friendswood, TX). For qualitative analysis of gene expression

10 ug total RNA was reverse transcribed with moloney murine

leukemia virus (M-MLV) reverse transcriptase (Gibco BRL) at 37 C for 1

h using oligo(dT)12-18 primers (Gibco BRL). This cDNA template was

amplified by PCR using specific primers for HGF, the HGF receptor

(HGFR, c-met) or the constitutively expressed gene cyclophilin (1B15).

The HGF primers were 5'-ACA GCT TTT TGC CTT CGA GCT ATC GGG GTA

AAG ACC TAC AGG-3 (5' primer, 42-mer) and 5'-CAT CAA AGC CCT TGT

CGG GAT A-3' (3' primer, 22-mer) which generated a specific 292-bp

HGF PCR product from bovine theca cells. The HGFR primers were 5'-

GTA AGT GCC CGA AGT GTA AG-3 (5' primer, 20-mer) and 5'-GCC CTC

TTC CTA TGA CTT C-3' (3' primer, 19-mer) which generated a specific

313-bp HGFR PCR product from bovine granulosa cells. The primers for

cyclophilin (1B15) were: 5'-ACA CGC CAT AAT GGC ACT GGT GGC AAG

TCC ATC-3 (5' primer, 33-mer) and 5-ATT TGC CAT GGA CAA GAT GCC
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AGG ACC TGT ATG-3' (3' primer, 33-mer) which generated a specific

105-bp product from all cell types demonstrating the integrity of the

RNA samples. Amplification was performed with Ampli'■ aq DNA

polymerase (Perkin Elmer, Foster City, CA) for 35 cycles using the

following conditions: 0.8 um each primer, 100 um dINTP's, 1.5 mM Mg++,

1.25 U Taq polymerase in 50 ul total volume. Each PCR amplification

consisted of an initial denaturing reaction (5 min, 95 C); 35 cycles of

denaturing (30 sec, 95 C), annealing (2 min, 60 C), and elongation (3

min, 72 C) reactions; and a final elongation reaction (10 min, 72 C). PCR

products were visualized by UV illumination (312 nm) of 2 % agarose

gels stained with ethidium bromide.

The HGF, HGFR and 1B15 PCR products were subcloned into the

Bluescript plasmid (Stratagene, La Jolla, CA) at the SmaI site. Each

subclone was sequenced in both directions and confirmed to be bovine

HGF, HGFR and 1B15. These subclones were used as standard templates

in the quantitative PCR procedure below.

C. Quantitative RT-PCR assays

Steady state levels of HGF, HGFR and 1B15 mRNA's were measured

using a specific quantitative reverse transcription-polymerase chain

reaction (RT-PCR) assay for each gene. The primers used in this

quantitative analysis of HGF, HGFR and 1B15 were the same as

described above. Before reverse transcription tubes containing total

RNA and specific 3'-primers were heated to 65 C for 10 min to facilitate

denaturing and cooled to room temperature to facilitate annealing.

Total RNA (1 ug) was reverse transcribed for 1 h at 37 C using the

following conditions: 1 ug total RNA, 1 um specific 3'-primers of interest
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(up to 4 different primers including 1B15), 0.1 mM dNTP's, 10 mM DTT,

40 Units RNAse inhibitor (Promega, Madison, WI), and 200 Units M

MLV reverse transcriptase (Gibco BRL, Gaithersburg, MD) in 40 ul RT

buffer (50 mM Tris-HCl ph 8.3, 75 mM KCI, 3 mM MgCl2). After 1 h

samples were heated to 95 C for five minutes to inactivate the reverse

transcriptase enzyme. Samples were immediately diluted 2.5 fold and

carrier DNA (Bluescript plasmid, Stratagene) was added to a final

concentration of 10 ng/ul. This concentration of Bluescript carrier DNA

(10 ng/ul) was included in all subsequent dilutions of samples and

standards. Immediately before amplification each unknown sample

was further diluted 1:10 in order to improve the fidelity of the PCR

reaction (Kamalati et al., 1993). Plasmid DNA's containing bovine HGF,

HGFR or 1B15 subclones were used to generate standard curves from 1

ag/ul (10-15 g/ul) to 10 pg/ul (10 x 10-9 g/ul) each containing 10 ng/ul

Bluescript carrier DNA. Identical 10 ul aliquots of each sample and

standard were pipetted in duplicate into a 96 well reaction plate (Marsh

Biomedical Products, Rochester, NY) and sealed with adhesive film

(Marsh Biomedical Products) for PCR amplification. By this design it

was possible to simultaneously assay 5 known standard concentrations

and 40 unknown samples for each gene. Amplification was performed

in a Perkin Elmer 9600 equipped with a heated lid using the following

conditions: 0.4 um each primer, 16 um dMTP's, and 1.25 Units Ampli'■ aq

polymerase in 50 ul GeneAmp PCR buffer (containing 1.5 mM MgCl2,

Perkin Elmer). Each PCR amplification consisted of an initial denaturing

reaction (5 min, 95 C); 25-31 cycles of denaturing (30 sec, 95 C),

annealing (1 min, 60 C), and elongation (2 min, 72 C) reactions; and a

final elongation reaction (10 min, 72 C). At least 0.25 uCi of 32P-labeled
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Figure 2. Developmental regulation of HGF mRNA in bovine theca cells.
Steady state levels of HGF mRNA in theca cells from small, medium, and large
follicles were determined using quantitative RT-PCR. (A) Line graph of a
typical experiment validating the assay. Parallel curves of a standard bovine
HGF subclone (O) and a fresh theca cell total RNA sample (6) are shown. Raw
data are represented as arbitrary units +/- SEM (as read from the
phosphorimager) and are directly proportional to actual counts per minute.
(B) Analysis of steady state HGF mRNA levels in theca cells from small, medium,
and large size follicles. Levels of HGF mRNA were determined and normalized
to levels of cyclophilin (1B15) mRNA (fg HGF mRNA/fg 1B15 mRNA). Data are
presented as the mean +/- SEM of duplicate determinations from at least ten
different sets of theca cell RNA. An analysis of variance was performed and
significant differences between follicle sizes were determined using the
Tukey-Kramer HSD test. Bars with different superscript letters differ from
each other (alpha < 0.05).
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dCTP (Redivue, Amersham Life Sciences, Arlington Heights, IL) was

included in each sample during amplification for detection purposes.

Specific PCR products were quantitated by electrophoresing all samples

on 4-5 % polyacrylamide gels, simultaneously exposing the gels to a

phosphor screen for 8-24 h, followed by quantitating the specific bands

on a Storm Phosphorimager (Molecular Dynamics, Sunnyvale, CA). Each

gene was assayed in separate PCR reactions from the same RT samples.

Equivalent steady state mRNA levels for each gene were determined by

comparing each sample to the appropriate standard curve. All HGF and

HGFR data were normalized for 1B15.

Optimal cycle number for amplification was determined for each

assay in order to achieve maximum sensitivity while maintaining

linearity (i.e. logarithmic phase of PCR reactions). Both HGF and HGFR

quantitative PCR products were amplified for 31 cycles while the 1B15

PCR products were amplified for 25 cycles. The sensitivity of each

quantitative PCR assay was below 1 fg which corresponds to less than

125 fg target mRNA/ug total RNA. For each assay, all samples were

simultaneously measured in duplicate resulting in intra-assay

variabilities of 13.6 % (HGF), 8.7% (HGFR), and 6.5% (1B15).

D. Assay for Aromatase Activity in Granulosa Cells

Aromatase activity was assessed by the release of 3H2O from

aromatization of [13-3H]androstenedione as previously described (Gore

Langton and Dorrington, 1981) with the following modifications.

Approximately 1.5 million/cm2 granulosa cells were plated in 24-well

plates and immediately treated with no factor (control), HGF (50 ng/ml)

or FSH (100 ng/ml) in the presence or absence of HGF. After 20 hours
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0.5 ml medium containing 0.5 mCi [13-3H]androstenedione (New

England Nuclear, Boston, MA) was added and incubated for 6 h at 37 C

in a CO2 atmosphere. The culture was then sonicated and an aliquot was

removed for DNA analysis. The remaining sample was transferred to a

tube and incubated with dextran-coated charcoal [0.2% (wt/vol) 70K

dextran (Sigma, St. Louis, MO), activated 2% (wt/vol) charcoal, 10 mM

Tris, and 1 mM EDTA, pH 7.5] for 2 h at 4 C, then centrifuged at 13,000

X g for 15 min. Aliquots of the supernatant containing 3.H2O were then

combined with 5 ml scintillation cocktail (ICN, Costa Mesa, CA) and

counted for 5 min a scintillation counter. Blank values were established

from identical incubations in the absence of cells and contained less

than 100 cpm. Aromatase activity, measured in counts per min of 3H2O

released, was normalized per ug DNA using an ethidium bromide

procedure, described previously (Skinner and Osteen, 1988).

E. Assay for Progesterone Production

Progesterone production by granulosa cells was determined by

quantitating progesterone accumulation in the culture medium.

Approximately 1.5 million/cm2 granulosa cells were plated in 24-well

plates and immediately treated with no factor (control), HGF (50 ng/ml)

or hoC (100 ng/ml) in the presence or absence of HGF. After 72 hours

the medium was collected and assayed for progesterone using the

ImmunoChem 125I progesterone kit (ICN, Costa Mesa, CA). The

sensitivity of the progesterone assay was 0.01 ng/ml. Progesterone

data were normalized per total DNA per well as previously described

(Skinner and Osteen, 1988).
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F. Statistical Analysis

All data were analyzed by a JMP 3.1 statistical analysis program

(SAS Institute Inc., Cary, NC). Effects of hormones on HGF or HGFR

mRNA levels and on granulosa cell aromatase activity and progesterone

production were analyzed by a one-way analysis of variance (ANOVA).

Significant differences between treated cells and control (untreated)

cells were determined using the Dunnett's test which guards against the

high alpha-size (Type I) error rate across the hypothesis tests (Dunnett,

1955). Effects of follicle size on steady state HGF or HGFR mRNA levels

were analyzed by a one-way ANOVA as described above. Significant

differences between small, medium, and large size follicles were

determined using the Tukey-Kramer HSD (honestly significant

difference) test which protects the significance tests of all combinations

of pairs (Kramer, 1956; Tukey, 1953; Tukey, 1991). These multiple

comparisons tests are recommended for multiple comparisons with

control (Dunnett's) or multiple comparisons of all pairs (Tukey-Kramer

HSD) (Hsu, 1989a; Hsu, 1989b).

IV. RESULTS

Mesenchymal theca cells and epithelial granulosa cells were

obtained from freshly isolated bovine ovaries. Cells were

independently isolated from pools of small (< 5 mm diameter), medium

(5-10 mm) and large (> 10 mm) size follicles. Cells were used

immediately for total RNA preparation or placed in cell culture. The

gene expression of hepatocyte growth factor (HGF) and hepatocyte

growth factor receptor (HGFR) was determined by reverse
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Figure 3. Developmental regulation of HGFR mRNA in bovine granulosa
cells. Steady state levels of HGFR mRNA in granulosa cells from small, medium,
and large follicles were determined using quantitative RT-PCR. (A) Line
graph of a typical experiment validating the assay. Parallel curves of a
standard bovine HGFR subclone (D) and a fresh granulosa cell total RNA
sample (º) are shown. Raw data are represented as arbitrary units +/- SEM (as
read from the phosphorimager) and are directly proportional to actual counts
per minute. (B) Analysis of steady state HGFR mRNA levels in granulosa cells
from small, medium, and large size follicles. Levels of HGFR mRNA were
determined and normalized to levels of cyclophilin (1B15) mRNA (fg HGFR
mRNA/fg 1B15 mRNA). Data are presented as the mean +/- SEM of duplicate
determinations from four different sets of granulosa cell RNA. An analysis of
variance was performed and significant differences between follicle sizes
were determined using the Tukey-Kramer HSD test. Bars with different
superscript letters differ from each other (alpha < 0.05).
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transcription-polymerase chain reaction (RT-PCR). Using appropriate

primers the 292-bp HGF PCR product was observed in theca cell RNA

isolated from small, medium and large size follicles (Fig. 1a). The 313

bp HGFR PCR product was observed in granulosa cell RNA from small,

medium and large size follicles (Fig. 1b). These PCR products were

blunt-end subcloned into the Bluescript plasmid, sequenced and

confirmed to be bovine HGF and HGFR cINA (data not shown). HGF and

HGFR subclones were used below as standards for quantitative RT-PCR.

Although HGF and HGFR are generally expressed in mesenchyme

derived cells and epithelial cells, respectively, the expression patterns

of HGF and HGFR during ovarian follicular development have not been

well-characterized. Previous studies have shown HGF mRNA expression

in bovine theca cells (Parrott et al., 1994) and HGFR mRNA expression in

mouse granulosa cells (Yang and Park, 1995). The results in Figure 1

indicate that HGF and HGFR are expressed throughout follicular

development since HGF and HGFR mRNA's were observed from small,

medium and large size follicles.

In order to examine the potential developmental regulation of HGF

and HGFR during follicular development, sensitive quantitative RT-PCR

assays were developed for both genes. HGF steady state mRNA levels in

theca cells and HGFR steady state mRNA levels in granulosa cells were

determined in total RNA samples from small, medium and large size

follicles. Under specific amplification conditions these assays utilized

the bovine HGF and HGFR subclones from Figure 1 as template to

generate standard curves. Samples consisting of total RNA from freshly

isolated theca cells or granulosa cells were reverse transcribed using the

specific 3' primers of the gene(s) of interest. These unknown samples
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were simultaneously amplified by PCR along with the known standards

to quantitate gene expression. For each gene cycle number and

annealing temperature were optimized for maximum sensitivity and

linearity. These quantitative assays for HGF and HGFR mRNA's are

extremely sensitive (< 10-12 g/sample) and have intra-assay

variabilities of 13.6 % and 8.7 %, respectively. As is shown in Figures 2

and 3, each assay is linear over several orders of magnitude (0.1 - 1000

fg/sample). Each assay was validated by demonstrating parallel curves

between the appropriate RNA samples and standards (Figure 2a and

3a). All samples were normalized for constitutively expressed

cyclophilin mRNA (1B15) as determined by the same procedure. This

normalization corrects for the amount and integrity of initial mRNA as

well as small differences in the efficiency of reverse transcription

between samples. The results are shown in Figures 2b and 3b. The

steady state levels of HGF mRNA in theca cells was highest in large size

follicles and lowest in medium size follicles (Fig 2b). A small but

significant difference in HGF expression was observed between theca

cells from small and medium size follicles. Steady state levels of HGFR

were dramatically higher in granulosa cells from large size follicles than

in small or medium size follicles (Fig 3b). In addition, steady state

levels of HGF mRNA in theca cells (0.0003-0.0005 fg HGF/fg 1B15) were

two orders of magnitude lower than the levels of HGFR mRNA in

granulosa cells (0.005–0.04 fg HGFR/fg 1B15). These results

demonstrate that the HGF and HGFR genes are developmentally

regulated during normal follicular development. Both HGF (in theca

cells) and HGFR (in granulosa cells) were highest in large size follicles.

HGF has previously been shown to stimulate granulosa cell proliferation
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(Parrott et al., 1994). Therefore stimulation of HGF and HGFR expression

may be important for granulosa cell proliferation in large size follicles.

HGF expression has been proposed to be regulated by cytokines,

steroids and other extracellular signals through the activation of

multiple putative cis-acting elements in the HGF promoter (Zarnegar,

1995). Phorbol esters (e.g. TPA) (Gohda et al., 1994; Matsumoto et al.,

1995b), serum, cAMP analogs (e.g. 8-bromo-cAMP and dibutyryl cAMP)

(Kasai et al., 1996; Matsumoto et al., 1995b; Matsunaga et al., 1994) and

c-AMP elevating agents (e.g. forskolin, cholera toxin, and prostaglandin

E2) (Matsunaga et al., 1994) regulate HGF mRNA in cultured skin

fibroblasts. These observations suggest that HGF expression is regulated

through activation of the AP1 and CRE sequences in the HGF promoter

(Zarnegar, 1995). In addition, two ERE sequences are present in the

promoter and first intron of the HGF gene that mediate estrogen

induced transcription of the HGF promoter in RL95-2 cells (Liu et al.,

1994b). In vivo estrogen and luteinizing hormone (LH) promote

follicular development and increase granulosa cell proliferation in the

ovary. Neither hormone affects proliferation of purified granulosa cells.

The hypothesis was tested that estrogen and LH indirectly control

follicular development by regulating the local production of HGF. Fresh

theca cells were placed in serum-free culture and treated with estrogen

or human chorionic gonadotropin (hCG), an LH agonist. After 3 days,

theca cell total RNA was isolated and steady state levels of HGF mRNA

were measured using the HGF quantitative RT-PCR assay. The results

are shown in Figure 4. Under these conditions hCG stimulated HGF

mRNA in bovine theca cells but estrogen had no effect. These results

are the first to demonstrate regulation of the HGF gene by a
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Figure 4. Hormonal regulation of HGF mRNA in bovine theca cells. Steady
state levels of HGF mRNA in cultured theca cells were determined using
quantitative RT-PCR. Theca cells were placed in serum-free culture and
treated with no factor (control), 10-7 M estradiol (E) or 100 ng/ml hCG. After
72 hours in culture cells were harvested and total RNA was prepared. Steady
state levels of HGF mRNA were determined as in Figure 2. Levels of HGF mRNA
were determined and normalized to levels of cyclophilin (1B15) mRNA (fg HGF
mRNA/fg 1B15 mRNA). Data are presented as the mean +/- SEM of duplicate
determinations from six different sets of theca cell RNA. An analysis of
variance was performed and significant differences from control were
determined using the Dunnett's test. Bars with asterisks differ from control
(alpha < 0.05).

gonadotropin (e.g. hCG/LH). The regulation of HGF mRNA by LH

supports the hypothesis that LH promotes follicular growth by

stimulating the local production of HGF. The inability of estrogen to

regulate HGF expression in cultured theca cells suggests that estrogen

does not promote follicular growth by stimulating HGF production. The
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potential regulation of ovarian HGF expression by other factors remains
to be elucidated.

To investigate the actions of HGF in the ovary, granulosa cell

steroidogenic capacities in response to HGF were examined. Granulosa

cells were cultured in serum-free media and assayed for two functional

markers (Skinner and Osteen, 1988). The first functional parameter

examined was the ability of granulosa cells to aromatize

androstenedione to produce estradiol. Both bovine and rat granulosa

cells were utilized to quantitate aromatase activity in the presence or

absence of HGF. Bovine granulosa cells can be isolated in large

quantities but contain low levels of aromatase after 48 hours in culture.

Rat granulosa cells have more robust levels of aromatase and maintain

aromatase activity for several days in vitro. The analysis of bovine and

rat aromatase activity is shown in Figure 5. HGF significantly reduced

basal levels of aromatase activity in bovine and rat granulosa cells. In

addition, HGF reduced the ability of follicle stimulating hormone (FSH)

to stimulate aromatase activity. Previous research showed that HGF

stimulates granulosa cell proliferation. Therefore the inhibitory effect

of HGF on granulosa cell aromatase activity was probably the indirect

effect of promoting entry into the cell cycle. A similar effect has been

observed with transforming growth factor alpha (TGF-o.) in the ovary

(Roberts and Skinner, 1991). The current results demonstrate that HGF

negatively regulates granulosa cell function by decreasing aromatase

activity.

The second functional parameter examined was progesterone

production. Bovine granulosa cells were cultured in serum-free media

for 72 hours in the presence or absence of HGF. Cells were stimulated
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with hCG as a positive control. After 72 hours media were collected and

progesterone accumulation was determined by radioimmunoassay. The

results of granulosa cell progesterone production are shown in Figure 6.

HGF had no effect on basal levels of progesterone production but

dramatically inhibited the ability of hCG to stimulate progesterone.

Granulosa cells primarily express aromatase during the follicular phase

or early stages of folliculogenesis. During the luteal phase or later

stages of folliculogenesis, granulosa cells produce increasing amounts of

progesterone. The observation that HGF influences both aromatase

activity and progesterone production in granulosa cells suggests that

HGF acts on granulosa cells during the follicular and luteal phases of

follicular development. These results demonstrate that HGF has an

inhibitory effect on the functional differentiation (i.e. aromatase activity

and progesterone production) of granulosa cells. As previously shown

HGF stimulates granulosa cell proliferation and this indirectly decreases

these differentiated functions.

V. DISCUSSION

Interactions between mesenchyme-derived theca cells and

epithelial granulosa cells are essential for ovarian follicular

development. Mesenchymal cells have been proposed to influence

adjacent epithelial cell through the production of mesenchymal "inducer

proteins" that act on the epithelium (Cunha et al., 1983; Cunha et al.,

1982; Fleischmajer, 1967; Grobstein, 1967; Kratochwil, 1969;

McLoughlin, 1963). These "inducer proteins" regulate the cellular

proliferation and functional differentiation of epithelial cells. HGF is a
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Figure 5. HGF inhibits granulosa cell aromatase activity. Bovine (A) or rat
(B) granulosa cells were cultured in the absence (E) or presence (F) of HGF.
Additionally cells were treated with FSH as a positive control. Bovine
granulosa cells can be isolated in large numbers but rat granulosa cells
express higher levels of aromatase in culture. Aromatase activity was
determined on day 1 of culture and normalized per ug DNA (cpm/ug DNA).
Data are presented as mean +/- SEM of triplicate determinations from at least
three different experiments. An analysis of variance was performed and
significant differences between treatments were determined using the Tukey
Kramer HSD test. Bars with different superscript letters differ from each
other (alpha < 0.05).

candidate "inducer protein" that mediates mesenchymal-epithelial cell
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Parrott et al., 1994; Yang and Park, 1995). Endocrine hormones have

been shown to act on tissues such as skin (Gohda et al., 1994;

Matsumoto et al., 1992a; Matsunaga et al., 1994) and prostate (Kasai et

al., 1996; Nishi et al., 1996) by locally regulating the production and

actions of growth factors such as HGF. In the ovary, HGF is expressed by

theca cells and acts on granulosa cells (Parrott et al., 1994). The current

study was designed to examine the developmental and hormonal

regulation of HGF in theca cells and HGFR in granulosa cells. In addition

the actions of HGF on granulosa cells were further investigated. By

understanding the regulation and actions of HGF in the ovary insight

will be gained into the mesenchymal-epithelial cell interactions that

control follicular development.

The developing ovarian follicle is one of the most rapidly

proliferating normal tissues known in vivo, and granulosa cell growth

accounts for the majority of this follicle expansion (Gougeon, 1982). The

number of granulosa cells increases at least 10,000-fold during

development from preantral to ovulatory follicles, and the rate of

proliferation is highest in large size follicles (Gougeon, 1986). Theca

cell-derived HGF is proposed to be important for this growth process.

HGF and HGFR gene expression in theca cells and granulosa cells,

respectively, was observed throughout follicular development (Fig. 1).

Expression of HGF and HGFR was highest in large size follicles (Fig. 2 and

3). Large size ovarian follicles contain large numbers of proliferating

granulosa cells. The high expression of HGF and HGFR in large size

follicles suggests that HGF actions may be involved in this cellular

proliferation. These results demonstrate that expression levels of HGF

and HGFR mRNA are developmentally regulated during follicular
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development. Additional studies are necessary to determine if

expression of HGF protein is also developmentally regulated in the

ovarian follicle. It remains possible that mRNA levels of these genes

vary during follicular development while protein levels may not change.

However the observation that gene expression of both HGF and HGFR is

highest in large size follicles suggests that increased production of HGF

is important in large size follicles.

Endocrine hormones (i.e. gonadotropins and steroids) such as

estrogen and luteinizing hormone (LH) stimulate follicular growth in

vivo (Goldenberg et al., 1972; Rao et al., 1978; Richards and Farookhi,

1978; Richards and Midgley, 1976; Ross, 1976). The actions of such

hormones in the ovary are necessary for follicular development and

reproductive viability. Although these hormones increase follicular

growth in vivo, no proliferative effect is apparent on purified cells in

vitro. As a result, the hypothesis has developed that LH and other

hormones indirectly stimulate follicular growth by influencing

mesenchymal-epithelial cell interactions in the ovary. This hypothesis

is supported by the results in Figure 5. Steady state levels of HGF

mRNA in purified theca cells were increased by treatment with hCG (an

LH agonist). LH is known to stimulate theca cell functions through the

cAMP pathway. In addition, cAMP analogs have been shown to

stimulate HGF gene expression in other tissues (Kasai et al., 1996;

Matsumoto et al., 1995b; Matsunaga et al., 1994). As a result, LH

stimulation of HGF expression may be mediated by activation of a cAMP

pathway in theca cells. These results suggest that HGF in part mediates

the actions of LH in the ovary. The ability of hCG (i.e. LH) to stimulate

HGF expression in theca cells helps explain the mechanism of hormone
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Figure 6. HGF inhibits granulosa cell progesterone production. Bovine
granulosa cells were cultured in the absence (-) or presence (E) of HGF.
Additionally cells were treated with hCG as a positive control. Progesterone
accumulation was determined on day 3 of culture and normalized per ug DNA
(ng progesterone/ug DNA). Data are presented as mean +/- SEM of triplicate
determinations from three different experiments. An analysis of variance was
performed and significant differences between treatments were determined
using the Tukey-Kramer HSD test. Bars with different superscript letters
differ from each other (alpha < 0.05).

induced growth in the ovarian follicle. Endocrine hormones such as LH

may stimulate follicular growth by stimulating the local production of

growth factors such as HGF.

Estrogen did not directly stimulate HGF mRNA expression in theea

cells. This result is surprising since a single injection of estradiol
resulted in a transient increase in HGF mRNA levels in the ovaries of
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and contains many recognizable regulatory elements that are important

for transcription in mesenchymal cells (Liu et al., 1994a; Liu et al.,

1994c; Zarnegar, 1995). Two estrogen response elements (ERE) are

present including one in the first intron of the HGF gene (mouse

positions -872 and +511) (Liu et al., 1994b; Liu et al., 1994c). Liu et al

demonstrated that these ERE elements can confer estrogen action to

homologous and heterologous promoters when transfected into

endometrial carcinoma RL95-2 cells and mouse fibroblast NIH 3T3 cells

(Liu et al., 1994b). In addition, nuclear extracts from either estrogen

receptor-transfected RL95-2 cells or from mouse liver bound to the ERE

elements in band shift assays in vitro. The results in the current study

suggest that the ERE sequences in the HGF promoter do not confer

estrogen responsiveness in the ovarian follicle. The lack of estrogen

action on theca cell HGF mRNA levels was not due to the inability of the

cells to respond to estrogen. Additional analysis demonstrated that

estrogen treatment increased keratinocyte growth factor (KGF) mRNA

levels in the same theoa cell cultures (data not shown). The theca cells

used in these experiments were pooled from several ovarian follicles. It

is possible that estrogen may regulate theca cell HGF expression at

specific stages of the estrous cycle. Such cycle-specific effects may not

be observed in these pooled theca cell cultures. Analysis of cycle

specific regulation of HGF in theca cells will require the quantitation of

HGF mRNA in individually staged follicles. An additional possibility is

that estrogen truly does not regulate HGF expression in theca cells.

There are several explanations for the possibility that estrogen

may not stimulate HGF mRNA levels despite the presence of two ERE

sequences in the HGF gene. The HGF gene may not be estrogen
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responsive in theca cells due to the location of the ERE sequences and

the specific promoter context (Butt and Karathanasis, 1995; Gothard et

al., 1996; Katzenellenbogen, 1996; Nardulli et al., 1996). Novel protein

protein interactions involving the estrogen receptor may influence HGF

transcription through ERE-containing and non-ERE-containing sequences

(Ignar-Trowbridge et al., 1996; Ignar-Trowbridge et al., 1995; Miller

and Miller, 1996; Yang et al., 1996). In some cases estrogen-induced

transcription requires additional factors that may not be present in

theca cells (Davis and Burch, 1996; Gray and Gorski, 1996; Ruh et al.,

1996). In addition, theca cells may express estrogen receptor mRNA

variants that can influence transcription in promoter-specific ways

(Gray and Gorski, 1996; Kahan, 1996; Mosselman et al., 1996; Pfeffer,

1996; Pfeffer et al., 1996; Tan et al., 1996). Liu et al demonstrated that

the HGF promoter contains an epithelial-cell-type-specific

transcriptional repressor element (Liu et al., 1994a) that may inhibit

estrogen-induced HGF transcription in theca cells. One or more of these

mechanisms may influence the ability of estrogen to activate

transcription from the HGF promoter. As a result estrogen may not

directly stimulate HGF mRNA expression in theca cells. It remains

possible that estrogen indirectly stimulates theca cell HGF expression in

vivo by stimulating the production of other growth factors in the ovary.

Factors that stimulate cellular proliferation generally inhibit

differentiated functions. Many growth factors stimulate DNA synthesis

in a particular cell by promoting entry of the cell into the cell cycle

(Cross and Dexter, 1991; Grana and Reddy, 1995; Monget and Monniaux,

1995; Pardee, 1994; Schneider et al., 1991). Progression of the cell into

the cell cycle results in the indirect effect of reducing the differentiated
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functions of the cell (Blau, 1992; Blau and Baltimore, 1991; Sato et al.,

1996; Stein et al., 1990a; Stein et al., 1990b; Watt, 1991). HGF has been

shown to stimulate granulosa cell proliferation (Parrott et al., 1994) but

no information has previously been available concerning the effects of

HGF on granulosa cell differentiated functions. The current results

suggest that HGF inhibits granulosa cell differentiated functions. This

effect was observed as the inhibition of basal or hormone-stimulated

aromatase activity and progesterone production. Rat granulosa cells

were included in these experiments because rat granulosa cells have a

higher level of aromatase expression in culture than bovine granulosa

cells. Similar effects were observed on bovine and rat granulosa cells.

The inhibitory effects of HGF on granulosa cell steroid production were

similar to the actions of another growth factor produced in the ovary.

Roberts demonstrated that transforming growth factor-alpha (TGF-0.)

also stimulates proliferation and inhibits steroid production by bovine

granulosa cells (Roberts and Skinner, 1991). A general phenomenon

may exist in which ovarian growth factors that stimulate cellular

proliferation also inhibit differentiated functions.

Previous studies have described HGF as an important mediator of

mesenchymal-epithelial cell interactions in many tissues. This study

shows that HGF may be an important mediator of mesenchymal

epithelial cell interactions during ovarian follicular development.

Results demonstrate that HGF in theca cells and HGFR in granulosa cells

are expressed throughout follicular development and are more highly

expressed in large size follicles. Higher levels of HGF and HGFR in large

size follicles may be important for the rapid proliferation of granulosa

cells at this stage of development. Estrogen and LH are known to
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directly act on theca cells and stimulate follicular growth in vivo.

Results indicate that HGF expression in purified theca cells was

stimulated by hCG (an LH agonist) but not by estrogen. Therefore HGF

in part mediates the actions of endocrine hormones such as LH but may

not be a direct estromedin in the ovary. Other locally-produced growth

factors may also mediate the actions of LH in the ovary. The rapid

proliferation of granulosa cells is a critical aspect of follicular

development and is proposed to be controlled through mesenchymal

epithelial cell interactions between theca cells and granulosa cells. This

study helps to establish that HGF in part mediates the stimulatory

effects of LH on follicular growth and helps gain an understanding of

factors that control mesenchymal-epithelial cell interactions in the

ovary.
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CHAPTER 5

DIRECT ACTIONS OF KIT-LIGAND ON THECA CELL

GROWTH AND DIFFERENTIATION DURING FOLLICLE

DEVELOPMENT

I. ABSTRACT

The direct actions of kit-ligand/stem cell factor (KL) in developing

ovarian follicles were investigated. Previous studies have shown that

granulosa cells express KL that can support oocyte development. The

current study demonstrates that KL can also act directly on theca cells

to promote cellular growth and differentiation. Through RT-PCR

analysis it was shown that bovine granulosa cells express KL and theca

cells express the receptor c-kit. Bovine theca interna cells were isolated

and cultured in serum-free conditions to study KL actions. KL

stimulated theca cell growth in a dose-dependent manner as measured

by [3H]thymidine incorporation into DNA when cells were cultured
under subconfluent conditions. KL had no effect on theca cell

androstenedione or progesterone production under these growth

permissive conditions. The negative effect of KL on theca cell

differentiation was likely due to the indirect effect of KL to act as a

growth factor and promote entry into the cell cycle. In contrast KL

stimulated theca cell androstenedione production but had no effect on

progesterone production when theca cells were cultured under

confluent (non-growth permissive) conditions. Estradiol (10-7 M) and

hCG (100 ng/ml) were used as controls and regulated theca cell steroid
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production at any cell density. These results demonstrate that KL can

directly stimulate theca cell growth and differentiation during follicular

development. The observation that KL stimulated androstenedione

production but not progesterone production suggests that KL promotes a

differentiated state in theca cells similar to that seen during the

follicular phase. The potential regulation of KL and c-kit expression

during follicular development was studied using a specific quantitative

RT-PCR procedure. Total RNA from granulosa cells (for KL) and theca

cells (for c-kit) was examined from small (< 5 mm), medium (5-10 mm),

and large (> 10 mm) size follicles. Steady state levels of KL mRNA were

highest in granulosa cells from large size follicles and lowest in small

and medium size follicles. No differences were observed in the steady

state levels of c-kit mRNA in theca cells from small, medium or large

size follicles. The observation that KL expression is highest in large size

follicles suggests that KL may be important for the increased steroid

production by large and dominant follicles. Observations demonstrate

that KL can dramatically alter theca cell function and support the

hypothesis that local granulosa-theca cell interactions play an important

role in regulating cellular function within ovarian follicles. This study

identifies KL as the first granulosa cell-derived growth factor that can

directly stimulate theca cell growth and differentiation in the absence of

gonadotropins.
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II. INTRODUCTION

Mesenchymal-epithelial cell interactions between theca cells and

granulosa cells are essential for ovarian follicular development.

Mesenchymal-derived theca cells produce a number of factors which act

locally to regulate the growth and differentiation of adjacent epithelial

granulosa cells (Parrott et al., 1994; Skinner, 1990; Skinner and Parrott,

1994). These cell-cell interactions ultimately determine the fate of

developing ovarian follicles which undergo atresia or fully develop to

ovulation. Granulosa cells surround the developing oocyte providing a

critical microenvironment for follicular growth. In addition granulosa

cells feedback on the surrounding theca cells to help regulate growth

and differentiation of ovarian somatic cells (Roberts and Skinner,

1990a). It has been shown that granulosa cells produce kit-ligand/stem

cell factor (KL) that promotes oocyte development in the ovary (Dolci et

al., 1991; Godin et al., 1991; Keshet et al., 1991; Manova et al., 1993;

Matsui et al., 1991; Motro and Bernstein, 1993; Motro et al., 1991). In

situ and immunohistochemistry experiments in the rodent have

demonstrated that the receptor c-kit is highly expressed in oocytes

supporting the role of KL in granulosa cell-oocyte interactions (Horie et

al., 1993; Horie et al., 1991; Keshet et al., 1991; Manova et al., 1990;

Motro and Bernstein, 1993; Motro et al., 1991). Although it is clear

from these experiments that c-kit is also expressed in theca cells in

developing follicles (Manova et al., 1993; Manova et al., 1990; Motro and

Bernstein, 1993), the direct role of KL to regulate theca cell function has

not yet been addressed.
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The KL (also named stem cell factor (Martin et al., 1990; Zsebo et

al., 1990b), mast cell factor (Anderson et al., 1990) or steel factor) and

its tyrosine kinase receptor c-kit are encoded at the steel (S1) and white

spotting (W) loci of the mouse, respectively (Chabot et al., 1988;

Copeland et al., 1990; Flanagan and Leder, 1990; Geissler et al., 1988;

Huang et al., 1990; Williams et al., 1990; Witte, 1990; Zsebo et al.,

1990a). Both SI and W mutations cause defects in melanogenesis,

gametogenesis, and hematopoiesis at several stages of embryonic

development and adult life (Bernstein et al., 1990; Besmer, 1991; Galli

et al., 1994; Russell, 1979; Silvers, 1979). During male and female

embryonic development KL and c-kit are essential for germ cell

migration (Bennett, 1956; Keshet et al., 1991; Matsui et al., 1990;

McCoshen and McCallion, 1975; Mintz, 1960; Mintz and Russell, 1957;

Orr-Urtreger et al., 1990). In the adult KL and c-kit are important for

follicular development in the ovary and survival/proliferation of type A

spermatogonia in the testis (Besmer et al., 1993; Manova et al., 1993;

Packer et al., 1994). Several KL and c-kit mutations have been

described with many gonadal phenotypes. The ovaries of adult mice

carrying the Steel-panda (Slpan), Steel-contrasted (Slcon), or Steel-t (Slt)

mutations contain predominantly small follicles whose development is

arrested at the stage that theca cells organize around the follicles

(Bedell et al., 1995; Huang et al., 1993; Kuroda et al., 1988). This lack of

follicle development and subsequent infertility have been widely

attributed to a defect in granulosa cell-oocyte interactions via KL/c-kit.

However it is possible that these mutations arrest follicular

development by disrupting granulosa cell-theca cell interactions.

Terada et al (1986) found that ovaries from suckling Sl/Slt mice do not

14.4



produce androgens in response to luteinizing hormone (LH) suggesting a

defect in theca cells (Terada et al., 1986). Kuroda et al (1988) suggested

a possible stromal cell/theca cell defect in the same mutant mice

(Kuroda et al., 1988). These studies raise the possibility that granulosa

cell derived KL may promote follicular development by directly

regulating theca cell function.

The importance of granulosa cell-derived KL in regulating oocyte

function has been documented (Dolci et al., 1991; Godin et al., 1991;

Ismail et al., 1996; Matsui et al., 1991; Packer et al., 1994). Many

previous studies have investigated the function of KL in the mouse or

rat ovary. Due to the difficulty in isolating purified theca cells from

rodent ovarian follicles, it is difficult to determine the direct function of

KL on these mesenchymal-type theca cells. The bovine ovary is similar

to the human ovary in size and endocrine function. Microdissection of

the follicles allows the isolation of large quantities of purified theca cells

(Roberts and Skinner, 1990a; Roberts and Skinner, 1990b; Roberts and

Skinner, 1990c; Skinner and Coffey, 1988). The current study utilizes

bovine ovaries to examine the potential role of KL to directly regulate

theca cell growth and differentiation. Experiments are also presented

which evaluate the regulation of KL and c-kit mRNA expression during

follicular development. Observations provide insight into the regulation

of ovarian somatic cell function (i.e. theca cells) by a locally-produced

factor, KL. These experiments establish KL as the first granulosa cell

derived growth factor that stimulates theca cell function in the absence

of gonadotropins. In addition, KL (stem cell factor) is proposed to

promote the recruitment of theca cells from adjacent undifferentiated

stromal-interstitial cells. These studies help gain an understanding
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A Granulosa Theca S-l

cKIT
298-bp

B Granulosa

KL2 ->

Figure 1: Expression of KL and c-kit mRNA in bovine ovarian follicles. RT
PCR analysis was performed with 10 ug total RNA. Amplification was non
quantitative. (A) Specific bovine primers for KL or c-kit were designed to
generate 315-bp and 298-bp PCR products from bovine granulosa, theca, or
stromal-interstitial cell cDNA template. (B) Specific primers were designed to
amplify soluble (KL1, 452-bp) and membrane-bound (KL2, 368-bp) forms of
KL. KL1 PCR products were predominantly detected in bovine granulosa cells.
Standard DNA ladder (1 kB) was used for size determination (unlabeled lane).
S, small follicles; M, medium follicles; L, large follicles; S-I, stromal-interstitial
cells. Data are representative of at least three experiments.

about the local feedback mechanisms which regulate mesenchymal

epithelial cell interactions (i.e. theca-granulosa cell) in the ovary.
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Insight is gained into the local regulation of theca cell growth and

steroid production by granulosa cell-derived KL.

III. MATERIALS AND METHODS

A. Tissue isolation and serum-free cell culture

Bovine ovaries were obtained from young nonpregnant cycling

heifers less than 10 min after death. Ovaries were delivered fresh on

ice or immediately frozen at -70 C and delivered on dry ice by Golden

Genes (Fresno, CA). Granulosa cells were isolated by microdissection

from fresh tissue and cultured as previously described (Skinner and

Osteen, 1988). Theca interna layers were then microdissected away

from the follicle wall and enzymatically dispersed with 2 mg/ml

collagenase (Sigma, St. Louis, MO) in Catt/Mg++ free buffer (Roberts and

Skinner, 1990b). Cells were immediately plated in 24-well culture

plates and maintained at 37 C in a 5% CO2 atmosphere in the absence of

serum. The indicated cells were treated with estradiol (10-7 M: Sigma,

St. Louis, MO), h0G (100 ng/ml; 4010 IU/mg, Calbiochem, La Jolla, CA),

recombinant human KL (50 ng/ml; R&D Systems, Minneapolis, MN), or

EGF (50 ng/ml; Gibco BRL, Gaithersburg, MD). Theca interna cell

preparations obtained by this procedure have been characterized

cytochemically to contain less than 5% contamination with endothelial

and/or granulosa cells (Roberts and Skinner, 1990b).
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B. Growth assays

Cell growth was analyzed by quantitating [3H]thymidine

incorporation into newly synthesized DNA. Theca cells were plated at

subconfluent densities (less than 1 million cells/cm2) in 0.5 ml

Dulbecco's Modified Eagle's Medium (DMEM) containing 0.1% calf serum.

After 24 h, the cells were treated with no growth factor (control), 10-50

ng/ml KL, or 50 ng/ml EGF as a positive control. Cells were plated for

24 h, then treated for an additional 24 h or 48 h. After treatment, 0.5

ml DMEM containing 2 uCi [3H]thymidine was added to each well, and

the cells were incubated for 4 hours at 37 C followed by sonication. The

quantity of [3H]thymidine incorporated into DNA was determined as

previously described (Skinner and Fritz, 1986). Data were normalized

to total DNA per well using an ethidium bromide procedure, described

previously (Roberts and Skinner, 1990b). Under these subconfluent

culture conditions, approximately 0.5-1.5 ug DNA was detected per well.

Values of [3H]thymidine incorporation were generally greater than 2 x

103 cpm/ug DNA.

C. Steroid assays

Steroid production by theca cells was determined by quantitating

androstenedione and progesterone accumulation in the culture medium.

Fresh theca cells were plated at subconfluent densities (approx 0.5-1

million cells/cm2) or at confluent densities (approx 3–4 million

cells/cm2) in 1 ml serum-free Ham's F-12 Medium containing 0.1% BSA.

Cells were immediately treated with 10-7 M estradiol, 100 ng/ml hCG,

or 50 ng/ml KL and cultured for 72 hours. At the end of the culture

period, the medium was collected and assayed for androstenedione and
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progesterone using the RSL 125I androstenedione kit and the

ImmunoChem 125I progesterone kit, respectively (ICN, Costa Mesa, CA).

The sensitivities of the steroid assays are 0.01 ng/ml for

androstenedione and 0.01 ng/ml for progesterone. The cells were

cultured for an additional 4 h in 0.5 ml DMEM medium containing 0.1 %

calf serum and 2 uCi [3H]thymidine to determine whether or not the

cells were proliferating. Under sub-confluent culture conditions

[3H]thymidine incorporation values were generally greater than 2 x 103

cpm/ug DNA indicating that the cells were readily entering the cell

cycle. Under confluent culture conditions [3H]thymidine incorporation

values were generally less than 2 x 102 cpm/ug DNA indicating that the

cells were contact inhibited and not proliferating. The observation that

[3H]thymidine incorporation in confluent cell cultures was at least 10

fold less than in subconfluent cell cultures validates the use of these

culture conditions as non-growth permissive and growth permissive,

respectively. All steroid data were normalized to total DNA per well.

Under these culture conditions, approximately 0.5-2.5 ug DNA

(subconfluent densities) and 6-10 ug DNA (confluent densities) was

detected per well.

D. Preparation of RNA and polymerase chain reaction (PCR)

Follicles were dissected from the bovine ovaries and separated

into pools of small (< 5 mm), medium (5-10 mm), and large (>10 mm)
size follicles. Granulosa and theca cell total RNA was extracted from

each pool of samples using a guanidium thiocyanate procedure followed

by centrifugation through a cesium chloride gradient (Chirgwin et al.,

1979). Alternatively total RNA was prepared using the RNA-Stat 60 kit
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(Tel-Test, Friendswood, TX). For qualitative analysis of gene expression,

10 ug total RNA was reverse transcribed with moloney murine

leukemia virus (M-MLV) reverse transcriptase (Gibco BRL) at 37 C for 1

h using oligo(dT)12-13 primers (Gibco BRL). This cDNA template was

amplified by PCR using specific bovine primers for KL, c-kit or the

constitutively expressed gene cyclophilin (IB15). The KL primers were

5'-GGA CAA GTTTTC GAA TAT TTC TGA AGG CTT GAG TAA TTA TTG-3'

(5' primer, 42-mer) and 5'-GGC TGC AAC AGG GGG TAA CAT AAA TGG

TTT TGT GAC ACT GAC-3 (3' primer, 42-mer) which generated a specific

315-bp KL PCR product from bovine granulosa cells. These KL primers

are designed to specifically amplify the longer KL transcript which

codes for the secreted form of the factor. Experiments using a different

3' KL primer that amplifies both the soluble (KL1) and membrane

bound (KL2) forms of KL demonstrated that bovine granulosa cells

primarily express the soluble form of KL (Fig. 1b). This alternative KL

primer is described below in the quantitative RT-PCR method. The c-kit

primers were 5'-GTT CAT GTG TTA CGC CAA TAA CAC TTT TGG ATC AGC

AAA-3 (5' primer, 42-mer) and 5'-TTC AGT CCC TTT TAA TCT GGT TAG

ATG AAG TTC ATT-3' (3' primer, 36-mer) which generated a specific

298-bp c-kit PCR product from bovine theca and stromal cells. The

primers for cyclophilin (IB15) were: 5'-ACA CGC CAT AAT GGC ACT GGT

GGC AAG TCC ATC-3 (5' primer, 33-mer) and 5-ATT TGC CAT GGA CAA

GAT GCC AGG ACC TGT ATG-3 (3' primer, 33-mer) which generated a

specific 105-bp product from all cell types demonstrating the integrity

of the RNA samples. Amplification was performed with Ampli'■ aq DNA

polymerase (Perkin Elmer, Foster City, CA) for 35 cycles using the

following conditions: 0.8 um each primer, 100 um dMTP's, 1.5 mM Mg++,
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Figure 2: Effects of KL on theca cell [3H]thymidine incorporation into DNA.
Cells were cultured at subconfluent densities (growth permissive) in the
absence of growth factor for 24 h, then cells were treated as indicated for 20 h
followed by a 4 h incubation with [3H]thymidine. Counts per min (CPM) of
[3H]thymidine incorporated into DNA was determined and normalized to the
total DNA per well. Values were generally greater than 2 x 103 cpm/ug DNA.
Data are presented as the mean +/- SEM from four different experiments, each
run in triplicate, and are expressed as percent of control (nontreated cells).
An analysis of variance was performed and significant differences from
control (untreated) cells were determined using Dunnett's test: *, alpha < 0.05;
**, alpha < 0.01. C, control untreated cells; KL, kit ligand treatment at indicated
amounts per ml; EGF, epidermal growth factor.

1.25 U Taq polymerase in 50 ul total volume. PCR products were

visualized by UV illumination (312 nm) of 2 % agarose gels stained with

ethidium bromide.
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The KL, c-kit and IB15 PCR products were subcloned into the

Bluescript plasmid (Stratagene, La Jolla, CA) at the SmaI site. Each

subclone was sequenced in both directions and confirmed to be bovine

KL, c-kit, and IB15. These subclones were used as standard templates

in the quantitative PCR procedure below.

E. Quantitative RT-PCR assays

Steady state levels of KL, c-kit and IB15 mRNA's were measured

using a specific quantitative reverse transcription-polymerase chain

reaction (RT-PCR) assay for each gene. The primers used in this

quantitative analysis of KL, c-kit and IB15 were the same as described

above except for KL (see below). Before reverse transcription tubes

containing total RNA and specific 3'-primers were heated to 65 C for 10

min to facilitate denaturing and cooled to room temperature to facilitate

annealing. Total RNA (1 ug) was reverse transcribed for 1 h at 37 C

using the following conditions: 1 ug total RNA, 1 um specific 3'-primers

of interest (up to 4 different primers including IB15), 0.1 mM dMTP's,

10 mM DTT, 40 Units RNAse inhibitor (Promega, Madison, WI), and 200

Units M-MLV reverse transcriptase (Gibco BRL, Gaithersburg, MD) in 40

ul RT buffer (50 mM Tris-HCl ph 8.3, 75 mM KCI, 3 mM MgCl2). After 1

h samples were heated to 95 C for five minutes to inactivate the reverse

transcriptase enzyme. Samples were immediately diluted 2.5 fold and

carrier DNA (Bluescript plasmid, Stratagene) was added to a final

concentration of 10 ng/ul. This concentration of Bluescript carrier DNA

(10 ng/ul) was included in all subsequent dilutions of samples and

standards. Immediately before amplification each unknown sample

was further diluted 1:10 in order to improve the fidelity of the PCR

º/ A
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reaction (Chumakov, 1994). Plasmid DNA's containing bovine KL, c-kit

or IB15 subclones were used to generate standard curves from 1 ag/ul

(10-15 g/ul) to 10 pg/ul (10 x 10-9 g/ul) each containing 10 ng/ul

Bluescript carrier DNA. Identical 10 ul aliquots of each sample and

standard were pipetted in duplicate into a 96 well reaction plate (Marsh

Biomedical Products, Rochester, NY) and sealed with adhesive film

(Marsh Biomedical Products) for PCR amplification. By this design it

was possible to simultaneously assay 5 known standard concentrations

and 40 unknown samples for each gene. Amplification was performed

in a Perkin Elmer 9600 equipped with a heated lid using the following

conditions: 0.4 um each primer, 16 um dMTP's, and 1.25 Units Ampli'■ aq

polymerase in 50 ul Gene Amp PCR buffer (containing 1.5 mM MgCl2,

Perkin Elmer). Each PCR amplification consisted of an initial denaturing

reaction (5 min, 95 C); 25-31 cycles of denaturing (30 sec, 95 C),

annealing (1 min, 60 C), and elongation (2 min, 72 C) reactions; and a

final elongation reaction (10 min, 72 C). At least 0.25 uCi of 32P-labeled

dCTP (Redivue, Amersham Life Sciences, Arlington Heights, IL) was

included in each sample during amplification for detection purposes.

Specific PCR products were quantitated by electrophoresing all samples

on 4-5 % polyacrylamide gels, simultaneously exposing the gels to a

phosphor screen for 8-24 h, followed by quantitating the specific bands

on a Storm Phosphorimager (Molecular Dynamics, Sunnyvale, CA). Each

gene was assayed in separate PCR reactions from the same RT samples.

Equivalent steady state mRNA levels for each gene were determined by

comparing each sample to the appropriate standard curve. All KL and
c-kit data were normalized for IB15.
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The primers used in this quantitative amplification of KL, c-kit

and IB15 were the same as described above except for a single KL

primer. A smaller 3'-primer was used for KL which facilitates the

proper melting and annealing of the primer during reverse

transcription: 5'-AGG CCC CAA AAG CAA ACC CGA TCA CAA GAG-3' (3'

primer, 30-mer). When combined with the above 5'-KL primer, this

primer amplifies both the soluble (KL1) and membrane-bound (KL2)

forms KL. This KL primer set generated a specific 452-bp KL PCR

product from bovine granulosa cells that codes for the longer, soluble

form of KL (example shown in Fig. 1b). A small but detectable amount

of the shorter, membrane-bound form of KL was also expressed by

granulosa cells (368-bp PCR product, Fig. 1b). Optimal cycle number for

amplification was determined for each assay in order to achieve

maximum sensitivity while maintaining linearity (i.e. logarithmic phase

of PCR reactions). Both KL and c-kit quantitative PCR products were

amplified for 31 cycles while the IB15 PCR products were amplified for

25 cycles. The sensitivity of each quantitative PCR assay was below 1 fg

which corresponds to less than 125 fg target mRNA/ug total RNA. For

each assay, all samples were simultaneously measured in duplicate

resulting in intra-assay variabilities of 8.9% (KL), 6.0% (c-kit), and 6.5%

(IB15).

F. Statistical analysis

All data were analyzed by a JMP 3.1 statistical analysis program

(SAS Institute Inc., Cary, NC). Effects of KL, growth factor, or hormones

on [3H]thymidine incorporation into DNA (Fig. 2) or steroid production

(Fig. 3 and 4) were analyzed by a one-way analysis of variance
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Figure 3: Bovine theca cell steroid production at subconfluent cell densities
(growth permissive). Androstenedione (A) and progesterone (B) accumulation
in the culture medium was determined during days 0-3 of culture. Cells were
cultured in serum-free media in the absence (C, control) or presence of kit
ligand (KL, 50 ng/ml), estradiol (E, 10-7 M), or human chorionic gonadotropin
(hCG, 100 ng/ml). Data are presented as the mean +/- SEM from nine different
experiments, each run in triplicate, and are expressed as percent of control
(nontreated cells). Levels of steroid accumulation in the media of untreated
(control) cells ranged from 50-500 ng/ug DNA for androstenedione and 25-400
ng/ug DNA for progesterone. Values with asterisks are different (alpha < 0.01)
from control as determined by the Dunnett's test.

(ANOVA). Significant differences between treated cells and control

(untreated) cells were determined using the Dunnett's test which guards
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against the high alpha-size (Type I) error rate across the hypothesis

tests (Dunnett, 1955). Effects of follicle size on steady state KL or c-kit

mRNA levels (Fig. 5 and 6) were analyzed by a one-way ANOVA as

described above. Significant differences between small, medium, and

large size follicles were determined using the Tukey-Kramer HSD

(honestly significant difference) test which protects the significance

tests of all combinations of pairs (Kramer, 1956; Tukey, 1953; Tukey,

1991). These multiple comparisons tests are recommended for multiple

comparisons with control (Dunnett's) or multiple comparisons of all

pairs (Tukey-Kramer HSD) (Hsu, 1989a; Hsu, 1989b).

IV. RESULTS

Theca cells, granulosa cells and stromal/interstitial cells were

obtained from freshly isolated bovine ovaries. Cells were

independently isolated from pools of small (< 5 mm diameter), medium

(5-10 mm), and large (> 10 mm) size follicles. Cells were used

immediately for RNA preparation or placed in cell culture. The gene

expression of KL and c-kit in these cells was determined by reverse

transcription-polymerase chain reaction (RT-PCR). Using the

appropriate primers, the 315-bp KL PCR product was observed in

granulosa cell RNA isolated from small, medium, and large size follicles

(Fig. 1). These KL primers are designed to specifically amplify the

soluble form of KL which has been shown to be the predominant form

expressed in rat and human ovaries (Anderson et al., 1991; Flanagan et

al., 1991; Huang et al., 1992; Laitinen et al., 1995). Experiments using
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primers designed to detect both the soluble (KL1) and membrane

bound (KL2) forms of KL confirmed that bovine granulosa cells

predominantly express the soluble form of the factor (Fig. 1b). The

298-bp c-kit PCR product was observed in theca cell RNA from small,

medium, and large size follicles as well as stromal-interstitial cell RNA

(Fig. 1a). These PCR products were subcloned into the Bluescript

plasmid, sequenced, and confirmed to be bovine KL and c-kit cDNA

(data not shown). These results are the first to directly demonstrate

receptor c-kit mRNA expression in theca cells from ovarian follicles.

These results establish that bovine granulosa cells express KL and

bovine theca cells express the receptor c-kit.

The ability of KL to regulate the growth of bovine theca cells was

examined through an analysis of [3H]thymidine incorporation into DNA.

After initial plating at subconfluent densities, freshly isolated theca cells

were cultured in the absence or presence of recombinant KL for 20

hours followed by [3H]thymidine for an additional 4 hours. KL was

found to stimulate the proliferation of bovine theca cells in a dose

dependent manner (Fig. 2). Epidermal growth factor (EGF, 50 ng/ml)

was used as a positive control. These results establish KL as a theca cell

growth factor that is at least as effective as EGF in stimulating theca cell

growth. These results demonstrate that KL directly regulates theca cell

proliferation.

In order to further evaluate the potential role that KL may have

in regulating theca cells, the effect of KL on theca cell steroidogenesis

was examined. Initially theca cell steroid production was examined

under sub-confluent culture conditions (growth permissive conditions).

Under these conditions KL had no significant effect on androstenedione
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or progesterone accumulation in the culture medium (Fig. 3). These

results are consistent with the role of KL as a theca cell growth factor

that can promote entry of the cells into the cell cycle under these

culture conditions. As previously demonstrated (Roberts and Skinner,

1990a; Roberts and Skinner, 1990b) both estrogen (10-7 M) and hCG

(100 ng/ml) stimulated androstenedione production while only hcG

stimulated progesterone production (Fig. 3). Similar experiments were

performed to examine theca cell androstenedione and progesterone

production at confluent densities (non-growth permissive conditions).

Theca cells do not readily enter the cell cycle under these conditions

due to cellular contact-inhibition. KL clearly stimulated

androstenedione accumulation in the culture medium when theca cells

were cultured under confluent culture conditions (Fig. 4a). The

magnitude of this KL stimulation was similar to the effects of estrogen

and hCG. KL had no significant effect on theca cell progesterone

production at any cell density (Fig. 3b and 4b). Since KL stimulated

androstenedione but not progesterone production, KL may promote a

follicular phase (i.e. high androstenedione, low progesterone) rather

than a luteal phase differentiated state of theca cells. These results

demonstrate that KL can directly regulate theea cell differentiation by

stimulating androstenedione production. These results establish KL as

the only known growth factor to directly regulate theca cell steroid

production in the absence of gonadotropins.

The potential regulation of KL in granulosa cells and c-kit in theca

cells during follicular development was evaluated by analyzing total

RNA samples from small (< 5 mm), medium (5-10 mm), and large (> 10

mm) size follicles. Sensitive quantitative RT-PCR assays were developed
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Figure 4: Bovine theca cell steroid production at confluent cell densities
(non-growth permissive). Androstenedione (A) and progesterone (B)
accumulation in the culture medium was determined during days 0-3 of
culture. Cells were cultured in serum-free media in the absence (C, control) or
presence of kit ligand (KL, 50 ng/ml), estradiol (E, 10-7 M), or human
chorionic gonadotropin (hCG, 100 ng/ml). Data are presented as the mean +/-
SEM from six (A) or three (B) different experiments, each run in triplicate,
and are expressed as percent of control (nontreated cells). Levels of steroid
accumulation in the media of untreated (control) cells ranged from 40-150
ng/ug DNA for androstenedione and 10-150 ng/ug DNA for progesterone.
Values with asterisks are different (alpha < 0.01) from control as determined
by the Dunnett's test.

for both bovine KL and c-kit. Under specific amplification conditions
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these assays utilized the bovine KL and c-kit PCR products from Figure

1 as template to generate standard curves. Samples consisting of total

RNA from freshly isolated granulosa cells or theca cells were reverse

transcribed using the specific 3' primers of the gene(s) of interest.

These unknown samples were simultaneously amplified by PCR along

with the known standards to quantitate gene expression. For each gene

cycle number and annealing temperature were optimized for maximum

sensitivity and linearity. These quantitative assays for KL and c-kit

mRNA's are extremely sensitive (< 10-12 g/sample) and have intra

assay variabilities of 8.9 % and 6 %, respectively. As is shown in Figures

5 and 6 each assay is linear over several orders of magnitude (0.1 -

1000 fg/sample). Each assay was validated by demonstrating parallel

curves between the appropriate RNA samples and standards (Figure 5a

and 6a). All samples were normalized for the constitutively expressed

cyclophilin mRNA (IB15) as determined by the same procedure. This

normalization corrects for the amount of initial mRNA as well as small

differences in the efficiency of reverse transcription between samples.

The results are shown in Figures 5b and 6b. The steady state levels of

KL mRNA in granulosa cells is higher in large size follicles than in small

or medium size follicles (Fig 5b). There are no significant differences in

the steady state levels of theca cell c-kit mRNA between small, medium,

and large size follicles (Fig 6b). In addition the steady state levels KL

mRNA in granulosa cells (0.4–0.8 fg KL/fg. IB15) are an order of

magnitude higher than the levels of c-kit mRNA in theca cells (0.02

0.04 fg c-kit/fg. IB15). These results demonstrate that the KL gene is

developmentally regulated during normal follicular development and

may be particularly important for theca cell function in large size
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follicles. The c-kit gene was shown to be constitutively expressed

throughout follicular development.

V. DISCUSSION

The hypothesis that is tested in this study is that KL from

granulosa cells acts locally on theca cells in ovarian follicles to help

regulate the mesenchymal-epithelial cell interactions between these

two cell types. Most organs are composed of a functional epithelial cell

type adjacent to a stromal or mesenchymal cell type. It is well

established that specific mesenchymal cells produce factors that act in a

paracrine manner to alter the function of adjacent epithelial cells.

These cell-cell interactions control the differentiation of specific organs

during development and maintain optimal cellular function in the adult.

Theca-granulosa cell interactions are an example of an important

mesenchymal-epithelial cell interaction in the ovary. Mesenchymal

derived theca cells have been shown to produce a number of factors

including keratinocyte growth factor (KGF), hepatocyte growth factor

(HGF), and transforming growth factors-o. (TGF-0) and -3 (TGF-3) which

regulate granulosa cell function (6-8). However the role of locally

produced substances from granulosa cells that feedback to regulate

theca cell function has not been studied extensively. Kit ligand (KL)

appears to be such a substance. Previous studies have demonstrated

that granulosa cells in developing ovarian follicles express KL which

may be important for granulosa cell-oocyte interactions (Keshet et al.,

1991; Manova et al., 1993; Motro and Bernstein, 1993; Motro et al.,
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1991). KL actions on oocytes are important for oocyte migration during

embryonic development as well as the survival, growth and meiotic

arrest of oocytes in the adult (Dolci et al., 1991; Godin et al., 1991;

Ismail et al., 1996; Matsui et al., 1991; Packer et al., 1994). Many of

these previous studies used in situ and immunohistochemical

techniques to demonstrate receptor c-kit expression in growing and

full-grown oocytes. It was apparent in these studies that differentiated

theca cells and possibly undifferentiated stromal-interstitial cells

express the c-kit receptor and therefore may also respond to granulosa

cell-derived KL (Manova et al., 1993; Manova et al., 1990; Motro and

Bernstein, 1993). In order to examine the direct action of KL on theca

cell function it is necessary to isolate purified theca cells. The bovine

ovary is large enough and available in sufficient quantities to isolate

large numbers of purified theca cells (Roberts and Skinner, 1990b;

Skinner and Coffey, 1988). Also the bovine ovary has a similar

endocrinology as the human and is mono-ovulatory. This model system

is used in the current study to establish that KL can directly regulate

theca cell function. This study demonstrates that KL is produced locally

by granulosa cells and stimulates theca cell growth and differentiation.

This study is the first to demonstrate the direct effects of KL on theca

cells in developing follicles. KL is established as the only known

granulosa cell-derived growth factor that can stimulate theca cell

androstenedione production in the absence of gonadotropins. These

results demonstrate that KL is an important regulator of theca cell

function and may help regulate local mesenchymal-epithelial cell

interactions.
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Figure 5: Developmental regulation of KL mRNA expression in bovine
granulosa cells. KL mRNA levels in granulosa cell total RNA from small,
medium, and large follicles were determined using quantitative RT-PCR. (A)
Line graph of a typical assay validating the assay. Parallel curves of a
standard bovine KL subclone (O) and a fresh granulosa cell total RNA sample
(*) are shown. Raw data are represented as arbitrary units +/- SEM (as read
from the phosphorimager) and are directly proportional to actual counts per
minute. (B) Analysis of steady state KL mRNA levels in granulosa cells from
small, medium, and large size follicles. Each sample was run in duplicate and
normalized to levels of cyclophilin (IB15) mRNA. Data are presented as level of
KL mRNA per IB15 mRNA, represented as the mean +/- SEM from four
different sets of granulosa cell RNA. An analysis of variance was performed
and significant differences between follicle sizes were determined using the
Tukey-Kramer HSD test. Bars with different superscript letters differ from
each other (alpha < 0.01).
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Although the expression patterns of KL and c-kit in the ovary

have been studied in the rat, mouse, and human, no information about

the expression patterns in the bovine ovary has been published.

Therefore granulosa, theca and stromal-interstitial cells were isolated

from fresh bovine ovaries to examine the expression patterns of KL and

c-kit. Bovine granulosa cells from small, medium, and large size follicles

were found to express the KL gene (Fig. 1). In addition bovine

granulosa cells were found to primarily express the soluble form of KL

(KL1) rather than the membrane-bound form of the factor (KL2, Fig.

1b). Bovine theca cells from small, medium, and large size follicles as

well as stromal-interstitial cells were found to express the receptor c

kit (Fig. 1). These data show that bovine granulosa cells express KL and

bovine theca cells express the receptor c-kit. This study is the first to

directly demonstrate c-kit mRNA expression in purified theca cells. The

observation that KL and c-kit mRNA's were observed in small, medium,

and large size follicles demonstrates that the KL and c-kit genes are

expressed throughout ovarian follicular development.

KL (also stem cell factor, mast cell growth factor, or steel factor)

can have a wide range of activities on germ cells, melanocytes, mast

cells, and primitive hematopoietic cells of the myeloid, erythroid, and

lymphoid cell lineages (Witte, 1990). Many of these multipotent stem

cells alter their developmental program and differentiate in response to

KL. It also appears that KL can cause many of these cell types to

proliferate. Therefore the ability of KL to regulate the proliferation of

theca cells was examined. The results in Figure 2 clearly demonstrate

that KL can directly stimulate the proliferation of theca cells as

measured by [3H]thymidine incorporation into DNA. This observation
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establishes KL as the first granulosa cell-derived growth factor that can

act in a paracrine manner to stimulate theca cell growth. Although IGF

I is produced in the ovary and can act on theca cells, the high circulating

levels of insulin as well as the presence of IGF binding proteins (IGFBPs)

in follicular fluid may limit the regulatory role of locally produced IGF-I

on theca cells (Monget and Monniaux, 1995). Theca cells surround the

outer layer of granulosa cells and provide the structural integrity of the

follicle. The stimulation of theca cell growth by KL may be important

for the formation of a thick theca interna/externa layer around healthy

developing follicles. Disruption of this theca cell layer may result in

abnormal follicular development. Further evaluation of the role of KL

during follicular development will require an analysis of KL actions on

theca cell proliferation in small, medium and large size follicles.

The ability of KL to regulate the cellular differentiation of

several target tissues (i.e. mast cells, hematopoietic cells and

melanocytes) suggests that KL may also regulate the differentiated

function of theca cells in the ovary. Many growth factors stimulate DNA

synthesis (i.e. growth) in a particular cell by promoting entry of the cell

into the cell cycle (Cross and Dexter, 1991; Grana and Reddy, 1995;

Pardee, 1994; Schneider et al., 1991). Progression of the cell into the

cell cycle results in the indirect effect of reducing the differentiated

functions of the cell (Blau, 1992; Blau and Baltimore, 1991; Stein et al.,

1990a; Stein et al., 1990b; Watt, 1991). For example TGF-o, acts as a

growth factor for the ca cells and can reduce theca cell androstenedione

and progesterone production in vitro (Roberts and Skinner, 1991). This

negative effect on theca cell differentiated functions by TGF-o. is likely

indirect and the result of theca cells being induced to proliferate. Since
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KL can stimulate theca cell growth and promote entry of theca cells into

the cell cycle, KL is expected to indirectly decrease or have no effect on

theca cell differentiated functions. In order to examine this potential

negative effect of KL on the ca cell differentiation, the cells were

cultured under subconfluent conditions (i.e. not contact inhibited) which

allow the cells to readily enter the cell cycle (growth permissive

conditions). As expected both androstenedione and progesterone

production by bovine theca cells was unaffected in response to KL

under these conditions (Fig 3). Both human chorionic gonadotropin

(hCG, an LH agonist) and estradiol were used as controls (Fig. 3). This

action of KL is consistent with the ability of KL to act as a theca cell

mitogen similar to TGF-0, but it does not exclude the possibility that KL

can also stimulate theca cell steroid production when the cells are not

growing. In order to address the possibility that KL may also stimulate

theca cell androstenedione and progesterone production, theoa cells

were cultured under confluent conditions (i.e. contact inhibited) which

do not allow the cells to enter the cell cycle (non-growth permissive

conditions). Interestingly KL alone stimulated androstenedione

production by bovine theca cells under these conditions (Fig. 4). No

significant effect of KL on theca cell progesterone production was

observed at any cell density. Since estrogen and hCG do not directly act

as growth factors for theca cells, these hormones stimulated the ca cell

steroidogenesis at sub-confluent and confluent cell densities (Fig. 3 and

4). These results establish KL as the only identified growth factor made

by granulosa cells that can directly stimulate theca cell androstenedione

production. Although activin, inhibin, and follistatin are produced by

granulosa cells and can affect theca cell steroidogenesis, these factors
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Figure 6: Developmental regulation of c-kit mRNA expression in bovine
theca cells. c-kit mRNA levels in theca cell total RNA from small, medium, and
large follicles were determined using quantitative RT-PCR. (A) Line graph of
a typical assay, validating the assay. Parallel curves of a standard bovine c-kit
subclone (D) and a fresh theca cell total RNA sample (m) are shown. Raw data
are represented as arbitrary units +/- SEM (as read from the phosphorimager)
and are directly proportional to actual counts per minute. (B) Analysis of
steady state c-kit mRNA levels in theca cells from small, medium, and large size
follicles. Each sample was run in duplicate and normalized to levels of
cyclophilin (IB15) mRNA. Data are presented as level of c-kit mRNA per IB15
mRNA, represented as the mean +/- SEM from at least ten different sets of
theca cell RNA. No differences were seen between sizes as determined by the
Tukey-Kramer HSD test.
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only augment the actions of hormones such as LH. KL stimulates

androstenedione production directly. The observation that KL

stimulates androstenedione but not progesterone suggests that KL may

promote a follicular phase (i.e. high androstenedione, low progesterone

production) rather than a luteal phase differentiated state of theca cells.

Further evaluation of the effects of KL on theca cell differentiation

during follicular development will require the isolation of theca cells

from individual follicles from different stages of development.

The potential roles of KL/c-kit during normal follicular

development was investigated by analyzing the regulation of KL and c

kit mRNA's in small, medium, and large size follicles. Quantitative RT

PCR assays for bovine KL and c-kit were used to measure steady state

KL mRNA levels in freshly isolated granulosa cells and c-kit mRNA

levels in freshly isolated theca cells. Steady state KL mRNA levels in

granulosa cells were significantly higher in large size follicles than in

small or medium size follicles (Fig. 5). Steady state receptor c-kit mRNA

levels in theca cells did not significantly vary among small, medium or

large size follicles (Fig. 6). These results indicate that c-kit gene

expression in theca cells is constitutively expressed throughout

follicular development but KL gene expression is developmentally

regulated. During normal follicular development larger follicles produce

increasing amounts of steroids. Eventually a single dominant follicle is

selected to ovulate. The observation that KL mRNA is highest in

granulosa cells from large follicles suggests that KL may be important

for increased theca cell steroidogenesis and the selection of the

dominant follicle. Therefore abnormal expression/action of KL during

follicle development may dramatically alter ovarian function.
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Overexpression of KL may result in increased numbers of developing

follicles and unusually high levels of androgen production. Such events

may eventually cause polycystic ovary syndrome. Abnormally low

levels of KL may not be sufficient to select a dominant follicle or

support later stages of follicular development. Although the current

analysis of KL and c-kit utilized pools of small, medium and large size

follicles, the quantitative RT-PCR assays that were developed are

sensitive enough to analyze KL and c-kit mRNA expression in individual

follicles. Elucidation of the regulation of KL and c-kit in individual

healthy, atretic, and dominant follicles may be useful in understanding

the cellular mechanisms that control follicular development and

dominant follicle selection. In addition, the observation that KL

expression is highest in large size follicles suggests that the production

of KL may be stimulated by endocrine hormones. The potential

regulation of KL and c-kit in response to endocrine hormones such as

follicle stimulating hormone (FSH), luteinizing hormone (LH) and

estradiol remains to be elucidated.

This study shows that kit ligand is an important local regulator of

ovarian follicular development. The direct actions of KL on theca cells

provides new insight into the mechanisms by which KL acts in the

ovary. The actions of granulosa-derived KL on theca cell growth and

differentiation provide a feedback mechanism which may regulate

mesenchymal-epithelial cell interactions in the ovary (i.e. theca cell

granulosa cell interactions). These cell-cell interactions may be

essential for normal ovarian follicular development and reproductive

function. Several mutations at the Steel locus in mice (SlPan, Slcon, Slt)

cause ovarian follicular arrest at very early stages of follicular
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development. Follicular development arrests in these mutant mice at

the time that theca cells are being recruited to differentiate from the

surrounding stromal cells. At least two previous studies have suggested

that Slt mutations in mice may disrupt theca cell function (Kuroda et al.,

1988; Terada et al., 1986), but no direct examination of this hypothesis

has been previously possible. Terada et al (Terada et al., 1986)

reported that suckling SI/SIt mice do not produce androgens in response

to LH suggesting a theca/stromal cell malfunction. The current study

helps explain why KL mutations arrest follicular development and

inhibit androgen production in the ovary. The ability of KL to recruit a

variety of stem cell populations to proliferate and differentiate raises

the possibility that KL may also recruit undifferentiated stromal cells to

differentiate into theca cells in the ovary. This recruitment of stromal

cells to theca cells is an essential aspect of early primordial follicle

development (Peters, 1979). The potential importance of KL to recruit

theca cells during primordial follicle development is one of the most

exciting ideas in ovarian biology. This study has established the

importance of KL for theca cell function during ovarian follicular

development. The potential role of KL during primordial follicle

development remains to be elucidated.
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CHAPTER 6

INTRA-OVARIAN POSITIVE FEEDBACK LOOP BETWEEN

THECA CELLS AND GRANULOSA CELLS INVOLVING

KERATINOCYTE GROWTH FACTOR, HEPATOCYTE GROWTH
FACTOR AND KIT-LIGAND DURING OVARIAN FOLLICLE

DEVELOPMENT

I. ABSTRACT

Interactions between mesenchyme-derived theca cells and

epithelial-derived granulosa cells are essential for follicular

development in the ovary. Recently keratinocyte growth factor (KGF),

hepatocyte growth factor (HGF) and kit-ligand (KL) were shown to

mediate these mesenchymal-epithelial cell interactions. This study

investigates the hypothesis that the ca cell-derived growth factors (e.g.

KGF and HGF) regulate granulosa cell function and granulosa cell

derived growth factors (e.g. KL) regulate theca cell function.

Gonadotropin regulation of granulosa cell KL is also examined. Sensitive

quantitative RT-PCR assays were used to analyze KGF, HGF and KL gene

expression in the ovarian follicle. KGF and HGF (from theca cells)

stimulated bovine granulosa cell KL expression. KL (from granulosa

cells) stimulated bovine theca cell KGF and HGF expression. These

results demonstrate that theca cells and granulosa cells interact in a

bidirectional positive feedback loop through the production of KGF, HGF

and KL. Gonadotropins (i.e. FSH and LH) may activate this positive

feedback loop by stimulating the local expression of KL in granulosa
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cells. Treatment of bovine granulosa cells with follicle stimulating

hormone (FSH) and human chorionic gonadotropin (hCG, an LH agonist)

directly stimulated KL expression. These results suggest that KL may in

part mediate the actions of FSH and LH in the ovarian follicle. In

addition, gonadotropin-stimulated KL production by granulosa cells may

stimulate KGF and HGF expression in theca cells during follicular

development. Combined observations suggest that the local production

of growth factors in the ovarian follicle may stimulate expression of

other growth factors in a positive feedback loop. Activation of this

positive feedback loop may be important for the rapid proliferation of

granulosa cells and theca cells during folliculogenesis. The local

production and actions of several growth factors has been proposed to

mediate follicular growth and help prevent degeneration (i.e. atresia) of

ovarian follicles. Gonadotropins may promote follicular growth and

prevent atresia by stimulating production of KGF, HGF, and KL.

II. INTRODUCTION

Mesenchymal-epithelial cell interactions are present in many

organs and are one of the most common cell-cell interactions between

different cell types. It has long been recognized that growth and

differentiation of epithelial cells is directed by adjacent mesenchymal

cells during embryonic development (Cunha et al., 1983; Fleischmajer,

1967; Grobstein, 1967; Kratochwil, 1969; McLoughlin, 1963) and

optimally maintained by adjacent stroma in adult tissues (Cunha et al.,

1985). The ability of epithelial cells to feedback and communicate with
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mesenchymal cells is equally important. For example, epithelium

induces embryonic mesenchyme to undergo smooth muscle

differentiation in internal organs such as the uterus (Cunha et al., 1989),

male reproductive tract (Cunha et al., 1992), bladder (Baskin et al.,

1996b), and gastrointestinal system (Haffen et al., 1987). Both

mesenchymal cells and adjacent epithelial cells produce factors that act

in a paracrine manner to regulate cellular functions. Identification of

the factors that mediate mesenchymal-epithelial cell interactions is

necessary to understand the mechanisms of how cells communicate in

an organ. The ovarian follicle is a useful model system to study these

cell-cell interactions.

Cell-cell interactions between theca cells and granulosa cells are

essential for follicular development in the ovary. Recent studies have

shown that these mesenchymal-epithelial cell interactions are in part

mediated by keratinocyte growth factor (KGF), hepatocyte growth factor

(HGF) and kit-ligand (KL) (Parrott and Skinner, 1997c; Parrott et al.,

1994). KGF and HGF are mesenchyme-derived growth factors that act

on adjacent epithelial cells in a number of tissues (Matsumoto and

Nakamura, 1996; Parrott et al., 1994; Rubin et al., 1995a; Rubin et al.,

1995b; Weidner et al., 1993b). KL is a multipotent growth factor that is

important for ovarian follicular development, germ cell migration,

melanocytes and hematopoietic cells (Bedell et al., 1995; Bennett, 1956;

Besmer et al., 1993; Galli et al., 1994; Huang et al., 1993; Keshet et al.,

1991; Kuroda et al., 1988; Manova et al., 1993; Matsui et al., 1990;

McCoshen and McCallion, 1975; Mintz, 1960; Mintz and Russell, 1957;

Orr-Urtreger et al., 1990; Packer et al., 1994). Although the expression

and actions of KGF, HGF and KL have been examined in many tissues, no
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Figure 1: Regulation of kit-ligand (KL) mRNA in bovine granulosa cells by
keratinocyte growth factor (KGF). Steady state levels of KL mRNA in cultured
granulosa cells were determined using quantitative RT-PCR. Granulosa cells
were placed in serum-free culture and treated with no factor (control) or 50
ng/ml KGF. After 72 hours in culture, cells were harvested and total RNA was
prepared. Levels of KL mRNA were determined and normalized to levels of
cyclophilin (1B15) mRNA (fg KL mRNA/fg 1B15 mRNA). Data are presented as
the mean percent control +/- SEM of duplicate determinations from six
different sets of granulosa cell RNA. An analysis of variance was performed
and significant differences from control were determined using the Dunnett's
test. Bars with asterisks differ from control (alpha < 0.05).

information has been available on the potential paracrine interactions of

these factors with one another in any tissue.

In the ovary, KGF and HGF are produced by mesenchymal theca

cells and regulate the growth and steroidogenesis of epithelial granulosa

cells (Parrott and Skinner, 1997a; Parrott and Skinner, 1997b; Parrott et

al., 1994). KL is expressed by granulosa cells and has effects on oocytes,
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theca cells and stromal cells (Dolci et al., 1991; Godin et al., 1991; Matsui

et al., 1991; Packer et al., 1994; Parrott and Skinner, 1997c; Parrott and

Skinner, 1997d; Parrott and Skinner, 1997e). These studies have led to

the hypothesis that theca cell-derived KGF and HGF and granulosa cell

derived KL mediate a positive feedback loop between theca cells and

granulosa cells. This novel feedback loop is proposed to be important

for ovarian follicular development.

This study identifies a novel bidirectional positive feedback loop

in the ovarian follicle in which KGF and HGF (from theca cells) stimulate

KL expression and KL (from granulosa cells) stimulates KGF and HGF

expression. Expression of all these growth factors is highest in large size

follicles (Parrott and Skinner, 1997a; Parrott and Skinner, 1997b;

Parrott and Skinner, 1997c). As a result, the positive feedback

interactions between KGF, HGF and KL are proposed to promote

folliculogenesis especially during later stages of follicular development.

Gonadotropins (i.e. FSH and LH) are proposed to in part mediate

follicular growth by activating this positive feedback loop. Therefore,

the regulation of granulosa cell KL expression is also addressed.

III. MATERIALS AND METHODS

A. Tissue isolation and serum-free cell culture

Bovine ovaries were obtained from young nonpregnant cycling

heifers less than 10 min after death. Ovaries were delivered fresh on

ice by Golden Genes (Fresno, CA). Granulosa cells were isolated by

microdissection from fresh tissue as previously described (Skinner and
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Osteen, 1988). Theca interna layers were then microdissected away

from the follicle wall and enzymatically dispersed with 2 mg/ml

collagenase (Sigma, St. Louis, MO) in Catt/Mg++ free buffer. Cells were

immediately plated in serum-free Ham's F-12 Medium containing 0.1%

bovine serum albumin (BSA, Sigma) and maintained at 37 C in a 5% CO2

atmosphere. Theca cells were treated with no factor (control) or

recombinant human kit-ligand (KL, 50 ng/ml, R&D Systems,

Minneapolis, MN). Granulosa cells were treated with no factor (control),

keratinocyte growth factor (KGF, 50 ng/ml, Gibco BRL, Gaithersburg,

MD), hepatocyte growth factor (HGF, 50 ng/ml, R&D Systems), follicle

stimulating hormone (FSH, 100 ng/ml, National Pituitary Agency,

Baltimore, MD) or hCG (100 ng/ml; 4010 IU/mg, Calbiochem, La Jolla,

CA). Cell preparations obtained by this procedure have been

characterized cytochemically to contain less than 3% contamination with

endothelial cells.

B. Preparation of RNA

Theca cells and granulosa cells were cultured as confluent

monolayers in 6-well plates for 72 hours. Media were removed and

total RNA was prepared by either of two methods. First cultured theca

cell and granulosa cell total RNA was extracted using guanidium

isothiocyanate (GIT) followed by centrifugation through a cesium

chloride gradient (Chirgwin et al., 1979). Alternatively total RNA was

prepared using the RNA-Stat 60 kit (Tel-Test, Friendswood, TX). In

either procedure denaturing extraction buffer was added directly to the

culture plate to prevent RNA degradation.
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C. Ouantitative RT-PCR assays

Steady state levels of KGF, HGF, KL and 1B15 mRNA's were

analyzed using a specific quantitative reverse transcription-polymerase

chain reaction (RT-PCR) assay for each gene. These quantitative RT-PCR

assays have previously been described in detail (Parrott and Skinner,

1997a; Parrott and Skinner, 1997b; Parrott and Skinner, 1997c). Briefly

total RNA samples (1 ug each) were reverse transcribed with the 3'-

primers of interest. Bluescript carrier DNA was added and samples

were diluted to improve integrity of PCR amplification. Quantitative

PCR was simultaneously performed on 5 known cDNA standard

concentrations and 40 unknown samples for each gene. Radiolabeled

(32P) dOTP was included during amplification and specific PCR products

were quantitated on a Storm Phosphorimager (Molecular Dynamics,

Sunnyvale, CA). Equivalent steady state mRNA levels for each gene

were determined by comparing each sample to the appropriate

standard curve. All data were normalized for constitutively-expressed

cyclophilin (1B15). Each assay was validated by demonstrating parallel

curves between samples and standards. Each assay has a linear range

from 0.1 - 1000 fg target mRNA.

D. Statistical Analysis

All data were analyzed by a JMP 3.1 statistical analysis program

(SAS Institute Inc., Cary, NC). Effects of growth factors or gonadotropins

on KGF, HGF and KL mRNA levels were analyzed by a one-way analysis

of variance (ANOVA). Observed significance probabilities of 0.05 (Prob

> F) or less were considered evidence that an ANOVA model fits the

data. Significant differences between treated cells and control
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Figure 2: Regulation of kit-ligand (KL) mRNA in bovine granulosa cells by
hepatocyte growth factor (HGF). Steady state levels of KL mRNA in cultured
granulosa cells were determined using quantitative RT-PCR. Granulosa cells
were placed in serum-free culture and treated with no factor (control) or 50
ng/ml HGF. After 72 hours in culture, cells were harvested and total RNA was
prepared. Levels of KL mRNA were determined and normalized to levels of
cyclophilin (1B15) mRNA (fg KL mRNA/fg 1B15 mRNA). Data are presented as
the mean percent control +/- SEM of duplicate determinations from six
different sets of granulosa cell RNA. An analysis of variance was performed
and significant differences from control were determined using the Dunnett's
test. Bars with asterisks differ from control (alpha < 0.05).

(untreated) cells were determined using the Dunnett's test which guards

against the high alpha-size (Type I) error rate across the hypothesis

tests (Dunnett, 1955). This multiple comparison test is recommended

for multiple comparisons with control (Dunnett's) (Hsu, 1989a; Hsu,

1989b).
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IV. RESULTS

Theca cells and granulosa cells were isolated from fresh bovine

ovarian follicles of mixed sizes. Cells were plated in serum-free

conditions and cultured for 72 hours. Quantitative reverse

transcription-polymerase chain reaction (RT-PCR) assays were utilized

to examine the gene expression of KL in granulosa cells as well as KGF

and HGF in theca cells. These quantitative RT-PCR assays for KL, KGF

and HGF are very sensitive (< 1 fg) and have a broad linear range (0.1 -

1000 fg) as previously described (Parrott and Skinner, 1997a; Parrott

and Skinner, 1997b; Parrott and Skinner, 1997c). Since theca cells

produce KGF and HGF that can regulate granulosa cell growth and

differentiation, the effects of KGF and HGF on granulosa cell KL gene

expression were examined. In addition the regulation of KL gene

expression by gonadotropins (e.g. FSH and LH) was examined. Finally,

since granulosa cell-derived KL has been shown to regulate theca cell

function, the ability of KL to feedback on theca cells to regulate KGF and

HGF gene expression was also examined.

Steady state levels of KL gene expression in granulosa cells were

stimulated by treatment with KGF (Fig. 1). Similarly levels of granulosa

cell KL expression were also stimulated by HGF (Fig. 2). All data were

normalized to constitutively expressed cyclophilin (1B15). Both KGF and

HGF are mesenchyme-derived growth factors that influence epithelial

cell growth and differentiation. However these results are the first to

demonstrate that KGF and HGF regulate the gene expression of growth

factors such as KL. The ability of KGF and HGF to stimulate granulosa

cell KL expression suggests that KGF and HGF are important for
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Figure 3: Gonadotropin regulation of KL mRNA in bovine granulosa cells.
Steady state levels of KL mRNA in cultured granulosa cells were determined
using quantitative RT-PCR. Granulosa cells were placed in serum-free culture
and treated with no factor (C), 100 ng/ml follicle stimulating hormone (F), 100
ng/ml human chorionic gonadotropin (hCG) or 100 ng/ml each F and hCG
(F+hCG). After 72 hours in culture cells were harvested and total RNA was
prepared. Levels of KL mRNA were determined and normalized to levels of
cyclophilin (1B15) mRNA (fg KL mRNA/fg 1B15 mRNA). Data are presented as
the mean percent control +/- SEM of duplicate determinations from six
different sets of theca cell RNA. An analysis of variance was performed and
significant differences from control were determined using the Dunnett's test.
Bars with asterisks differ from control (alpha < 0.05).

granulosa cell function during follicular development. Since granulosa

cell-derived KL is important for oocyte function, the actions of KGF and

HGF on KL expression may explain how theca cells indirectly promote

oocyte development.

Both cAMP analogs and gonadotropins have been shown to

regulate KL gene expression in mouse or human granulosa cells.
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However, conflicting results have been observed in different studies. In

mouse granulosa cells, dibutyryl cyclic AMP (dcAMP) increased KL gene

expression in granulosa cells (Packer et al., 1994). In human granulosa

luteal cells, gonadotropins (e.g. FSH and hCG) decreased KL gene

expression in granulosa cells (Laitinen et al., 1995). In order to further

investigate the regulation of KL in granulosa cells, the effects of

gonadotropins (e.g. FSH and LH) on bovine granulosa cells were

examined. The results are shown in Figure 3. Both FSH and hCG (an LH

agonist) stimulated KL gene expression in bovine granulosa cells. Since

FSH and hCG stimulate cAMP levels in granulosa cells, these results

suggest that gonadotropins stimulate KL gene expression through

activation of the protein kinase A pathway in granulosa cells. The

combined effects of FSH and hCG on KL gene expression were not

synergistic suggesting that KL gene expression was maximally

stimulated in granulosa cells. These results are the first to demonstrate

the regulation of KL gene expression in bovine granulosa cells. The

effects of gonadotropins on bovine granulosa cell KL expression are

consistent with the effects of dcAMP on mouse granulosa cells. These

results suggest that granulosa cell KL in part mediates the stimulatory

actions of gonadotropins on folliculogenesis.

The ability of granulosa cell-derived KL to feedback on theca cells

was examined by analyzing KGF and HGF gene expression in the ca cells.

Steady state levels of both KGF and HGF mRNA's were stimulated by

treatment with KL (Fig. 4). Although KL has a variety of effects on germ

cells, melanocytes and hematopoietic cells, these results are the first to

demonstrate the regulation of KGF and HGF expression by KL. The

ability of KL to stimulate KGF and HGF expression in theea cells suggests
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that granulosa cells can feedback on theca cells to promote follicle

growth. These results establish that cell-cell interactions between theca

cells and granulosa cells involve the production and actions of KGF, HGF

and KL. The ability of these growth factors to act in a paracrine manner

to stimulate theca cell and granulosa cell gene expression establishes a

novel bidirectional feedback loop that may be important for

folliculogenesis. A schematic of this feedback loop is shown in Figure 5.

V. DISCUSSION

Ovarian folliculogenesis is a dynamic process that involves rapid

proliferation and differentiation of theca cells and granulosa cells. Cell

cell interactions between mesenchymal theca cells and epithelial

granulosa cells are essential for ovarian follicular development. Both

theca cells and granulosa cells produce a number of growth factors that

may be important for ovarian follicular growth (Skinner and Parrott,

1994). These theca cell-granulosa cell interactions are an example of

mesenchymal-epithelial cell interactions that are mediated by the local

production of "inducer proteins" (Fleischmajer, 1967; Grobstein, 1967;

Kratochwil, 1972; Kratochwil, 1986; McLoughlin, 1963; Saunders et al.,

1957). Mesenchyme-derived "inducer proteins" are proposed to act as

paracrine factors that control adjacent epithelial cell functions. The

ability of epithelial cells to feedback and influence mesenchymal cells is

also important (Grobstein, 1955; Grobstein, 1956) especially in a variety

of internal organs (Baskin et al., 1996b; Cunha et al., 1992; Cunha et al.,

1989; Haffen et al., 1987). In the ovarian follicle, mesenchymal
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epithelial cell interactions involve the local production and actions of

keratinocyte growth factor (KGF), hepatocyte growth factor (HGF), and

kit-ligand (KL). Recent studies have shown that mesenchyme-derived

theca cells produce KGF and HGF that stimulates granulosa cell

proliferation (Parrott et al., 1994). Epithelial granulosa cells produce KL

that can regulate theca cell proliferation and differentiated functions

(Parrott and Skinner, 1997c). These observations led to the hypothesis

that theca cells and granulosa cells may interact in a positive feedback

loop through that production of KGF, HGF, and KL. Identification of this

positive feedback loop will provide critical information about the

mediators of mesenchymal-epithelial cell interactions in the ovarian

follicle and possibly other tissues.

The production of growth factors in the ovary has been proposed

to promote the growth of healthy follicles and help prevent atresia.

Follicles that are healthy and growing may produce several growth

factors that help promote follicular development. Inhibition of growth

factor production may result in follicular atresia (i.e. degeneration). As

a result, endocrine hormones that promote follicular development are

proposed to stimulate local growth factor production in healthy growing

follicles. It is also possible that positive feedback between theca cells

and granulosa cells contributes to the healthy status of growing follicles.

The results in the current study support this possibility.

The results in this study demonstrate that theca cell-derived KGF

and HGF stimulate KL expression in granulosa cells (Fig. 1 and 2). This

is the first report of the regulation of KL by mesenchymal growth

factors. A general phenomenon may exist in which mesenchymal cells

produce growth factors that induce expression of other growth factors
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Figure 4: Regulation of keratinocyte growth factor (KGF) and hepatocyte
growth factor (HGF) mRNA's in bovine theca cells by kit-ligand (KL). Steady
State levels of KGF and HGF mRNA's in cultured theca cells were determined
using quantitative RT-PCR. Theca cells were placed in serum-free culture and
treated with no factor (control) or 50 ng/ml KL. After 72 hours in culture,
cells were harvested and total RNA was prepared. Levels of KGF and HGF
mRNA's were determined and normalized to levels of cyclophilin (1B15) mRNA
(fg KGF mRNA/fg 1B15 mRNA or fg HGF mRNA/fg 1B15 mRNA ). Data are
presented as the mean percent control +/- SEM of duplicate determinations
from six different sets of granulosa cell RNA. An analysis of variance was
performed and significant differences from control were determined using
the Dunnett's test. Bars with asterisks differ from control (alpha < 0.05).
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in epithelial cells. This concept is not well appreciated. Most

mesenchymal-epithelial cell interactions are characterized by the

production of "inducer proteins" that promote epithelial cell growth and

differentiation. The ability of KGF and HGF to stimulate granulosa cell

KL expression suggests that mesenchyme-derived growth factors may

have several important actions on epithelial cell functions. These

results show that KGF and HGF stimulate granulosa cell KL mRNA

expression (Figures 1 and 2). The regulation of KL protein expression

by KGF and HGF remains to be elucidated.

KL is expressed in granulosa cells in healthy developing follicles

(Manova et al., 1993; Motro and Bernstein, 1993; Motro et al., 1991).

Granulosa cell-derived KL promotes follicular development and is

important for oocytes, theca cells and stromal cells (Dolci et al., 1991;

Godin et al., 1991; Matsui et al., 1991; Packer et al., 1994; Parrott and

Skinner, 1997c; Parrott and Skinner, 1997d; Parrott and Skinner,

1997e). Gonadotropins are known to stimulate granulosa cell functions

and are essential to promote folliculogenesis. Therefore gonadotropins

may promote follicular development by regulating KL expression in

granulosa cells. Two previous studies have addressed the direct

regulation of KL in granulosa cells by gonadotropins. These studies

have conflicting results. KL expression was stimulated by dcAMP in

mouse granulosa cells suggesting that gonadotropins may stimulate KL

expression (Packer et al., 1994). In human granulosa-luteal cells, KL

expression decreased in response to FSH and hCG suggesting that

gonadotropins inhibit KL expression (Laitinen et al., 1995). In vivo

mouse and rat granulosa cell KL expression was increased by injections

of LH, h0G and PMSG (Ismail et al., 1996; Motro and Bernstein, 1993).
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This effect could be indirect. In this study both FSH and hCG stimulated

gene expression of KL in purified bovine granulosa cells (Fig. 3). These

results suggest that gonadotropins (i.e. FSH and LH) promote follicular

development in part by directly stimulating KL expression in granulosa

cells. Expression of KL protein in response to KGF and HGF remains to

be elucidated. KL can act on oocytes, theca cells, and ovarian stromal

interstitial cells. As a result, gonadotropin-induced KL expression may

be important for oocyte maturation as well as theca cell and stromal cell

functions.

The ability of KL to act on theca cells (Parrott and Skinner, 1997c)

raises the possibility that epithelial granulosa cells feedback on

mesenchymal theca cells through the production of KL. Granulosa cell

feedback on theca cells may help regulate the expression of KGF and

HGF. Treatment of theca cells with KL Stimulated both KGF and HGF

gene expression (Fig. 4). The ability of KL to stimulate theca cell KGF

and HGF expression is significant because it establishes a positive

feedback loop between granulosa cells and theca cells. KGF and HGF

(from theca cells) stimulate granulosa cell KL expression and KL (from

granulosa cells) stimulates KGF and HGF expression. This novel

feedback loop may be essential for follicular development. Stimulation

of KGF, HGF, and KL due to positive feedback may promote follicular

development in healthy growing follicles. Both FSH and hCG stimulated

granulosa cell KL expression (Fig. 3). Therefore gonadotropin-induced

KL production may activate the positive feedback loop involving KGF,

HGF, and KL. Activation of this positive feedback loop may be necessary

for follicles to continue development and avoid becoming atretic.

Previous studies have shown that expression of KGF, HGF and KL is
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Granulosa
Cell

Figure 5: Schematic of theca cell-granulosa cell interactions during
follicular development. Mesenchymal theca cells produce KGF and HGF that
regulate epithelial granulosa cell functions. Granulosa cell expression of KL is
stimulated by KGF and HGF. KL (from granulosa cells) feedsback on theca cells
to regulate the ca cell growth and differentiated functions. Theca cell
expression of KGF and HGF is stimulated by KL. Also illustrated is the positive
effects of KL on oocyte development. The previously established endocrine
regulation of ovarian development is shown at the top. Theca cells produce
androstenedione (A) under the control of LH. Androstenedione is aromatized
to estradiol (E) by granulosa cells under the control of FSH. High levels of
estradiol further stimulate androstenedione production by theca cells. LH also
stimulates granulosa cell function during later stages of follicular
development (not shown).

highest in large size follicles (Parrott and Skinner, 1997a; Parrott and

Skinner, 1997b; Parrott and Skinner, 1997c). Therefore, positive
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feedback involving KGF, HGF, and KL may be particularly important

during later stages of follicular development.

Positive feedback between theca cells and granulosa cells helps

explain the indirect actions of hormones in the ovary. Previous studies

have examined the effects of hormone injection on growth factor

expression in the ovary. The conclusions from these studies may be

misleading due to indirect hormone actions. One example is estrogen

regulation of HGF in the ovarian follicle. The HGF promoter contains two

estrogen response elements (ERE) that are able to bind estrogen

receptors and confer estrogen inducibility to heterologous promoters

(Liu et al., 1994b; Liu et al., 1994c). A single injection of estrogen

resulted in a transient increase in HGF mRNA levels in the Ovaries of

immature mice (Liu et al., 1994b). These observations suggest that

estrogen directly stimulates theca cell HGF expression in the ovary.

However treatment of purified theca cells with estrogen did not alter

HGF gene expression (Parrott and Skinner, 1997a) suggesting that

estrogen does not directly stimulate HGF gene expression. Positive

feedback between theca cells and granulosa cells helps explain these

observations. Estrogen directly stimulates KGF expression in ovarian

theca cells. Theca cell-derived KGF stimulates KL expression in

granulosa cells. KL feedsback on theca cells and stimulates expression

of both KGF and HGF. These observations show that estrogen can

indirectly increase theca cell HGF expression by first stimulating theca

cell KGF (and then granulosa cell KL) expression in the ovary. These

results demonstrate that cell-cell interactions between theca cells and

granulosa cells can have important implications for follicular

development.
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The mesenchymal-epithelial cell interactions described in this

study are summarized in Figure 5. This schematic of theca cells and

granulosa cells depicts both the endocrine regulation and the paracrine

regulation of theca cell and granulosa cell functions. It is well

established that gonadotropins (i.e. FSH and LH) regulate theca cell and

granulosa cell differentiated functions (Fig. 5). Locally-produced growth

factors such as KGF, HGF, and KL are also important for regulating theca

cell and granulosa cell functions. This study identified a positive

feedback loop between theca cells and granulosa cells that is mediated

by KGF, HGF and KL. Theca cells produce KGF and HGF that stimulates

granulosa cell functions including gene expression of KL (Fig. 5).

Granulosa cell-derived KL stimulates theca cell functions including gene

expression of KGF and HGF (Fig. 5). Endocrine regulation of these genes

is also important for follicular development. Previous studies have

shown that theca cell KGF and HGF expression is regulated by endocrine

hormones (Parrott and Skinner, 1997a; Parrott and Skinner, 1997b).

This study also helps establish that gonadotropins (i.e. FSH and LH)

stimulate KL gene expression in granulosa cells. The combined

endocrine and paracrine regulation of KGF, HGF and KL expression in the

ovary is proposed to be essential for follicular development. This study

identifies a novel positive feedback loop between theca cells and

granulosa cells that helps gain an understanding of the mechanisms of

mesenchymal-epithelial cell interactions during follicular development.
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CHAPTER 7

KIT-LIGAND/STEM CELL FACTOR INDUCES PRIMORDIAL

FOLLICLE DEVELOPMENT IN THE OVARY

I. ABSTRACT

Initiation of primordial follicle development in the ovary has an

important role in determining the fertility and reproductive fitness of

most mammalian species. However, the factors that control this process

are largely unknown. The hypothesis tested in the current study was

that kit-ligand/stem cell factor (KL) induces initiation of primordial

follicle development in the ovary. Ovaries from 4-day-old rats were

maintained in organ culture for 5 days and treated with no factor

(control), recombinant kit-ligand (KL), or gonadotropins (FSH and hCG).

Follicles in ovarian sections were counted and histologically classified as

primordial (stage 0), early primary (stage 1), primary (stage 2),

transitional (stage 3) or preantral (stage 4). Ovaries contained an

average of 309 + 10 follicles per section. The total number of follicles

per section did not significantly vary between fresh or cultured ovaries

including ovaries treated with KL or gonadotropins. Fresh ovaries from

4-day-old rats contained 67 % primordial follicles (stage 0) and 33 %

developing follicles (stages 1-4) per section. After 5 days in culture

control ovaries contained approximately 41 % developing follicles (stage

1-4) per section due to spontaneous development of primordial follicles.

Spontaneous primordial follicle development was completely blocked by

ACK-2, a c-kit antibody that blocks KL actions. This observation
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demonstrated that endogenous KL was necessary for primordial follicle

development in vitro. KL-treated ovaries contained 45 % primordial

follicles (stage 0) and 55 % developing follicles (stage 1-4) per section

demonstrating a dramatic induction of primordial follicle development

by KL. Induction of primordial follicle development by KL was partially

blocked by the ACK-2 antibody. Gonadotropins (FSH and hCG) did not

induce primordial follicle development but did increase the percentage

of preantral follicles (stage 4) per section. This small increase in

preantral follicles in response to gonadotropins was blocked by ACK-2

suggesting that KL may mediate gonadotropin actions after primordial

follicles initiate development. These results are the first to identify any

factor that is involved in primordial follicle development in the ovary.

No other factor has been shown to induce initiation of primordial follicle

development in vivo or in vitro. Initiation of primordial follicle

development is one the most basic and fundamental processes in female

reproduction. These results establish that KL is necessary and sufficient

to initiate primordial follicle development in the ovary.

II. INTRODUCTION

The factors that control the onset of primordial follicle

development in the ovary are not known. The pool of ovarian

primordial follicles is established during embryonic development (e.g.

cows, sheep, humans) or at birth (e.g. rodents). This pool of primordial

follicles constitutes the complete supply of oocytes that a female animal

will ever have. Primordial follicles that initiate development are
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destined to ovulate or degenerate through atresia. Therefore the factors

that control initiation of primordial follicle development ultimately

determine the total supply of follicles in the animal. Induction of

primordial follicles to develop and grow is one of the most fundamental

processes in ovarian biology and is essential for female reproduction.

Identification of the factors involved in this process will potentially be

useful for controlling the supply of oocytes in mammals. These factors

are currently unknown.

Kit ligand (KL) and its receptor c-kit are essential for oocyte

migration during embryonic development (Bennett, 1956; Keshet et al.,

1991; Matsui et al., 1990; McCoshen and McCallion, 1975; Mintz, 1960;

Mintz and Russell, 1957; Orr-Urtreger et al., 1990) and follicular

development in the adult ovary (Besmer et al., 1993; Manova et al.,

1993; Packer et al., 1994). KL and c-kit are the products of the Steel

(S1) and White Spotting (W) loci in mice, respectively (Chabot et al.,

1988; Copeland et al., 1990; Flanagan and Leder, 1990; Geissler et al.,

1988; Huang et al., 1990; Williams et al., 1990; Witte, 1990; Zsebo et al.,

1990a). A number of mutations at Sl or W have been described that

cause sterility due to defects in oocyte migration or follicular

development. Ovaries in mice carrying steel panda (Slpan), steel t (Slt),

and steel contrast (Slcon) mutations contain large numbers of follicles

that arrest at early stages of follicular development (Bedell et al., 1995;

Huang et al., 1993; Kuroda et al., 1988). The pool of primordial follicles

is established in these mutant mice, but initiation and progression of

primordial follicle development is inhibited. These results suggest that

KL may be essential for initiation and/or progression of primordial

follicle development in the ovary.
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Figure 1: Early follicle development in the rat ovary. Fresh postnatal day 4
ovaries were sectioned (7 um), stained with hematoxylin and eosin and
photographed using a Kodak DCS420 digital camera. Two representative follicles
are shown at each stage (stages 0 to 4). Classification of follicles was determined
by morphology as described in Materials and Methods. Primordial follicles (stage
0) are not developing and consist of an oocyte partially or completely
encapsulated by flattened squamous pregranulosa cells. Early primary follicles
(stage 1) have initiated development and contain some columnar (enlarged)
granulosa cells. Primary follicles (stage 2) are identified by a single layer of
granulosa cells around the oocyte. Transitional follicles (stage 3) have 1-2 layers
and preantral follicles (staage 4) have more than 2 layers of columnar granulosa
cells. Magnification is approximately 400X but is not shown at scale.
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When a follicle starts to develop its oocyte begins to synthesize

RNA (Moore and Lintern-Moore, 1974; Moore et al., 1974; Oakberg,

1968) and pregranulosa cells enlarge to become squamous granulosa

cells. Theca cells are recruited from surrounding stromal stem cells and

organize into distinct theca cell layers around the follicle. Organization

of theca cells around the follicle provides structural integrity and helps

to establish mesenchymal-epithelial cell interactions between theca

cells and granulosa cells (Skinner, 1990; Skinner and Parrott, 1994).

Follicular development continues as granulosa cells and theca cells

proliferate and differentiate. Midgley et al (1974) suggested that theca

cells differentiate from stromal stem cells in response to a putative

"theca cell organizer" produced by granulosa cells (Midgley et al., 1974;

Peters, 1979). Such a factor may also be important for granulosa cell

oocyte interactions and may be essential for initiation and progression

of primordial follicle development. The current study establishes that

KL induces primordial follicle development and suggests that KL may

serve as a theca cell organizer.

Granulosa cells in developing follicles produce KL (Manova et al.,

1993; Motro and Bernstein, 1993) which acts on theca cells, stromal

cells and oocytes. Differentiated theca cells, undifferentiated stromal

cells and developing oocytes express the receptor c-kit (Horie et al.,

1993; Manova et al., 1993; Manova et al., 1990; Motro and Bernstein,

1993). In vitro KL has a variety of effects on isolated oocytes including

promotion of growth and maintenance of meiotic arrest (Dolci et al.,

1991; Godin et al., 1991; Ismail et al., 1996; Matsui et al., 1991; Packer

et al., 1994). In addition KL can directly stimulate proliferation and

differentiated functions (i.e. androstenedione production) of theca cells
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(Parrott and Skinner, 1997c). The expression patterns of KL and c-kit in

the ovary as well as the actions of KL on oocytes and theca cells suggest

that KL may be important for many stages of follicular development in

the ovary.

The present study examines the ability of KL to induce primordial

follicle development in the ovary. Experiments are designed to examine

the actions of KL in whole-ovary organ cultures. KL is proposed to

mediate epithelial-mesenchymal cell interactions between granulosa

and theca cells as well as directly stimulate oocyte function in the

ovary. The ability of KL to recruit theca cells from undifferentiated

stromal stem cells is also discussed.

III. MATERIALS AND METHODS

A. Ovary organ culture

Sprague-Dawley rats were obtained from Bantin & Kingman

Universal (Fremont, CA). Ovaries from 4-day-old rats were

immediately placed in histochoice tissue fixative (Amresco, Solon, OH) or

placed in culture. A method similar to that developed in Dr. Gerald

Cunha's laboratory for organ culture of seminal vesicle and

bulbourethral gland was used for ovary organ culture (Alarid et al.,

1994; Cooke et al., 1987; Shima et al., 1990). Ovaries were cultured on

floating filters (0.4 um Millicell-CM, Millipore, Bedford, MD) in 0.5 ml

Dulbecco's Modified Eagle's Medium (DMEM)-Ham's F-12 medium (1:1,

vol/vol) containing 0.1 % bovine serum albumin (BSA, Sigma, St. Louis,

MO), 0.1% albumax (Gibco), 5X ITS-X (5 mg/ml insulin, 2.75 mg/ml
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Figure 2: Histology of 4-day-old rat ovaries at low magnification. Ovaries
were prepared fresh (A) or cultured for 5 days (B-D). Ovaries were sectioned
(7 um), stained with hematoxylin and eosin and photographed using a Kodak
DCS420 digital camera. Ovaries contained a mixture of primordial (stage 0) to
preantral follicles (stage 4) and appeared remarkably similar at low
magnification. A, fresh 4-day-old ovaries; B, untreated (control) ovaries
cultured for 5 days; C, cultured ovaries treated with kit-ligand (KL); D, cultured
ovaries treated with gonadotropins (follicle stimulating hormone + human
chorionic gonadotropin). Magnification is approximately 40X. Data are
representative of at least 8 experiments performed in duplicate.

sodium transferrin, 3.35 sodium selenite, 1 mg/ml ethanolamine; Gibco

BRL, Gaithersburg, MD), and 0.05 mg/ml L-ascorbic acid (Sigma) in a 4

well culture plate (Nunc plate, Applied Scientific, South San Francisco,

CA). Medium was supplemented with penicillin, streptomycin and
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gentamycin to prevent bacterial contamination. Each ovary was placed

in a small drop of medium (approximately 10 ul) on the floating filter.

Two ovaries per floating filter were cultured at 37 C in a humidified

atmosphere containing 5% CO2 for 5 days. Ovaries were treated with no

factor (control), recombinant human kit-ligand (KL, 50 ng/ml; R&D

Systems, Minneapolis, MN) or follicle stimulating hormone (FSH, 100

ng/ml; National Pituitary Agency, Baltimore, MD) and human chorionic

gonadotropin (hCG, 100 ng/ml; 4010 IU/mg, Calbiochem, La Jolla, CA).

To further examine the role of KL in primordial follicle development

ovaries were treated with non-immune rat IgG (Sigma) or function

blocking anti-murine c-kit (ACK-2, rat monoclonal antibody, Gibco BRL).

Fresh media was added to each well and the ovaries were re-treated on

day 2 of culture. Ovaries cultured under these conditions appear

healthy and do not show any signs of necrosis.

B. Histology

To investigate development of ovarian follicles fresh or cultured

ovaries were embedded in paraffin, sectioned (7 um sections), and

stained with hematoxylin and eosin. The numbers of follicles at each

developmental stage were counted in the largest cross section. Follicles

were classified (Fig. 1) as primordial (stage 0), early primary (stage 1),

primary (stage 2), transitional (stage 3) or preantral (stage 4) as

previously described (Oktay et al., 1995). This classification is weighted

toward earlier stages of follicular development. Primordial follicles are

not developing and consist of an oocyte partially or completely

encapsulated by flattened squamous pregranulosa cells. Early primary

follicles have initiated development and contain some columnar

203



(enlarged) granulosa cells. Primary follicles are identified by a single

layer of columnar granulosa cells around the oocyte. Transitional

follicles have 1-2 layers and preantral follicles have more than 2 layers

of columnar granulosa cells. No antral follicles were observed in fresh

or cultured 4-day-old rat ovaries. Sections were analyzed at 400X

magnification under light microscopy and photographed with a Kodak

DCS 420 digital camera (Eastman Kodak, Rochester, NY).

C. Androstenedione production

Ovaries were placed in culture on floating filters and immediately

treated with no factor (control), 50 ng/ml KL, or gonadotropins (100

ng/ml FSH + 100 ng/ml hCG) in the presence or absence of ACK-2

antibody. After 2 days in culture fresh medium was added and the

cells were re-treated. Cultures were terminated on day 5. Media from

days 2 - 5 were collected and assayed for androstenedione using the

RSL 125I androstenedione kit (ICN, Costa Mesa, CA). The sensitivity of

the assay is 0.01 ng/ml androstenedione. Data were expressed as ng

androstenedione/ovary.

D. Statistical analysis

All data were analyzed by a JMP 3.1 statistical analysis program

(SAS Institute Inc., Cary, NC). Effects of control culture conditions, KL,

gonadotropins (FSH + hCG) and the ACK-2 antibody on follicle

development were analyzed by a one-way analysis of variance

(ANOVA). Observed significance probabilities of 0.05 (Prob > F) or less
were considered evidence that an ANOVA model fits the data. Follicles

were counted and characterized (developmental stage 0 - Stage 4) on
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Figure 3: Total follicle number per section in 4-day-old rat ovaries. Ovaries
were prepared fresh or cultured in the absence (Normal) or presence (+ ACK
2) of function-blocking c-kit antibody, ACK-2. Ovaries were sectioned (7 uM),
stained with hematoxylin and eosin and photographed using a Kodak DCS420
digital camera. Follicles were counted in the largest section per ovary. No
significant differences were observed between fresh, normal cultured, and
+ACK-2 cultured ovaries as determined by the Tukey-Kramer HSD test. Follicles
were counted on two sections for each ovary and data were expressed as the
mean +/- SE from 4 experiments performed in duplicate. (Fresh) fresh 4-day
old ovaries; (C) control; (KL) kit ligand; (F4-hCG) follicle stimulating hormone +
human chorionic gonadotropin.

two sections from each treatment in a total of four different

experiments. In some cases follicles were counted in half of a section

and multiplied by a factor of 2. At least 7000 total follicles were

counted and classified and data were expressed as % follicles per section
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+ SEM. Within each developmental stage significant differences

between each treatment were determined using the Tukey-Kramer HSD

(honestly significant difference) test which protects the significance

tests of all combinations of pairs (Kramer, 1956; Tukey, 1953; Tukey,

1991). The Tukey-Kramer test is recommended for multiple

comparisons of all pairs (Hsu, 1989a; Hsu, 1989b).

IV. RESULTS

A. Development of follicles in vivo

In order to study primordial follicle development fresh 4-day-old

rat ovaries were first characterized in terms of normal follicle

development. Follicles were counted and classified as undeveloped

primordial follicles (stage 0), early primary follicles (stage 1), primary

follicles (stage 2), transitional follicles (stage 3) and preantral follicles

(stage 4) using a method similar to that described by Dr. Oktay (Oktay

et al., 1995). This classification is weighted towards early developing

follicles (Fig. 1). Sections of fresh 4-day-old rat ovaries contained 68 %

primordial follicles (stage 0), 12 % early primary follicles (stage 1), 11 %

primary follicles (stages 2) and 9 % transitional and preantral follicles

(stages 3-4). No antral follicles were observed. Generally primordial

follicles were observed in the cortex (outer region) and larger preantral

follicles were observed in the medulla (central region) of the ovaries

(Fig. 2). The pattern of undeveloped primordial follicles in the cortex to

developing preantral follicles in the medulla is common to rat, mouse,

bovine and human ovaries. This characterization of follicle
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Figure 4: Cortex of 4-day-old rat ovaries at high magnification. Ovaries were
prepared fresh (A) or cultured for 5 days (B-D). Ovaries were sectioned (7 um),
stained with hematoxylin and eosin and photographed using a Kodak DCS420
digital camera. Follicles were classified as described in Materials and Methods.
Small arrows indicate undeveloping primordial follicles. Large arrows indicate
developing follicles (from stages 1-4). Ovaries treated with KL contain
significantly more developing follicles especially fom stages 1-2. (A) fresh 4-day
old ovaries; (B) untreated (control) ovaries cultured for 5 days; (C) cultured
ovaries treated with kit-ligand (KL); (D) cultured ovaries treated with
gonadotropins (follicle stimulating hormone + human chorionic gonadotropin).
Magnification is approximately 200X. Data are representative of at least 8
experiments performed in duplicate.

º
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development in 4-day-old rat ovaries established that these ovaries

contain large numbers of undeveloped primordial follicles (i.e. 68 % per

section) that can initiate development. These ovaries were used in vitro

as a model system to study the factors that are involved in the initiation

of primordial follicle development. Specifically the role of KL in

primordial follicle development was investigated.

B. Development of primordial follicles in ovary organ culture

Whole ovaries were dissected from 4-day-old rats and cultured on

floating filters. This organ culture method allowed sufficient nutrient

exchange from the media and sufficient gas exchange from the

humidified chamber to the ovaries. After 5 days in culture ovaries

appeared healthy and contained many healthy follicles (Fig. 2).

Approximately 309 + 10 total follicles were observed per section. The

total number of follicles per section did not significantly vary under any

culture conditions (Fig. 3). However follicular development did continue

in vitro. Under control conditions a small but significant reduction in

the percentage of primordial follicles (stage 0) per section was coupled

to an increase in the percentage of early primary follicles (stage 1, Fig.

4). No change was observed in the percentage of primary (stage 2),

transitional (stage 3) or preantral (stage 4) follicles in control cultures

compared to fresh ovaries. These results demonstrate that primordial

follicles in rat ovaries spontaneously initiate development to early

primary follicles (stage 1) in vitro. Similarly Wandji et al recently

reported spontaneous initiation of primordial follicles in cultured cortex

fragments from embryonic bovine ovaries (Wandji et al., 1996). These

results indicate that ovaries in organ culture maintain the ability to
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support primordial follicle development. For many decades whole

ovaries have been cultured in organ culture in order to study ovarian

function (Feinstat, 1968; Ingram, 1956; Maccabruni, 1913; Mjassojedoff,

1925). This study is the first to establish a serum-free organ culture

system specifically designed to analyze primordial follicle development.

This whole ovary organ culture system is used to examine the ability of

KL to induce primordial follicle development.

C. KL induces primordial follicle development

In order to study the ability of KL to induce primordial follicle

development, ovarian organ cultures were treated with no factor

(control), recombinant human KL (100 ng/ml) or a combination of FSH

and hCG (200 ng/ml each). Gonadotropins (i.e. FSH and hCG) are not

involved in the initiation of primordial follicle development in vivo but

are important for later stage follicles (Eshkol et al., 1970; Peters et al.,

1973c; Richards and Farookhi, 1978; Richards and Midgley, 1976). Since

most primordial follicles were present in the ovarian cortex (outer

region), the effects of KL on primordial follicle development were

primarily observed in this outer region. KL dramatically decreased the

percentage of undeveloped primordial (stage 0) follicles and increased

the percentage of early primary (stage 1) and primary follicles (stage 2)

per section (Fig. 4 and 5). Remarkably over 50% of the follicles in KL

treated ovaries had initiated development (i.e. stage 1 - stage 4

follicles). Treatment with gonadotropins did not induce primordial

follicle development but did inhibit the spontaneous development that

occurred in control cultures (Fig. 4 and 5). In addition a slight increase

in the percentage of preantral follicles (stage 4) was observed in

209



RAT OVARY ORGAN CULTURE

8 0

Fresh

Control

6 0 KL

El F#hCG

40 |
20 |

FOLLICLE STAGE

Figure 5: KL induces primordial follicle development in ovary organ
culture. Ovaries were prepared fresh or cultured for 5 days. Follicles were
classified as described in Materials and Methods. Data were expressed as
percent follicles per section for each classsification stage. Follicle
classifications were counted and data were presented as mean +/- SE (percent
follicles/section) from 4 experiments performed in duplicate. Bars with
different superscript letters significantly differ within each classification
stage as determined by the Tukey-Kramer HSD test. Follicles were classified as
primordial (stage 0), early primary (stage 1), primary (stage 2), transitional
(stage 3) and preantral (stage 4). Primordial follicle development is
represented by a decrease in stage 0 follicles and an increase in stage 1-4
follicles within each treatment. (Fresh) fresh 4-day-old ovaries; (C) control;
(KL) kit ligand; (F4-hCG) follicle stimulating hormone + human chorionic
gonadotropin.
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gonadotropin-treated ovaries indicating that these later stage follicles

are gonadotropin-dependent. These results demonstrate that KL can

induce primordial follicle development in the rat ovary. The ability of

KL to promote development of early primary (stage 1) and primary

follicles (stage 2) demonstrates that KL is sufficient to initiate

primordial follicle development in the ovary. This effect of KL is the

first report of any factor that can initiate primordial follicle

development in vivo or in vitro. Since both oocytes and theca/stromal

cells express the c-kit receptor, KL may promote early follicle

development by acting on both germ cells (i.e. oocytes) and somatic cells

(i.e. theoa and stromal cells).

D. ACK-2 c-kit antibody inhibits primordial follicle

development

ACK-2 is an anti-murine c-kit antibody (rat monoclonal) that

recognizes the extracellular domain of the c-kit receptor and strongly

inhibits the actions of KL in vivo and in vitro (Hirata et al., 1993; Maeda

et al., 1992; Matsuzaki et al., 1993; Nishikawa et al., 1991; Ogawa et al.,

1991; Okura et al., 1995; Rolink et al., 1991; Sato et al., 1996; Yoshinaga

et al., 1991). Ovary organ cultures were treated with normal rat IgG or

ACK-2 in order to examine the role of endogenous KL on primordial

follicle development. ACK-2 completely blocked the spontaneous follicle

development that occurred in control cultures (Figures 6a-b and 7a).

The percentage of primordial (stage 0) and early primary follicles (stage

1) were identical in fresh ovaries and ovaries cultured in the presence

of ACK-2. This inhibition of follicle development by ACK-2 suggests that
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Figure 6: c-kit antibody (ACK-2) blocks primordial follicle development. 4
day-old ovaries were cultured for 5 days and treated with no factor (A-B), KL (C-D)
or gonadotropins (E-F). Additionally ovaries were cultured in the presence of
normal rat IgG (A, C, E) or ACK-2 c-kit antibody (B, D, F). At the end of the culture
period ovaries were sectioned (7 um), stained with hematoxylin and eosin and
photographed using a Kodak DCS420 digital camera. ACK-2 blocked primordial
follicle development in control cultures (compare A and B). Primordial follicle
development was partially inhibited by ACK-2 in KL-treated ovaries (C and D). No
difference was observed in the cortex of gonadotropin-treated ovaries (E and F).
(Control) untreated cultures; (KL) kit-ligand; (Gonadotropins) follicle stimulating
hormone and human chorionic gonadotropin; (IgG) normal rat IgG (ACK-2)
function-blocking c-kit antibody. Magnification is approximately 200X. Data are
representative of at least 4 experiments performed in duplicate.
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endogenous KL is necessary for the spontaneous development of

primordial follicles in these cultures.

ACK-2 partially blocked follicle development in KL-stimulated

ovaries demonstrating the specificity of KL on the receptor c-kit

(Figures 6c-d and 7b). In gonadotropin-treated ovaries ACK-2 did not

affect the percentage of primordial (stage 0), early primary (stage 1),

primary (stage 2) or transitional follicles (stage 3) per section. However

the ACK-2 c-kit antibody did inhibit the small increase in preantral

follicles (stage 4) that occurred in response to FSH and hCG (Figures 6e-f

and 7c). The ability of ACK-2 to inhibit preantral follicle development

in response to gonadotropins demonstrates that KL is also necessary for

preantral follicular development.

The actions of ACK-2 on ovary organ cultures demonstrate that

ACK-2 can block initiation of primordial follicle development and

preantral follicle development in vitro. These observations demonstrate

that activation of the c-kit receptor by KL is necessary for development

of primordial and preantral follicles in vitro. Since the c-kit receptor is

expressed by both oocytes and theca cells, ACK-2 may inhibit follicle

development by blocking the function of both oocytes and theca cells.

These experiments are the first to directly examine the role of the

receptor c-kit in primordial follicle development. The actions of ACK-2

in this culture system further support the hypothesis that KL is both

necessary and sufficient for primordial follicle development in the

ovary. Activation of the c-kit receptor by KL may be an inductive

signal and/or an early progression signal for primordial follicle

development.
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E. Androstenedione production by preantral follicles

Development of early stage follicles (i.e. stage 1-4) involves

differentiation and organization of theca cells around follicles as well as

enlargement of squamous granulosa cells. The possibility that KL

recruits theca cells to differentiate from adjacent stromal stem cells was

examined. Theca cells can be distinguished from undifferentiated

stromal cells by 1) morphology and 2) expression of functional markers.

Morphologically theca cells organize in a uniform layer around the

follicle and provide structural integrity. Although theca cells were :
apparent around small follicles in ovary organ cultures, formation of :

theca cell layers was difficult to quantitate. Functionally theca cells º:

differentiate and begin to produce increasing amounts of º
androstenedione. In order to study the recruitment and differentiation

of theca cells from stromal stem cells around developing follicles, theca *** -

cell androstenedione production was examined in ovary organ cultures. * -

Ovaries were cultured in the presence of normal rat IgG or ACK-2 c-kit :*
antibody and treated with no factor (control), recombinant KL or E.
gonadotropins for 5 days. Media from culture days 2-5 were collected

and assayed for androstenedione accumulation by RIA. Under control

conditions approximately 1 ng androstenedione/ovary was detected in

the media demonstrating that small numbers of theca cells were

differentiating in vitro (Fig. 8). ACK-2 did not alter basal levels of

androstenedione production in control cultures. Surprisingly KL had no

effect on the production of androstenedione in the presence or absence

of ACK-2 (Fig. 8). The inability of KL to induce androstenedione

production in ovary organ cultures suggests that KL has no effect on the

functional differentiation (i.e. androstenedione production) of theca cells
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Figure 7: KL induces and ACK-2 blocks primordial follicle development.
Ovaries were prepared fresh or cultured for 5 days. (A) Ovaries were cultured
in the presence of normal rat IgG or ACK-2 antibody. (B) Ovaries were
cultured in the presence of normal rat IgG or ACK-2 and treated with KL. (C)
Ovaries were cultured in the presence of normal rat IgG or ACK-2 and treated
with F+hCG. (Fresh) fresh 4-day-old ovaries; (control) untreated cultured
ovaries; (KL) kit ligand; (F4-hCG) follicle stimulating hormone and human
chorionic gonadotropin; (ACK-2) function-blocking c-kit antibody. Follicles
were classified as described in Materials and Methods. Data were expressed as
percent follicles per section for each classsification stage. Follicles were
classified and data were presented as mean +/- SE (percent follicles/section for
each stage) from 4 experiments performed in duplicate. Follicles were
classified as primordial (stage 0), early primary (stage 1), primary (stage 2),
transitional (stage 3) and preantral (stage 4). Primordial follicle development
is represented by a decrease in stage 0 follicles and an increase in stage 1-4
follicles within each treatment. Bars with different superscript letters
significantly differ within each classification stage as determined by the
Tukey-Kramer HSD test.
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during primordial follicle development. However it remains possible

that androstenedione production is not the most appropriate early theca

cell functional marker since KL stimulates theca cell androstenedione

production during later stages of follicular development (Parrott and

Skinner, 1997c). Perhaps androstenedione production is induced later

in theca cell development and other early theca cell markers are

induced by KL during primordial follicle development.

Gonadotropins (i.e. FSH and hCG) dramatically stimulated

production of androstenedione by ovary organ cultures (Fig. 8). This

stimulation of androstenedione production by FSH and hCG was likely

due to stimulatory actions on large preantral follicles (stage 4) since

only large follicles (i.e. stage 4 or later) normally express gonadotropin

receptors and produce steroids (Richards and Farookhi, 1978; Richards

et al., 1976; Richards and Midgley, 1976). Surprisingly the inhibitory

actions of ACK-2 increased androstenedione production by

gonadotropin-stimulated ovaries (Fig. 8). The ability of ACK-2 to

increase androstenedione production by gonadotropin-stimulated

ovaries suggests that KL may normally inhibit androstenedione

production by theca cells in preantral follicles (stage 4). Since KL can

directly stimulate proliferation of theca cells (Parrott and Skinner,

1997c), KL may indirectly inhibit theca cell androstenedione production

by promoting theca cells to enter the cell cycle. The primary role of KL

in preantral follicles (stage 4) may be to stimulate theca cell

proliferation in order to establish several theca cell layers.
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V. DISCUSSION

These results demonstrate that KL induces primordial follicle

development in 4-day-old rat ovary organ cultures. Approximately 250

to 350 total follicles per section were observed in fresh and cultured

ovaries. Whole ovaries were covered with a small drop of medium and

cultured on floating filters for 5 days. This simple organ culture method

was developed to parallel ovarian follicle development in vivo. Ovaries

maintained structural organization and appeared healthy in vitro. Fresh

uncultured ovaries contained approximately 70 % primordial follicles

(stage 0), 20 % early primary and primary follicles (stages 1-2), and

10% transitional and preantral follicles (stages 3-4) per section. Ovaries

that were cultured for 5 days and treated with KL contained

approximately 45 % primordial (stage 0) follicles, 45 % early primary

and primary follicles (stages 1-2) and 10 % transitional and preantral

follicles (stages 3-4) per section. The majority of follicles per section in

KL-treated ovaries had initiated follicular development and were

characterized between stages 1-4. KL dramatically induced primordial

follicle development.

Postnatal day 4 rat ovaries contain many primordial follicles that

can initiate development in vivo. When 4-day-old ovaries were placed

in culture for 5 days, some primordial follicles proceeded to develop.

This spontaneous initiation of primordial follicle development suggests

that primordial follicles were actively developing in vivo and continued

to develop in vitro. Alternatively there may be inhibitory signals for

primordial follicle development in vivo that were no longer present in

vitro. Wandji, et al also reported spontaneous initiation of primordial

ºn 1
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follicle development in cultured ovarian cortex fragments from

embryonic cows (Wandji et al., 1996). In the current study spontaneous

initiation of primordial follicle development was blocked by ACK-2, a c

kit monoclonal antibody that strongly inhibits the actions of KL on the

receptor c-kit. These results demonstrate that KL is necessary for

initiation of primordial follicle development in vitro. This observation

suggests that KL may be necessary for normal primordial follicle

development in vivo. No other factor has been identified that is

necessary for the early stages of ovarian follicular development.

The number of primordial follicles that initiated development was

dramatically increased by KL. This induction of primordial follicle

development by KL was partially inhibited by ACK-2 demonstrating

that KL was acting through the c-kit receptor. Total inhibition of

primordial follicle development in response to KL was probably limited

by access of ACK-2 to the organ culture. Initiation of primordial follicle

development is a fundamental step in ovarian follicular development

that occurs throughout the animal's life. Initiation of primordial follicle

development can be observed during infancy when ovulation has not

yet started (Peters, 1969; Peters et al., 1978). Primordial follicles

continue to initiate development until menopause (i.e. in the human)

when the pool of primordial follicles is diminished. Interestingly

primordial follicle development continues in the adult even during

pregnancy when follicles do not ovulate (Govan, 1968; Govan, 1970;

Greenwald et al., 1967; Pedersen and Peters, 1971; Schwartz and Talley,

1968). These observations suggest that the factors that control

initiation of primordial follicle development are important during many

stages of reproductive life. This study is the first to establish that KL is
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sufficient to initiate primordial follicle development in ovary organ

culture. Therefore KL may be the factor that induces primordial

follicles to develop in prepubertal and pubertal as well as cycling and

pregnant animals. The expression and actions of KL in the ovary during

these stages of reproductive development remain to be elucidated.

Gonadotropins (i.e. FSH and LH) are not necessary for initiation of

primordial follicle development (Eshkol and Lunenfeld, 1971; Eshkol et

al., 1970; Lunenfeld et al., 1975; Peters et al., 1973c). However

gonadotropins are critical for preantral follicles (stage 4) to continue

development (Richards and Farookhi, 1978; Richards and Midgley,

1976). Preantral follicles (stage 4) express gonadotropin receptors and

are completely dependent on normal levels of FSH and LH to develop.

Treatment with gonadotropins resulted in a small increase in the

percentage of preantral (stage 4) follicles per section. This increase in

preantral follicles in response to gonadotropins was blocked by ACK-2.

These results suggest that KL in part mediates the actions of

gonadotropins in preantral and later stage follicles. Laitinen et al

showed that gonadotropins can regulate KL expression in human

granulosa cells collected from large size follicles for in vitro fertilization

(Laitinen et al., 1995). The current results suggest that KL may also

mediate gonadotropin actions in preantral follicles.

KL (also termed stem cell factor, mast cell factor or steel factor)

has a wide range of activities on germ cells, melanocytes, mast cells and

primitive hematopoietic cells of the myeloid, erythroid, and lymphoid
cell lineages (Bernstein et al., 1990; Besmer, 1991; Galli et al., 1994;

Russell, 1979; Silvers, 1979). Many of these multipotent stem cells alter

their developmental program and differentiate in response to KL. Since
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Figure 8: Androstenedione production by cultured 4-day-old ovaries.
Ovaries were cultured in the presence of normal rat IgG or ACK-2 c-kit -)
antibody. Androstenedione accumulation (culture days 2-5) in the media was
determined. Data were normalized per ovary (ng androstenedione/ovary) and
presented as mean +/- SE from 4 experiments performed in duplicate. Bars
with different superscript letters are significantly different as determined by
the Tukey-Kramer HSD test. (Control) untreated cultures; (KL) kit-ligand; (F +
hCG) follicle stimulating hormone and human chorionic gonadotropin; (IgG)
normal rat IgG; (ACK-2) function-blocking c-kit antibody.

theca cells are recruited to differentiate from stromal stem cells during

initiation of primordial follicle development, it is possible that KL

recruits stromal stem cells to differentiate into theca cells. In organ

culture KL had no effect on ovarian androstenedione production, a

marker of theca cell differentiation. Perhaps differentiation of theca
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cells in early primary (stage 1) and primary follicles (stage 2) does not

involve production of androstenedione. Recruitment and differentiation

of early theca cells has not been studied extensively. It is possible that

early theca cell development involves the expression of other unknown

theca cell markers of differentiation Elucidation of the ability of KL to

recruit stromal stem cells to differentiate into theca cells will require

identification of early theca cell markers of differentiation.

Gonadotropins dramatically stimulated androstenedione

production by ovary organ cultures. Since gonadotropins only affected

the percentage of preantral follicles (stage 4) per section, the increased

androstenedione production was likely derived from differentiated

theca cells in preantral follicles (stage 4). Gonadotropins directly

stimulate theca cell steroid production in developing follicles (Roberts

and Skinner, 1990b). Therefore, the effect of gonadotropins on

androstenedione production may be due to a direct effect on theca cells

or simply to an increase in the number of steroidogenic preantral

follicles. Surprisingly, ACK-2 c-kit antibody enhanced the ability of

gonadotropins to stimulate androstenedione production by cultured

ovaries. Previous experiments showed that theca cells from later stage

follicles (i.e. preantral and antral stages) can proliferate in response to

KL in vitro (Parrott and Skinner, 1997c). Therefore KL may indirectly

decrease theca cell differentiated functions by promoting entry of the

cells into the cell cycle. Inhibition of KL actions with ACK-2 may

indirectly increase theca cell androstenedione production in

gonadotropin-stimulated follicles. A similar effect of ACK-2 has been

reported on Leydig cell testosterone production in the male rat

(Yoshinaga et al., 1991). Serum testosterone levels were elevated in
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male rats 24 hours after injection with ACK-2. The current observations

suggest that KL may have several stimulatory and inhibitory actions in

developing follicles. The exact role of KL in preantral and antral stage
follicles remains to be elucidated.

More than 70 years ago and for many decades whole ovaries have

been maintained in organ culture in order to study follicular

development (Challoner, 1975; Champy, 1920; Champy, 1926; Champy

and Morita, 1928; Drew, 1912; Eppig and O'Brien, 1996; Feinstat, 1968;

Fell, 1953; Francke, 1946; Fritz et al., 1965; Funkenstein et al., 1980;

Holmes, 1914; Ingram, 1956; Maccabruni, 1913; Mackay et al., 1989;

Martinovitch, 1938; Mjassojedoff, 1925; Moon et al., 1975; Muratori,

1935; Odor and Blandau, 1976; Pavic, 1963; Rothenpieler and Dressler,

1993; Shemesh et al., 1978; Went, 1977; Wolff and Zondeck, 1925).

Even earlier many researchers examined the formation and

development of primordial follicles in the ovary (Lange, 1896; Paladino,

1887; Paladino, 1903; Pfluger, 1863; Winiwarter and Sainmont, 1909).

Despite this extensive list of investigations the factors that control

initiation of primordial follicle development are not understood. In the

current study 4-day-old rat ovaries were maintained in a simple

floating-filter organ culture system in order to study the factors that

control primordial follicle development. KL dramatically induced

development of primordial follicles in these ovaries. ACK-2, a function

blocking antibody to c-kit, blocked initiation of primordial follicle

development. These experiments establish that KL is both necessary

and sufficient to induce primordial follicle development in ovary organ

culture. The actions of KL on primordial follicles may provide critical

information about basic ovarian functions. Ovarian KL ultimately
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control the number of developing follicles and therefore the total pool of

follicles in an individual. KL may be the "theca cell organizer" proposed

by Midgley, et al (Midgley et al., 1974; Peters, 1979) that controls

initiation of primordial follicle development. An understanding of the

factors that control primordial follicle development (i.e. KL) may be

useful in understanding the mechanisms that underly many phenomena

such as female sterility, premature ovarian failure, polycystic ovary

disease, precocious or delayed puberty, early or delayed onset of

menopause, and ovarian cancer.
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CHAPTER 8

KIT LIGAND ACTIONS ON OVARIAN STROMAL

INTERSTITIAL CELLS: EFFECTS ON THECA CELL

RECRUITMENT AND STEROID PRODUCTION

I. ABSTRACT

Factors that control recruitment of theca cells from ovarian

stromal stem cells are important for early follicle development in the

ovary. During recruitment, theca cells organize into distinct layers

around early developing follicles. Theca cell layers provide structural

integrity and establish essential cell-cell interactions between theca

cells and granulosa cells during folliculogenesis. Recruitment of theca

cells from ovarian stromal stem cells is proposed to involve cellular

proliferation as well as induction of theca cell-specific functional

markers. The factors that control recruitment of theca cells from

ovarian stromal stem cells are unknown. More than 20 years ago,

Midgley et al proposed that a granulosa cell-derived "theca cell

organizer" was involved in theca cell recruitment. Granulosa cells

developing follicles have been shown to produce kit-ligand/stem cell

factor (KL). KL is known to promote stem cell proliferation and

differentiation in a number of tissues. Therefore, the hypothesis was

tested in the current study that granulosa cell-derived KL helps recruit

theca cells from undifferentiated stromal stem cells during early follicle

development. The actions of KL were examined using adult bovine

ovarian fragment organ culture and isolated ovarian stromal-interstitial

226



cells. In organ culture KL significantly increased the number of theca

cell layers around primary follicles suggesting that KL helped recruit

theca cells. Experiments using purified stromal-interstitial cell cultures

showed that KL stimulated ovarian stromal cell proliferation in a dose

dependent manner. Stromal cell differentiation into theca cells was

analyzed by the induction of theca cell functional markers (i.e.

androstenedione and progesterone production). Bovine ovarian stromal

cells produced low levels of androstenedione (5-40 ng/ug DNA) and

progesterone (5-30 ng/ug DNA) in vitro that were approximately 20
* :

fold lower than theca cells under similar conditions. Treatment with KL :

did not affect ovarian stromal cell androstenedione or progesterone s

production. Interestingly ovarian hormones such as estrogen and hCG

did alter stromal cell steroid production. As previously reported, h0G

slightly stimulated stromal cell androstenedione production but had no

effect on progesterone production. Estrogen stimulated * -

androstenedione production but inhibited progesterone production by

ovarian stromal cells. The effects of KL, estrogen, and hCG on ovarian

stromal cells were different than their previously shown effects on

theca cells. The small effects of estrogen and hCG on stromal cell steroid

production were normal and were not an indication of theca cell

recruitment. Hormonal regulation of ovarian stromal cell steroid

production has been proposed to be important for perimenopausal and

postmenopausal ovarian function in women. Therefore adult bovine

ovarian stromal cells may be a useful model system to study stromal

cell function during normal and abnormal menopausal conditions in

humans. The results in this study suggest that granulosa cell-derived

KL helps promote the formation of theca cell layers around small (i.e.
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primary) ovarian follicles. KL directly stimulated ovarian stromal cell

proliferation but did not induce functional differentiation (i.e. high

steroid production). Therefore KL is proposed to promote early follicle

development by inducing proliferation and organization of stromal stem

cells around small follicles. These results suggest that KL can promote

stem cell recruitment of ovarian stromal cells in a similar way

hematopoietic and lymphoid stem cells in bone marrow and the thymus.

II. INTRODUCTION sº

Early ovarian follicle development involves active RNA synthesis - *

within the oocyte, the formation of the zona pellucida, and the

proliferation of granulosa cells. Granulosa cells differentiate from a

flattened to squamous morphology and begin to express granulosa cell

functional markers. Although less understood, another critical aspect of

early follicle development is the organization and differentiation of

theca cells around the follicle. Theca cells organize around early stage

follicles and provide structural support for the developing follicle. In

addition theca cells help establish mesenchymal-epithelial cell

interactions between theca cells and granulosa cells that are essential

for later stages of follicular development. In the 1970's, granulosa cells

were proposed to produce a "theca cell organizer" that acts on adjacent

stromal stem cells to recruit theca cells (Midgley et al., 1974; Peters,

1979). Such a factor was proposed to promote theca cell organization

around the developing follicle. In addition this factor may promote

proliferation and functional differentiation of theca cells from ovarian
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stromal stem cells. Identification of such a factor would be useful for

understanding the mechanisms that control early follicle development

in the ovary. This study establishes that kit ligand (KL) may be such a

"theca cell organizer."

Kit ligand (KL) and its receptor c-kit are essential for oocyte

migration during embryonic development (Bennett, 1956; Keshet et al.,

1991; Matsui et al., 1990; McCoshen and McCallion, 1975; Mintz, 1960;

Mintz and Russell, 1957; Orr-Urtreger et al., 1990) and follicular

development in the adult ovary (Besmer et al., 1993; Manova et al.,

1993; Packer et al., 1994). KL and c-kit are the products of the Steel

(S1) and White Spotting (W) loci in mice, respectively (Chabot et al.,

1988; Copeland et al., 1990; Flanagan and Leder, 1990; Geissler et al.,

1988; Huang et al., 1990; Williams et al., 1990; Witte, 1990; Zsebo et al.,

1990a). A number of mutations at Sl or W have been described that

cause sterility due to defects in oocyte migration or follicular

development. Ovaries in mice carrying steel panda (Slpan), steel t (S1),

and steel contrast (Slcon) mutations contain large numbers of follicles

that arrest at early stages of follicular development (Bedell et al., 1995;

Huang et al., 1993; Kuroda et al., 1988). Follicular development is

arrested in these mutant mice at the stage that theca cells normally

organize around the follicles. Although follicular development appears

to have initiated, no theca cells are apparent around these arrested

follicles. These observations suggest that KL may important for theca

cell recruitment during early follicle development.

Granulosa cells in developing follicles produce KL (Manova et al.,

1993; Motro and Bernstein, 1993) that can act on theca cells and

oocytes. Both theca cells and developing oocytes express the receptor c
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kit (Horie et al., 1993; Manova et al., 1993; Manova et al., 1990; Motro

and Bernstein, 1993). In vitro KL has a variety of effects on isolated

oocytes including oocyte expansion and maintenance of meiotic arrest

(Dolci et al., 1991; Godin et al., 1991; Ismail et al., 1996; Matsui et al.,

1991; Packer et al., 1994). In addition KL can directly stimulate

proliferation and functional differentiation (i.e. androstenedione

production) of theca cells (Parrott and Skinner, 1997c). In situ and

immunohistochemical studies have shown scattered expression of the

receptor c-kit in ovarian stromal-interstitial cells adjacent to developing

follicles (Lammie et al., 1994; Manova et al., 1993; Motro and Bernstein,

1993). Studies in bone marrow and thymus have shown that KL may

induce proliferation and functional differentiation of several stem cell

populations (de Vries et al., 1991; Matsuzaki et al., 1993; Ogawa et al.,

1991). Therefore granulosa cell-derived KL is also proposed to directly

stimulate proliferation and/or differentiation of ovarian stromal stem --

cells to become theca cells. The possibility that granulosa cell-derived

KL acts on ovarian stromal-interstitial cells suggests that KL may be a

"theca cell organizer" during early follicle development.

The purpose of the present study is to examine the ability of KL to

recruit theca cells from stromal stem cells during early follicular

development in the ovary. Experiments address KL actions on adult

bovine ovarian fragment organ cultures and on isolated ovarian

stromal-interstitial cells. Granulosa cell-derived KL is proposed to

directly promote ovarian stromal cell proliferation and differentiation

into theca cells. Induction of steroid production in bovine ovarian

stromal-interstitial cells is used as a marker of theca cell differentiation.

In addition bovine ovarian stromal cells are discussed as a potential
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model system for studying perimenopausal and postmenopausal

stromal cell steroid production.

III. MATERIALS AND METHODS

A. Bovine ovary fragment organ culture

Bovine ovaries were obtained from adult cycling heifers and

delivered on ice by Golden Genes (Fresno, CA). Ovaries were chosen

that contained large areas of stromal tissue and that lacked a corpus

luteum. Ovaries were dipped in 70 % ethanol to augment sterilization

techniques and to remove the outer layer of surface epithelium (OSE).

Thin strips of stromal tissue containing small numbers of primary

follicles were microdissected from the cortex of the ovaries. Each strip

was cut into small fragments (approx. 2-4 mm thick) and immediately

placed in culture. A method similar to that developed in Dr. Gerald

Cunha's laboratory for organ culture of seminal vesicle and

bulbourethral gland was used to culture fragments of bovine ovaries

(Alarid et al., 1994; Cooke et al., 1987; Shima et al., 1990). Bovine

ovarian fragments were cultured on floating filters (0.4 um Millicell-CM,

Millipore, Bedford, MD) in 0.5 ml Dulbecco's Modified Eagle's Medium

(DMEM)-Ham's F-12 medium (1:1, vol/vol) containing 0.1 % bovine

serum albumin (BSA, Sigma, St. Louis, MO), 0.1% albumax (Gibco), 5X

ITS-X (5 mg/ml insulin, 2.75 mg/ml sodium transferrin, 3.35 sodium

selenite, 1 mg/ml ethanolamine; Gibco BRL, Gaithersburg, MD), and 0.05

mg/ml L-ascorbic acid (Sigma) in a 4-well culture plate (Nunc plate,

Applied Scientific, South San Francisco, CA). Medium was supplemented
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Figure 1: Bovine ovarian fragment organ culture. Small fragments
(approximately 2-4 mm) of adult bovine ovaries were isolated that contained -
95 % stromal-interstitial cell and some primary follicles. (A) Representative
fragment composed mostly of stromal cells (magnification approx. 100X).
Ovarian fragments were cultured on floating filters for 5 days. (B)
Representative cultured fragment containing a primary follicle. The oocyte
(O) is surrounded by a single layer of granulosa cells (GC) and some theca cells
(TC). (C) Representative cultured fragment treated with kit-ligand. The theea
cell layers (TC) appear thicker. (D) Representative cultured fragment treated
with gonadotropins (F + hCG). [magnification is approx. 300X for (B), (C), and
(D)] Overall diameter of primary follicles did not significantly vary between
treatments.

with penicillin, streptomycin and gentamycin to prevent bacterial
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contamination. Each ovarian fragment was placed in a small drop of

medium (approximately 10 ul) on the floating filter. Eight ovarian

fragments per floating filter were cultured at 37 C in a humidified

atmosphere containing 5% CO2 for 5 days. Cultures were treated with

no factor (control), recombinant human kit-ligand (KL, 100 ng/ml; R&D

Systems, Minneapolis, MN) or follicle stimulating hormone (FSH, 200

ng/ml; National Pituitary Agency, Baltimore, MD) and human chorionic

gonadotropin (hCG, 200 ng/ml; 4010 IU/mg, Calbiochem, La Jolla, CA).

After 2 days fresh media was added and the cultures were re-treated.

On culture day 5 media was collected and ovarian fragments were

placed in histochoice tissue fixative (Amresco, Solon, OH). Ovarian

fragments cultured under these conditions appear healthy and do not

show any signs of necrosis.

B. Histology

In order to examine the potential recruitment of theca cells from

the surrounding stroma, fresh or cultured bovine ovarian fragments ..
were embedded in paraffin, sectioned (5 um sections), and stained with

hematoxylin and eosin. Ovarian fragments were chosen that contained

large areas of stromal tissue and no obvious follicles when analyzed

under a dissecting microscope (3X magnification). These ovarian

fragments consisted of at least 95 % stromal tissue with some primary

follicles. No antral follicles were observed in any ovarian fragment.

Primary follicles were identified by the presence of at least one layer of

cuboidal granulosa cells around the oocyte. These follicles are at early

stages of follicular development and have an average diameter of 42

um. Theca cells that had been recruited from surrounding stromal stem
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cells were apparent as organized cellular layers around these primary

follicles. Follicles were analyzed at 400X magnification under light

microscopy and photographed with a Kodak DCS 420 digital camera

(Eastman Kodak, Rochester, NY). In order to examine the effects of KL

on theca cell recruitment from stromal stem cells, thickness of the theca

cell layer was measured and normalized to total follicle diameter. Data

were expressed as percent theca cell thickness per follicle.

C. Growth assays

Cell growth was analyzed by quantitating [3H]thymidine

incorporation into newly synthesized DNA. Stromal cells were dispersed

from small fragments of stromal tissue by digestion with 2 mg/ml

collagenase (Sigma, St. Louis, MO) and 0.5 mg/ml DNAse (Sigma) in

Hanks balanced salt solution without Catt or Mg++ at 37 C for 2 hours.

Stromal cells were plated at subconfluent densities (less than 1 million

cells/cm2) in 0.5 ml Dulbecco's Modified Eagle's Medium (DMEM)

containing 0.1% calf serum. Cells were cultured at 37 C in a humidified

atmosphere containing 5% CO2. After 24 h the cells were treated with

no growth factor (control), 10-50 ng/ml KL, or 50 ng/ml epidermal

growth factor (EGF) as a positive control. Cells were plated for 24 h

then treated for an additional 24 h or 48 h. After treatment 0.5 ml

DMEM containing 2 uCi [3H]thymidine was added to each well, and the

cells were incubated for 4 hours at 37 C followed by sonication. The

quantity of [3H]thymidine incorporated into DNA was determined as

previously described (Skinner and Fritz, 1986). Data were normalized

to total DNA per well using an ethidium bromide procedure, described

previously (Roberts and Skinner, 1990b). Under these subconfluent
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Figure 2: Effects of kit-ligand (KL) on the thickness of theca cell layers
around primary follicles. Bovine ovarian fragments were cultured on floating
filters for 5 days. Ovarian fragments were sectioned and stained with
hematoxylin and eosin for morphological analysis. (A) Total follicle diameter
did not vary among treatments (uM + SEM). (B) Thickness of theca cell
layers. was determined and data were expressed as percent of total follicle
diameter (percent diameter + SEM). C, control; KL, kit-ligand; F+hCG, follicle
stimulating hormone and human chorionic gonadotropin. Data are presented
as the mean +/- SEM of at least 8 follicles from five different experiments. An
analysis of variance was performed and significant differences were
determined using the Tukey-Kramer HSD test. Bars with different superscript
letters are statistically different (alpha < 0.01).

culture conditions, approximately 0.5-1.5 ug DNA was detected per well.

}}
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Values of [3H]thymidine incorporation were generally greater than 2 x

103 cpm/ug DNA.

D. Steroid assays

Androstenedione and progesterone production by bovine ovarian

stromal cells were examined during days 0 to 3 of culture. Stromal cells

were isolated as described above and plated at confluent densities (at

least 3 million cells/cm2) in Ham's F12 media containing 0.1 % bovine

serum albumin (BSA). Cells were cultured at 37 C in a humidified

atmosphere containing 5% CO2. Stromal cells were immediately treated

with no factor (control), KL (10-50 ng/ml, R&D Systems), estradiol (E,

10–7 M, Sigma) or human chorionic gonadotropin (hCG, 100 ng/ml; 4010

IU/mg, Calbiochem). After 3 days media were collected and assayed for

androstenedione and progesterone using the RSL 125I androstenedione

kit and the ImmunoChem 125I progesterone kit, respectively (ICN, Costa

Mesa, CA). The sensitivities of the steroid assays are 0.01 ng/ml for

androstenedione and 0.01 ng/ml for progesterone. Data were

normalized to total DNA per well using an ethidium bromide procedure,

described previously (Roberts and Skinner, 1990b). Under these

confluent culture conditions approximately 5-8 ug DNA was detected

per well. Androstenedione and progesterone levels were 2-10 ng/ug

DNA and 2-9 ng/ug DNA respectively. There was no theca cell

contamination in these stromal cell cultures as described in the Results

section.
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E. Statistical analysis

All data were analyzed by a JMP 3.1 statistical analysis program

(SAS Institute Inc., Cary, NC). Effects of KL or gonadotropins (FSH + hCG)

on theca cell thickness were analyzed by a one-way analysis of variance

(ANOVA). Observed significance probabilities of 0.05 (Prob > F) or less

were considered evidence that an ANOVA model fits the data. Primary

follicles were counted on at least two sections from each treatment in

three different experiments. Significant differences between mean

percent theca cell thickness for each treatment were determined using

the Tukey-Kramer HSD test (honestly significant difference) which

protects the significance tests of all combinations of pairs (Kramer,

1956; Tukey, 1953; Tukey, 1991). Effects of KL, EGF and hormones (i.e.

estradiol and hCG) on stromal cell growth and steroid production were

analyzed by a one-way analysis of variance (ANOVA) as described

above. Significant differences between control (untreated) and treated

(growth factor or hormone) means were determined using the Dunnett's

test which guards against the high alpha-size (Type I) error rate across

the hypothesis tests (Dunnett, 1955). These multiple comparisons tests

are recommended for multiple comparisons with control (Dunnett's) or

multiple comparisons of all pairs (Tukey-Kramer HSD) (Hsu, 1989a; Hsu,

1989b).

IV. RESULTS

A. Ovary fragment organ culture

Fragments of adult bovine ovaries were cultured on floating filters
in order to examine the effects of KL on the recruitment of theca cell
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Figure 3: Effects of KL on ovarian stromal cell [3H]thymidine incorporation
into DNA. Bovine ovarian stromal cells were cultured at subconfluent densities |
(growth permissive) in the absence of growth factor for 24 h. Then cells were
treated as indicated for 20 h followed by a 4 h incubation with [3H]thymidine.
Counts per min (CPM) of [3H]thymidine incorporated into DNA was determined
and normalized to the total DNA per well. Values were generally greater than
2 x 103 cpm/ug DNA. Data are expressed as percent control (untreated cells)
and are presented as the mean +/- SEM of triplicate determinations from four
different experiments. An analysis of variance was performed and significant
differences from control cells were determined using the Dunnett's test. Bars
with asterisks (**) differ from control (alpha < 0.01). (C) control untreated
cells; (KL) kit ligand treatment at indicated amounts per ml; (EGF) epidermal
growth factor.

layers around primary follicles. This organ culture method allowed

sufficient nutrient exchange from the media and sufficient gas exchange

from the humidified chamber to the ovaries. Bovine ovary fragments
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that contained × 95 % stroma and some primary follicles were dissected

into 2-4 mm fragments and cultured 8 fragments per filter. After

short-term culture (5 days) ovarian fragments appeared healthy and

contained several primary follicles. Cultured ovarian fragments from

each treatment were sectioned and found to contain approximately 1-3

primary follicles per fragment. Figure 1 shows a representative

example of a follicle from control and KL-treated ovarian fragments.

Within each treatment primary follicles were characterized in terms of

total diameter and thickness of the theca cell layers. Theca cell

thickness was normalized to total follicle diameter for each follicle. The

total diameter of primary follicles varied between 40 and 50 uM.

Average total diameter of primary follicles was not affected by

treatment with KL or gonadotropins (F4-hCG) (Figure 2a). However

treatment with KL significantly increased the percent theca cell

thickness (Figure 2b). Theca cell layers constituted up to 35 % total

follicle diameter in KL-treated cultures compared to 20 % in control

and gonadotropin-treated cultures. These effects of KL on theca cell

thickness in primary follicles suggested that KL may promote the

recruitment of theca cells from undifferentiated Stromal cells.

Alternatively KL may promote proliferation of already recruited theca

cells. The establishment of theca cell layers is a critical aspect of early

follicle development (Peters, 1979). Therefore KL actions on ovarian

stromal cells and theca cells may be important for the development of

early stage follicles in the ovary.
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B. Ovarian stromal cell proliferation

Recruitment of theca cells from undifferentiated stromal cells

involves the proliferation and differentiation of ovarian stromal

interstitial cells to become theca cells. Granulosa cell-derived KL is

proposed to be involved in theca cell recruitment. Therefore the ability

of KL to stimulate stromal cell proliferation was examined. Purified

bovine ovarian stromal cells were cultured and treated with no factor

(control), recombinant human KL (10 - 50 ng/ml) or EGF (50 ng/ml) as a

positive control. KL significantly stimulated ovarian stromal cell growth

in a dose-dependent manner (Fig. 3). This action of KL on ovarian

stromal cell proliferation is similar to the actions of KL on other stem

cells such as mast cells and primitive hematopoietic cells (de Vries et al.,

1991; Galli et al., 1994; Matsuzaki et al., 1993; Ogawa et al., 1991). KL

induces proliferation of stem cells as an initial step in stem cell

recruitment. The ability of KL to stimulate ovarian stromal cell growth

suggests that KL can influence theca cell recruitment by stimulating

stromal cell proliferation around developing follicles. This study is the

first to demonstrate a direct effect of KL on ovarian stromal cell

proliferation.

C. Ovarian stromal cell steroid production

Another aspect of theca cell recruitment from undifferentiated

stromal stem cells involves the induction of theca cell functional

markers. One of the most important functional markers of theca cells

that has been identified is steroid production. During early follicular

development theca cells differentiate and produce increasing amounts

of androstenedione followed by progesterone. Stromal-interstitial cells

240



that surround developing follicles have also been shown to produce low

amounts of steroids (i.e. approximately 2-500 fold lower than theca

cells) (McNatty et al., 1979). Therefore the functional differentiation of

theca cells from adjacent stromal cells can be observed by a dramatic

increase in steroid production. The hypothesis was tested that KL

promotes theca cell recruitment by inducing high levels of

androstenedione and progesterone production in ovarian stromal

interstitial cells. Confluent stromal cell cultures were treated with no

factor (control), KL (50 ng/ml), estradiol (E, 10-7 M) or human chorionic

gonadotropin (hCG, 100 ng/ml). Androstenedione and progesterone

accumulation were determined by RIA from days 0-3 of culture. Under

control conditions, approximately 10-15 ng/ml androstenedione and 5

15 ng/ml progesterone were produced by ovarian stromal cells. These

levels of ovarian stromal cell steroid production are approximately 5 %

of bovine theca cell steroid production under similar culture conditions.

Surprisingly, KL did not affect stromal cell androstenedione or

progesterone production (Fig. 4 and 5). The observation that KL

stimulates theca cell (Parrott and Skinner, 1997c) but not stromal cell

androstenedione production helps to confirm the purity of these stromal

cell cultures. The inability of KL to dramatically induce steroid

production by ovarian stromal cells suggests that KL may not induce

early theca cell functional differentiation. However it remains possible

that steroid production is induced later in theca cell development and

other early theca cell functional markers are induced by KL.

The inability of KL to induce stromal cell androstenedione or

progesterone production was not due to the inability of stromal cell

cultures to respond and produce steroids. Treatment with estradiol
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Figure 4: KL does not alter ovarian stromal cell androgen production.
Bovine ovarian stromal cells were cultured at confluent densities (non-growth
permissive) in the absence of serum. Androstenedione accumulation in the
culture medium was determined during days 0-3 of culture. Cells were treated
with no factor (C), 50 ng/ml kit-ligand (KL), 10-7 M estradiol (E) or 100 ng/ml
human chorionic gonadotropin (hCG). Androstenedione accumulation was
determined by RIA and normalized per ug DNA. Values ranged from 10 to 40
ng/ug DNA. Data are expressed as percent control and are presented as mean
+/- SEM of triplicate determinations from four different experiments. An
analysis of variance was performed and significant differences from control
cells were determined using the Dunnett's test. Bars with asterisks (**) differ
from control (alpha < 0.01).

resulted in a small but significant increase in androstenedione and

decrease in progesterone production (Fig. 4 and 5). Treatment with hCG

also stimulated androstenedione production but had not effect on

progesterone (Fig. 4 and 5). The regulation of ovarian stromal cell
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steroid production by luteinizing hormone (LH) and hCG has been

described (Barbieri et al., 1984; Dennefors et al., 1980; Nagamani et al.,

1992) but the effects of estradiol have not been previously examined.
Both estradiol and hCG stimulated ovarian stromal cell androstenedione

production to approximately 140 % of control. Estradiol decreased

stromal cell progesterone production to approximately 60 % of control.

The observation that hCG stimulates theca cell (Roberts and Skinner,

1990b) but not ovarian stromal cell progesterone production helps to

confirm the purity of these stromal cell cultures. The small changes in

stromal cell steroid production in these experiments did not represent

an induction of stromal cell differentiation into theca cells. As a result,

theca cell recruitment was not observed in any treatment. The

production of low levels of steroids is normal in ovarian stromal

interstitial cells (Brook and Clarke, 1989; Craig, 1967; Dennefors et al.,

1980; McNatty et al., 1979; Nagamani et al., 1992; Thompson and

Adelson, 1993). Abnormal regulation of steroid production in ovarian

stromal cells may be involved in ovarian stromal hyperplasia

(Dennefors et al., 1980), endocrine disorders (Barbieri et al., 1984),

endometrial cancer (Nagamani et al., 1992), and ovarian cancer

(Thompson and Adelson, 1993) in menopausal women. The significance

of these effects on stromal cell steroid production are discussed below.

V. DISCUSSION

Interactions between mesenchymal-derived theca cells and

epithelial granulosa cells are essential for follicular development in the

ovary. However ovarian follicles do not contain differentiated theca
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cells during the early stages of folliculogenesis. When a primordial

follicle starts to develop its oocyte begins to synthesize RNA (Moore and

Lintern-Moore, 1974; Moore et al., 1974; Oakberg, 1968) and

pregranulosa cells enlarge to become squamous granulosa cells. Theca

cells are recruited from adjacent ovarian stromal stem cells soon after

primordial follicles initiate development. This recruitment of theca cells

is essential for follicular development to continue (Peters, 1979). Theca

cells organize into distinct theca cell layers around the follicle.

Organization of theca cells around the follicle provides structural

integrity and helps to establish mesenchymal-epithelial cell interactions

between theca cells and granulosa cells (Skinner, 1990; Skinner and

Parrott, 1994). Recruitment of theca cells may in part be induced by a

granulosa cell-derived "theca cell organizer" that acts on adjacent

Stromal stem cells to proliferate and differentiate into theca cells

(Midgley et al., 1974; Peters, 1979). This study suggests that KL may

act as a "theca cell organizer" in the ovary.

Fragments of adult bovine ovaries were cultured that contained at

least 95 % stromal cells and some primary follicles. These tissue

fragments provided a useful model system to study the potential

recruitment of theca cells from stromal cells around small primary

follicles. Ovarian fragments were cultured on floating filters as organ

cultures. This method has the advantage of preserving the overall

structure of the organ. Normal cell-to-cell contacts and extracellular

matrix (ECM) interactions are not disturbed. As a result, these organ

cultures permit the structural organization of theca cells around small

follicles to be observed. When bovine ovarian fragments were cultured

in the presence of KL, theca cell layers appeared thicker around
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Figure 5: KL does not alter ovarian stromal cell progesterone production.
Bovine ovarian stromal cells were cultured at confluent densities (non-growth
permissive) in the absence of serum. Progesterone accumulation in the
culture medium was determined during days 0-3 of culture. Cells were treated
with no factor (C), 50 ng/ml kit-ligand (KL), 10-7 M estradiol (E) or 100 ng/ml
human chorionic gonadotropin (hCG). Progesterone accumulation was
determined by RIA and normalized per ug DNA. Values ranged from 5 to 30
ng/ug DNA. Data are expressed as percent control and are presented as mean
+/- SEM of triplicate determinations from four different experiments. An
analysis of variance was performed and significant differences from control
cells were determined using the Dunnett's test. Bars with asterisks (**) differ
from control (alpha < 0.01).

primary follicles (Figures 1 and 2). Organization and thickening of theca

cell layers around early developing follicles is a critical step for normal

follicular development. Follicles that do not develop proper theca cell

layers have been proposed to become atretic and degenerate (Peters,
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1979). The ability of KL to promote the formation of theca cell layers

around primary follicles in vitro suggests that KL may be involved in

establishing theca cell layers in vivo. Ovarian KL is produced by

granulosa cells (Manova et al., 1993; Motro and Bernstein, 1993; Motro

et al., 1991). The actions of granulosa cell-derived KL on theca cell

recruitment are proposed to be mediated by direct actions on adjacent

stromal-interstitial stem cells.

The direct actions of KL on stromal cells were examined by

analyzing two processes that occur during theca cell recruitment: 1)

cellular proliferation and 2) steroid production (i.e. functional

differentiation into theca cells). KL stimulated stromal cell proliferation

in vitro (Figure 3). This result is significant since one of first aspects of

theca cell recruitment is proposed to be proliferation of stromal stem

cells adjacent to developing follicles. The ability of KL to stimulate

stromal cell proliferation suggests that granulosa cells may promote

stromal cell proliferation around developing follicles by producing KL.

Other factors from granulosa cells may also promote stromal cell

proliferation during theca cell recruitment. This is the first study to

examine the actions of KL or any other granulosa cell-derived factor on

ovarian stromal-interstitial cells. The actions of other granulosa cell

derived factors on ovarian stromal cells remain to be elucidated.

KL apparently did not induce the functional differentiation of

purified ovarian stromal cells to become theca cells. Androstenedione

and progesterone production were used as theca cell functional markers

since differentiated theca cells produce large amounts of these steroids.

Normally ovarian stromal cells produce 2-500 fold less steroids than

differentiated theca cells (McNatty et al., 1979). In this study, bovine
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ovarian stromal cells produced approximately 20 fold less steroids than

was previously shown for bovine theca cells (Parrott and Skinner,

1997c). Recruitment of ovarian stromal cells to become theca cells is

proposed to be marked by the induction of high levels of steroid

production. KL had no effect on ovarian stromal cell androstenedione or

progesterone production. The inability of KL to induce androstenedione

or progesterone suggests that KL may not induce theca cell functional

markers in stromal cells. However it remains possible that steroid

production may not be the most appropriate functional marker of early

theca cell differentiation. Early developing theca cells may not produce

high levels of steroids as proposed. KL may promote functional

differentiation of theca cells by inducing expression of other early theca

cell markers. A detailed analysis of the effects of KL on early theca cell

differentiation will require the identification of other early theca cell

functional markers.

Although hormones such as estrogen and LH do not induce

recruitment of theca cells from stromal cells, hormonal regulation of

stromal cell functions including steroid production has been reported

(Barbieri et al., 1986; Barbieri et al., 1984; Dennefors et al., 1980;

Nagamani et al., 1992; Snowden et al., 1989). Ovarian stromal cells have

been shown to produce low levels of androstenedione and progesterone

in the human, mouse and rat (Barbieri et al., 1984; Brook and Clarke,

1989; Craig, 1967; Guraya and Uppal, 1978; Laffargue and Serment,

1973; McNatty et al., 1979; Nagamani et al., 1992; Serment et al., 1969b;

Thompson and Adelson, 1993). The low levels of stromal cell steroid

production are probably not physiologically significant in young cycling
animals. However older animals whose ovaries contain fewer follicles
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are proposed to be more affected by ovarian stromal cell steroid

production (Dennefors et al., 1980; Laffargue and Serment, 1973;

Nagamani et al., 1992; Serment et al., 1969b; Snowden et al., 1989;

Thompson and Adelson, 1993). In humans ovarian stromal cells are the

primary source of androgen during perimenopausal and

postmenopausal life. Cancers of the ovary and endometrium have been

proposed to be influenced by ovarian stromal cell androgen production

(Nagamani et al., 1992; Thompson and Adelson, 1993). These and other

studies have established that the hormonal regulation of ovarian

stromal cell steroid production may be important for many normal and

pathologic conditions in humans. This study established that bovine

ovarian stromal cells produce androstenedione and progesterone that

are regulated by estrogen and hCG (an LH agonist). Adult bovine

ovarian stromal cells can be isolated in large quantities. Therefore

these cells may provide a useful model system for studying

perimenopausal and postmenopausal ovarian stromal cell function.

Conclusions from these experiments on ovarian stromal cells are

influenced by the purity of stromal cell cultures. Since the hypothesis

was tested that stromal cells are recruited to become theca cells,

potential theca cell contamination was of special concern. Potential

theca cell contamination was assessed in two ways. First ovarian

stromal tissue strips were microdissected under a microscope to remove

any follicles that may contribute to theca cell contamination. Second the

effects of KL, estrogen and hCG on purified stromal cells were compared

to the previously shown effects of these factors on purified theca cells.

The profile of steroid production in response to KL, estrogen and hCG

was different between bovine theca cells and bovine ovarian stromal
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cells. KL stimulated theca cell androstenedione production but had no

effect on stromal cell androstenedione production. Estrogen had similar

effects on theca cell and stromal cell steroid production except that

progesterone production was more dramatically inhibited by estrogen

in stromal cells. hCG was a potent stimulator of theca cell progesterone

production but had no effect on ovarian stromal cell progesterone

production. These results demonstrate that theca cells respond

differently than ovarian stromal cells. Taken together these

observations confirm the purity of bovine ovarian stromal cell cultures.

Ovarian stromal cell function has been studied for several decades

(Balboni, 1970; Balboni, 1973; Barbieri et al., 1986; Barbieri et al., 1984;

Brook and Clarke, 1989; Craig, 1967; Dennefors et al., 1980; Guraya,

1971; Hughesdon, 1978; Karlan et al., 1995; Laffargue and Serment,

1973; McNatty et al., 1979; Nagamani et al., 1992; Serment et al., 1969a;

Serment et al., 1969b; Thompson and Adelson, 1993; Vilain et al., 1992).

It is well accepted that the recruitment of theca cells from adjacent

stromal stem cells is a critical aspect of early follicle development in the

ovary (Peters, 1979). However, the factors that mediate the

organization and differentiation of theca cells from stroma are not

known. This study suggests that KL may be important for the

recruitment of theca cells during follicular development in the ovary.

KL was shown to increase the number of theca cell layers around

primary follicles in adult bovine ovarian fragment organ cultures.

Ovarian stromal cell proliferation was stimulated by KL but

androstenedione and progesterone production were unaffected. In

contrast, estrogen and hCG influenced the low levels of stromal cell

androstenedione and progesterone production. The ability of hormones
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to regulate ovarian stromal cell steroid production suggests that these

cells may be a useful model system to study human perimenopausal

and postmenopausal stromal cell function. KL may be a granulosa cell

derived "theca cell organizer" proposed by Midgley (Midgley et al.,

1974; Peters, 1979) that helps recruit theca cells during early follicle

development. This study establishes KL as the only known factor to be

involved in the recruitment of theca cells. However, a detailed

understanding of the mechanisms of theca cell recruitment will require

the identification of other early theca cell functional markers.
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CHAPTER 9: SUMMARY AND CONCLUSIONS

I. INTRODUCTION

The current thesis provides significant new insight into the local

factors that control ovarian follicular development. Follicular

development involves cell-cell interactions between mesenchymal

derived theca cells and epithelial granulosa cells. Mesenchymal

epithelial cell interactions are involved in the development and function

of most organs, so insights obtained in the ovary may be relevant to

many tissues.

Several studies were performed in the course of this thesis.

Results and discussions were presented in Chapters 2-8 in the form of

individual manuscripts. This Chapter (Chapter 9) summarizes these

results and proposes some future directions. Individual Chapters are

meant to provide a more detailed discussion of each study. The

information in this Chapter is organized in three different sections as

previous research, current research, and future research. An additional

section is provided at the end of this Chapter that serves as a quick

reference to the major observations of the current work.
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II. PREVIOUS RESEARCH

A. Background of Ovarian Research

The history of ovarian research was discussed in Chapter 1. There

are a few points that are worth reiterating. Before the 17th century,

the ovary was not considered a reproductive organ. Aristotle was the

main contributor to this assumption. Aristotle insisted that mammalian

eggs did not derive from females. Instead he concluded that eggs

formed from male sperm that had mixed with the "menstrual coagulum"

in the female uterus. Essentially Aristotle concluded that the uterus

was the "soil" for the all-important male sperm. All of our current

research disputes this view. Vesalius initially described the presence of

follicular vesicles in the "female testis" in 1543 (Vesalius, 1543). These

vesicles were probably large size follicles that are commonly called

Graafian follicles today. This name was derived from the Dutch

physician R. de Graaf. De Graaf revolutionized our understanding of the

ovary by demonstrating that "the general function of the female

testicles is to generate the ova..." (De Graaf, 1672).

A great amount of research has shown that the ovary is a

beautifully dynamic organ that is essential for oocyte maturation and

reproduction. De Graaf provided the first experimental evidence of

ovulation (in rabbits) in 1672 (De Graaf, 1672). The presence of the

oocyte was established in 1827 (von Baer, 1827). The concept that a

sexually mature ovary contains a finite pool of oocytes that

progressively develop was proposed in 1870 (Waldeyer, 1870). In

1927 Brambell demonstrated that early embryonic ovaries did not

contain oocytes. He observed that primordial germ cells originate in the
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allantois and migrate into the ovary (Brambell, 1927). Subsequently

oocytes were shown to organize into primordial follicles. In the adult

primordial follicles develop into large antral (i.e. Graafian) follicles that

eventually ovulate. In 1942, Greep et al isolated and characterized

follicle stimulating hormone (FSH) and luteinizing hormone (LH) that are

responsible for follicular growth and ovulation (Greep et al., 1942)

During the last several decades, an extensive amount of research has

provided most of our knowledge of oocyte maturation and follicular

development.

Research from the last several decades has provided a great deal

of information about many aspects of ovarian follicular development.

The actions of hormones such as estrogen, LH and FSH during

folliculogenesis has been studied extensively. The importance of theca

cell-granulosa cell interactions for follicle development has also been

appreciated. However, several basic processes during folliculogenesis

are not completely understood. One of the most important aspects of

follicular development is the initiation of primordial follicle

development. Several previous researchers have examined the factors

that control this process. No factors have been identified that control

initiation of primordial follicle development.

B. Primordial Follicle Development

The development of primordial follicles was discussed in detail in

Chapter 1. Some aspects of the previous research concerning primordial

follicle development are reiterated here. All oocytes are stored in the

postnatal ovary in the form of primordial follicles. The supply of

primordial follicles represent the pool from which all ovarian follicles
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Figure 1. Shematic of primordial follicle development in the ovary. (A)
Primordial follicles (stage 0) consist of an oocyte surrounded by a full or
partial layer of flattened pregranulosa cells. (B) Early primary follicles (stage
1) have initiated development and contain some columnar (enlarged)
granulosa cells. Theca cells are being recruited and are starting to organize
around the follicle. (C) Primary follicles (stage 2) are surrounded by a single
layer of cuboidal granulosa cells around the oocyte. (D) Transitional follicles
(stage 3) contain 1-2 layers of columnar granulosa cells. Formation of theca
cell layers continues. (E) Preantral follicles (stage 4) have 2 or more layers of
columnar granulosa cells. Theca cells are well organized around the follicle.
No factors have previously been identified that are involved in this process of
primordial follicle development. Gonadotropins (i.e. FSH and LH) are not
necessary. Granulosa cells were proposed to produce a "theca cell organizer"
that recruits theea cells during early follicle development. This thesis
establishes that kit-ligand (KL) may be such a "theca cell organizer."
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will develop. Primordial follicles consist of an oocyte surrounded by a

full or partial layer of flattened (i.e. squamous) pregranulosa cells

(Figure 1a). Throughout life a number of primordial follicles begin

development into Graafian follicles. When primordial follicle

development is initiated, granulosa cells become more cuboidal and

proliferate (Figure 1). Theca cells are recruited from the surrounding

stromal-interstitial stem cells and organize into distinct layers (Figure

1). A great deal of research has examined the factors that control

initiation of primordial follicle development. In 1969 Krarup et al

observed that the total number of primordial follicles (i.e. the pool size)

influenced how many initiated development (Krarup et al., 1969).

When the pool size is large, many primordial follicles initiate

development. However the pool size cannot solely determine how many

primordial follicles initiate development. In the adult ovary, the rate of

initiation is constant despite the continual reduction in the total number

of primordial follicles (Jones and Krohn, 1961).

Some investigators have proposed that initiation of primordial

follicle development is influenced by soluble factors within the ovary

(Peters et al., 1973a). Peters studied many aspects of early follicular

development in order to address this possibility (Peters, 1969; Peters,

1970; Peters et al., 1978; Peters et al., 1975; Peters et al., 1973b; Peters

et al., 1973c; Peters and Pedersen, 1967). Peters and McNatty discussed

the presence of an inhibitor of primordial follicle development in antral

follicles (Peters and McNatty, 1980). Bovine follicular fluid was injected

into neonatal mice for four days. Such a treatment reduced the number

of primordial follicles that started to grow by 35 percent. Midgley

proposed that granulosa cells around early developing follicles produce
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a putative "theca cell organizer" (Midgley et al., 1974; Peters, 1979).

Such a factor may be important during initiation of primordial follicle

development to control the recruitment of theca cells from adjacent

ovarian stromal stem cells (Peters, 1979). Formation of theca cells

around early developing follicles is essential to continue follicular

development.

Follicular development from primordial follicles to ovulation has

been studied for more than 100 years (Lange, 1896; Pfluger, 1863) and

ovaries have been studied in organ culture for more than 70 years

(Maccabruni, 1913; Mjassojedoff, 1925; Wolff and Zondeck, 1925).

Despite this extensive amount of research, no soluble factor had been

identified that was involved in primordial follicle development prior to

this thesis. It was clear that gonadotropins (i.e. FSH and LH) were not

involved in primordial follicle development (Eshkol and Lunenfeld,

1971; Eshkol et al., 1970; Lunenfeld et al., 1975; Peters, 1979; Peters et

al., 1973c). Identification of the factors that control initiation of

primordial follicle development is an important area of ovarian

research. When primordial follicles are induced to develop, follicles are

destined to ovulate or degenerate through atresia (Gougeon, 1986;

Hsueh et al., 1996; Moley and Schreiber, 1995). Therefore, the factors

that control initiation of primordial follicle development ultimately

control the pool of available follicles. In the current thesis, the ability of

kit-ligand (KL) to influence initiation of primordial follicle development

was examined. In addition the potential of KL to act as a "theca cell

organizer" was investigated.
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C. Theca Cell-Granulosa Cell Interactions

The concept that cell-cell interactions are important for ovarian

follicular development and ovulation has been widely accepted. Many

studies have examined the role of these cell-cell interactions in the

ovarian follicle. As discussed in Chapter 1, developing ovarian follicles

consist of oocytes, granulosa cells, and theca cells. Granulosa cells

surround the oocyte and provide the microenvironment required for

oocyte development. Theca cells surround granulosa cells providing

structural support for the follicle. Cell-cell interactions between theca

cells and granulosa cells are essential during folliculogenesis. A large

part of this thesis was designed to identify the factors that mediate

theca cell-granulosa cell interactions. Before summarizing these results,

Some aspects of the previous research concerning theca cell-granulosa

cell interactions will be reiterated.

Theca cells and granulosa cells provide both a site of action and

site of synthesis for a characteristic set of hormones (Figure 2). Theca

cells produce androstenedione (A) under the control LH from the

anterior pituitary (Erickson and Ryan, 1976; Fortune and Armstrong,

1977). Adjacent granulosa cells aromatize this androstenedione

substrate to produce increasing amounts of the steroid estradiol (E).

Estradiol production by granulosa cells is stimulated by FSH and is

important for follicular development (Dorrington et al., 1975). In 1990,

Roberts demonstrated that granulosa cell-derived estradiol feeds back

on theca cells (Figure 2) (Roberts and Skinner, 1990a; Roberts and

Skinner, 1990c). These experiments showed that high levels of

estradiol from granulosa cells stimulate theca cell androstenedione

production. This effect is direct and does not require the presence of
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Figure 2. Cell-cell inteactions between theca cells and granulosa cells.
Prior to this thesis, estrogen (E) feedback on theca cells was established as an
important paracrine interaction in the ovarian follicle. High levels of
estradiol from granulosa cells (e.g. 10-7 M) positively feedback on adjacent
theca cells to stimulate androstenedione production. Growth factors also
mediate local cell-cell interactions. TGFo and TGFB from theca cells act in a
paracrine and autocrine manner. TGFO stimulates proliferation of theca cells
and granulosa cells. TGFB can inhibit the ability of TGFo to promote theca cell
and granulosa cell growth. Since theca cell-granulosa cell interactions are
essential for folliculogenesis and reproduction in females, additional factors
were proposed to mediate theca cell-granulosa cell interactions. These other
factors may provide compensatory or unique actions during follicular
development.
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other factors. Estrogen feedback on theca cells was one of the primary

cell-cell interaction identified between theca cell and granulosa cells.

The production of various growth factors has been demonstrated

in the ovarian follicle (discussed in Chapter 1). Prior to this thesis, two

theca cell-derived growth factors had been shown to be involved in

mesenchymal-epithelial cell interactions. Theca cells were shown to

produce transforming growth factor alpha (TGFO.) and transforming

growth factor beta (TGFB) that regulated ovarian cell function (Roberts

and Skinner, 1991; Skinner and Coffey, 1988; Skinner et al., 1987a).

TGFo stimulated theca cell and granulosa cell proliferation in an

autocrine and paracrine manner, respectively (Figure 2). TGFB inhibited

the ability of TGFo, to stimulate proliferation of theca cells and granulosa

cells (Figure 2). In addition, TGFo, and TGFB indirectly influenced theca

cell and granulosa cell steroidogenesis (Roberts and Skinner, 1991).

This research established that TGF0 and TGFB may be involved in

mesenchymal-epithelial cell interactions in the ovarian follicle.

However, both TGF0 and TGFB had autocrine effects on mesenchymal

theca cells. As a result neither growth factor strictly mediated

mesenchymal-epithelial cell interactions.

Ovarian follicular development is essential for reproductive

function in animals. Therefore it was proposed that several locally

produced growth factors were involved in follicular development.

These growth factors may act as compensatory factors for follicular

growth. Alternatively different growth factors may be important for

different stages of follicular development. When the work in this thesis

was initiated, it was proposed that unidentified ovarian growth factors

mediated interactions between theca cells and granulosa cells. The
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experiments in this thesis were designed to identify these additional

growth factors. Keratinocyte growth factor (KGF), hepatocyte growth

factor (HGF), and kit-ligand (KL) were identified as important mediators

of theea cell-granulosa cell interactions.
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III CURRENT RESEARCH

A. Mesenchymal-Epithelial Cell Interactions

The biological importance of mesenchymal-epithelial cell

interactions has been established prior to this thesis. Mesenchymal

epithelial cell interactions are involved in the development and function

of many organs. The current thesis was designed to examine growth

factors that mediate interactions between mesenchymal theca cells and

epithelial granulosa cells in the ovarian follicle. Elucidation of the

"inducer proteins" that mediate theca cell-granulosa cell interactions in

the ovary (i.e. ovarian growth factors) was proposed to provide critical

information about the local factors that control folliculogenesis. In

addition this information was proposed to be useful for understanding

the factors that mediate mesenchymal-epithelial cell interactions in

many other tissues. These experiments established that keratinocyte

growth factor (KGF), hepatocyte growth factor (HGF) and kit-ligand (KL)

were mediators of mesenchymal-epithelial cell interactions in the

ovarian follicle (Figures 3 and 4). These locally-produced growth

factors were shown to regulate the proliferation and differentiated

functions of theca cells and granulosa cells. These results provide useful

information about the importance of mesenchymal-epithelial cell

interactions during follicular development.

Mesenchymal-epithelial cell interactions (i.e. theca cell-granulosa

cell interactions) are established in the ovarian follicle when primordial

follicle development is initiated. KL was shown to be involved in this

process. In ovary organ culture KL was shown to be necessary and

sufficient for initiation of primordial follicle development. In addition
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Granulosa
Cell

Figure 3. KGF and HGF mediate mesenchymal-epithelial cell interactions in
the ovarian follicle. Experiments in chapters 2-4 established that keratinocyte
growth factor (KGF) and hepatocyte growth factor (HGF) are produced by
mesenchymal theca cells. Epithelial granulosa cells expressed the KGF
receptor and HGF receptor. KGF and HGF stimulated granulosa cell
proliferation and may inhibit differentiated functions (e.g. estrogen and
progesterone production). Genes for KGF, KGFR, HGF and HGFR were
developmentally regulated during folliculogenesis. Gene expression of KGF
and HGF in theca cells was hormonally regulated. These results suggest that
KGF and HGF may be important for ovarian follicular development.

KL was shown to promote theca cell recruitment around early

developing follicles. These results suggest that KL influences
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mesenchymal-epithelial cell interactions during very early stages of

follicular development.

B. KGF and HGF in the Ovarian Follicle

Keratinocyte growth factor (KGF) and hepatocyte growth factor

(HGF) are mesenchymal-derived growth factors that act on epithelial

cells in a variety of tissues (Galimi et al., 1993; Matsumoto and

Nakamura, 1996; Rubin et al., 1989). It was established in Chapter 2

that mesenchymal theca cells express KGF and HGF (mRNA and protein).

Expression of the receptors for KGF and HGF was shown in epithelial

granulosa cells (Chapters 3 and 4). In vitro KGF and HGF were shown to

stimulate proliferation of granulosa cells but not theca cells (Chapter 2).

Under similar conditions KGF and HGF inhibited the differentiated

functions of granulosa cells (i.e. aromatase activity and progesterone

production, Chapters 3 and 4). Therefore KGF and HGF were established

as mediators of mesenchymal-epithelial cell interactions in the ovarian

follicle (Figure 3). These results suggest that the production of KGF and

HGF by theca cells is important for follicular development.

In order to examine the potential roles of KGF and HGF during

folliculogenesis, the developmental and hormonal regulation of the KGF

and HGF genes was examined in the ovary. Quantitative reverse

transcription-polymerase chain reaction (RT-PCR) assays were

developed for KGF, KGF receptor (KGFR or FGFR2), HGF and HGF receptor

(HGFR or c-met). Fresh theca cells and granulosa cells were isolated

from pools of small (< 5 mm), medium (5-10 mm) and large (> 10 mm)

size ovarian follicles. The gene expression of KGF and HGF (in theca

cells) as well as KGFR and HGFR (in granulosa cells) was analyzed by
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TABLE 1 DEVELOPMENTAL REGULATION

SMALL MEDIUM LARGE

THECA:

KGF 3.66(+ 0.74) × 10-1 a 2.84 (+ 0.60) × 10-lb 7.29 (+ 2.0) × 10-1 c
HGF 3.19 (+ 0.76) × 10−4 a 3.29 (+ 0.34) × 10−4 a 7.11 (+ 1.3) × 10-4b
c - kit 2.53 (+ 0.49) × 10-2a 2.00(+ 0.40) × 10-5a 3.40(+ 0.57) × 10-5a

GRANULOSA:

KGFR 1.02(+ 0.12) × 10-3a 0.89 (+ 0.20) × 10-3a 3.29 (+ 0.56) × 10-3b
HGFR 1.21 (+ 0.26) × 10-2a 0.60(+ 0.14) × 10-2b 4.10(+ 1.4) × 10-2c
KL 4.90(+ 0.78) × 10-1 a 4.29 (+ 0.57) × 10-1 a 9.07 (+ 1.2) × 10-lb
1) Data were normalized to 1B15 (fg mRNA/fg 1B15 mRNA)
2) Values with different subscripts were statistically different for each growth factor
according to a Tukey-Kramer test (alpha < 0.5)

Table 1. Developmental regulation of KGF, HGF, KL and their receptors
during ovarian follicular development. Experiments in chapters 3-5 examined
the developmental regulation of keratinocyte growth factor (KGF), KGF
receptor (KGFR), hepatocyte growth factor (HGF), HGF receptor (HGFR), kit
ligand (KL) and KL receptor (c-kit). Fresh theca cells and granulosa cells
were isolated from pools of small (< 5 mm), medium (5-10 mm) and large size (>
10 mm) follicles. Gene expression of KGF, HGF and c-kit (in theca cells) as well
as KGFR, HGFR and KL (in granulosa cells) was determined with quantitative
RT-PCR assays for each gene. Gene expression of all of these factors (except c
kit) was highest in large size follicles. These results suggest that KGF, HGF and
KL may be important for the later stages of ovarian follicular development.

quantitative RT-PCR (Chapters 3 and 4). All data were normalized to

the constitutively expressed gene cyclophilin (1B15). These

experiments showed that the gene expression of KGF, HGF, KGFR and

HGFR was highest in large size follicles (summarized in Table 1). These

results suggest that these genes are developmentally regulated during

folliculogenesis and may be important for the function of later stage
follicles.

The potential hormonal regulation of KGF and HGF was examined

in freshly-isolated theca cells in serum-free cultures. Since estradiol
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and luteinizing hormone (LH) are the primary hormonal regulators of

theca cells, the effects of these hormones on KGF and HGF gene

expression were analyzed. Both estradiol and hCG (an LH agonist)

stimulated KGF gene expression in theca cells (Chapter 3). HGF gene

expression was stimulated by hCG but was not affected by estradiol

(Chapter 4). These results suggest that KGF and HGF expression is

hormonally regulated during ovarian follicular development

(summarized in Table 2). Hormonal regulation of KGF and HGF

expression may be important for folliculogenesis.

The experiments in Chapters 2-4 establish that KGF and HGF were

important mediators of mesenchymal-epithelial cell interactions in the

ovary. Theca cell-derived KGF and HGF stimulated granulosa cell

proliferation and may inhibit granulosa cell differentiated functions

(Figure 3). The genes for KGF and HGF (and their receptors) appeared to

be developmentally and hormonally regulated during follicular

development. The hormonal regulation of KGF and HGF expression may

provide a mechanism for hormones to indirectly regulate follicular

development. Analysis of ovarian KGF, KGFR, HGF and HGFR gene

expression demonstrated that these genes had relatively high and low

levels of expression in the ovarian follicle (see Table 1). Steady state

levels of KGF and KL mRNA's were more highly expressed than their

corresponding receptors (KGFR and c-kit). Surprisingly the HGF gene

was expressed at levels 100-fold lower than its receptor in the ovarian

follicle (HGFR). The significance of the expression levels of these genes

in the ovary remains to be elucidated. Analysis of the protein

expression for these genes is necessary to fully understand their roles

during follicular development. These studies demonstrated that KGF
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and HGF may be important for theca cell-granulosa cells interactions.

Insight was gained into the factors that mediate mesenchymal

epithelial cell interactions in the ovarian follicle. This information

provides insight into the mechanisms of mesenchymal-epithelial cell

interactions in other tissues.

C. Kit-Ligand in the Ovarian Follicle

Kit-ligand (KL) and its receptor c-kit are important for

gametogenesis, melanogenesis and hematopoiesis (Bernstein et al., 1990;

Besmer, 1991; Galli et al., 1994; Russell, 1979; Silvers, 1979). During

embryonic development, KL and c-kit are essential for germ cell

migration (Bennett, 1956; McCoshen and McCallion, 1975; Mintz, 1957a).

In the adult ovary, it is well established that granulosa cells produce KL

that may be important for oocyte function during follicular

development (e.g. oocyte development and meiotic arrest) (Besmer et

al., 1993; Ismail et al., 1996; Packer et al., 1994). In Chapter 5 it was

shown that granulosa cell-derived KL also influences theca cell growth

and differentiated functions. KL directly stimulated theca cell

proliferation in serum-free cultures (Chapter 5). Potential actions of KL

on theca cell differentiated functions were analyzed by effects on theca

cells steroid production. When theca cells were cultured as confluent

monolayers (i.e. non-growth permissive conditions), KL directly

stimulated theca cell androstenedione production (Chapter 5). No effect

was observed on theca cell progesterone production. These results

suggested that KL may promote theca cell differentiated functions

during the follicular phase of development (Figure 4). KL is the only
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Figure 4. Kit-ligand directly regulates theca cell functions. Experiments in
chapter 5 establish that granulosa cell-derived KL directly stimulates theca
cell proliferation. Under confluent culture conditions, KL stimulated theca
cell androstenedione production. KL is the only known granulosa cell-derived
growth factor that stimulates that stimulates theca cell androstenedione
production. These results suggest that KL may be important for theca cell
functions during ovarian follicular development. Previous studies have
shown the importance of KL for oocyte functions.

identified granulosa cell-derived growth factor that stimulates theca cell

androstenedione production.
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TABLE 2 HORMONAL REGULATION

THECA: CONTROL ESTRADIOL hCG

KGF 100 % (+ 0.57) 158 % (+ 9.7) * 165 % (+ 8.7) +
HGF 100 % (+ 1.9) 104 % (+ 12) 162 % (+ 27) *

GRANULOSA: CONTROL FSH hCG

KL 100 % (+ 2.7) 207 % (+ 34) * 279 % (+ 21) +
1) Data were normalized to 1B15 (fg mRNA/fg 1B15 mRNA) and expressed as percent
control

2) Values with asterisks (*) were statistically different from control according to a
Dunnett's test (alpha < 0.5)

Table 2. Hormonal regulation of KGF, HGF and KL during ovarian follicular
development. Experiments in chapters 3, 4 and 6 examined the hormonal
regulation of keratinocyte growth factor (KGF), hepatocyte growth factor
(HGF) and kit-ligand (KL). Serum-free cultures of theca cells and granulosa
cells were treated and cultured for 3 days. Gene expression of KGF and HGF (in
theca cells) as well as KL (in granulosa cells) was determined with quantitative
RT-PCR assays for each gene. These results suggest that ovarian hormones
may indirectly promote follicular development by stimulating local production
of growth factors.

Quantitative RT-PCR assays were developed for KL and c-kit in

order to analyze the potential developmental and hormonal expression

of these genes in the ovary. These assays were used to measure KL

gene expression (in granulosa cells) and c-kit gene expression (in theca

cells) in pools of small (< 5 mm), medium (5-10 mm) and large size (> 10

mm) follicles (Chapter 5). All data were normalized to the

constitutively expressed gene cyclophilin (1B15). These experiments

showed that gene expression of KL in granulosa cells was highest in

large size follicles. No differences in theca cell c-kit expression were

observed in small, medium or large size follicles (summarized in Table

1). These results suggested that KL is developmentally regulated during
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folliculogenesis and may be important for the function of later stage

follicles. The potential hormonal regulation of KL was examined in

freshly-isolated granulosa cells in serum-free cultures. Since FSH and

LH are the primary hormonal regulators of granulosa cells in vivo,

effects of these hormones on KL expression were examined. Both FSH

and hCG (an LH agonist) stimulated KL gene expression in granulosa

cells (Chapter 6). These results suggested that KL expression is

hormonally regulated during ovarian follicular development

(summarized in Table 2). Hormonal regulation of KL may be important

for folliculogenesis.

The experiments in Chapters 5 and 6 established that KL is an

important mediator of granulosa cell-theca cell interactions in the

ovary. Granulosa cell-derived KL stimulated theca cell proliferation and

differentiated functions (Figure 4). KL was identified as the only known

granulosa cell-derived growth factor that stimulates theca cell

androstenedione production. The genes for KL and its receptor c-kit

appeared to be developmentally and hormonally regulated during

follicular development. The hormonal regulation of KL expression may

provide a mechanism for hormones such as FSH and LH to indirectly

regulate follicular development. Analysis of ovarian KL and c-kit gene

expression demonstrated that these genes have relatively high levels of

expression in the ovarian follicle (see Table 1). KL gene expression was

10-fold higher than receptor c-kit gene expression. In large size

follicles steady state levels of KL mRNA were nearly as high as

cyclophilin (1B15). The significance of the expression levels of these

genes in the ovarian follicle remains to be elucidated. Analysis of the

protein expression for KL and c-kit in the ovary is necessary to fully
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understand their roles during follicular development. These studies

demonstrated that KL may be important for feedback from granulosa

cells to theca cells. Additional insight was gained into the factors that

mediate mesenchymal-epithelial cell interactions in the ovarian follicle.

This information may provide insight into the mechanisms of epithelial

cell feedback on mesenchymal cells in other tissues.

D. Intra-ovarian Positive Feedback Involves KGF, HGF and KL

The experiments in chapters 2-5 established that KGF, HGF and KL

are produced locally and act in a paracrine manner to regulate

granulosa cell and theca cell functions. In chapter 6 the possibility that

these growth factors may interact in positive feedback loop between

theca cell and granulosa cells was examined. Such positive feedback

interactions were proposed to promote the high levels of expression of

these genes in large size follicles. KGF, HGF and KL gene expression was

analyzed by quantitative RT-PCR. Both KGF and HGF stimulated KL

expression in granulosa cells (Chapter 6). Similarly KL stimulated KGF

and HGF expression in theca cells (Chapter 6). These results suggested

that KGF, HGF and KL promote folliculogenesis by stimulating the gene

expression of each other (Figure 5). Effects of KGF and HGF on granulosa

cell KL protein expression remain to be elucidated. Similarly effects of

KL on theca cell KGF and HGF protein expression are not yet known.

Positive feedback from granulosa cells to theca cells by estradiol has

previously been shown (see Figure 2). However no such feedback

interaction has been shown for ovarian growth factors. The concept

that local growth factors promote the expression of other growth factors

in the ovarian follicle is relatively new. The actions of KGF, HGF and KL
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FSH

Granulosa
Cell

Figure 5. Positive feedback between theca cells and granulosa cells involves
KGF, HGF and KL. Previous studies have shown that the steroid estradiol (E)
mediates positive feedback by stimulating theca cell androstenedione
production. Experiments in chapter 6 show that keratinocyte growth factor
(KGF), hepatocyte growth factor (HGF) and kit-ligand (KL) mediate positive
feedback in the ovarian follicle. This growth factor-mediated positive
feedback is bidirectional. KGF and HGF (from theca cells) stimulate granulosa
cell KL expression. KL (from granulosa cells) stimulates theca cell KGF and
HGF expression. The paracrine actions of KGF, HGF and KL to stimulate
expression of each other may be important during the later stages of follicular
development.

on other ovarian growth factors may also be important for follicular

development. The interactions between KGF, HGF and KL in the ovarian
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follicle provide a novel bidirectional positive feedback loop that may

also be common to mesenchymal-epithelial cell interactions in other

organ systems.

E. KL Induces Initiation of Primordial Follicle Development

Most of our understanding about the function of KL in the ovary is

based on observations of KL actions on oocytes (Ismail et al., 1996;

Packer et al., 1994). In chapters 5 and 6, KL was also shown to be an

important direct regulator of theca cells. Expression of the receptor c

kit has been observed in stromal cells, theca cells and oocytes in very

early developing follicles (Horie et al., 1993; Manova et al., 1993;

Manova et al., 1990; Motro and Bernstein, 1993; Motro et al., 1991).

Based on the variety of KL actions and the expression patterns of KL

and c-kit in the ovary, the hypothesis that KL induces initiation of

ovarian primordial follicle development was proposed. This possibility

was significant because no other factor had been identified that was

involved in primordial follicle development. Since the initiation of

primordial follicle development is one of the essential aspects of ovarian

folliculogenesis (Peters, 1979), identification of the factors involved will

useful for understanding basic ovarian function.

Primordial follicle development was examined using ovary organ

culture. Ovaries from 4-day-old rats were utilized since they contain

large numbers of primordial follicles that can initiate development.

Figure 6a shows a live ovary in culture. Many follicles were apparent

and the tissue appeared healthy. Figure 6b-d shows sections of fresh or

cultured ovaries. In fresh ovaries many primordial follicles were

apparent, especially in the outer cortex region. After 5 days in culture,
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Figure 6. Kit-ligand induces initiation of primordial follicle development in
ovary organ culture. 4-day-old rat ovaries were prepared fresh or cultured for 5
days. (A) Live ovary in organ culture. Many follicles are apparent and the organ
appears healthy. (B) Fresh 4-day-old ovary (section). Many primordial follicles
are apparent, especially in the outer cortex. (C) Control (untreated) cultured
ovary. Some primordial follicle development is apparent. (D) Kit-ligand (KL)-
treated ovary. Many primordial follicles have initiated development. Complete
data are shown in chapter 7. Total follicle number did not vary between
treatments (not shown). These results suggest that KL may be sufficient to induce
primordial follicle development in the ovary.
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some of these primordial follicles spontaneously initiated development.

Follicles were counted and classified (as described in Figure 1). Some of

these data are shown in Figure 7. Fresh ovaries contained 67 %

primordial follicles per section. After treatment with KL for 5 days,

ovaries contained 45 % primordial follicles. These results demonstrated

that KL was able to induce primordial follicles to initiate development.

Some primordial follicle development was observed in untreated

(control) ovaries (Figure 7). When these control ovaries were cultured

with ACK-2, a c-kit antibody that strongly inhibits kit-ligand actions,

spontaneous primordial follicle development was completely inhibited

(Figure 7). These results suggested that KL was necessary and sufficient

to induce initiation of primordial follicle development in ovary organ

cultures.

Initiation of primordial follicle development is one of the most

basic aspects of ovarian folliculogenesis. KL is the only identified factor

that is involved in initiation of primordial follicle development. The

mechanism of how KL induces primordial follicle development is not

known. It is possible that KL has important actions on oocytes, theca

cells, and adjacent stromal-interstitial cells during early follicle

development.

F. KL Actions on Ovarian Stromal-Interstitial Cells

Based on the results in the current thesis and other studies, our

understanding of kit-ligand (KL) actions in the ovary has been greatly

expanded. It is clear that KL is important for oocyte functions, theca

cell functions and possibly ovarian stromal cell functions. The receptor

c-kit is expressed in all of these cell types. Expression of c-kit is very
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Figure 7. Kit-ligand induces initiation of primordial follicle development in
ovary organ culture (summarized data). Pie charts show percent follicles per
section (at each classification stage). 4-day-old rat ovaries were prepared fresh
or cultured for 5 days. Follicles were counted and classified as primordial (stage
0), early primary (stage 1), primary (stage 2), transitional (stage 3) or preantral
(stage 4) as shown in Figure 3. Complete data are shown in chapter 7. KL induced
initation of primordial follicle development (compare B, C, and D). ACK2 (a c-kit
antibody) completely blocked initiation of primordial follicledevelopment
(compare A, C, and E). Total follicle number did vary per section (F). These results
suggest that KL is involved in primordial follicle development.
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high in theca cells and more sparse in ovarian stromal cells (Manova et

al., 1990; Motro and Bernstein, 1993). In other tissues KL/c-kit are

involved in the induction of stem cell populations (Besmer et al., 1993).

This action as well as the expression pattern of c-kit in the ovary led to

the hypothesis that KL may induce stromal stem cells to proliferate and

functionally differentiate into theca cells during early follicular

development. This process of theca cell recruitment from adjacent

ovarian stromal stem cells is an essential aspect of early follicle

development (Peters, 1979). More than 20 years ago such a "theca cell

organizer" was proposed to be produced by granulosa cells in early

developing follicles (discussed by Peters, 1979). Experiments in the

current thesis examined the possibility that KL was such a "theca cell

organizer."

Small fragments of adult bovine ovaries were maintained in organ

culture. These fragments contained - 95 % stromal tissue with some

small primary follicles. When these ovarian fragments were cultured

for 5 days, no change was observed in total number or classification

stage of the follicles. Ovaries were treated with KL or gonadotropins

(i.e. FSH and hCG) in order to examine the ability of these substances to

promote the recruitment of theca cells around small primary follicles

(Chapter 8). Thickness of theca cell layers around primary follicles was

measured and normalized to overall diameter of the follicles.

Treatment with KL significantly increased the theca cell thickness

around primary follicles. As expected gonadotropins had no effect.

These results suggest that KL can act on ovarian stromal cells around

primary follicles to recruit theca cells (Figure 8). However these results

can also be explained by the potential proliferative effect of KL on
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already recruited theca cells in small follicles. Since potential direct

effects of KL on ovarian stromal cells have never been examined,

actions of KL on ovarian stromal cell growth and differentiated

functions were examined.

Examination of the actions of KL on purified ovarian stromal cells

demonstrated that KL directly stimulated proliferation of these cells

(Chapter 8). Proliferation of ovarian stromal cells was proposed to be

an initial step in the recruitment of theca cells around small follicles.

Another proposed step in theca cell recruitment was induction of theca

cell-specific functional markers. Since theca cells produce high levels of

steroids (i.e. androstenedione and progesterone), induction of ovarian

stromal cell steroid production was used to analyze potential theca cell

recruitment. KL had no effect on ovarian stromal cell steroid production

(i.e. androstenedione and progesterone production). This negative

result was not due to the inability of ovarian stromal cells to produce

steroids. Treatment with both estradiol and hCG had small effects on

ovarian stromal cell steroid production. This small hormonal regulation

of ovarian stromal cell steroid production was normal (McNatty et al.,

1979; Nagamani et al., 1992) and was not an indication of theca cell

recruitment. The inability of KL to induce high levels of stromal cell

steroid production suggested that KL may not induce the functional

differentiation of stromal cells to theca cells. However it was possible

that other unidentified theca cell markers were induced by KL. These

combined results suggested that KL may have a role in the recruitment

of theca cells around early developing follicles that did not include

steroid production (Figure 8). The mechanism of how KL induced theca
cell recruitment is not known.
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Granulosa

Figure 8. Kit-ligand (KL) is proposed to recruit theca cells from adjacent
ovarian stromal stem cells. In addition to the established effects of KL on
oocyte function and theca cell function, KL is proposed to act directly on
adjacent ovarian stromal stem cells. In chapter 8, KL was shown to increase
theca cell layers around small primary follicles. KL stimulated ovarian
stromal cell proliferation but did not induce theca-specific differentiated
functions (e.g. steroid production). The exact role of KL in theca cell
recruitment is not known. Recruitment of theca cells from stromal stem cells
is an essential aspect of early follicle development.
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G. Summary of Current Research

Interactions between mesenchymal-derived theca cells and

epithelial-derived granulosa cells are essential for follicular

development in the ovary. These cell-cell interactions were used as a

general model to elucidate some of the factors that mediate

mesenchymal-epithelial cell interactions in many tissues. Some of the

factors that mediate mesenchymal-epithelial cell interactions in the

ovarian follicle were found to be keratinocyte growth factor (KGF),

hepatocyte growth factor (HGF) and kit-ligand (KL). The expression and

actions of KGF, HGF and KL were established to be important during

ovarian follicular development. Theca cells express KGF and HGF that

act in a paracrine manner to regulate granulosa cell growth and

differentiated functions. Granulosa cells express KL that influences

theca cells, ovarian stromal cells, and oocytes. The gene expression of

KGF, HGF, KL and their receptors during folliculogenesis was

developmentally and hormonally regulated. Expression of all these

genes (except the receptor c-kit) was highest in large size follicles.

These results suggest that KGF, HGF and KL may be important for

increased proliferation and steroid production during later stages of

follicular development. The ovarian hormones estradiol (E), human

chorionic gonadotropin (hCG, a luteinizing hormone (LH) agonist), and

follicle stimulating hormone (FSH) were found to directly stimulate

expression of these growth factors in theca cells or granulosa cells.

These results suggest that ovarian hormones may indirectly regulate

follicular development by stimulating the production of local growth

factors. These experiments demonstrate that KGF, HGF and KL are

important mediators of mesenchymal-epithelial cell interactions in the
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ovarian follicle. These growth factors may also mediate mesenchymal

epithelial cell interactions in other tissues.

A positive feedback loop between theca cells and granulosa cells

was mediated by KGF, HGF and KL. This novel positive feedback loop

was bidirectional and growth factor-mediated (Figure 5). Observations

demonstrated that theca cells produce KGF and HGF that act in a

paracrine manner to stimulate KL expression in granulosa cells.

Granulosa cells produce KL that also acts in a paracrine manner to

stimulate KGF and HGF expression in theca cells. This bidirectional

positive feedback loop may help promote the high levels of KGF, HGF

and KL expression in large size follicles. Although KGF, HGF and KL are

produced in a number of tissues, this is the first report of positive

feedback interactions between these growth factors. The ability of

these growth factors to stimulate expression of each other in the

ovarian follicle may be important for many aspects of follicular

development. The production of growth factors in the ovarian follicle

has been shown to prevent apoptosis and atresia during folliculogenesis

(Hsueh et al., 1996; Monget and Monniaux, 1995). The local production

of KGF, HGF and KL may also help prevent follicles from becoming

atretic. The high levels of KGF, HGF and KL expression in large size

follicles suggests that they may also be involved in the selection of the

dominant follicle.

The factors that are involved in initiation of primordial follicle

development are not known. Kit-ligand (KL) was shown to be necessary

and sufficient for primordial follicle development in the ovary. In

ovary organ culture KL dramatically induced primordial follicles to

initiate development. Primordial follicle development was inhibited by

282



blocking KL actions with a c-kit antibody (ACK-2). These results

establish KL as the only known factor that is involved in primordial

follicle development. KL may be a "theca cell organizer" during early

follicle development. In addition to KL actions on theca cells, ovarian

stromal cells proliferate in response to KL. KL may promote theca cell

recruitment around small follicles by first inducing proliferation of

adjacent stromal stem cells. The ability of KL to induce primordial

follicle development may be mediated by actions on stromal cells, theea

cells and oocytes (Figure 8). The mechanism of how KL induces

primordial follicle development remains to be elucidated.
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IV. FUTURE RESEARCH

A. Outline of Future Research

Investigations of the production and actions of growth factors in

the ovarian follicle have greatly increased our understanding of

folliculogenesis. Several growth factors (e.g. KGF, HGF, KL, TGFo and

TGFB) have been shown to influence theca cell and granulosa cell

proliferation as well as differentiated functions. The local production

and actions of these growth factors provide a mechanism for

mesenchymal-epithelial cell interactions to control ovarian follicular

development. The experiments in this thesis provided significant

information about the roles of KGF, HGF, and KL in the development of

the ovarian follicle. In addition these observations raise more questions

about the roles of these growth factors in the ovary. In this section

proposed experiments will be discussed that may provide more

information about these questions. These future studies are organized

into immediate and long-term experiments (Table 3). In addition

possible future directions are discussed that may lead to more long

term research projects. Completion of these studies will provide a

better understanding of the mechanisms involved in normal and

abnormal ovarian functions.

B. Immediate Experiments

An extensive amount of research has been performed to examine

the growth factors that mediate theca cell-granulosa cell interactions in

the ovarian follicle. Previous work established that TGF0 and TGFB are

produced locally by theca cells to regulate theca cell
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TABLE 3 PROPOSED EXPERIMENTS

Immediate Experiments
1) Analyze growth factor (i.e. KGF, HGF, KL TGFo, TGFB) mRNA and protein

expression in individual ovarian follicles
2) Examine role of these growth factors in atretic versus healthy follicles
3) Examine role of these growth factors in selection of dominant follicles

Long-term Experiments
1) Identify KL-responsive genes in theca cells/stromal cells
2) Identify oocyte-derived factors (e.g. bFGF, GDF-9) that induce KL

expression in granulosa cells
3) Infuse animal with KL to induce primordial follicle development
4) Examine the ability of KL to induce the total pool of follicles to develop in

organ culture
5) Examine the ability of combined growth factors to support complete

follicle development in the absence of gonadotropins
6) Overexpress growth factors (e.g. KGF, HGF, KL) in developing ovarian

follicles of transgenic mice with ZP promoters

Other Possible Directions
1) Examine the potential role of KL in polycystic ovary disease
2) Examine the potential role of KL in premature ovarian failure/early onset

of menopause
3) Examine the potential roles of KL, KGF and HGF in ovarian cancer

and granulosa cell proliferation. The current thesis established that

KGF, HGF and KL are produced by theca cells and granulosa cells and

may have a variety of important actions during follicular development.

Results suggested that KGF, HGF and KL are developmentally and

hormonally regulated in the ovarian follicle. These preliminary

conclusions were based on quantitative measurements of steady state

mRNA levels in theca cells and granulosa cells from pooled bovine

follicles. Since follicles were isolated in ovaries from many different

cows, it was difficult to determine the microenvironment within each

follicle. Follicles of the same size were likely a mixture of atretic and
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healthy follicles from different stages of the estrous cycle. Therefore it

is would be useful to analyze the expression of all of these growth

factors (KGF, HGF, TGFo, TGFB and KL) in carefully staged follicles. This

analysis may provide critical information about the roe of growth

factors in characteristically different follicles.

A collaboration has been established with Dr. Andy Roberts at the

USDA research facility in Clay Center, NE. Individual ovarian follicles

have been isolated from many different staged cows. Follicular fluid

was collected from each follicle in order to determine steroid levels (e.g.

androgen, estrogen, and progesterone) and insulin growth factor

binding proteins (IGF-BP). The production of steroids and IGFBPs

within a follicle has been used to characterize a healthy, atretic, or

dominant follicle status (Hsueh et al., 1996; McNatty et al., 1979; Monget

and Monniaux, 1995). High estrogen:androgen ratios indicate a follicle

is healthy and growing. Low estrogen and high androgen are an

indication of atresia. Atretic follicles also contain very low levels of

progesterone. In addition follicular atresia is associated with marked

decrease in levels of IGFBP-2, -3, -4 and -5 (Monget et al., 1996).

Levels of steroids and IGFBPs have also been used to characterize

dominant follicles (Moley and Schreiber, 1995). Using this information

each follicle will be characterized according to atretic versus healthy as

well as dominant status.

The quantitative RT-PCR assays that were developed in this thesis

are sensitive enough to analyze KGF, HGF, and KL gene expression in

individual follicles. In addition similar quantitative RT-PCR assays have

been developed for TGF0 and TGFB. At least 1 ug of theca cell or

granulosa cell total RNA can be isolated from an individual follicle.
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Expression of all the growth factors will be determined from 1 ug total

RNA or less. Expression of these growth factors is proposed to be high

in healthy follicles and low in atretic follicles. In addition, expression of

these factors may be associated with the selection of the dominant

follicle. Local production of growth factors has been proposed to

determine the healthy, atretic, and dominant status of ovarian follicles

(Adashi et al., 1991; Bendell et al., 1988; Dorrington et al., 1987; Moley

and Schreiber, 1995; Monget and Monniaux, 1995). Until recently,

though, few growth factors had been identified in developing ovarian

follicles. In addition most assays that were used to determine

expression of growth factors were not sensitive enough to examine

individual follicles. As a result these proposed experiments will be

extremely useful to understand the potential roles of growth factors

(e.g. KGF, HGF, KL, TGFo, and TGFB) within individual follicles. These

results will provide a detailed analysis of the expression of growth

factors during various stages of ovarian follicular development.

C. Long-Term Experiments

Potentially one of the most significant results in this thesis is the

observation that kit-ligand (KL) may induce initiation of primordial

follicle development. Other results showed that KL directly influenced

theca cells and ovarian stromal cells. These results along with the

results of other studies established that KL can act on oocytes, theca

cells and ovarian stromal-interstitial cells. These observations suggest

that KL may have many important actions during folliculogenesis from

initiation of primordial follicle development through ovulation. In order

to fully understand the actions of KL in the ovary, it will be necessary to
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identify the KL-responsive genes in stromal cells, theca cells and

oocytes. It is possible that KL induces expression of theca cell-specific

genes in ovarian stromal stem cells during theca cell recruitment

(Figure 9). Identification of such KL-induced genes will help gain an

understanding of the molecular events during early follicle

development. Using the techniques in this thesis, large amounts of pure

theca cells and ovarian stromal cells can be isolated and cultured. These

cells can be prepared fresh or treated with KL in culture. Several

approaches can be taken to identify KL-responsive genes in these cells.

Among these is a specialized subtractive hybridization technique used

recently to isolate apoptosis-associated genes in prostate. RNA from

untreated and KL-treated theca cells could be hybridized and

subtracted to isolate KL-induced genes. Alternatively stromal stem cells

and differentiated theca cells could be hybridized and subtracted to

identify early theca cell-specific genes. Identification of KL-induced

and theca cell-specific genes in the ovary will provide a better

understanding of the molecular events during early follicular

development in the ovary (Figure 9). By understanding the
mechanisms of how ovarian stromal cells are induced to become theca

cells, basic information will be gained about how many undifferentiated

stem cells are induced to specialize.

Several investigators have proposed that the factors that control

initiation of primordial follicle development originate within the ovary.

There are likely factors which promote and inhibit initiation of

primordial follicle development. Experiments in this thesis

demonstrated that granulosa cell-derived KL promotes initiation of

primordial follicle development. It is likely that other ovarian factors
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Figure 9. Kit-ligand (KL) may induce expression of theca cell-specific
genes during theca cell differentiation. Experiments in chapter 7 established
that KL induces ovarian primordial follicle development. Experiments in
chapter 8 demonstrated that KL directly acts on ovarian stromal cells and may
promote theca cell recruitment around small follicles. The possibility that KL
is a "theca cell organizer" during early follicular development suggests that
KL may induce expression of theca cell-specific genes during theca cell
recruitment. Experiments are proposed to isolate theca cell-specific and KL
induced genes by subtractive hybridization. Identification of these genes may
provide a better understanding of theca cell functional differentiation in the
ovary. In addition insight may be gained into the basic process of stem cell
induction and differentiation in many tissues.

are also involved. One interesting possibility is that oocytes may

produce a factor(s) that promotes initiation of primordial follicle
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development. Such an oocyte-derived factor may induce expression of

KL in granulosa cells. Recently immature oocytes were shown to

synthesize basic fibroblast growth factor (bFGF). Highest expression

was observed in bovine oocytes in primordial and primary follicles (van

Wezel et al., 1995). Growth/differentiation factor-9 (GDF-9) is a

member of the TGF-B superfamily (Burt and Law, 1994; Incerti et al.,

1994) that is specifically expressed in oocytes in adult ovaries (McGrath

et al., 1995). Female GDF-9 knockout mice are infertile due to a block in

follicular development at the primary one-layer stage (Dong et al.,

1996). The production of bFGF and GDF-9 in primordial follicles may

induce KL expression in granulosa cells. Induction of KL expression in

granulosa cells would initiate a cascade of events that promote

primordial follicle development. Therefore oocyte production of bFGF

and GDF-9 may provide a mechanism for oocytes to control initiation of

primordial follicle development. Using the techniques developed in this

thesis, the effects of bf{GF and GDF-9 on granulosa cell KL expression can

be examined. KL expression can be determined using quantitative RT

PCR. This analysis may demonstrate that bFGF and GDF-9 can induce

granulosa cell KL expression. This result would suggest that oocyte

derived bFGF may promote initiation of primordial follicle development

by directly inducing granulosa cells to develop.

No soluble factor has previously been identified that is involved in

primordial follicle development. The observation that KL may be

involved in this process may provide a powerful method to more fully

control the growth of follicles. Since reduced efficiency of primordial

follicle development may be the cause of female infertility, KL may be

used as a fertility agent in some women. In order to test the ability of
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KL to promote follicular development in vivo, prepubertal rodents could

be infused with recombinant KL. KL is proposed to greatly increase the

number of developing follicles by inducing primordial follicle

development. Since developing follicles are destined to ovulate or

degenerate, KL may eventually reduce the total pool of follicles (Figure

10). If effective this experiment may help explain when the onset of

menopause occurs. If KL is efficient at promoting large numbers of

follicles to develop, the ovaries may eventually have few remaining

primordial follicles. The diminished supply of follicles in these ovaries

may be similar to perimenopausal or postmenopausal human ovaries.

The decreased number of follicles in menopausal ovaries may be caused

by excessive levels of KL in the ovary. By promoting the number of

primordial follicles that develop over time, ovarian KL may help

determine when the supply of follicles is diminished (Figure 10). The

basic information from these potential results may eventually allow the

supply of follicles in the ovary to be tightly controlled over time.

The ability to culture ovaries in organ culture allows more

interesting questions to be addressed. The essential role of

gonadotropins during ovarian folliculogenesis and ovulation is well

established. The actions of gonadotropins have been proposed to be

mediated by a combination of several growth factors (e.g. KGF, HGF, KL,

TGF0 and TGFB) during follicular development. In order to test this

possibility, combinations of these growth factors could be used to treat

whole ovaries to determine if they are sufficient to support follicular

development. Alternatively ovaries could be treated with antagonists

or antibodies to these factors to determine if any of them are necessary

for follicular development. This ovary organ culture approach has been
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Figure 10. KL may control the number of primordial follicles in the ovary.
Experiments in chapter 7 established that KL can induce primordial follicle
development. When primordial follicles initiate development they are
committed to ovulate or degenerate through atresia. Eventually the supply of
primordial follicles is diminished resulting in sterility. In humans the lack of
available primordial follicles marks the beginning of menopause. Since KL
may control the number of primordial follicles that develop over time, the
actions of KL may ultimately control the number of available primordial
follicles in the ovary. Relatively high levels of KL in the ovary may induce
too many primordial follicles to develop and result in early onset of
menopause.

used to study folliculogenesis for more than 70 years. Only recently,

though, have the reagents been available to study the effects of growth

factors during follicular development. With these growth factors it may

be possible to promote complete follicle development in the absence of

serum or gonadotropins. By understanding what growth factors are

necessary and sufficient to promote folliculogenesis, a understanding
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will be gained about the basic mechanisms of ovarian follicular

development.

The use of transgenic mice to knockout or overexpress growth

factors is potentially very powerful. Although knockouts (i.e. null

mutations) have been described for TGFo, TGFB, KGF, HGF and KL in

mice, these experiments provided no new insight into the actions of

these growth factors in the ovary. Unfortunately many of these

experiments had little effect on ovarian function (e.g. TGFo, and KGF) or

were embryonic lethal (e.g. HGF and TGFB). Although TGFo- and KGF

deficient mice were fertile, ovarian follicular development was not

studied extensively (Guo et al., 1996; Mann et al., 1993). The HGF

knockout was embryonic lethal due to major liver defects (Schmidt et

al., 1995). TGFB knockouts were lethal due to major defects in

hematopoiesis, vasculogenesis, lung development, immune system

functions, and cleft palate formation (Christ et al., 1994; Kaartinen et al.,

1995; Proetzel et al., 1995; Williams et al., 1996; Yaswen et al., 1996).

In KL-deficient mice, germ cell migration during embryonic

development was defective. This caused infertility in KL-deficient mice

but did not permit analysis of ovarian follicular development. However

several KL mutations have been described (e.g. Slpan, Slt and Slcon) that

may specifically inhibit early ovarian follicular development. Despite

all of these knockout experiments, a detailed understanding of the

potential actions of these growth factors during ovarian follicular

development is not available. Some knockout experiments may not

cause ovarian phenotypes due to compensatory actions of other growth

factors. For example, KGF and HGF may compensate for the loss of TGFo:

actions on granulosa cells. Other lethal knockout experiments cause
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death before ovarian follicular development is initiated. It will be

necessary to overexpress these growth factors in developing ovarian

follicles to more fully understand their actions. The oocyte may provide

a useful site of synthesis for transgenic expression of these genes in the

ovary. The promoters of the ZP protein genes can be used to target

expression in oocytes of developing follicles. Transgenes could be

introduced into mice that contain growth factor cDNA's (e.g. KGF, HGF,

KL) driven by a ZP protein promoter. Such transgenes would only

overexpress the particular growth factor in developing ovarian follicles.

These proposed experiments would help explain the potential actions of

growth factors such as KGF, HGF and KL during ovarian follicular

development.

D. Other Possible Directions

Many areas of reproductive research may benefit from the

current studies. The observations concerning the actions of KGF, HGF

and KL in the ovary may help explain the causes of abnormal ovarian

functions. One of the most common endocrinological pathologies is

polycystic ovary disease (PCOD) (Franks et al., 1996). Women with PCOD

are infertile due large numbers of ovarian cysts. These cysts are

proposed to derive from an abundance of ovarian follicles that

overproduce androgen. The ability of KL to induce primordial follicle

development and to stimulate theca cell androstenedione production

suggests that overexpression of KL may be involved in polycystic ovary

disease (PCOD).

Another common disorder of the ovary is premature ovarian

failure or early onset of menopause (Barlow, 1996; Christin-Maitre and
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Bouchard, 1996; Davis, 1996; Partington et al., 1996; Santoro et al.,

1996). This condition occurs in 1 % of women and is usually observed

as the onset of menopause before the age of 40 (Hoek et al., 1997).

Typically ovarian androgen and estrogen production is low in this

condition (Elias et al., 1997). Some studies of the mechanism of

premature ovarian failure have suggested that insensitivity to

gonadotropins is the cause. Another possibility is that the ovaries

contain a relatively small pool of follicles that diminish prematurely.

The potential ability of KL to control the number of developing follicles

suggests that ovarian expression of KL may be involved in premature

ovarian failure. Abnormally low levels of KL in the ovary may not be

sufficient to support follicular development. Lack of follicular

development may result in premature ovarian failure. Abnormally high

levels of KL in the ovary may induce too many follicles to develop. This

may diminish the pool of primordial follicles and cause premature
ovarian failure.

The observation that KGF, HGF and KL expression is highest in

large size follicles may help explain some of the causes of ovarian

cancer. Ovarian cancer predominantly arises from the ovarian surface

epithelium (OSE) around the outside of the ovary. In normal ovaries,

OSE cells are in contact with underlying stromal cells and constitute a

classic mesenchymal-epithelial cell interaction (Vigne et al., 1994).

These stromal cells are proposed to produce a number of growth factors

including KGF, HGF, and KL that may be involved in ovarian cancer.

Abnormally high levels of these growth factors may increase the risk of

ovarian cancer. Incidence of ovarian cancer has been correlated with a

high number of ovulations (La Vecchia et al., 1996; Murdoch, 1996). It
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is possible that the repeated exposure of OSE cells to follicular KGF, HGF

and KL at ovulation contributes to uncontrolled growth and cancer in

these cells. Repeated exposure to high levels of KGF, HGF and KL may

also abnormally affect the underlying ovarian stromal cells and

indirectly lead to ovarian cancer.

The possibility that ovarian growth factors such as KGF, HGF and

KL are involved in polycystic ovary disease, early onset of

menopause/premature ovarian failure, and ovarian cancer is intriguing.

Investigation of the roles of these growth factors in abnormal ovarian

condition may significantly increase our understanding of these

disorders. Examination of the expression levels of KGF, HGF, and KL in

these conditions may help explain the mechanisms of ovarian

pathologies.
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V. MAJOR OBSERVATIONS

This thesis was designed to investigate the interactions between

theca cells and granulosa cells that control ovarian follicular

development. Interactions between mesenchymal-derived theca cells

and epithelial-derived granulosa cells were used a general model for

mesenchymal-epithelial cell interactions in many tissues. Insight was

gained into some of the additional factors (i.e. KGF, HGF and KL) that

mediate theca cell-granulosa cell interactions in the ovary. These

interactions are depicted in Figures 3, 4, 5, and 8. In addition to these

observations during antral follicle development, KL was shown to

induce initiation of primordial follicle development. Several significant

observations have been made that help gain insight into mesenchymal

epithelial cell interactions in the ovary and other tissues:

1) Mesenchymal-epithelial cell interactions are important for ovarian

follicular development.

2) Theca cell-granulosa cell interactions are mediated by KGF, HGF and

KL during follicular development.

3) Hormones (i.e. estrogen, LH and FSH) in part control folliculogenesis

by regulating the local production of growth factors such as KGF, HGF
and KL.

4) Expression of growth factors (i.e. KGF, HGF and KL) and their

receptors in ovarian follicles is generally highest in large size follicles.
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This developmental regulation suggests that these theca cell and

granulosa cell growth factors may be important for the increased

growth, increased steroidogenesis and dominant follicle selection in

large size follicles.

5) Theca cell-derived growth factors (i.e. KGF and HGF) positively

feedback to stimulate expression of growth factors in granulosa cells

(i.e. KL).

6) Granulosa cell-derived growth factors (i.e. KL) positively feedback to

stimulate expression of growth factors in theca cells (i.e. KGF and HGF).

7) KL is necessary and sufficient to induce primordial follicle

development in the ovary. KL is the only identified factor that is

involved in primordial follicle development.

8) Granulosa cell-derived KL may be a "theca cell organizer" that

recruits theca cells from adjacent ovarian stromal cells around early

developing follicles.

8) The developmental regulation, hormonal regulation, and paracrine

interactions of KGF, HGF and KL in the ovarian follicle may be a general

model for the factors that mediate mesenchymal-epithelial cell

interactions in other tissues.
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