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Regulation of Granulosa Cell Proliferation in the Rat 
(Under the direction of CHARLES L. CHAFFIN) 

The growth and maturation of the ovarian follicle is central to reproductive 

cyclicity in females. A_ fundamental aspect of follicle development is proliferation and 

differentiation of granulosa cells although the precise temporal dynamics and regulatory 

mechanisms remain largely unknown. Using the PMSG-primed immature rat as a model 

to study follicle growth, we show a decline in mural granulosa cell proliferation of large 

antral follicles prior to an ovulatory stimulus, although cumulus granulosa cells continue 

proliferating up to 10 h after an ovulatory bolus of hCG. Expression and activity of 

CCNE1-CDK2 correlates with granulosa cell cycle progression suggesting that regulators 

of this complex are likely to be key mediators of granulosa cell proliferation. Because of 

the spatial and· temporal organization of granulosa cell proliferation and differentiation 

within the follicle, we examined the relationship betw~en these two processes using both 

an in vivo and in vitro approach. By forcing proliferation in both of these models, we 

were unable to prevent an increase in markers of differentiation or in hCG/ forskolin-

induced markers of luteinization suggesting the uncoupling of granulosa cell proliferation 

and differentiation and/ or luteinization. The findings from these studies could have 

major implications hi contraceptive development, infertility treatment, and understanding 

and treatment of granulosa cell tumors. 

INDEX WORDS: Granulosa cell, Proliferation, Differentiation, Follicle growth, 
Luteinization, Ovulation, Rat 
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1 

OVERVIEW AND INTRODUCTION 

1.1 General Structure and Function of the Ovary 

The perpetuation of vertebrate life cannot proceed without the ovaries, which are 

the primary reproductive organs of the female. The ovaries are paired organs, lying on 

either side of the uterus (human) or uterine horns (rat). The main function of the ovaries 

is ova production and production of the female sex steroids, primarily estrogen and 

progesterone, which contribute to formation of the female secondary sex characteristics 

and maintenance of pregnancy (2). The body of the ovary is composed of the ovarian 

stroma, consisting of spindle-shaped, fibroblast-like cells and scattered bundles of smooth 

muscle cells. Morphologically, the ovarian stroma can be divided into three regions: the 

medulla, which is the central region, the cortex, comprising the peripheral zone, and the 

hilum. The hilum serves as the entrance for nerves and blood vessels into the ovary and 

is the attachment site of the ovary to the mesovarium. The medulla is a highly 

vascularized region, whereas the cortex is less vascularized. The cortex is the site of 

folliculogenesis and . is surrounded by· a fibrous tunica albuginea, which is in tum 

surrounded by the germinal epithelium ( 4, 5). The focus of the research presented herein 

is the follicle, which is the functional unit of the ovary. · 

1 
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1.2 Follicle Structure and Developme~.f 

Follicle development, begins . during . embryogenesis with migration of the 
' . 

primordial germ cells to the genital ridge .and .. culminates~ as much as 50 years later, either 

·in· the production of a preovulatory follicle~ capable. of responding to an ovulatory 

gonadotropin stimulus, or in a degenerative process called atresia. Upon migration, both 

the germ cells and somatic cells uri.dergo extensive proliferation and begin to organize 

themselves into distinct structures. The germ cells then cease dividing and enter meiosis, 

becoming arrested at the diplotene stage of the first meiotic prophase. The somatic cells 

. continue to proliferate and. eventually stirround the oocytes. At this stage, a primordial 

follicle is formed, consisting of a single primary oocyte surrounded by a single layer of 

morphologically distinc~ (flattened) somatic cells termed "pregranulosa cells." Each 

primordial follicle is enclosed by a thin basement membrane. In most mammals, the 

formation of primordial follicles is restricted to prenatal or very early postnatal 

development. Upon formation, the primordial follicles, including both the oocyte and 

granulosa cells, become quiescent, often for months or. years, until recruited to grow and 

develop ( 4, 6-8). 

The initial recruitment of follicles from . the resting pool is characterized by 

numerous morphological changes (9). Primary follicles are formed when the squamous 

somatic cells surrounding the oocyte change shape to become cuboidal. These cells are 
- . 

now called granulosa cells, and it is at this point that they begin to proliferate,. although at 

an exceedingly slow rate. As the granulosa cells proliferate, multiple layers ofthese.cells 
. ·: - ,, 

surround the oocyte and the primary follicle is converted to a secondary follicle. During · 

:. .. 
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this stage of development, the follicle begins to acquire theca cells (from ·the 

mesenchymal cells of the stroma), which form the outer layers of the follicle. Also, there 

is a noticeable increase in the diameter of the oocyte, and the zona pellucida is evident. 

The zona pellucida is a glycoprotein-rich substance secreted from the oocyte that 

surrounds the oocyt~ -and· separates· it from its surroun4ing granulosa cells. Other changes 
' . . . . •' 

at this stage fu.clude formation of gap junctions between granulosa cells. and development 

of a follicular blood supply. The theca layer is enmeshed with a plexus of capillaries that 

becomes more extensive as the follicle· grows but is unable to penetrate the ·basement 

membrane until ~fter . the luteinizing hormone (LH) surge. The secondary stage of 

follicle growth is also associated with an increase in the rate of granulosa cell 

proliferation. Up until this point in follicle development, no antrt.un is present, and these 

follicles are classified as preantral follicles. Follicles do not grow past this point until 

puberty, when the hypothalamic-pituitary-ovarian axis is fully developed (1, 6, 7). 

The fmal phase of follicle growth, which occurs only after puberty, is heralded by 

the formation of an antrum, which is a large fluid-filled cavity, formed by the coalescence · 

of small ·fluid-filled spaces between the granulosa cells. The development of the antrum 

is associated with a distinction in the granulosa cells, with the cumulus granulosa cells, 

including those surrounding the oocyte,· and the mural granulosa cells, including the cells 

located at the periphery. Additionally, the granulosa cells can be classified based on 

whether they are .located at the antrum (antral sranulosa cells) or nearest the· basement 

membrane (basal granulosa cells). These different subsets of granulosa cells develop 

different morphological and functional characteristics. Antral follicle growth and 
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development is. a fast process, taking only a few days compared to the weeks and months 

of primary and secondary follicle growth. The follicle diameter increases .greatly as some 

of the granulosa cells continue to proliferate and follicular fluid continues to fill and 

expand the antrum. A mature follicle is called any number of names, including a tertiary 

follicle, a Graafian follicle, or a preovulatory follicle. . At this. stage, the cells of the 

follicle are primed for the LH surge. The LH surge signals the oocyte to resume meiosis, 

the granulosa cells to increase their steroidogenic capacity and to change their 

steroidogenic profile, and the follicle to prepare for ovulation. After ovulation, the . 

follicle is then re()rganjzed into a new struc~e, the highly vascularized COrPUS luteum. 

The corpus luteum is composed of luteinized· granulosa and theca ¢ells that fill the anirum 

ofth~ ante~edent follicle and may or may not be functional, depending on the species and 

whether or not pregnancy ensues; for .example, the rat does not form a functional corpus 

luteum without pregnancy whereas the human does.. The demise of the corpus luteum 
. ' ; . ,, . ~ . . ' 

occurs through luteolysis and results in the formation of the corpus albicans (1, 6-8, 10, 

11 ). The different stages of follicle growth are depicted in figure 1-1. 

It should be noted here that the majority of follicles do not reach the fmal stage of 

development but instead undergo atresia, whicp is a degenerative process occurring by 

apoptosis. In fact, more than 99% of follicles present at birth become atretic, and in 

humans, ofthe400,000 follicles present at puberty, fewer than 400 will ovulate (12, 13). 

A large number of germ cells degenerate by a process called attrition before ever being 

enveloped by granulosa cells. Atresia cari occur at any stage. of follicle development, but 

it usually does not occur until the preantral to early antral stage transition, at which point 
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most follicles undergo atresia (6, 9, 13). In addition, while the doctrine in reproductive 

biology is that the primordial follicle pool is non-renewable and that most mammals are 

endowed with all of the follicles that they will ever have at birth or shortly thereafter, 

new studies argue that this is not necessarily the case. Johnson et al. (14~ 15) and 

Bukovksy et al. (16) present data showing that oogenesis can occur in adult ovaries of the 

mouse and human, respectively. However, .until these studies are repeated and additional 

supporting data are obtained, it is not likely that the current dogma of a fixed follicle 

stockpile will be overturned. While the whole of follicle growth and development is a 

critical process, the research presented in this body of work is concentrated on antral 

follicle growth and on the early stages of luteinization. 

Primary foUicle Early antrum formation 

Primordial folllcle Atretic follicle 

Fieure 1-1. The ovarian life cycle. Folliculogenesis occurs in the cortex and 
begins with formation of primordial follicles early in life. Follicle development 
past antrum development does not occur until puberty, and even then, most 
follicles do not make it to the mature Graafian follicle stage and ovulation, but 
undergo atretic degeneration. Reprinted with permission .from (1). 
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1.3 The Ovarian Cycle· 

A. The hypothalamic-pituitary-ovarian axis 

While initial recruitment of follicles from the quiescent primordial follicle pool to 

the growing pool can and does occur as early as fetal development, it is not until puberty 

that follicles are able to complete the course of follicle development to the extrusion of a 

viable oocyte and formation of a corpus luteum. This process becomes cyclic, occurring 

at regular intervals, extends throughout the reproductive lifespan of the female, can be 

interrupted by pregnancy, and ends with menopause in the human. In addition, this 

reproductive cycle involves a coordinated series of events both in the ovary and other 

reproductive compartments that are regulated by neuroendocrine factors, steroids, and 

other locally produced factors. This section will focus on the regulation ofthe ovarian 

cycle and the functional changes that ensue within the follicle allowing it to ;mature. 

The cycle begins with maturation of the hypothalamic-pituitary axis and is then 

regulated by a series· of negative and positive feedback loops with signals from the ovary. 

Briefly, the hypothalamus produces gonadotropin-releasing hormone (GnRH), a 

decapeptide which is secreted in a pulsatile nature into the hypophyseal portal blood 

supply and acts on GnRH receptor-expressing gonadotrophs located within the anterior 

pituitary to stimulate the pulsatile release of the gonadotropins follicle-stimulating 

hormone (FSH) and LH. FSH and LH are both peptide hormones composed of the same 

alpha subunit b:ut different beta _subunits (8, 17, 18). FSH . and LH actions on the ovary 

promote the growth and differentiation of the ovarian follicle; eliciting temporally 

specific effects.in both the granulosa and the theca cells. 
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Although granulosa cells of small preantral follicles may possess limited FSH 

receptor (FSHR) expression, it is not until the large preantral/ small antral stage that these 

cells obtain appreciable FSHR, enabling them to respond to ~SH. Because follicle 

growth cainiot procee~ past this point without the presence of FSH (19), the development 

from antral follicle growth onward is considered gonadotropin-dependent, and follicle 

growth during the preantral stages of development are considered gonadotropin

independent, as they can proceed without gonadotropins (9, 20). FSH receptor is located 

exclusively on the granulosa cells (21, 22) and thus FSH action, often in combination 

with other factors, induces proliferation, gap junction formation, CYP19A1 (aromatase) 

expression, and further .expression of the FSHR (1, 23). At the preantral stage in 

development, LHCGR is expressed ollly in theca cells, and the low levels of LH secreted 

by the pituitary stimulate androgen production in these cells. These androgens are then 

used as a substrate for estrogen production in the granulosa cells. This process of 

granulosa cell estrogen production by theca-derived androgens h~s traditionally been 

called the two cell- two gonadotropin model ofovarian estrogen biosynthesis (1, 24, 25)·. 

Estrogen then acts locally on the granulosa cells to promote proliferation and prevent 

apoptosis and contributes to antrum formation, increased gonadotropin receptor 

expression, and increased gap junction formation (1, 9). 

Concurrent with an increase in granulosa cell proliferation is an increase in 

estrogen production, as the. theca cells now .secrete androgens and the granulosa cells 

have increased CYP19AI· expression. Estrogen exerts a negative feedback on the 

hypothalamus restricting gonadotropin release (18, 26-28). .In addition to ·estrogen 
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production, FSH stimulates inhibin production in the granulosa cells. Inhibin acts on the 

pituitary to further inhibit FSH secretion. Inhibin is a potent antagonist to activin, which 

is produced locally in the pituitary and acts in a paracrine fashion to induce FSH 

secretion (29). As the follicle approaches the preovulatory phase of development, certain 

subsets of granulosa cells acquire LHCGR expression, and estrogen secretion is further 

-increased (21, 30-32). Once a thre.shold.plasm;a .concentration of estroge!l is reached, a 

positive fe~dback mechanism ensues increasing GnRH release from the hypothalamus, 

and in combination with increased sensitivity hi the anterior pituitary, leads to a surge of 

released LH, and to a lesser extent FSH (18, 28). 

The LH surge elicits a number of effects· on the preovulatory follicle, including 

resumption of m~iosis in the oocyte, ovulation, and luteinization (31, 33, 34). 

Luteinization is the process by which the granulosa and theca cells undergo 

. morphological and functional changes as the ovarian follicle differentiates to become the 

corpus luteum. In the granulosa cells, luteinization is characterized by an overall increase 

-in steroidogenic capacity, with a shift from estrogen to progesterone secretion (31, 35). 

In addition to the increase in steroidogenic enzymes, granulosa cells hypertrophy (36), 

and there is an increase in progesterone receptor (34, 36-39), a decrease in FSHR (22), a 

transient decrease in LHCGR ( 40), and overall increased collagenase and proteases (34, 

. 39).·· The cumulus oocyte complex (COC) begins producing an extracellular matrix as 

part of a process called cumulus expansion that is essential to the viability of the oocyte 

as it tr~sits the reproductive tract after ovulation (41, 42). At the local level, the 

increased progesterone and progesterone receptor are believed to be involved in 
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regulation of genes required for cumulus expansion and subsequent ovulation (39). In 

regards to the hypothalamic-pituitary-ovarian axis, the increased progesterone leads to a 

further suppression of LH and FSH ( 43 ). The declining gonadotropin levels eventually 

lead to a decrease in the levels of progesterone and estrogen being secreted by the 

granulosa cells. As the levels of these steroid hormones fall, LH and especially FSH are 

no longer suppressed. FSH levels begin to rise, and the process begins again, with 

development of the antral follicle (Fig 1-2). · 

i 
{!; 

I ·~ 
.... Preantral 

Corpus 
Luteum 

Figure 1-2. The Rat Ovarian 
Cycle. Follicles are recruited to 
the growing pool by increased 
FSH on the proestrus of the cycle 
before they ovulate. Increasing 
estradiol levels contribute to 
follicle growth. Serum estradiol 
levels increase enough to trigger 
a surge of LH,. which leads to 
ovulation and corpus luteum 
(CL) formation. The CL produces 
large amounts of progesterone. 
Adapted from (3). · 
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B. Intra-ovarian regulators 

While the previous discussion gave a very brief overview of the major players in 

the regulation of the hypothalamic-pituitary-ovarian axis and thus the ovarian cycle, there 

are a number of factors that are both produced and have local actions within the ovar)r to 

control cyclic follicle growth and development. Several factors have been described to 

play a role in primordial, primary, and secondary follicle development, such as the 

oocyte-derived TFG~ family members BMP-15 and GDF-9 (44, 45). However, because 

the focus of the research presented herein is on antral follicle development and 

luteinization, only the factors involved in these processes will be mentioned here. 

IGFs 

The peptide hormones insulin and insulin-like growth factors (IGF-1 and IGF-2) 

have been shown to be critical to follicle development (46). Within the ovary, granulosa 

cells are the major producers of IGF-1, while the receptor is expressed on both granulosa 

and theca cells and is induced by FSH and estradiol. IGF-1 acts in granulosa cells to 

stimulate both proliferation and cell survival (47, 48). In addition, IGF-1 has been shown 

to contribute to differentiation of granulosa cells, leading to such changes as increased 

steroid production, LHCGR induction, and inhibin biosynthesis ( 4 7-51 ). , These very 

different actions of IGF-1 are somewhat contradictory (Le. proliferative versus 

differentiative actions) and likely depend on the stage of follicle development. In 

addition to insulin and IGF receptors, other key regulators of IGF signaling in the ovary 

are the IGF binding proteins (IGFBPs), which bind only IGFs and not insulin, controlling 

IGF bioavailability. These proteins are differentially expressed across the cycle (52, 53). 



11 

. Activins and Inhibins 

Other intra-ovarian modulators . include activin and inhibin, which are members of 

the TGF~ superfamily of growth facto~s. Inhibins are form~d by the dimerization of a 

common a-subuD.it with either a ~A.;.subUnit' (inhibin A) or a ~B-subunit (inhibin B). 

Dimerization of the different J3-subunits results in the formatio1;1 of activin: Activin A 

(J3A-~A), Activin B (J3B-J3B), and Activin AB (~A-J3B) (54). Within the ovary, 

granulosa cell-produced activin has been described primarily as a mitogenic factor, and in 

combination with FSH leads to increased CCND2 and RB hyperphosphorylation (55, 56). 

Activin also contributes to differentiation of the follicle by increasing expression of both 

the FSHR and the LHCGR (57, 58) as well a~ by increasing inhibin production (59). In 

addition, activin has been shown to accelerate in vitro maturation of oocytes (60). 

Activin is produced in other tissues, such as the pituitary, where it acts locally to enhance 

synthesis of FSH, thus further contributing to ovarian follicle development (29, 61). 

' ' 

Inhibin, like activin, is produced in the granulosa cells and is a potent regulator of the 

activin signal. It competes with activin for binding to the activin type II-receptor 

(ActRII). The bulk of information on inhibin has been obtained for its actions in the 

pituitary, where it inhibits FSH synthesis (29). Inhibin has been shown to ·increase LH-

induced androgen production by the theca cells (54). 

Accessory binding proteins have been identified for both activins and inhibins. The 

actions of follistatin are to bind and neutralize activin by preventing it from ·binding to its 

receptor. In the ovary, granulosa cells produce follistatin, and its expression is increased 

with progressing antral follicle development and corpus luteum formation (62). 
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Betaglycan has been described as an inhibin co-receptor, as it bin~s inhibin with high 

affinity and enhances its binding to ActRll ( 63 ). FSH and estradiol have been shown to 

increase betaglycan mRNA express~ on in: granulosa cells ( 64 ). Other key factors in 

activin's intraovarian actions include the presence of receptors" and the activin-mediated 
.. . 

transcription factors, called Smads. Like activin and inhibin, the receptor and signaling 

molecules are temporally regulated (65-67). 

The epidermal growth factor (EGF) and its family members are also essential intra-

ovarian regulators. EGF has been implicated in increasing proliferation of granulosa 

cells and in increasing steroidogenesis (68-70). More recently, the EGF family members 

amphiregulin (AREG), epiregulin (EREG), and betacellulin (BTC) have been shown to 

be expressed in the ovary, and AREG and EREG have been shown to induce meiotic 

maturation and cumulus expansion (71, 72). 

Steroids 

In addition to the aforementioned growth factors, locally produced steroids are 

believed to play a paracrine role in the ovarian follicle by modulating gonadotropin and 

growth factor activities. Androgen receptor is clearly expressed in granulosa cells, and 

androgens have been show to stimulate early stages of follicular growth (73 ). Androgens 

stimulate both IGF-1 and IGF-1 receptor mRNA and thus augment IGF-1 stimulated 

proliferation (74, 75). In addition, androgens act synergistically with FSH to induce 
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progesterone and estradiol production in granulosa cells (76, 77). Androgens have also 

been shown to enhance granulosa cell apoptosis, often leading to follicular atresia (78). 

Estrogen is the primary steroid produced in the follicle prior to the gonadotropin 

surge. There are two estrogen receptors, ESRI (ERa) and ESR2 (ER~), with ESR2 

being the predominant ovarian estrogen receptor. Estrogen stimulates proliferation and 

serves to facilitate the actions of the gonadotropins FSH and LH. It induces both FSHR 

and LHCGR expression, as well as gap junction formation, contributing to the 

differentiation of granulosa cells (79). Estrogen has been shown to increase both 

androgen and progesterone production and to be anti-apoptotic (78, 80). 

. . . . r 

While low levels of progest~rone are ·produced prior to the LH surge, this 
- . ,_ ... . 

hormone is the predominant steroid of the luteinizing follicle and . subsequent corpus 

luteuni. Progesterone plays a role in ovulation, implantation, and in the maintenance of 

pregnancy. The progesterone receptor (PGR) js highly expressed, albeit transiently after 

the gonadotropin surge (81);. ·Progesterone .enhances its own production (82, 83). In 

addition, progesterone regulates proteolytic enzymes required for oVulation, such as. 

ADAMTS 1 and cathepsin L (84, 85). Progesterone has also been show to serve as an 

anti-mitotic, anti-apoptotic faGtor (86, 87). 

1.2 Cell Cycle 

A key component to follicle growth and development is proliferation of the 

· follicular cells, primarily the granulosa cells. This process occurs by a sequence of 

events by which a cell replicates its DNA and divides into two identical daughter cells 
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and is called the cell cycle. The eukaryotic cell cycle is divided into 4 phases: gap 1 

(Gl), synthesis phase (S phase), gap 2 (G2), and mitosis (M phase). A cell can exit the 

cycle in early G 1 and enter a non-dividing, quiescent state called GO. In fact, most cells 

within the adult body are maintained in GO. The Gl, S, and G2 phases are collectively 

termed interphase and account for greater than ~0% of the cell cycle. During G 1, the 
I 

cells grow and synthesize the proteins required for transition into the S phase and 

initiation of DNA replication (88). It is late in G 1 that cells ultimately "decide" whether 

or not they will proceed with the cell cycle or enter GO. Once the decision has been made 

to enter S phase, cells are irreversibly committed to complete the cell cycle. The time at 

which this decision is made is termed the "restriction point," and it will be discussed in 

more detail (see below) (89). Once a cell has committed to completing the cycle, it enters 

S phase, where the DNA is replicated. Upon chro!llosome duplication, cells enter G2. At 

this stage, cells assure proper duplication and no DNA damage and begin synthesizing 
. . 

proteins necessary for cell division. .Finally, cells enter M phase, where the nuclear 

compone.nts are separated (mitosis) and the cell physically divides (cytokinesis). Upon 

complet~on of M phase, the cycle is set to begin again (88). 

Because granulosa cells ~e believed to arrest in G 1 and because so many factors 

can affect transit from G 1 to S phase, our studies have focused on this stage of the cell 
. . \ . . ' . . ' ~ 

cycle in relation to. granulosa cell pr~liferation. The regulatory, proteins that function to 

integrate the extracellular and intracellular signals regarding proliferation are. the cyclins 

and cyclin-dependent kinases (CDKs). In particular, in response to mitogenic stimuli, the 
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D-type cyclins [Dl (C~ND1), .. D2 (CCND2),_ an<;l D3 (CCND3)] are ind~ced. In the 

absence of mitogenic stimulation, the D-type cyclins have a short half-life ("'30 min), but 

growth factors induce translation and inhibit proteolysis, enabling a constant expression 

of these cyclins_throughout the cell cycle. Removal of growth factor signaling results in a 

rapid degradation of D cyclins (88-90). Individual D-type cyclins are expressed 

differentially, depending on cell type (91). In addition to inducing cyclin D expression, 

mitogenic stimuli promote the assembly of D cyclins with their catalytic CDK partners, 

CDK4 and /or CDK6, and further promote translocation of these complexes· into the 

nucleus. Once 1n the nucleus, the complexes are activated by phosphorylation by a CDK-

activating kinase (CAK.). The fully active holoenzyme (Cyclin D-CDK4/6) 

phosphorylates, thereby inhibiting, the retinoblastoma (RB) protein. RB typically binds 

E2F family members, preventing their function as transcription factors of cell-cycle 

promoting genes. RB also actively represses transcription of E2F-responsive promoters 

by recruitment of histone- modulating proteins. · Hyperphosphorylation of RB disrupts 

this association, enabling untethered E2Fs to transcribe genes required for cell cycle 

progression (89, 92, 93). 

One of the many genes transcribed by the E2Fs is CCNEl (Cyclin E). Unlike the 

persistent expression of the D cyclins in the presence of mitogenic stimuli, expression of 

CCNE 1 is oscillatory, with maximal expression at the G 1-S phase transition. CCNE 1 

couples with CDK2, forming a complex with a ·broader substrate specificity than the D-
.. 

type cyclins and CDK4/6. CCNE1-CDK2 ·contributes to RB phosphorylation and 

phosphorylates histone HI and the cell cycle. inhibitor CDKNIB (p27),.among ~ther 
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substrates. After the cells have passed the restriction point, committing to the cell cycle, 

CCNE1 is rapidly degraded and CDK2 couples with CCNA (cyclin.A) to carry out 

functions related to S phase progression (89, 93). 

. Tra~scription of S Phase Genes 

Figure 1-3. The Cell Cycle. A mitogenic stimulus increases the expression and 
activity ·of the CCND2(Cyclin D2)-CDK4/6 complex, which in turn phosphorylates 
Rb. Hyperphosphorylated Rb releases sequestered E2F transcription factors which 
are then free to transcribe genes needed for the progression· of S phase, such as 
CCNEJ (Cyclin E) .. Increased CCNEJ-CDK2. at the Gl/S phase restriction point 
contributes to the phosphorylation of RB, enhancing its own expression, allowing 
progression from the G 1 phase of the cell cycle to the S phase. The Cyclin-CDK 
complexes can be inhibited by specific cell cycle inhibitors, such as CDKNJA (p21) 
and CDKNJB (p27). 

As illustrated in Figure 1-3, the cell cycle is a tightly controlled process as 

evidenced by the presence of both positive and negative molecular regulators. The 

negative regulators, which constrain the activities of the Cyclin-CDK complexes, are 
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termed CDK inhibitors (CKis) and are composed of two families, the INK4 family and 

the Cip!Kip· family. Members of the INK4 family include CDKN2A (p16), CDKN2B 

(p15), CDKN2C (p18), and CDKN2D (p19) and are specific inhibitors of the catalytic 

subunits of CDK4 and CDK6. The Cip/Kip family is composed of CDKN1A (p21), 

CDKN1B (p27), and CDKN1 C (p57) and is more broadly acting (i.e. cyclin and CDK 

subunits) (93). Interestingly, the c;ip/Kip family of inhibitors also facilitates CCND

CDK4/6 function by stabilizing the complex and· aiding in its nuclear transport. Cells 

null for both CDKN1B and CDKN1A fail to stably express D-type cyclins and 

subsequently have less Cyclin D activity. Thus, CCND-CDK4/6 also acts as a "sink" for 

these inhibitors, sequestering them and preventing their inhibitory actions on CCNE1-

CDK2; The INK4 proteins likely act as inhibitors by binding CDK4/6, liberating the 

bound Cip/Kip inhibitors (89, 91, 92, 94). 

1.3 Proliferation and Differentiation During Follicle Growth 

Granulosa cell proliferation and differentiation are integral components of 

development of the ovarian follicle. Once the granulosa cells become responsive to FSH 

and estradiol, and are exposed to these hormones (i.e. during antral follicle growth), the 

rate of granulosa cell proliferation is rapidly increased (6, 9, 95) as the follicles 

differentiate to preovulatory status. Penderson (96) and Hirshfield (97) demonstrated that 

granulosa cells from adult ·cycling rats proliferate at varying rates during different 

portions of the cycle, changing with the hormonal milieu. It has similarly been shown that 

the rates of proliferation change with follicle size (98-104). In adult, normal cycling rats, 
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the overall percentage of proliferating cells declines in larger follicles, as shown by 3H,;. 

thymidine and BrdU incorporation into DNA (98, 99). In PMSG-primed immature rats, 

the proportion of cycling cells (S+G2+M) per follicle is decreased between one and two 

days after PMSG as determined by flow cytometry .(1 ~0). In addition, granulosa cells 

taken from larger antral follicles of the ovine . were less proliferative when placed in 

culture than those taken from smaller antral follicles (101). This trend of decreased 

granulosa cell proliferation as the follicles reach the preovulatory status has also been 

noted in humans (102, 103) .. 

While evidence exists in a multitude of species that the rate of proliferation of 

granulosa cells slows prior to an ovulatory stimulus, it is an issue that has been 

largely ignored, especially in studies ·of the periovulat()ry intervat The-consequences 

of and mechanisms that subserve this phenomenom remam unknown. However, it has 

be~n suggested that the reduction in division is related to the increased differentiation of 

gr~ulosa cells as marked by increased estrogen synthetic capacity. This idea is further 

supported by histological data examining granulosa cell proliferation in large 

preovulatory follicles. These studies have suggested a centripetal pattern of proliferating 

cells, with non-proliferating cells abutting the basement membrane and the cumulus cells 

and cells lining the antrum still cycling (98, 104, 1 05). This pattern of granulosa cell 

proliferation is inverse to the pattern of differentiation. For example, in tertiary follicles 

of immature rats primed with PMSG, the LH receptor has been shown to be expressed 

preferentially in the mural granulosa cell layer with little to no expression in cumulus 

cells (30). This same pattern was observed for binding of 1251-hCG in large follicles of 
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adult cycling rats (106). Seen in this light, exit from the cell cycle could serve as a 

prerequisite to differentiation/ luteinization of granulosa cells, ·suggesting that follicle 

growth and periovulatory events are not necessarily separate entities. 

It is generally accepted that the expression and activity of D-type cyclins (D1, D2, 

D3) increases in response to extracellular stimulation, usually via immediate early 

transcription factors such as MYC (107).· Although both CCND1 (Cyclin D1) and 

CCND3 (Cyclin D3) have been shown to be regulated in the mouse ovary, CCND2 

(Cyclin D2) is the best characterized of the D-type cyclins in granulosa cells and its 

expression is increased by FSH, estradiol, and·insulin (108-110). Robker and Richards 

(1 09) showed a rapid and specific increase in CCND2 protein in granulosa cells of 

hypophysectomized rats admiriistered FSH, and knockout of CCND2 renders mice 

infertile due to the inability of granulosa cells to proliferate in response to FSH (111 ). 

·However, evidence that follicles in CDK4-/- mice develop normally and CDK6 is 

essentially undetectable in granulosa cells (112, 113) suggest that either redundant 

mechanisms exist for CCND2 partners or that this cyclin is not a key checkpoint f?r 

granulosa cells. In contrast, Yang and Roy (112) reported that FSHincreases the activity 

<?f CDK4 without up-regulation of CCND2, suggesting that CCND2 protein levels may 

be constitutive while changes .in CDK4 expression are the. primary means to regulate 

granulosa. cell proliferation.· While Robker and Richards did show increased CCNE 1 in 

response to FSH and estradiol in granulosa cells ofhypoohysectomized rats·(114) and no 

apparent regulation of CDKN1B (109) at this point, the expression and activity of these 

and other molecular regulators of the G 1/S r~striction point remain largely understudied 
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in granulosa cells during antral follicle growth. Thus a role of these and other cell cycle 

components in regwatii:tg granulosa, cell ·proliferation dUring follicle ·growth remains 

largely undefined. 

1.4 Proliferation and Differentiation During the Periovulatory Interval 

The periovulatory interval is· defined as the time period between the onset of an 

ovulatory gonadotropin stimulus and follicle rupture. In rats, · this interval lasts 

approximately 12-16 h, during which time there are ·rapid changes in steroid synthesis 

and increased expression of proteolytic enzymes, as well as the production ,of angiogenic 

factors (36, 115). These and other functional cascades work in concert to ensure the 

extrusion of a fertilizable oocyte and formation of a corpus luteum (CL). Because the CL 

has characteristics that suggest terminal differentiation, e.g., growth arrest and 

hypertrophy, it has long been assumed that luteinization represents the terminal 
. r . 

differentiation of granulosa into luteal cells (95). Part of this terminal differentiation 

process during the periovulatory interval has been hypothesized to consist of a rapid and 

. irreversible arrest of grati.ulosa cell proliferation immediately after the ovulatory surge 

(36, 109, 116). 

Luteal cells derived from antecedent granulosa cells have very low levels of 

proliferation. For example, Rao et al. (95) showed a marked decline in proliferative 

activity of granulosa-derived luteal cells from rats 24 h after administration of LH. 

Inhibited proliferation of luteal cells in mice is associated with decreased expression of 

CDK2 and CCNDl, and increased levels of CDKN1B and CCND3 (108). Similarly, 
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studies in the non-human primate ovary during the early luteal phase showed that 3-Beta

Hydroxysteroid Dehyodrogenase (3~-HSD)-positive cells (i.e., steroidogenic cells). are 

essentially non-proliferative (117). Examination of proliferation in the human CL 

indicates that the majority of cycling cells are. stromal, primarily vascular, with only 5-

15% of luteal cells staining·positive for Ki-67 (a marker of proliferative cells) by the end 

of the. early luteal phase (118). Interesting(y, several studies in humans. and primates 

suggest that periovu~atory progesterone is a causative factor in granulosa cell cycle arrest 

(119-121 ), while others suggest that progesterone plays a later role by maintaining 

quiescence of granulosa-lutein cells· (122). 

While the aforementioned studies have been primarily long-interval (>24 h after an 

ovulatory stimulus) studies, a few studies have examined granulosa cell proliferation at 

much earlier and shorter time intervals. Robker and Richards (1 09) suggested that 

proliferation of rat granulosa cells is arrested, and CCND2 expression decreased, within 4 

h of an ovulatory hCG stimulus, consistent with .the hypothesis that rat granulosa cells are 

irreversibly programmed to become luteal cells within 5-7 h after an ovulatory stimulus 

(123). However, Hirshfield et al. (1 00) and Agarwal et al. (124) both found that hCG 

treatment induces a transient increase in the proportion of rat granulosa cells in S phase. 

Importantly, the expression of myc increases in rat granulosa cells following hCG 

treatment, suggesting that MYC-mediated signaling may play an important role in 

periovulatory events (124, 125). In rhesus macaques undergoing controlled ovarian 

stimulation (COS), granulosa cells express significantly less Ki-:'67 within 12 h of an 

ovulatory hCG bolus (116). However, this same study also reported an hCG-induced 
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increase in ccnd2 mRNA and unchanged ccnel mRNA, while ccnbl (cyclin Bl) mRNA 

levels were reduced 12 h post-hCG. Further, in vitro luteinization of macaque granulosa 

cells is associated with transient increases in DNA synthesis and myc expression, 

suggesting that hCG stimulates additional proliferation before cell cycle arrest occurs 

(126). Supporting this hypothesis, studies presented herein (127) as well as more recent 

work by another lab (128) show increased proliferation in cumulus granulosa cells up to 

10 h after hCG, with the latter additionally showing a transient increase in ccnd2 mRNA 

in cumulus cells 8-1~ h after. hCG. Future studies examining both the profile and 

mechanism of proliferation of granulosa cells duringluteinization are warranted, with a 

. special focus on the different of granulosa cells within the foll~cle. 

1.5 The PMSG-Primed Immature Rat Model 

Much of theJmowledge obtained on control of the· ovulatory cycle in primates and 

other nonseasonal mammals is based on studies of the estrous cycle in the rat. The rat 

has a 4-5 day estrous cycle, divided into four distinct stages: proestrus (12-14 h), estrus 

(25-27 h), metestrus (6-8 h) and diestrus (55-57 h). The LH surge occurs on the evening 

of proestrus and ovulation occurs some 12-16 h afterwards, on the morning of estrus, at 

which stage the female is most receptive to mating. Follicles begin growing on every day 

of the cycle and can take months to grow to the antral follicle stage; follicles that actually 

ovulate are "selected" from the group of follicles that have obtained an antrum on the 

proestrus (due to an FSH .surge) preceding the cycle .in which they actually ovulate. 

Thus, the final stages of follicle growth occur rapidly. The antral follicles that are not 
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"' "selected" undergo atresia. In unmated females, the ruptured follicle reorganizes to form 

a "nonfunctional" CL that can persist morphologically in the ovary for 12-14 days (129, 

130). 

The animal model used for the experiments presented herein is the pregnant mare 

serum gonadotropin (PMSG)-primed immature rat model of superovulation. 

Superovulation, as its name implies, is a procedure that increases the number of 

ovulations over what occurs naturally. This method has been used in laboratory and farm 

animals to study follicular regulation and to increase the number of offspring, as well as 

in humans during in vitro fertilization protocols. Most superovulation procedures 

enhance gonadotropins either through exogenous administration or endogenous 

stimulation by antagonizing the· negative feedback of estrogen. Modulation of these 

gonadotropins is believed to recruit more healthy follicles into the active growth phase 

and/or reduce the rate of atresia (8).· In the gonadotropin-primed immature_ rat model of 

superovulation, immature rats (PND 27-28) are, subcutaneously injected with PMSG to 

induce follicle growth (Fig 1-4 ). PMSG is a glycoprotein produced in the placenta of the 

pregnant horse. In the· rat it has both FSH and' LH bioactivity and has a long half-life 

(131)~ The. first ovulation in most rats occurs between 35 and 45 days after birth and is 

accompanied by vaginal opening (132). Thus, by using immature (i.e. pre-pubertal) rats, 

the hypothalamic-pituitary-ovarian axis is not yet mature, and effects of endogenous 
' . 

gonadotropins can. be elimin~ted. Forty-eight hours -~~r ad.nlinistration of PMSG, rats 

are injected with an ovulatory bolus of human chorionic gonadotropin (hCG), which 

induces luteinization and ovulation. 
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Figure 1-4. The PMSG-primed immature rat model of superovulation. Spraque Dawley 
rats, PND 27-28, are stimulated with 10 IU of PMSG (s.c.). After 48 h they are given an 
ovulatory bolus of hCG to induce ovulation and luteinization. Ovulation occurs ,..., 12 h later. 

PMSt (101U) hCG (101U) • Ovulation • 
oh 48 h 60-64 h 

The PMSG-primed immature rat model of superovulation constitutes a widely used 

model for the study of luteinization and ovulation. This model is relatively l~w in cost 

and easy to manipulate. There is an abundance of reagents, including antibodies, and 

there is extensive background knowledge of ovarian physiology in the rat. An advantage 

of this model over adult rat models is the absence of regressing corpora lutea of previous 

cycles, as well as the production of more preovulatory follicles in which to study 

proliferation during both follicle. growth and luteinization. In addition, exact timing of 

the ovulatory stimulus is controlled, thus time course experiments ~e more precise and 
l 

meaningful. It is not assumed that the processes that occur in luteinization and ovulation 

are equivalent between the immature and adlllt rat and/or between superovulated and 

non-superovulated rats. There have, in fact, been a number of differences reported 

between the gonadotropin-primed llj.nnature rat model and the naturally cycling adult rat. 

Szoltys et al (133)' showed increased androgen production arid a hypertrophied theca 

intema in the PMSG-primed immature rat. ·Jn addition, failure of follicle rupture and 

nvulation has been reported in several studies (133, 134), although one study ~uggested 



25 

that Wistar rats stimulated after day 25 have fewer unruptured follicles than those 

stimulated prior to . day 25 (134). Though not d~rectly related to luteinization and 

ovulation, superovulation protocols have also r~sulted in problems in implantation (135, 

136). 

The gonadotropin-primed immature rat model used here can and has been useful in 

identifying some of the key characteristic~ of ~uteinization and ovulation across multiple 

species. Therefore, we find it a good starting place. While it has been noted that there 

are vast differences between the oVulatory cycles in rats and humans, such as cycle length 

and functional CL formation, the similarities cannot be ignored, for example, the 

regulatory roles of the .Pituitary gonadotropins in steroid production as well as the roles of 

estrogen and progesterone in cell growth and cell survival. Findings from our 

experiments ori. granulosa cell proliferation and differentiation using the PMSG-primed 

immature rat model will be applied to future studies using the naturally cycling adult rat 

and eventually to studies in the non-human primate. 

1.6 Statement of the Problem and Significance 

The growth and maturation of the ovarian follicle is central to reproductive 

cyclicity in females and is under the endocrine control of the pituitary gonadotropins FSH 

and LH, as well as locally produced steroids and growth factors. A fundamental aspect 

of follicle development is proliferation and differentiation of granulosa cells, although the 

precise temporal dynamics and regulation remain largely Unknown. FSH acts through its 

receptor to stimulate estradiol synthesis, which together with FSH induces proliferation 
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of the granulosa cells in preantral and small antral follicles (95). In contrast, the LH 

surge initiates ovulation and formation of the corpus luteum (luteinization) in 

preovulatory follicles. Luteinization has been considered the terminal differentiation of 

granulosa to luteal cells and has been associated with a rapid reduction in granulosa cell 

proliferation (36, 114). However, more recent evide~ce suggests that (a) cell cycle 

control and luteinb;ation are not func~i?nally anc¥or mechanistically linked (113, 137), 

and .Cb) luteirrization is associated ,with additional granulosa cell proliferation (100, 124, 

126-128). The data presented herein challenge the dogma that granulosa cell 

proliferation is strictly associated with follicle growth and exit from the cell cycle is 

strictly associated with the LH surge and luteinization. 

The role of granulosa cell proliferation and differentiation m follicular 

development and luteinization is only just now beginning to be elucidated. Several 

ovarian pathologies are associated with defects in these processes, including luteinized 

unruptured follicle syndrome and polycystic o:varian syndrome (PCOS). PCOS, in 

particular, is a serious public health issue, affecting anywhere from 3.4% to 6.8% of 

women (138). Among females undergoing assisted reproductive technology (ART) 

cycles in the United States in 2003, 6% had been diagnosed with ovulatory dysfunction 

(139). Thus, pathologie~ associated with follicular development and luteinization have 

the potential to afflict large numbers of reproductive-age women. Further, the use of 

controlled ovarian stimulation (COS) cycles to generate large numbers of oocytes for use 

in ART procedures is fraught with problems, such as a shortened luteal phase as well as a 

heterogeneous population of antral follicles likely differing in size, health, and oocyte 
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quality (140) all affecting the rate of pregnancy from these procedures. For. example, of 

the 122,872 ART cycles performed in 2003, only 35, 785 {-·--30%) resulted in a live birth 

(139). Finally, a better understanding of the processes that govern granulosa cell 

proliferation has important ramifications for ovarian cancer, especially rare juvenile 

granulosa cell tumors that are nevertheless associated with a high mortality (141 ). 
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2.1 Abstract 

Follicular development involves a. complex orchestration of granulosa cell 

proliferation and diffe~entiation .. It is becoming increasin~ly apparent that the rate of 

·granulosa cell proliferation declines as follicles reach the large antral status, prior to an 

ovulatory gonadotropin stimulus, although a precise time course arid mechanism for this 

decline has not been described. The goal of the present study was to characterize 

granulosa cell proliferation following the onset of antral follicle growth in PMSG-primed 

immature rats, with emphasis on G 1/S phase cyclins and cyclin-dependent kinases. Flow 

cytometric analysis demonstrated that the percentage of granulosa cells in S phase peaked 

24-30 h post-PMSG and declined to control levels ·48 h after PMSG administration. 

Expression of both CCND2 and CDK4 was highest 12 h post-PMSG and decreased to 

control levels by 48 h. In addition, CDK2 protein increased transiently 12-24 h after 

.PMSG. CCNE 1 expression . increased · significantly by 12 h but remained elevated 

through 48 h, and multiple isofonns of CCNEl were observed with increased 

proliferation. Both CDK4 and CDK2 activity parallelled protein expression, although, 

changes in CDK2 were niore marked. Levels of m.RNA for the tumor suppressor pten 

and the cell cycle inhibitors cdknl a and cdknl b increased significantly 48 h post-PMSG. 

These results demonstrate that PMSG-stimulated.movement of granulosa cells across the 

G 1/S boundary during follicle growth is transient. In addition, the control of granulosa 

cell proliferation may reside through the regulation of both CDK2 and CDK4. 
. I 
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2.2 Introduction 

The proliferation and differentiation of granulosa cells is an integral component of 

follicle growth and subsequent luteinization and ovulation. Granulosa cell proliferation 

begins at an exceedingly slow rate as follicles are recruited from the primary to secondary 

stage of development (9, 142). As the follicles -obtain large pre-antral and antral status, 

the granulosa cells become responsive to FSH with a corresponding increase in the rate of 

granulosa cell proliferation (9, 95). Pederson (96) and Hirshfield (97) demonstrated that 

granulosa cells from adult cycling rats proliferate at varying rates during different 

portions of the cycle, changing with the hormonal milieu~ It has similarly been shown that 

the rates of proliferation change with follicle size. In normally cycling adult rats, the 

overall percentage of proliferating cells declines in larger follicles (98, 99). In 'PMSG-

primed immature rats,_ the proportion of ~ycli,ng cells (S+G2+M) per follicle decreased 

between one and t\.vo days after· PMSG (100). In additio~ ·granul~sa cells taken from 
. . 

larger antral follicles of the ovine were ·less proliferative when placed in culture than 

those taken from smaller antral follicles (101). This trend of decreased granulosa cell 

proliferation as the follicles reach the preovulatory status has also been noted in humans 
' . ' 

(1 02, 1 03). While these studies have elegantly· ex8mined the .·profile of granulosa cell 

proliferation, they have not examined the molecular machinery controlling proliferation 

in these cells. 

The regulation of proliferation is a tightly controlled process dependent upon 

numerous endocrine, paracrine, and autocrine factors that converge on the central 

components of the cell cycle machinery. Among the positive regulators of the cell cycle 
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are the D-type cyclins [(Dl (CCNDl), D2 (CCND2), and D3 (CCND3)] that act as 

mediators of extra-cellular stimuli, activating the cyclin-dependent kinases (CDK) 4 and 

6, and CCNEl (Cyclin E)-CDK2, whose maximal activity occurs during transition into S 

phase. Cyclin-CDK complexes can be inhibited by CDK inhibitors (CKI), including 

members of the Cip/Kip [CDKNIA (p21), CDKNlB (p27), CDKNIC (p57)] and INK4 

[CDKN2A (p16), CDKN2B (pl5), CDKN2C (p18), CDKN2D (p19)] families (93). 

Cyclin D2 (CCND2) is the best characterized cyclin in granulosa cells and its 

expression is increased by FSH, estradiol, and insulin (108-110). Knockout of CCND2 

renders mice infertile due to the inability. of granulosa cells to proliferate in response to 

FSH, although a corresponding phenotype for CDK4-/- was not observed (111, 113). In 

contrast, despite the f~ct that CCNE 1-CDK2 is a critical factor in cell cycle progression 

(143, 144), and that overexpression of CCNE1 has been noted in ovarian cancers (145, 

146), relatively little is known regarding this enzyme complex in normal granulosa cell 

proliferation. 

The current study tests the hypotheses that proliferation of granulosa cells 

increases transiently following PMSG and that the expression and activity of CCND2-

CDK4 and CCNE1-CDK2 are associated with proliferation. We and others have shown 

previously that CCNE1-CDK2 expression and activity correlates· with cumulus cell 

proliferation in rat granulosa cells during the perivovulatory interval (127, 128). Herein, 

we report transient increases in the· expression of CCND2, CDK4, and CDK2 that 

correlate with the percentage of granulosa cells in S phase of the cell cycle. The 

activities of the CCNE1-CDK4 and CCNE1-CDK2 complexes mimic the observed 
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proliferative profile. In addition, we·. report for the first time expression of multiple 

isoforms ofCCNE1 in the non-pathologic ovary. Consistent with the decline in granulosa 

cell proliferation,· mRNA levels of the tumor suppressor g~11:e pten as well as the cell 

cycle inhibitors cdknl a and cdknl b are increased In preovulatory granulosa cells. 

2.3 Materials and Methods 

Reagents 

PMSG, histone III S (HillS), and propidium iodide were obtained from Sigma 

Chemical Co. (St. Louis, MO). DMEM/F-12 culture medium was from Life 

Technologies, Inc. (Rockville, MD). Complete protease inhibitors were purchased in 

tablet form from Roche Molecular Biochemical (Mannheim; Germany). Antibodies 

against CDK2 (sc-6248), CDK4 (sc-601), and CCND2 (sc-754) were purchased from 

Santa cru2:~Biotechnology (Santa Cruz, C.A), anti-CCNE1 (RB-012) was from Lab Vision 

(Fremont, CA), and antibody against ERK2 (06-333) and protein A-agarose were 

obtained from Upstate (Charlottesville, VA). Secondary antibodies were from Sigma or 

Jackson ImmunoResearch Laboratories (West Grove, PA). SuperSignal West Dura 

Extended Duration Substrate was from Pierce (Rockford, IL ). 

Animals and tissue collection 

All animal procedures were approved by both the Medical College of Georgia and 

University of Maryland Baltimore Animal Care and Use Committees and were in 

accordance with the National Institutes of Health Guide to the Care and Use of 

,:. 
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Laboratory Animals. Immature (21-d-old) Sprague Dawley rats obtained from Harlan 

(Madison, WI) were kept in a 12-h light/dark regimen with food and w~ter ad libitum. On 

postnatal d 26-27, rats were stimulated with 10 IU PMSG and sacrificed at specific time 

points before (0 h) or up to 48 h later. At the time of sacrifice, trunk blood was collected 

and serum obtained by centrifugation at 400xg for 10 min. Ovaries were harvested into 

cold D:MEM/F-12 medium, shredded using 25-guage needles, and debris removed using 

150-J..Lm-pore nylon mesh (Sefar America, Inc., Depew, NY) to obtain granulosa cells 

(147). Cells were isolated by shredding rather than follicle puncture to avoid problems 

related to the isolation of granulosa cells from unstimulated follicles. Emiched granulosa 

cells were pelleted and frozen for isolation of RNA or prepared for flow cytometric 

analysis. For protein analysis,. nuclear extracts were obtained from whole ovaries using 

the Nuclear Extract Kit from Active Motif (Carlsbad, CA) according to the 

manufacturer's specifications. 

Flow cytometry · 

Isolated granulosa cells were washed (2000 rpm for 10 min at 4 °C) two times in 

ice-cold fluorescence-activated cell-sorting (F ACS) sample buffer (0.1% glucose/PBS) 

and resuspended in 100-200 ~-tl F ACS sample buffer to obta4l a single-cell suspension. 
. ,• . 

. . . 

C~lls were ftxed by drop-wise addition ·of 1 ml ice-cold 70% ethariol while vortexing. 

Ethanol-ftxed cells were stored at 4 oc for at least 24 h before propidi~ iodide (PI) 

staining. Cells were centrifuged, all but·100-200 J..Ll of ethanol removed, and then treated 
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with 1 m1 ofPI staining solution (0.1 mg/ml PI and 0.5 mg/ml RNase A in FACS sample 

buffer). Stained cells were held ·at room temperature for at least 1 h before flow 

cytometric analysis. Immediately before analysis, cells were passed through a Falcon 35-

f.lm nylon mesh cell strainer cap (BD Biosciences, Bedford, MA) to remove aggregated 

cells. Flow cytofluorometric measurements of forward scatter, side scatter, and PI 

fluorescence were made using a three-color ·F ACSCalibur flow cytometer (Becton 

Dickinson, San Jose, CA) to determine DNA content. Single cells were chosen for DNA 

content analysis by gating PI fluorescence on a graph ofPl pulse area vs. PI pulse width. 

Data a:cquisition was performed using Cell Quest (version 3~-3) software and data analysis 

with ModFit LT for Macintosh (version 2.0) softWare "(Verity Sgftware House, Inc., 

Topsham, lVIE). 

RNA isolation and RT-PCR 

RNA was isolate~ using the RNAqueous-Micro Isolation Kit (Ambion, Austin, 

TX) and reverse transcribed, and 20 ng eDNA Was used for multiplex real-time PCR 

(Cepheid, Sunnyvale, CA and Applied Biosystems, Foster City, CA) using ·the 60 S 

ribosomal protein L32 (RPL32) as an internal standard (i48). Primers and probes were 

designed using Primer Express Software (Applied Biosystems, Foster City, CA), and 

sequences are listed in Table 1, with the exception ofpten. Pten probe and primers were 

ordered as a TaqMan® Gene Expression Assay (Rn004 77208 _ m1) from Applied 

Biosystems .. 
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Western blot analysis 

The concentration of protein in the nuclear extracts was determined using-- the 

BCA protein assay kit (Pierce Chemical Co., Rockford, IL). Equal amounts of protein (30 

J.Lg) were separated by PAGE, transferred onto a polyvinylidene difluoride membrane 

(Millipore, Bedford, MA), blocked with 5% dry nonfat dairy milk, and then probed with 
\ . . . 

respective primary and secondar)r ·antibodie:s. Immunoreactive bands were visualized 

using SuperSignal West Dura Extended Duration Substrate. Precision Plus Protein 

Standards (Bio~Rad, Hercules, CA) were run on each gel to identify the protein/band of 
- . . . . 

inter~st based on size. Blots were repro bed with total ERK2 as a loading control (127). 

CDK2 Activity Assay 

Nuclear extracts were immunoprecipitated with· anti-CDK2 (2 J.Lg) for 2.5 h at 

4°C, followed by protein A-agarose overnight at 4°C. Precipitates were washed twice in 

F-buffer [10 mM Tris (pH 7.05), 50 mM NaC~ 3~ mM sodium pyrophosphate, 50 mM 

sodium fluoride, 5 mM zinc chloride, 100 mM sodium orthovanadate, 1% triton X-100, 

and mixed protease inhibitors (one complete protease inhibitor tablet/25 m1 F-buffer)] · 

(149) and once in kinase buffer [SOmM Tris-HCl (pH 7.4), 10mM MgCh, and lmM 

DTT]. The resulting CDK2 immunocomplexes were incubated for 1 hat 37°C in kinase 

buffer, with 10 J.LCi y-e2P]ATP (Perkin-Elmer Life Sciences, Inc., Boston, MA), and 10 

J.Lg HillS. 32P-labeled HillS was visualized using PAGE on a Typhoon 8600 

phosphorimager (Amersham, Piscataway, NJ). The gel was stained with Coomassie blue, 

and total HillS was used as a loading control (127). 
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CDK4 Activity Assay 

The CDK4 activity assay was performed essentially as described by Yang and 

Roy (112). Briefly, the nuclear preparation was sonicated in 30 J.Ll of CDK4 

homogenization buffer [50 mM Tris-HCl (pH 7.5), 150 mMNaCl, 1 mMEDTA, 2.5 mM 

EGTA, 0.1% Tween 20, 10mM ~-glycerophosphate, 1 mM Na-orthovanadate, 1 mM 

NaF, 1 mM DTT and 10% protease inhibitor cocktail] and clarified at 16000xg for 30 

. min at 4°C. After measurement of the protein concentration by micro BCA (Pierce), 50 

J.Lg of protein was mixed with 300 f.Ll of a modified RIPA buffer (50 mM Tris-HC~ pH 

7.4, 150 mM NaCl, 1 mM EDT A, 1 mM NaF, 1 mM orthovanadate, 1 % NP-40 and 1 

mM PMSF). Thereafter, 40 f.Ll of~ washed protein A agarose slurry (Upstate Cell 

Signaling) was added to each tube, mixed at room temperature for 1 h, centrifuged at 

1 O,OOOxg for 30 sec and the supernatant was removed to a fresh tube. Beads were washed 

four times with a kinase wash buffer [50 mM HEPES, pH 7.5, 1 mM_DTT] and used for 

determining non-specific phosphorylation of the retinoblastoma protein (RBI). The 

supernatant was mixed overnight with 0.5 J.Lg mouse monoclonal anti-cyclin D 1/D2 

antibody at 4°C, followed by the addition of 40 J.Ll of a washed protein A agarose slurry 

and tumbling at room temperature for 1 h. The beads were washed four times with 1 m1 

of RIP A, 2 times with the kinase wash buffer, resuspended in 30 J.Ll of reach mixture 

containing 50 mM Tris-HCl, pH 7.5,':1 mM DTT, 10 mM MgCh, 20 J.!M ATP, 10 J.LCi y-

32P-ATP (specific -activity 1000. Cilmmol, .Ame~sham) and 0~2 J.!g recombinant RBI 

pro~e.in (Santa a~· Biotechnology, Santa Cruz,·CA) and incubated at 30°C for 30 min. 
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The reaction was stopped by adding an equal volume of a 2X SDS sample buffer 

followed by boiling for 5 min, and 30 f.ll of supernatant was fractionated on a 10% 

reducing polyacrylamide gel. After transferring to Optitran membrane, radioactivity 

associated with the RB 1 protein was recorded in a Cyclone (Packard Instruments) 

Phosphorimager. 

RIA 

Serum estradiol concentrations Were determined using the Coat-A-Count estradiol 

RIA kit per the manufacturer's · specificatipns (Diagnostic Products Corp., Los Angeles, 

CA). The detection limit of the assay is approximately 8 pg/ml. The intra- and inter-assay 

CV values were 5.8% and 4.1%, respectively. 

Statistical analysis 

All data are presented as mean ± SEM. Bartlett's X2 was used to test for 

heterogeneity of variance and data were logarithmically transformed if the variance was 
. . . 

significantly different. Data were analyzed by one-way AN<?VA followed by a Student-

Newman-Keuls means comparison test. Differences were considered significant if P< 

0.05. Time points with different superscript letters or symbols are significantly different 

from one other. 
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2.4 RESULTS 

Validation of Hormonal Stimulation 

To demonstrate stimulation of granulosa cells by PMSG,_ rats were sacrificed 

before (0 hr), and 6, 12, 24, 30, 36, 42, and 48 h after a subcutaneous injection of 10 I.U. 

PMSG, and several markers of granulosa cell differentiation were measured. Serum 

estradiol levels increased significantly by 24 h after administration of PMSG (3.6-fold, 

p<0.05. Fig 2-1). :,In addition, there was a tnne-depende11t mcrease_in the exp~ession of 

cyp 19al, with. a· 5.6-fold increase from 0 to 24 h (Fig 2-1 ). It is established that there is 

an increase in the expression of the LH receptor (LHCGR) in granulosa cells of 

preovulatory follicles, enabling a response to the ovulatory gonadotropin surge (30-32). 

Lhcgr mRNA expression increased (p<Q.-~05) ·by 12 h ·post-PMSG, with maximal 

expression (12.6-fold increase over contro~ p<0.05) between 42 and 48 h after PMSG. 

+ 3.0 • 1.6 ·co 
6 1.4 D 

i 
2.5: 

~ i1.2 m 2.0'!1 .s I ~1.0 
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i! 1 0.5 0.2 • CD 
0.0 0.0 

0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48 
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Figure 2-1. Validation of hormonal stimulation. Rats were sacrificed before 
(0 h) or up to 48 h after injection of 1 OIU PMSG. Serum estradiol ( •J was 
measured by RIA. Cyp19a1 (o) and lhcgr mRNA were measured by real-time 
RT-PCR using the ribosomal protein rpl32 as an internal standard Time 
points with different subscript l~tters are significantly different (p<O. 05). Data 
are mean± SEM (n = 4- 10 per time point).· 
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Flow Cytometric Determination of DNA Content 

Granulosa cells isolated before (0 h), and 6, 12, 24, 30, 36, 42, and 48 h after 

PMSG were stained .with PI, and DNA content was analyzed using flow cytometry (Fig 

2-2). The percentage of granulosa cells in GO/G I declined significantly (p<0.05) by 12 h 

after administration of PMSG, reaching the lowest levels ( --75%) between 24 and 30 h. 

By 48 h after PMSG, the percentage of granulosa cells in GO/G1 had returned to contr~l 

levels. The percentage .of granulosa cells in S phas~ of the cell cycle was inverse to that 

of cells in GO/G 1 .. Prior to PMSG, <1 0% of granulosa cells were in S phase (Fig 2-2). 

There was a ·significant increase in the percentage of granulosa cells iri s· phase by 12 h to 

14%, with the highest levels (--19%, p-<;0.05) reached between 24 and 30 h post-PMSG; 

The fraction of cells inS phase returned to unstimulated levels (--8%) 48 h after PMSG. 

There was a transie.nt increase ·in the.perc~ntage·of granulosa cells in G2/M phase at 6 h 

and again between 24 hand 36 h after PMSG returning to control levels by 42 h post

PMSG. The percentage of granulosa cells in G2/M never exceeded 6% or dropped below 

3.9% at any of the time points. 

Expression of Gl/S Phase Cyclins and CDKs 

Figure 2-3 depicts mRNA expression o.f selected positive regulators of Gl/ S phase. 

There were no significant changes in the expression of cdk4 or cdk2 mRNA levels over 

time. The expression of cdk6 mRNA increased significantly (3.7-fold, p<0.05) by 42 h 

after adininistration ofPMSG. 
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Figure 2-2. Cell cycle. profile of 
granulosa cells after stimulation by 
PMSG. Granulosa cells were isolated 
from rat ovaries at given time points · 
before· or after PMSG, ethanol fixated, 
and· stained with propidium iodide for 
analysis by flow cytometry. Top, 
proportion of cells in GOIGJ; middle, 
proportion of ·cells in S phase; and 
bottom, proportion of cells in G 2/M. 
Different superscript· letters indicate 
significant differences across time. Data 
are mean ±.:SEM (n = 4- 6 per time 
point) . 

.9cnd2 mRNA increased 12 h post-PMSG 

(1.6- fold, p<O.OS) and expression 

remained· constant thereafter. Ccnel 

mRNA levels· were increased transiently 

at 12 and 42 h after PMSG (-2.5-fold for 

each peak vs control, p<O.OS). In contrast 

to mRNA expression, both CCND2 and 

CDK4 protein increased transiently at 12 

h after PMSG (1.9-fold and 1.7-fold, 

respectively; . p<O.OS; Fig 2-4). CDK2 

protein increased transiently, peaking at 24 h (4.2-fold increase over 0 hr; p<0.05) with 

levels returning to control by 48 h post-PMSG. ·In contrast to the other proteins, CCNE1 

was expressed with multiple bands. While lower molecular weight isoforms of CCNEI 
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have been described in cancer cells (150, 151), we quantified the band ·closest to the 50 

kDa marker, which is believed to represent full-length CCNE1 (152). This band is 

marked by an asterisk on the western blot. This 50 kDa band was not detectable prior to 

1A 

c i! 1.2 
z "E 1.0 
~ :s 0.8 E• 
CD~ 0.6 

-~=·.4 u ~0.2 

0 6 12 18 24 3D 3& 42 48 
PMSG(hr) 

0 6 12 18 24 3D 3& 42 48 
PMSG(hr) 

B 
B 

o•~~~~~~~~~-
0 6 12 18 24 3D 3& 42 48 

PMSG(hr) 

2A 

c( -2.0 
z.S 
II: l:t.& :s 
E •,.2 ._..> 
• 1ii 0.8 c::u• 
U~OA 

B B. 

0 6 12 18 24 3D 3& 42 48 
PMSG(hr) 

0 6 12 18 24 30 36 42 48 
PIISG(hr) 

Figure 2-3. Expression of mRNAs for 
GO/Gl cyclins and cdks in granulosa 
cells isolated from hormonally 
stimulated immature. rats. Levels oj 
mRNA were measured using real-time 
RT-PCR analysis. Graphs are mRNA 
levels relative to the -internal standard 
rpl32. Data are mean .± SEM (n = 4 -
10 per time point). Different 
superscript letters indicate significant 
differences across time. 
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Figure 2-4. wJsteni blots ofCCND2, CDK4? CCNEJ, and CDK2. ·Nuclear extracts were 
obtained from ·whole ovaries of immature rats before (0 h), and 12, 24, and 48 h after 
PMSG. Protein was quantitated and analyzed by western blotting. Total ERK2 -was used 
as a loading control. To the right of each gel is- a graphical representation of the data, 
with the protein of interest normalized to ERK2. The asterisk on the CCNEJ western blot 
inidicates the 50 kDa band used for analysis. ·Different superscript letters indicate 
significant difforences. a~ross time~ Data are mean ± SEM (n=3 per .. time point). 
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PMSG and was markedly increased by 12 hand sustained thereafter. The expression of 

CDK6 protein was very low to undetectable in granulosa cells. 

Activity of CDK4 and CDK2 

CDK4 and CDK2 activities were measured in: nuclear extracts isolated from 

whole ·ovaries before (0 h), 12, 24, 36, and· 48 h post-PMSG using RB 1 protein and 

histone as substrates, respectively (Fig 2-:5). Maximal phosphorylation ofRBl protein by 

CDK4 ~ccurred consistently 12 h after administration of PMSG, concomitant with the 

increase in expression of both CCND2. and ·CDK4. protein; although the changes in 

magnitude were modest. ,CDK2 activity, as determined by histone phosphorylation, 

increased transiently 12 and 24 h post-PMSG, consistent with protein expression. The 

increase in CDK2 activity, however, was more substantial than that observed for CDK4 

activity. 

Figure 2-5. Activities of CDK4 and 
CDK2. Nuclear extracts· were obtained 
from whole ovaries of immature rats 

.---------------1 before (0 h), 12, 24, 36, and 48 h after 
~f.f··.~D.~~.~ .. ~!~)'. CDK2 PMSG. CDK4- or CDK2-containing 

32p-Rb Q},fi ~'·:<,>:,.; ~·~ 
~~y :7!J~ ~ ~~~ ·~~&/ ~-H-IlS complexes were immunoprecipitated and 

incubated with the substrate Rb and 
histone HIIIS, respectively, in the 
presence of ( 2P]AIP. 32P-labeled Rb or 
histone HI/IS was detected using a 
phosphorimage~ 1hree representative 
phosphorimages are presented per 
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....._--------------w.kinase, representing 3 different sets oj 
animals. 



Expression of pten, cdknlb, and cdknl a 

We further examined the expression of 

pten (~hosphatase and TEN sin homolog deleted 

on chromosome 1 0) mRNA in gr~ulosa cells :: 

after administration of PMSG. PTEN has 
. . . 

recently been shown to preferentially increase in 

granulosa cells of large versus small fol~icles ~ 

the bovine (153). We observed a signi:tic~t 

decline in pten expression between 6 h and 24 h 

after PMSG (2.7-fold, p<0.05) followed by a 

return to control levels at 48 h. Because PTEN 

is thought to regulate expression of the cell 

Figure 2-6. mRNA expression of pten, 
cdknlb (p27), and cdknla (p21) in gra:nulosa 
cells isolated .from hormonally stimulated 
immature rats. Levels of mRNA were 
measured using real-time RT-PCR analysis. 
Graphs are mRNA levels relative to the 
internal standard rpl32. Data are mean ± SEM 
(n = 3 - 10 per time point). ·Different 
superscript letters indicate significant 
differences across time. 
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cycle inhibitor CDKN1B (154), and because CDKN1A and CDKN1B are known to bind 

and regulate the CCND2-CDK4 and the CCNE1-CJ?K2 complexes (93), we also 

measured mRNA for these genes. The expression of cdknl b · mRNA tends to begin 
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increasing 42 h after PMSG, although it does not increase significantly until 48 h (1.9-

fold, p<0.05). Levels of cdknl a mRNA decline between 12 and 24 h, with an additional. 

decline 36 h after PMSG administration (2.0-fold and 3.2-fold, respectively, p<0.05). 

However, there is an almost 5-fold increase (p<0.05) in cdknl a mRNA expression at 36 h 

vs 48 hpost-PMSG. 

2.5 Discussion 

The goal of the present study was to characterize the time course of granulosa cell 

proliferation following the onset o_f antral follicular growth in· the PMSG-primed 

immature· rat, with emphasis on the expression of the G 1/S phase transition cyclins and 

cyclin-dependent kinases. Upon stimulation with PMSG, the percentage of granulosa 

cells in S phase of the cell cycle more than doubled by 24 h to approximately 19%. By 

48h, however, the percentage of granulosa cells in S phase had returned to control levels. 

These changes in granulosa cell proliferation were accompanied by significant changes in 

the expression ofCCND2, CDK4, CCNE1, ~d.CDK2. Both CCND2 and CDK4 peaked 

" . 

12 h post-PMSG, .with .. significant decreases by 48 h. . In addition, there was a small, 

transient increase in CDK4 activity 12 h after PMSG administration. CDK2protein was 

similarly increased by 12 h post-PMSG, peaking at 24 h before decreasing to control 

levels by 48 h. CCNE 1 expression, on the other hand, increased significantly. by 12 h 

post-PMSG, and remained elevated. There were marked changes in CDK2 activity, with 

activity peaking between 12 and 24 h after PMSG, the time at which the percentage of 

granulosa cells in S phase was also maximal. These results . provide clear evidence that 
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PMSG-stimulated transition of granulosa -cells across the G 1/ S boundary was transient. 

In addition, control of granulosa cell proliferation ·may occur through the regulation of 

both CDK2 and CDK4. 

While several investigators have ·hypothesized that the ovulatory gonadotropin 

surge is the stimulus for the final cessation of granulosa cell proliferation (86, 109, 116), 

it is clear that the majority of PMSG-induced granulosa cell proliferation ·ceases prior to 

an ovulatory stimulus. This is in agreement with previous fmdings in both the 

gonadotropin-primed rat and the adult cycling rat (98-1 00, 1 05). Using flow cytometric 

analysis, Hirshfield et a1 (1 00) found a marked and transient increase in the proportion of 

S phase granulosa cells within 24 h of PMSG, with th~ majority returning to control 

levels by 48 h. LowS-phase fractions were observed in nearly all follicles at all times, 

with few follicles exceeding 45% cycling cells (S+G2/M). This is consistent with the 

current data, in which the fraction of cycling cells never exceeded 27%. The cycling · 

fractions may be lower in the ~Uirent study due to the ·use of granulosa cells pooled from 

the entire ovary rather than frqm indiv~dual -follicles. In addition, by shredding the 

ovaries, it is . expe~ted that a mixed population of cells is obtained, although previous 

studies (127) showed that the granulosa cells are the primary proliferating cell type. . . ' 

The majority of granulosa cel1s appear to exit the S phase between 42 h and 48 h 

after PMSG. Interestingly, it is atthese_:-tim~ _points that the highest levels of markers of 

differentiation are observed. The hypothesis of follicular differentiation occurring 

concomitantly with decreased proliferation is supported by histological data examining 

granulosa cell proliferation in large preovulatory follicles, in which LHCGR-positive 
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cells abutting the basement membrane exit the cell cycle before antrally oriented cells 
. - :. . 

(30, 98, 105, 1 06). These data suggest the coupling of granulosa cell p~~liferation and 

differentiation, i.e., granulosa cells must exit the cell cycle prior to differentiating to 

preovulatory status. However, &enes associated with differentiation begin increasing at 

least 30 h before the decline in S phase. In fact, although the expression of serum 

estradiol, cyp19al mRNA, and lhcgr mRNA is highest between 42 and 48 h after PMSG, 

the time frame in which cells exit S phase, the levels appear to be leveling off, if not 

tending to decline in the case of cyp19al between 42 and 48 h. Jirawatnotai et al. (155) 

demonstrated that granulosa cells from CDKN1B/CDKN1A double-null mice could 

luteinize whilst maintaining a highly proliferative state, suggesting the uncoupling of 

granulosa cell proliferation and differentiation. It is likely, therefore, that follicles can 

consist of both proliferating and differentiating granulosa cells, although the question of 

whether or not granulosa cell proliferation and differentiation is coupled on a per cell 

basis warrants further examination. 

In order to understand which components of the cell cycle contribute to the 

preovulatory decline in granulosa cell proliferation, mRNA and protein levels of some of 

the positive regulators of the G 1/S phase transition were measured. Both ccnd2 m.RNA 

and protein increase within 12 h after PMSG administration, consistent with the idea of 

FSH regulation of CCND2 during follicle growth (1 09, 111 ). Coupled with the increase 

in CCND2 is the concomitant increase in CDK4 protein by 12 h post-PMSG. This is the 

time point at which an increase in S phase is first observed, suggesting a role for CCND2/ 

CDK4 in the initiation of PMSG-mediated granulosa cell proliferation. Yang and Roy 
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(112) suggested that the. formatipn of the CCND2-CDK4 complex is the primary driving 
. . 

force of granulosa cell proliferation in_ the antral follicle rather ·than changes in CCND2 

expression. While there did appear to be a slight increase in CDK4 activity at 12 h, 

control (pre-PMSG) levels were high and the changes were very modest, especially when 

compared to changes in the protein levels. This high basal level of CDK4 activity may 

be residual from preantral growth or an· artifact· of granul~sa c~lls arresting in the G 1 

phase of the cell cycle. If granulosa cells arrest in late G 1, near the G 1/S phase 

restriction point, CCND2-CDK4 activity would already be increased, as activity of this 

complex is induced early in G1 (156). However, CCNE1-CDK2 is essential for S phase 

transit; thus, the action of CCND2-CDK4 alone cannot cause transit through S phase 

(91). This. implies that upregulation of CCND2-CDK4 activity may be important in 

initiating FSH-induced proliferation, but S phase transit requires active CDK2. 

Alternatively, the minimal changes in CDK4 activity could suggest that this complex is 

acting as a "sink" for CDK.N1A and CDKN1B, preventing these proteins from inhibiting 

the CCNE1/ CDK2 complex, allowing progression through the G 1 to S phase· restriction 

point (93). Importantly, follicle growth in mice null for CDK4 does not seem to be 

impaired, suggesting that CDK4 activity plays a relatively minor role in antral follicle 

growth (113). It is likely that all of these scenarios are true to some extent in the 

granulosa cell cycle. 

The induction of CCNE1 by PMSG resulted in multiple bands around the 

expected size of 50 kDa, believed to be multiple isoforms of the protein. While multiple 

isoforms of CCNE 1 protein are expressed in breast cancer cell lines this is the first report 
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of CCNE1 isofonns in the ovary, and suggests both transcriptional and post-

. transcriptional regulation of CCNE 1. The variant isofonns of CCNE 1 identified in breast 

cancer cells are primarily low molecular weight . and are biochemically active in their 

ability to phosphorylate histone HI, perhaps even constitutively, and are resistant to 

CDKN1A and CDKN1B inhibition (150, 151). Interestingly, the greatest numbers of 

isoforms are detected 12 and 24 h after PMSG, the same period in which granulosa cell 

proliferation is highest. It is hypothesized that these CCNE 1 isofonns have a non

pathological function in granulosa cell proliferation. 

While there is no change in cdk2 IDRNA levels, there is a marked increase in both 

protein expression and activity at 12 and 24 h post-PMSG. Because CDK2 protein 

·declines but CCNE 1 protein levels remain elevated throughout the time course of PMSG 

stimulation, it is likely that CDK2 represents the limiting factor in the activity ·of the 

CCNE1-CDK2 complex. In addition to regulation of the CCNE1-CDK2 complex by 

post-translational changes in CDK2, increased CDKN1A and CDKNIB could bind to 

and render this complex inactive. 

Levels of cdknla and cdknlb IDRNA increased between 42 and 48 h after PMSG. 

FSH and estradiol were shown to increase CDKN1B in hypophysectomized rats prior to 

an ovulatory gonadotropin stimulus (1 09), supporting the hypothesis that estrogen 

production by the preoVulatory follicle may play a lead role in limiting granulosa cell 

proliferation via members of the CIP/K.IP family of cyclin-dependent kinase inhibitors. 

Further, while the decline in CDK2 protein (by unknown mech~sms) initially reduces 
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proliferation, the increase in cdknl a and cdknl b may maintain cell cycle arrest in the face 

of mitogenic pressure in the form of the LH surge (127). 

The expression of m.RNA for the tumor suppressor pten increases 42-48 h after. 

PMSG. Pten m.RNA and proteiri expression has been shown to increase in ovine 

granulosa cells during terminal follicular growth (153). PTEN is a protein and lipid 

phosphatase known to inhibit the phosphotidylinositol 3-kinase (PI3-K)/Akt pathway 

(154). A number of growth factors, including FSH, IGFs, insulin, and EGF, work at least 

in_part through the PI3-K pathway to affect granulosa cell proliferation, differentiation, 

and survival ( 4 7, 157 -162). A clear role for PTEN in the control of preovulatory 

granulosa cell proliferation remains to be elucidated, although it is speculated that PTEN 

contributes to cell cycle arrest at this stage of development through PIP3 phosphatase ~ 

activity. 

These ·studies support the hypothesis that granulosa cell proliferation declines 

prior to an ovulatory stimulus. In addition, this preovulatory decrease in granulosa cell 

· proliferation may be initiated by a reduction in CDK2 protein, which inhibits the activity 

ofthe CCNE1-CDK2_complex._ The maintenance ofthiscell.cy~le arrest may be through 
' .. · ·. 

upregulation of the cell cycle inhibitors CDKN1A, CDKN1B, and PTEN. The question 

remains, however, whether or not this preovulatory decline in granulosa cell proliferation 

is a requisite for differentiation and thus luteinization. 
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Table 2-1. Primer/probe sequences (5'- 3') 

Forward Primer Probe Reverse PJtmer 

qpl!Jal OOTCCGCCCT1TCTTATG TCfGACG<JGCCCfGGTCJTATTCGA TGGATTCCACACAGACTTCfACCA 

cdk2 GGCCI'AGCAITCTGCCATIC CCTGCACCGAGACCITAAGCCCCA , GGAccccrcTGCGITGATAA 

CfAA(j()(j()CCJ'AGATITCCJTCATGC 
ctlk4 AAGGATCTGATGCGCCAGTT AAAC CAGGTCCCGGTGAACAATG 

TGTCACGGACAGACAGAGAAACTAA 
cdk6 ACCCCAACGTGGTCAGGTI AClTAC<iC CCAAGTAAGTGGTCAAGTCJTGATCA 

ccnd2 TGCAGTAACCCCTCACGACJT CACATCCTACGCAAGCTGCCCCA GATCAGGGACAGCTTCTCCTTCT 

ct:Ml AoocccrrAAGTGGCGTITAA CCCCCTGACCATTGTGTCCTGGCI' TGACGTAGGCCACITGGACAT 

1/u:gr GCCATCCI'CATCJTCACAGACTT TCICGGCTGCCTJCAAAGTGC CAGTAAGATTTTCGAGTTGGTGACA 

CCCAAGATCGTCAAAAAGAGGACCA 
lpL32 CCITCGGCCTCTGGTGAA AGAA CCGACTGGTGCCTGATGAA 
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3.1 Abstract 

Granulosa cell proliferation during luteinization and terminal differentiation has 

historically been assumed to decline rapidly after an ovulatory stimulus. In contrast, 

terminal differentiation in other cell types has recently been associated with a transient 

increase in proliferation, suggesting that this may occur in the ovarian follicle. The goal 

of the current study was to test the hypothesis that an ovulatory stimulus in rats results in 

additional granulosa cell proliferation before cell cycle arrest. Immature rats were given a 

single injection of pregnant mare serum gonadotropin (PMSG) followed by human 

chorionic gonadotropin (hCG) to· initiate periovulatory events. The proportion of 

granulosa cells inS phase did not change until, 12 h after hCo,-·a).though the majority of 

the -post-h~G proliferation was localized to cumulus granulosa cells for up to 10 h after 

hCG. The expression of ccnd2 mRNA. did not decline until12 h after hCG, although both 

cyclin-dependent kinase (cdk)4 and cdk6 mRNA increased at 6 h. Protein levels of 

CCND2 and CDK4 did not ch~ge as ~ result ~f hCG~ whereas· -.CCNE1 increased 6 h 

after hCG. Kinase activity of CDK.2 dropped markedly by 4 h after hCG, but a slight 

increase in activity was evident 6-8 h after hCG. These data suggest that cumulus 

granulosa cells continue to proliferate for up to 10 h after an ovulatory stimulus, possibly 

via CCNE1-CDK2. It is concluded that proliferation is maintained in granulosa cells in 

the proximity of the oocyte during luteinization of the rat follicle. 
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3.2 Introduction 

THE PERIOVULATORY INTERVAL is defined as the onset of an ovulatory 

gonadotropin stimulus until follicle rupture. In rats, this interval lasts approximately 12-

16 h, during which time there are rapid changes in steroid synthesis, increased expression 

of proteolytic enzymes, as well as the production of angiogenic factors (36, i 15). These 

and other functional cascades work in concert to ensure the extrusion of a fertilizable 

oocyte and formation of a corpus luteum (CL). Because the. CL has characteristics that 

suggest terminal differentiation, e.g. growth arrest and hypertrophy, it has long been 

assumed that luteinization represents the terminal differentiation of granulosa into luteal 

cells (95). Part of this terminal differentiation process during the periovulatory interval 

has been hypothesized to consist of a rapid and irreversible arrest of granulosa cell 

proliferation immediately after the ovulatory surge (36, 109, 116). However, few studies 

have ~een unde~en to characterize the cell cycle during the periovulatory interval as a 

test of this hypothesis. 

In essentially all cell types, cell cycle control involves the complex orchestration 

of a number of core stimulatory and inhibitory components (163). Extracellular mitogenic 

stimulation is mediated by the D-type cyclins (Dl, D2, and D3), which associate and 

form complexes with the cycliri-dependent kinases (CDK) CDK4 or CDK6. Thus, 

although the cyclin D-CDK4/6 complexes control entry into G 1 phase, regulators of entry 

and progression through S phase are CCNE1/CDK2 complexes. The aforementioned 

cyclin-CDK complexes, once activated, phosphorylate r~tinoblastoma (RBI) and its 

family members, RBLl (p107) and RBL2 (pl30), thus releasing. sequestered E2F 
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transcription factors, allowing transcription of genes required for cell cycle progression 

(92). In contrast to cyclin D expression, which is induced by mitogenic signals, CCNEI 

is expressed periodically, with maximal CCNEI-CDK2 activity occurring in late GI and 

at the GI-S boundary. The central importance of CCNEI-CDK2 has been established 

through the observation that overexpression of CCNEI obviates the need for cyclin D-

· CDK4/6 and can shorten the length of G 1 (I43). Inhibitory components of the cell cycle 

include the CDK inhibitors (CKis), which bind and inhibit the activity of cyclin-CDK, 

contributing to cell cycle arrest. Two families of inhibitors are currently known: the 

. Cip/K.ip family [CDKNIA (p2I), CDKNIB (P27), and CDKNlC (p57)] and the INK4 

family [CDKN2A (pi6), CDKN2B (piS), CDKN2C (pi8), and CDKN2D (pi9)] (93). 

Luteal cells . derived from antecedent granulosa cells have very low levels of 

proliferation. For example, Rao et al. (95) showed a marked decline in proliferative 

activity of granulosa-derived luteal cells from rats 24 h after administration of LH. 

Quiescence of luteal cells in mice is associated with decreased expression of CDK2 and 

CCNDI and increased levels of CDKNIB and CCND3 (I08). Similarly, studies in the 

nonhuman primate ovary dur41g the early luteal phase showed that 3 ~-hydroxysteroid 

dehydrogenase-positive cells are essentially nonproliferative (II7). Examination of 

proliferation in the human CL indicates that the majority of cycling cells are stromal, 

primarily vascular, with only5-I5% of luteal cells staining positive for Ki-67 by the end 

of the early luteal,_phase (Il8). Interestingly, several. studies iri humans and primates 
;. 

suggest th~t periovulatocy progesterone is a causative factor in granulosa cell cycle arrest 
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(119-121), whereas others suggest that progesterone plays a later role by maintaining 
. . 

quiescence of granulosa-lutein cells (122). 

Although the aforementioned studies have bee_n primarily long-interval (>24 h 

after an ovulatory stimulus) studies, a few studies have examined granulosa cell 

proliferation at much earlier and shorter time intervals. Robker and Richards (1 09) 

suggested that proliferation of rat granulosa cells is arrested, and CCND2 expression 

decreased, within 4 h of an ovulatory human chorionic gonadotropin (hCG) stimulus, 
r . . . . 

consistent -with the . hypothesis that rat granulosa cells are irreversfuly programmed to 

become luteal cells within 5-7 h after an ovulatory stimulus (123). However, Hirshfield 

et al. (100) and Agarwal et al. (124) both found that hCG treatment induces a transient 

increase in the proportio._~ of rat granulosa cells in S phase. Importantly, the expression of 

c-myc increases in rat granulosa cells after hCG treatment, suggesting that myc-mediated 

signaling may play an important role in periovulatory events (12~, 125). In rhesus 

macaques undergoing controlled ovari~ stimulation, granulosa cells express 

significantly less Ki-67 (a marker of proliferating cells) within 12 h of an ovulatory hCG 

bolus (116). However, this same study also reported an hCG-induced increase in ccnd2 

mRNA and unchanged ccnel m.RNA, whereas ccnbl mRNA levels were reduced 12 h 

after hCG. Furthermore, in vitro luteinization of macaque granulosa cells. is associated 

with transient increases in DNA synthesis and myc expression, suggesting that hCG 

stimulates additional proliferation before cell cycle arrest occurs (126). 

The goal of the present study was to establish the temporal dynamics of granulosa 

cell proliferation· after an ovulatory · stimulus to pregnant mare serum gonadotropin 
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(PMSG)-primed immature rats. It is hypothesized that hCG stimulates a limited period of 

granulosa cell proliferation before the onset of cell cycle arrest. 

3.3 Materials and Methods 

Reagents 

PMSG and hCG were obtained from Sigma Chemical Co. (St. Louis, MO). 

DMEM/F-12 culture meditu11 was from Life Technologies, Inc. (Rockville, MD). 

Complete protease inhibitors were plirchased in tablet form from Roche Molecular 

Biochemical (Mannheim, Germany). Bromodeoxyuridine (BrdU) was purchased from 

Sigma, and anti-BrdU from Fitzgerald Industries (Concord, MA). Antibodies against 

CDK2, CDK4, CDK6, CCND2, and tissue inhibitors of metalloproteinases (TIMP) 1 

were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), anti-(:CNE1 was from 

Lab Vision (Fremont, CA), antibody against ERK2 and protein A-agarose were obtained 

from Upstate (Charlottesville, VA), and anti-glycenidehyde-3-phosphate dehydrogenase 

was from Abeam (Cambridge, UK). Secondary antibodies were from Sigma or Jackson 

ImmunoResearch Laboratories (West Grove, PA). SuperSignal West Dura Extended 

Duration Substrate was from Pierce (Rockford, IL). Histone III S (HillS) was from 

Sigma. 

Animals and tissue collection 

All animal procedures were approved by the Medical College of Georgia Animal 

Care and Use Committee and were in accordance with the National Institutes of Health 
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Guide to the Care and Use of Laboratory Animals. Immature (21-d-old) Sprague Dawley 

rats obtained from Harlan (Madison, WI) were kept in a 12-h light/dark regimen with 

food and water ad libitum. On postnatal d 26-27, rats were hormonally stimulated with 

10 IU PMSG followed 48 h later by 10 IU hCG. Animals were sacrificed at specific time 

points before (0 h) or up to 12 h after an ovulatory hCG bolus. At the time of sacrifice, 

trunk blood was collected and serum obtained by centrifugation at 400xg for 10 min. 

Ovaries were harvested into cold DMEM/F-12 medium, shedded using 25-gauge needles, 

and then filtered through 150-J.tm-pore nylon mesh (Sefar America, Inc., Depew, NY) to 

collect granulosa cells (14 7). Enriched granulosa cells were pelleted and frozen for 

isolation of RNAa.rld protein or prepared for flow cytometric analysis. 

Flow cytometry 

Isolated granulosa cells were washed (2000 rpm for i 0 min at 4 °C) two times in 

ice-cold fluorescence-activated cell-sorting (F ACS) sample .buffer (0.1% glucose/PBS) 

and resuspended in 100-200 J.Ll FACS sample buffer to obtain a single-cell suspension. 

Cells were fixed by drop-wise addition of 1 ml ice-cold 70% ethanol while vortexing. 

Ethanol-fixed cells were stored at 4°C for at least 24 h before propidium iodide (PI) 

staining. Cells were centrifuged, all but 100-200 J.Ll of ethanol removed, and then treated 

with 1 ml of PI staining solution (0.1 mg/ml PI and 0.5 mg/ml RNase A in F ACS sample 

buffer). Stained cells were held· at room temperature for at least 1 h before FACS 

analysis. Immediately before analysis, cells were passed through a Falcon 35-J.Lm nylon 
. . 

mesh cell strainer cap (BD Biosciences, Bedford,· MA) to remove. aggregated cells. Flow 
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cytofluorometric measurements of forward scatter, side scatter, and PI fluorescence were 

made using a three-color FACSCalibur flow cytometer (Becton Dickinso~, San Jose, CA) 

to determine DNA content. Single cells were chosen for DNA content analysis by gating 

PI fluorescence on a graph of PI pulse area vs. PI pulse width. Data acquisition was 

performed using CellQuest (version 3.3) software and data analysis with ModFit LT for 

Macintosh (version 2.0) software (yerity Software House, Inc., Topsham, ME). 

BrdU incorporation and immunohistochemistry 

Immature rats were hormonally stimulated as above and injected (ip) with 5 

mg/kg BrdU 2 h before killing, at which time they were perfused with · 4% 

paraformaldehyde. Ovaries and spleens were removed and stored overnight in 4% 

paraformaldehyde, paraffm embedded, and sectioned at 3 J.tm. Sections were 

deparaffinized and rehydrated in toluene and sequential ethanol washes, respectively. 

For BrdU immunohistochemistry, slides were trypsinized and treated with HCl for 

denaturation of the DNA. Sections were then incubated in a 1:100 dilution of sheep 

polyclonal anti-BrdU for 2 h at room temperature, rinsed in 10 mM PBS, and then 

incubated in a 1: 1000 dil~tion of.Ale~a Fluor 488 donkey ailti~sheep antibody (Molecular 

Probes, Eu~e:p.e, OR} for 1 hat room temperature. Adjacent section~ were stained for 10 

min -with. hematoxylin (Vector Laboratories,· Inc., Burlingame, CA) and for .S min with 

Eosin (Sigma) and then dehydrated~· cleared with Citrisolv (Fisher Scientific, Pittsburgh, 

PA), and coverslipp~d. For T!Mp1 immunohistochemistry, deparaffinized, rehydrated 

slides were pretreated with Target Retrieval Solution (],H 6.0; Dako Corp., Carpinteria, 
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CA.) using a steamer (Black and Decker rice steamer), followed by a distilled water 

rinse. Endogenous peroxidase was quenched with 0.3% H202 in distilled water for 5 min 

followed by distilled water for 2 min. Slides were incubated in Power Block (Biogenex 

Laboratories Inc., San Ramon,. CA.), rinsed_ in distilled water, and placed in 1xPBS for S 

min, followed by anti-TIJ\.11>1 antibody (Santa Cruz Biotechnology) at 1:100 for 1 hat 

room ·temperature and then peroxidase-conjugated AffmityPure. secondary donkey 

antfrabbit for 1 h,_ and rinsed in two .changes of PBS. Detection was with 

·diaminobenzidine substrate (Dako ). Slides were counterstained with hematoxylin 

(Richard-Allan Scientific, Kalamazoo,. MI) and visualized . using the Olympus IX71 

microscope and the MicroFire Imaging System (Olympus). 

RNA isolation and RT-PCR 

RNA was isolated using the RNAqueous-Micro Isolation Kit (Ambion, Austin, 

TX) and reverse transcribed, and 20 ng eDNA was used for multiplex real-time PCR 

(Cepheid, Sunnyvale, CA) using the 60 S ribosomal protein L32 (RPL32) as an internal 

standard (148). Primers and probes were designed ·using Primer Express Software 

(Applied Biosystems, Foster City, CA), and sequences are listed in Table 3-1. 

Protein isolation and Western blot analysis 

Granulosa cell protein was isolated using F-buffer [10 mM T!is (pH 7.0S), SO mM 

NaCl, 30 mM sodium pyrophosphate, SO mM sodium fluoride, S mM zinc chloride, 100 

mM sodium orthovanadate, 1% triton X-100, and mixed protease inhibitors (one tablet/2S 
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ml complete protease inhibitors)] (149). Cell pellets were resuspended in F-buffer by 

rapid pi petting and held on ice for 10 min followed by vortexing for 30 sec. Lysates were 

briefly sonicated and centrifuged at .14,000 rpm at 4 °C for 15 n;rin. Th~ supernatant was 

pi petted into a. clean tube, and the·· protein concentration determined using the BCA 

protein assay kit (Pierce Chemical qo~, .Rockford, IL). Equal amounts of protein were 

separated by PAGE, transferred onto a polyv~ylidene difluoride membrane (Millipore, 

Bedford, MA), blocked with 5% dry nonfat dairy milk, and then probed with respective 
. . 

primary . and secondary antibodies. Immunoreactive bands . were visualized using 

SuperSignal West Dura Extended Duration Substrate. Pre.cision Plus Protein Standards 

(Bio-Rad, Hercules, CA) were run on each gel to identify the protein/band of interest 

based on size. Blots were reprobed with total ERK2 as a loading control. Total ERK2 

was first tested as a loading control by comparing with glyceradehyde-3-phosphate 

dehydrogenase protein levels on the same blot. Both proteins showed similar profiles 

(data not presented). In addition, this protein is expressed at equivalent levels in rat 

granulosa cells before and after hCG (164), and the molecular mass is different·from the 

cyclins/CDKs examined in the current study; thus blots did not require stripping before 

repro bing. 

CDK2 activity 

Protein was isolated before or after hCG using a commercially available lysis 

buffer (Upstate). Lysates were immunoprecipitated with anti-CDK2 antibody (2 J..Lg) for 2 

hat 4°C, followed by protein A-agarose ·overnight at 4°C. Precipitates were washed 
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twice in lysis buffer and once in kinase buffer (l)ps~ate). The resulting CDK2 

immunocomplexes were incubated for 1 h at 3 7°C in kinase buffer, 10 f..lCi e2P]ATP 

(Perkin-Elmer Life Sciences, Inc., Boston, MA), and 10 J.Lg histone HillS. 32P-labeled 

histone HillS was visualized using PAGE on a Typhoon 8600 phosphorimager 

(Amersham, Piscataway, NJ). The gel was then stained with Coomassie blue, and total 

mns was used as a loading control. 

RIA 

Serum progesterone concentrations were dete~ed using the Coat-A-Count 

progesterone RIA kit per the manufacturer's specifications (Diagnostic Products Corp., 

Los Angeles, CA). 

Statistical analysis 

All data are presented as mean ± sem. Bartlett's x2 was used to test for 

heterogeneity of variance, and data were subsequently logarithmically transformed. Data 

were analyzed by one-way ANOVA followed by a Student NeW1nati-Keuls' means test. 

Differences were considered significant if P < 0.05. Time points With different 

superscript letters or symbols were significantly different. 
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3.4 Results 

Validation of luteinization in the PMSG-primed rat model 

Several markers of luteinization were used to ensure response to the hormonal 

treatment protocol. Serum progesterone concentrations increased significantly (P<O.OS) 

by 4 hand peaked 6 h after an ovulatory hCG bolus (Fig. 3-1). Progesterone receptor. 

(pgr) mRNA similarly increased (P<O.OS) within 2 h of hCG, with peak expression 4 h 

after hCG followed by a sharp decline. Prostaglandin-endoperoxide synthase 2 (ptgs2; 

cox2) and adamts 1 mRNA also showed the expected expression profile after hCG (3 7, 

165, 166). 
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·FIG.3- 1. Validation of luteinization. Rats were hormonally· stimulated with P MSG 
for 48 h, followed by an ovulatory bolus of hCG for up· to 12 h. Serum progesterone 
(o) and granulosa cell expression of pgr mRNA (•) increased after an ovulatory 
bolus of hCG. Serum progesterone was measured by RIA, andpgr mRNA by real-time. 
RT-PCR using rpl3 2 as an internal standard Superscripts denote significant 
differences vs. 0 h (#, serum progesterone; *, pgr mRNA). Levels of cox-2 and 
adamts1 mRNA are depicted on the right. Data are mean± SEM (n = 4.:_fj per time 
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S-phase progression of granulosa cells after an ovulatory hCG bolus 

Granulosa cells isolated before (0 h) and 2, 4, 8, ·and. 12 h after the hCG bolus 

were stained with PI, and DNA content was analyzed using flow cytometry (Fig. 3-2). 

The percentage of granulosa cells in GO/G 1 did not increase significantly until 12 h after 

hCG. Similarly, a significant decrease ( 45%; P < 0.05) in the percentage of cells in S 

phase relative ··to .pre-hCG (0 h) levels was not: observed ~_until 12 h after hCG. 

Interestingly, the percentage of cells in 02/M compared with 0 h hCG increased 

significantly (177%; P<0.05) 8 h after hCG before returning to pre-hCG levels at 12 h 

after hCG. The granulosa cells used for flow cytometric analysis were obtained by 

shredding the whole ovary before filtration. To ensure that post-hCG proliferation 

occurred in luteinizing rather than small follicles, BrdU (a thymidine analog) was 

injected into animals 2 h befor~ killing. Figure 3-3 depicts localization of BrdU 

incorporation into DNA before and after hCG and is representative of three animals per 

time point. Pre- and periovulatory follicles were determined on the basis of a large, well

developed antrum. BrdtJ staining increased 24 h after PMSG (Fig. 3-3, B and C). An 

apparent decline in the number of BrdU-positive mnral granulosa cells was observed 

starting 2 h after hCG, although proliferation of mural granulosa cells was variable until 

6-8 h after hCG, with some follicles expressing very low levels of BrdU incorporation 

soon after hCG and others with continued mural proliferation· through 8 h (Fig. 3-3). 

BrdU incorporation in mural granulosa cells was nearly absent in all follicles by 10 h 

after hCG. However, in some periovulatory follicles during early time points after hCG, 
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FIG. 3-2. Proliferation ofperiovulatory granulosa cells before (0 h) and up to 12 
h after hCG. Animals were hormonally stimulated as described in Materials and 
Methods, and granulosa cells were isolated before or after an ovulatory hCG bolus 
for use in flow cytometry analysis. A, Representative histograms of the flow · 
cytometric analysis at different times after hCG. Note the lack of sub-G 1 DNA, 
indicating the absence of apoptotic granulosa cells at any time point. B, Proportion 
of granulosa cells in GO/Gl (top), S phase (middle), and G2/M (bottom) before and 
after hCG. Different superscript letters indicate significant differences across time. 
Data are mean±SEM (n= 4-8 per time point).· 
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and in nearly all of the ·latter time points through 10 h after hCG, BrdU-positive cells 

were localized to the cumulus and cumulus stalk region. Adjacent sections stained with 

hematoxylin and eosin did not contain substantial numbers of pyknotic nuclei, and thus 

there was not evidence of hCG induced atresia. Also, to verify that large antral follicles 

after hCG luteinized, TIMP1 expression was determined (167). TIMP1 increased in all 

large, antral follicles after hCG, indicating the presence of luteinizing follicles (Fig. 3-3). 

Expression of G liS-phase Cyclins and CDKs during luteinization 

Figure 3-4 depicts mRNA levels and Figure 3-5 shows Western blot analysis of 

key G1/S-phase genes. Although there was a slight doW:nward trend in the expression of · 

ccnd2 mRNA beginning at 4 h after administration of hCG, it was not reduced 

significantly until 12 h after hCG (2.5-fold; P-<;0.05). Protein expression of CCND2, 

however, did not change.after hCG. Interestingly, mRNA levels of both of the CCND2 

partners (cdk4 and cdk6) increased 6 h after hCG; cdk4 mRN~ rem~ned elevated 

throughout the 12-h interval (1.7-fold; P < 0.05), whereas cdk6 mRNA ·expression was 

transient, peaking at 6-8 h after hCG (5-fold; P < 0.05). The expression of CDK4 protein 

did not change after hCO, whereas CD~6 protein was nearly Un.detectable by Western 

blot before and after hCG (data not presented). Neither c~nel mRNA nor cdk2 mRNA 

·levels were altered after hCG. The expression ofCCNE1 protein increased 6, 8, and 12 h 

after hCG (2-fold; P < 0.05), whereas values at 10 h were not significantly different from 

any other time point. There was a tendency for CDK2 protein to be decreased 2-4 h after 

hCG (P < 0.11), followed by a trend toward a transient increase at 6 h (P < 0.06). 
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FIG. 3-3. BrdU incorporation during the periovulatory intervaL Hormonally 
stimulated animals were injected with the thymidine analog BrdU 2 h before sacrifice 
before or after P MSG ± hCG, and the ovaries were fixed for BrdU 
immunohistochemistry (BrdU-positive cells are labeled green). The adjacent 
hematoxylin/eosin-stained section is depicted below each BrdU-stained section. A, 
Anti-BrdU-omitted negative control; B, control (no PMSG); C, PMSG24 h; D, 
PMSG48 h; E, hCG 2 h; F, hCG 4 h; G, hCG 6 h; H, hCG 8 h; I, hCG 10 h; J, hCG 24 
h; K and L, TIMP 1 labeled follicles before hCG and 8 h after hCG, respectively 
(TIMP1 is stained brown). Note that for hCG 2-10 h, two different sections from 
different animals are presented to demonstrate follicle to follicle variability. Data are 
representative of three animals per time point and reflect at least two follicles per 
animal. 
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FIG. 3-4. Expression of ccnd2, cdk4, cdk6, ccnel, and cdk2 mRNA in periovulatory 
granulosa cells before (0 h) and up to 12 h after hCG. Animals were stimulated with 
P MSG for ,48 h, followed by hCG for up to 12 h. Granulosa cells were isolated and 
RNA extracted for use in realtime RT-PCR analysis. Graphs are mRNA levels relative 
to the internal standard rpl32. Data are mean ± SEM (n = 4-8). Different superscript 
letters indicate signfficant differences across time. 

Consistent with these observations of CCNEl and CDK2 expression, the activity of 

CDK2 was reduced 4 h after hCG, and a small increase in activity was observed 6-8 h 

after hCG (Fig. 3-6). 

3.5 Discussion 

The current study was designed to test the hypothesis that granulosa cells from 

immature rats undergoing hormonal stimulation exhibit additional hCG-stimulated 

proliferation before cell cycle arrest. After 48 h of PMSG, only approximately 10% of 

granulosa cells are in S phase, and this does not decline until nearly 12 . h after an 

ovulatory stimulus, although a small but significant increase in the proportion of 
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FIG. 3-5. Expression of CCND2, CDK4, CCNEJ, and. CDK2 protein in 
periovulatorygranulosa cells before (0 h) and up to 12 h after hCG. Granulosa 
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granulosa cells in G2/M phase was observed 8 h after hCG. Interestingly, the majority of 

post-hCG proliferation occurs in the region of the cumulus-oocyte complex rather than 

the mural granulosa layer. Although there is little evidence for dynamic regulation of 

CCND2, CDK4, or CDK6 proteins after hCG, the· expression of CCNEl protein 
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increases during the peri ovulatory interval, and there is a tendency, albeit statistically 

insignificant, for an ·initial decline followed by a transiel}t increase in CDK2 protein. 

Additionally, administration of hCG induces a rapid decline in CDK2 activity, followed 

0 2 4 6 8 10 12 
hCG (hr) 

32P":"H·IIIS 

total H-IllS 

by a transient recovery of activity 4-8 h 

after hCG. These results . suggest that 

additional proliferation in the cumulus 

region accompanies luteinization and may 

be regulated by CDK2 activity. 

FIG. 3-6. CDK2 activity in 
periovulatory granulosa cells before (0 
h) and up to ·12 h after hCG. 
Granulosa cells were isolated as in 
Fig. 4, and CDK2-containing 
complexes were immunoprecipitated 
and incubated with . the substrate HI/IS 
in the presence of [32P]ATP. 32P
labeled histone HI/IS was detected 
using a phosphorimager, and total 
_histone · HI/IS was detected by 
· Coomassie · blue staining. The 
expermen{ in this figure was repeated 

· three times with different samples, 
yielding similar results. ·. · 

Before :P.CG, approximately 10% of granulosa cells are in S phase. This is 

consistent with previous reports using normally cycling adult rats and immature animals 
. ' ,. 

undergoing hormonai stimulation (1 00) · and indicates that a relatively small fraction of 

granulosa cells in preovulatory follicles transit S phase at any one time. Before an 

ovulatory stimulus, 86% of cells are in GO/G 1. Although flow cytometric analysis does 

not differentiate the two, we hypothesize that most, if not all, of these cells are in G1. 

First, th~se cells most likely express gonadotropin and growth factor receptors (34) and 

are therefore exposed. to trophic stimulation. Second, in rhesus monkeys undergoing 

controlled ovarian stimulation, 50% of granulosa cells in pre-hCG follicles express Ki..:67 

(116). Ki-67 is expressed in G 1/S/G2/M but not GO cells (168), so this estimation of high 
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levels of proliferation may be based primarily on G1 cells rather than S, G2, or·M. Third, 

Chaftkin et al. (120, 121) were able to modulate progesterone levels in cultured human 

granulosa lutein cells to reinitiate proliferation, suggesting that these cells are arrested in 

G 1 rather than ·GO. It is currently unknown what prevents more than 10% of preovulatory 

granulosa cells from transiting the G1/S-phase boundary, but this percentage could reflect 

subsets of granulosa cells (e.g. basal vs. antral) with an inherently slow growth rate, or 

perhaps a mechanistic block before the Gl restriction point. 

. The proportion of granulosa cells-'in GO/G 1 or S pha8e does not change until 12 h 

after hCG. Although it is possible that this representspoorh~rmonal stimulation, multiple 

markers of ~uteinization indicate a robust response to hCG. Oonk et al. (123) suggested 

that cel~ular reorganization leading to luteinization is complete 5-7 h after hCG; thus in 

rats, cell cycle arrest is not temporally coordinated with luteinization. The -uncoupling of 

cell cycle arrest and tennfual· ·differentiation has been proposed in several models, 

in~luding CDKN1B-/- mice, in which granulosa cells continue to proliferate but are 

otherwise normal (155). In contrast, completion of luteinization and cell cycle arrest in 

primate granulosa cells are more closely temporally linked, although no evidence exists 

for a causal relationship (116). It is possible that granulosa cells from all species require 

some minimum amount of time to arrest, i.e. more than 12 h, although this hypothesis is 

untested. However, Hirshfield et al. (100) demonstrated in rats an increase in the 

proportion of S-phase granulosa cells 5 h after an ovulatory stimulus. Furthermore, 

Agarwal et al. (124) folllld an increase in BrdU uptake 4 h after hCG in isolated rat 

granulosa cells. Although the current study did not detect a clear increase in S phase after 
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hCG, a transient rise in the proportion of granulosa cells in G2/M occurs 8 h after hCG. It 

is possible that this reflects a final round of proliferation caused by hCG or, alternatively, 

that hCG can synchronize granulosa cells scattered near late G 1/early S to finish the cell 

cycle together. It is clear, however, that hCG does not induce a rapid, synchronized arrest 

of granulosa cell proliferation, but rather a much slower, more subtle decline. 

Because the flow cytometric experiments used granulosa cells from all follicles in 

an ovary, including preantral follicles, it is impossible to assure that post-hCG S-phase 

cells stem from periovulatory follicles. In addition, it is not possible to reli~bly isolate 

granulosa cells for flow cytometry around and after ovulation (i.e.> 12 h after hCG); thus 

fl~w cytometry is not useful for later time points. Incorporation of the thymidine analog 

BrdU into DNA was used to localize proliferation during the perioyulatory interval. 

Although an ovulatory stimulus elicits a general decline in proliferation of mural 

granulosa cells, substantial follicle to follicle variability exists. This variability may in 

part reconcile the fact that the proportion of S-phase cells measured by flow cytometric 

analysis does not decline until 12 h after hCG. Given the existing data set; it is 

hypothesized that mural granulosa cells in most follicles exit the cell cycle by 4-6 h after 

hCG, although proliferation in some follicles continues for up to 10 h. This variability in 

proliferation exists within individual ovaries, suggesting that the response of mural 

granulosa cells to an ovulatory stimulus is not predicated on the endocrine status of the 

animal, but rather can be attributed to the ·individual follicle, and may be due to several 

factors, notably the position of the follicle in the ovaiy and/or the relative level of 

. . 

follicular development. In contrast to mural granulosa cells, grapwosa cells in the 
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cumulus and cumulus stalk region of nearly all follicles continue to proliferate for 10 h 

after hCG, raising the possibility that cumulus proliferation during the periovulatory 

interval is very tightly regulated by the ovulatory gonadotropin stimulus. 

The differences between mural and cumulus proliferation suggest that the 

mechanisms of cell cycle control are distinct for the two populations of cells. It seems 

likely that post-hCG proliferation of mural cells reflects the completion of a round of 

division initiated before the hCG exposure rather than hCG-induced passage across the S-

phase boundary. The continued proliferation of cumulus cells 10 h after- hCG raises the 

possibility that these cells undergo an additional round of proliferation. Although the 

mitogenic stimulus for this proliferation remains unknown, it could be via the TGF -J3 

family of growth factors such as bone morphogenetic protein-15 and growth 

differentiation factor-9 (169-171 ), or epidermal growth factor family members (71 ). It 

has recently been reported that growth differentiation factor-9 is expressed in macaque 

periovulatory follicles (172), and thus it is possible that hCG induces the oocyte to 

initiate a final burst of proliferation in the region of the cumulus complex via the TGFJ3 

family. It is currently unclear why cumulus cells proliferate in response to an ovulatory 

stimulus, or even if this is necessary for ovulation and luteinization. However, two rounds 

of proliferation have been shown .to be essential to terminal differentiation of 3T3-Ll 

preadipocytes into.'. ma~e adipocytes (173). It -,thus seems likely that hCG-stimulated 

granulosa cell proliferation is essential for normal ovulation and luteinization to occur, 
- . . . 

and may be related to cumulus expansion, defects in which have been shown to decrease 

ovulation efficiency and fertilization_(174, 175).': · 
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To better understand the temporal cell cycle dynamics of granulosa cells during 

the periovulatory interval, mRNA and protein levels of some positive cell cycle 

regulators responsible for G 1- to S-phase transition were determined. Ccnd2 mRNA 

levels are not reduced significantly until 12 h after hCG, although there is a downward 

trend beginning at 4 h after hCG. In contrast, there is no indication of changes in CCND2 

protein levels after hCG. It has been reported that both ccnd2 mRNA and protein decline 

precipitously 4 h after hCG (1 09), although more recent dat~ in growing follicles suggest 

that changes in granulosa cell proliferation are · not driven by ·changes in CCND2 

expression (176). In contrast, both cdk4 and cdk6 mRNA increase·after hCG. Although 

levels of CDK6 protein are very low before and after hCG (current study and (176)), 

CDK4 may have an nnportarit non-cell-cycle role during ~uteiniZation, as granulosa cells 

from CDK4-/~ mice proliferate norm.ally but exhibit impaired luteinization (113). 

Furthermore, it is possible that the continued expression of CCND2-CDK4 acts to 

sequester CKis increased fu response to hCG [i.e. CDKN1A (109)], thereby allowing 

CCNE1-CDK2 activity to continue until the expression of specific CKis exceeds 

CCND2-CDK4. 

The expression of ccnel and cdk2 mRNA does not change after hCG, although 6 

h after an ovulatory hCG bolus, CCNEl protein increases, whereas CDK2 protein has a 

tendency (P<0.06) to increase. Because protein, but n~t .mRNA, levels change after hCG, 

it is hypothesized that these gene products are regulated posttranslationally. The 

increasing expr(!ssion of CCNE 1 protein is hypothesized to be a consequen~e of cells 

accumulating in the late G1 phase of the cell cycle. CCNEl is synthesized and 
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accumulates as cells progress through Gl, peaking in late Gl, and is degraded once cells 

enter S phase (177). Thus granulosa cells arrested in G 1 are expected to maintain 

expression of CCNEl protein. The pattern of CDK2 activity follows that of CDK2 

protein, suggesting that CDK2, but not CCNEl, is a limiting factor in the activity of the 

CCNE1-CDK2 complex. Thus, CDK2 a:ctivity niay be suppressed in the latter stages of 

the periovulatory interval .. by decreasing CDK2 protein levels as well as by increasing 

expression of CDKN1A (109). Because CCNE1-CDK2 complexes are specific to entry . . ' 

into S phase, it is possible that · :fue qbserved CDK2 activity is related to the . BrdU 

incorporation obser\red in cumulus granulosa cells after hCG, although specific data on 

this point are lapkllig. Altem3:ti~ely, th~re is ·evidence. that CCNE1-CDK2 ·can use a 

variety of proteins as substrates, including PGR (178). The expression of pgr mRNA and 

protein in luteinizing rat granulosa cells (3 7) coincides with the observed CDK2 activity 

during the periovulatory interval, making it tempting to speculate that PGR is 

phosphorylated/ activated by CDK2. Colocalization studies of CCNEl, CDK2, PGR, 

and proliferating granulosa cells after hCG are thus warranted. 

In summary, granulosa cells continue to enter S phase for up to 10 h after an 

ovulatory stimulus, although the subset of proliferating granulosa cells may shift from 

mural to cumulus upon hCG administration. Little .evidence for regulation of CCND2 is 

observed, and although CCNE1-CDK2 activity is initially suppressed, there is a small 

transient increase between 4 and 8 h after hCG. It is hypothesized that this transient 

increase in activity may be accounted for by CDK2 protein levels and also by CCND2-

CDK4 complexes acting to sequester inhibitory proteins such as CDKNlA. Overall, 
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these data are consistent with a model in which an ovulatory stimulus is predicted to 

induce additional proliferation in the luteinizing ovarian follicle. 
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Table 3-1. Primer/probe sequences (5'- 3') 

Fonva:nl Primer Probe Reverse Primer 

tldiDRisl GAAnaooccATG'lGTn'AACA CGATGACGCC.AAGCAC'OO CCCCACTCAOOCCATT.AAAG 
I 

c4k2 GGCC'lAGCATTCTGCCA'l"l'C CC'l'GCACOGAGACTT.AAGCCCCA GGACCCCTCTGCGTTGAT.AA 

cdk4 .AAGGATCTGATOOGCCAGTT Cl'AAGOOGCCTAGATTTCCTTCATGCAAAC CAGGTCaXKJTGAAC.AA'l'G 

CCAAGTAAGTGGTC.AAG'l'CTlGA 
cdk6 .ACCCCAACGTGGTCAGGTT TG'I'CAOOG~AGACAGAGAAACT.AAACTTACGC TCA 

t:CIId2 'l'GCAGT.AACCCCTCAOG.ACTI' CACATCCTACGCAAGCTGCCCCA GA.TCAOOGACAGCTI'CTCCTTCT 

ccnel .AGGCCC'l'T.AAGTGGCGTn'.AA CCCCCTGACCATTGTGTCCTGGCT TGAOOTAGGa:ACT'l'OO.ACAT 

ptgs2 CCACCTCTGCGATGCTCTTC C'l'CTGCGCTTGCCCTGGCCTC . CATTCACCAOOGTTTTG.ACATG 

pgr AGCACTCGGAOOCATOGT a:AATACOGATCTCCCTGG.ACCGG .Cl'GGCAGGACCGAGAGAAGA 

1']1132 CCTTCGGCCTCTGG'IGAA CX:CAAGATOGTCAAAAAGAGG.ACCAAG.AA COGACTGGTGCCTGATG.AA 
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· 4.1 Abstract 

The preovulatory follicle has been associated with a temporal and spatial decline 
. . ' .. 

in granulosa cell proliferation and an increase in LHCGR exp~ession. This observation 

hfls led to the hypothesis that reduced proliferation is required for luteiniza~ion. An in 

vitro model of granulosa cell proliferation was developed that uses activin A and/or the 

cell cycle inhibitor mhnosine to modulate granulosa cell proliferation. Granulosa cells 

from PND27 rats· were cul~ed in 25 ng/nil activin A for 24.h, at which point medium 

was changed and the activin concentration h~ld at 25 ng/ml. to maintain a high rate of 

proliferation or changed to 1 ng/ml to decrease proliferation, for an additional 24 h. 

Alternatively, the medium was changed to include 25 ng/ml activhl plus 1 mM mimosine 

to decrease proliferation. At 48 h, lhcgr mRNA was decreased in the cells cultured in 25 

ng/ml of activin compared to the cells cultured in 1 ng/ml activin and was decreased even 

furth~r in the cells cultured in mimosine. To circumvent the differences in LHCGR 

expression, forskolin was added to the cultures after 48 h to induce luteinization. Pgr 

mRNA was increased in all culture groups, whereas progesterone ·synthesis increased 

only in cells cUltured in 25 ng/ml activin. Forskolin failed to induce an increase in ptgs2 

and adamtsl mRNA in cells cultured in 1 ng/ml activin, but did induce the expression of 

these genes in cells cultured in 25 ng/ml activin and 25 ng/ml activin plus mimosine. In 

an in vivo model, granulosa cell proliferation was augmented by . administering an 

additional PMSG injection 24 h after the frrst in the traditional· gonadotropin-primed 

immature rat model of superovulation, and markers of granulosa cell differentiation and 

· luteinization were measured in granulosa cells from large antral follicles. Expression of 
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lhcgr and cyp19al mRNA as well as serum estradiol were increased at 48 h in the 

animals that had two injections ofPMSG compared to animals that had a single injection, 

although an· ovulatory bolus of hCG resulted in similar levels of serum progesterone, pgr, 

ptgs2, ·and adamtsl mRNA between the two groups. These studies demonstrate that 

although in the normal physiological setting a decline in granulosa cell proliferation is 

temporally and spatially correlated with an increase in granulosa cell differentiation, the 

latter, including luteinization, can occur without the preovulatory decrease in granulosa 

cell proliferation. These studies have also Indicated the involvement of activin or other 

TGF~ family members in control of certain genes imperative to luteinization and 

ovulation. 

4.2 Introduction 

The dynamic nature of the ovarian follicular granulosa cell makes it an ideal cell-

type to study the relationship between proliferation ang differentiation. At the large 

preantral I small antral stage of follicle development, . the granulosa cells acquire 
. . 

responsiveness to the pituitary gonadotropin FSH, and in the presence of FSH, granulosa 

cells begin to proliferate rapidly. In addition, as the follicles increase in size, they 

synthesize increasing amounts of estradiol and acquire expression of LHCGR, which 

respectively, lead to a surge ofLH being released from the pituitary and the ability of the 

· follicle to respond to that surge by luteinization and ovulation. The proliferation and 

differentiation of granulosa cells, especially during luteinization, have been well 

described, but the relationship between the two has yet to be discerned. 
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The FSH -dependent increase in granulosa cell proliferation of small antral 

follicles has been characterized by increased eH]-thymidine incorporation into DNA (95, 

98) and BrdU labeling (99). · Similar studies have demonstrated that granulosa cell 

proliferation declines in large preovulatory follicles, prior to an ovulatory stimulus (98-

1 01) and that by 24 h after an ovulatory stimulus, there is little if any granulosa cell 

proliferation (95, 117). The changes in granulosa cell proliferation have been detected as 

a gradient, with granulosa cells abutting the basement membrane ·less proliferative and 

those lining the antrum and sQ.ITounding the oocyte more proliferative (98, 1 05). In fact, 

while proliferation of granulosa cells is maintained for a limited time (8-1 0 h) after an 

ovulatory stimulus, it is localized almost always to antral granulosa cells and cells of the 

cumulus-oocyte complex (127, 128). Coinciding with changes in granulosa cell 

proliferation are changes in granulosa cell function (i.e. differentiation). For examples, 

when the follicle becomes responsive to gonadotropins, granulosa cells begm producing 

increasing amounts . of estradiol, which functions with FSH to enhance granulosa cell 

proliferation (31, 79). . In addition, as the follicles reach the preovlilatory. status, the 

exptession ofLHCGR in granulosa cells increases (21, 31). Interestingly, the pattern of 

LHCGR expression inversely correlates with that of proliferation, with granulosa cells 

closest to the b~e~ent meinb:r.arie expressing ·more LHCGR. than cumulus or antral 

granulosa cells (30). 

The temporal and spatial organization of granulosa cell proliferation and 

differentiation suggests that the two are intricately linked, although studies involving 

deficiencies in critical cell cycle components suggest otherwise. · Despite. the fact that 
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granulosa cells of mice null for ccnd2 exhibit' subnormal granulosa ·cell proliferation, 

they do express markers of differentiation, such as increased CYP19A1, in response to 

PMSG, and increased markers of luteinization, such as PGR, in response to hCG (1 09, 

111 ). In addition, CDKN1B-deficient mice as well as CDKN1B, CDKNlA double-null 

mice exhibit increased and extended proliferation of granulosa cells after hormonal 

stimulation and maintain the normal increase in CYP11A1 (p450scc) (137, 155). ·In light 

of these studies, the classic idea of coupling of cell cycle exit to terminal differentiation is 

brought into question, especially in regards to the preovulatory decline in granulosa cell 

proliferation as a requisite for the differentiation and eventuallut~inization of these cells. 

The current study uses several approaches to augment granulosa cell proliferation 

and tests the hypothesis that the preovulatory decline in proliferation is obligatory for 

luteinization. We have developed an in vitro model that uses activin A and /or the cell 

cycle inhibitor mimosine to modulate granulosa cell proliferation. In addition, we were 

able to augment granulosa cell proliferation in vivo by using an additional PMSG 

injection 24 h after the first in the traditional gonadotropin-pf4ned immature rat model of 

superovulation. Markers of granulosa cell differentiation and luteinization were then 

measured in granulosa cells that demonstrated either normal or aberrant proliferation. 

The results from these studies do not support the original hypothesis of a requirement for 

cell cycle exit for differentiation to occur, but instead support fmdings from the 

aforementioned knockout models. These· studies . demonstrate that although in the 

normal physiological setting a decline in granulosa cell proliferation is temporally and 
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spatially corr~lated'with an increasein granulosa cell diffe~entiatioil, the latter, including 

luteinization, can occur without the preovulatory decrease in granulosa cell proliferation. . 

4.3 Materials and Methods. · 

Reagents 

PMSG, FSH, hCG, LR-IGF-1, activin, hCG, and propidium iodide were obtained 

from Sigma Chemical. Co~ (St. Louis, MO). DAPI was from Roche Applied Science 

(Indianapolis, IN). L-Mimosine was ·from Calbiochem (San Diego, CA). Buffered 

· formalin was obtained. from Fisher Scientific (Pittsburgh, PA). DMEM/F-12 culture 

medium was from Life Tec~ologies, Incorp~ated (Rockville, MD). Antibodies against 

PCNA (MS-106) and PGR (RB-1492) were from Neomarkers (Fremont, CA), LHCGR 

(NLS 1436) from No·vus Biologicals (Littleton, CO). Secondary fluorescent antibodies 

were from Molecular Probes (Eugene, OR). 

Experiment 1: In vitro model of granulosa cell proliferation 

Cell Culture 

Ovaries were harvested :from postnatal d 26-27 Sprague Dawley rats, placed in 

DMEM/F-12 medium, and shredded using 25-guage needles. The ovaries were shredded 

as opposed to being punctured because most follicles in the unstimulated rat are pre

antral. The granulosa cells were then cultured in serum-coated 24-well plates in 

DMEM/F-12 medium containing IX penicillin-streptomycin, 10 J.LM testosterone, 25 

ng/ml ovine FSH, 100 ng/ml ofLR-IGF-1, and 25 ng/ml activin A. After 24 h of culture, 
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cells were either harvested or the medium . was changed to include 25 ng/ml (High 

Activin) or 1 ng/ml (Low Activin) in order to modulate proliferation. After an additional 

24 h, granulosa cells were either harvested or the medium was refreshed and the 

granulosa cells were treated with forskolin (1 0 J..LM) for an additional 6 h. Alternatively, 

after the initial 24 h of culture, the medium was changed, with the activin concentration 

remaining at 25 ng/ml, and either vehicle (10% NaHC03) or the cell cycle inhibitor L

mimosine (1 mM) added to the granulosa cells to reduce proliferation. The cultures 

proceeded for an additional 24 h before being harvested or treated with forskolin for 6 h. 

At the time of harvest, medium was collected for steroid analysis. Cells were either lysed 

in RNAqueous-Micro lysis buffer (Ambion) and frozen for later RNA isolation or were 

trypsinized and prepared for flow cytometry. 

f H)-Thymidine Incorporation 

Granulosa cells from unstimulated immature animals were cultured-for up to 24 h 

in the presence of 25 · ng/ml Activin, and media replaced with High Activin or Low 

Activin for 24 has described above. eHJ-Thymidine in~oworation was determined 3, 6, 

12, 24, and 48 h after initiation ofthe cultUres (n=3). eHJ-Thymidine (4 J..tCi) was added 

to the cultures 2 h before termination. The media were removed and rinsed 3 times with 

ice-cold PBS. Ice-cold 20% TCA was then added and the cells incubated for 1 0 minutes 

at 4 °C. The cells were rinsed twice more with ice-cold PBS before adding 0.3 M NaOH/ 

1% SDS~ The cells were then incubated for 1 h at 3 7°C before being counted on a 

Beckman Coulter LS 6500 multi-purpose scintillation counter. 
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Flow cytometry 

Isolated granulosa cells were centrifuged at 400xg for 10 miri at 4 °C, trypsinized · 

for ,.,..30 seconds to break up cell clumps, then washed (400xg for 10 min at 4°C) twice in 

ice-cold fluorescence-activated cell-sorting (F ACS) sample buffer (0.1% glucose/PBS) 

and resuspended in 100-200 f.ll F ACS sample buffer to obtain a single-cell suspension. 

Cells were fixed by drop-wise addition of 1 ml ice-cold 70% ethanol while vortexing. 

Ethanol-fixed cells were stored at 4°C for at: least 24 h before propidium iodide (PI) 

staining. Cells were centrifuged, all but 100-200 J..Ll of ethanol removed, and then the 

samples treated with 1 ml of PI staining solution (0.1 ing/ml PI and 0.5 mg/ml RNase A 

in FACS sample buffer). Stained cells were held at room teniperature for at least 1 h 

before flow cytometric analysis. Immediately before analysis, cells were passed through a 

Falcon 35-pm nylon mesh cell strainer. c~p _(BD Biosciences, Bedford, MA.) to remove 

"' 
aggregated cells. Flow cytofluorometric measurements of forward scatter, side scatter, 

and PI fluorescence were. made using ~ three-color F ACS~an flow cytometer (Becton 

Dickinson, San Jose, CA) to deternline DNA content. Cells were chosen for DNA content 

analysis using the PI pulse area parameter (FL2-A). Data acquisition was performed 

using CellQuest (version 3.3) software and data analysis with ModFit LT for Macintosh 

(version 3.2) software (Verity Software House, Inc., Topsham, 1\1E). 

Cell Viability Assay 

Granulosa cells from unstimulated immature animals were cultured in 96-well 

· pl~tes for up to 24 h in the presence of 25 ng/ml Activin as described above. The 



87 

. ' 

medium was changed after 24 h to mqlude 25ng/ml Activin and increasing doses of the 

cell cycle inhibitor L-mimosine (0, 0.125, ·0.25, 0.5, 0.75, and 1mM) for an additional24 

. . . 

h. Cell viability was determined using the CellTiter 96® AQueous One Solution Cell 

Proliferation Assay (Promega). Briefly, 20J!L of Cell Titer 96® AQueous One Reagent 

was added to each well 2 h prior to termination of the cultures, and the plates were read at 

490nm on a Bio-Te~ Synergy HT plate reader. 

RNA isolation and RT-PCR 

RNA was isolated using the RNAqueous-Micro Isolation Kit (Ambion, Austin, 

TX) and reverse transcribed, and 20 ng eDNA was used for multiplex real-time PCR 

(Cepheid, Sunnyvale, CA and Applied Biosystems, Foster City, CA) using the 60 S 

ribosomal protein L32 (RPL32) as an internal standard (148). Primers and probes were 

designed. using Primer Express Software (Applied Biosystems, Foster City, CA), and 

sequences are listed in Table 4-1, with the exception of thymidine kinase 1 (tkl). Primers 

and probe for tkl · were ordered as a TaqMan® Gene Expression Assay 

(Mm0124640 l_gl) from Applied Biosystems. 

Steroid Analysis 

Media estradiol and progesterone were measured using the respective enzyme 

immunoassays from Alpco Diagnostics (Salem, NH), 11-ESTH-430 and 11-PROGH-

305. Samples were diluted in water as necessary for the values to fit within the 

calibration curve, and the assays were. performed per the manufacturer's protocol. The 
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plates were read at ~50nm on a Bio-Tek Synergy HT plate .reader. The sensitivities of the 
-. -

estrad~ol and progesterone kits are· 10 ng/ml and 0.1 ng/ml~ respectively. 

Experiment 2: Modulation of granulosa cell proliferation in vivo 

Animals and tissue collection 

All animal procedures were approved by both the Medical College of Georgi8: and 

University of Maryland Baltimore Animal Care and Yse Committees and were in 

accordance with the National Institutes of Health Guide to the Care and Use of 

Laboratory Animals. Immature (21-d-old) Sprague Dawley rats obtained from Harlan 

(Madison, WI) were kept in a 12 h light/dark regimen with food and water ad libitum. On 

postnatal d 26-27, all rats were stimulated with 10 IU PMSG. Twenty-four hours later, 

half of the rats were stimulated with a second injection of 10 IU PMSG while the 

remaining half was injected with an equal volume of saline for an additional 24 h. A 

subsequent group was given an ovqlatory bolus of hCG (1 OIU) for 6 h. Animals were 

euthanized at 24, 48, . or 52 h post-PMSG. At the time of sacrifice, trunk blood was 

collected and serum obtained by centrifugation at 400xg for 10 min. Ovaries were 

harvested into cold DMEM/F-12 medium, and using a Zeiss Stemi DV4 for visualization, 

large antral follicles were punctured with a 25-guage needle to obtain granulosa cells. 

Granulosa cells were pelleted and frozen for isolation of RNA or prepared for flow 

cytometric analysis. Flow cytometric analysis and real-time RT PCR were performed as 

described in experiment 1. 



89 

Tune! Staining 

Animals were stimulated as above. At the time of harvest, ovaries were removed,· 

fixed in 10% buffered formalin, paraffin embedded, and sectioned at 5 J.tM. Sections 

were deparaffmized and rehydrated in xylene and sequential ethanol washes. Slides were 

Tunel stained using the ApopTag® Plus Peroxidase In Situ Apopt~sis Kit (Chemicon). 

Briefly, slides were pretreated in 20 IJ.g/ml proteinase K for 15 min at room temperature, 

washed in water, incubated in 3% H202 for· 10 min, washed in PBS, incubated in 

equilibration buffer for 10-60 sec, incubated in 30% TdT enzyme for 1 hat 37°C, then 

incubated in stop/wash buffer for 10 min at room temperature. Slides were rinsed in PBS 

·before incubating in anti-digoxigenin peroxidase conjugate for 30 min in a humidified 

chamber at room temperature. Slides were again rinsed in PBS, stained With a 1 :50 

solution of DAB for 4 min at room temperatUre, washed in water, then counterstained 

with crystal violet free methyl green (FD Neurotechnologies) for 20 min at room 

temperature. Finally, slides were rinsed _in water, washed in 100% n-butanol, and 

dehydrated in xylenes before being coverslipped with: Permount. 

Statistical Analysis 

All data are presented as ·mean ± sem. Bartlett's X2 was used to test for 

heterogeneity of variance: and data were logarithmically transformed if the variance was 

significantly different. Data were analyzed by one-way ANOV A followed by a Student~ 

Newman-Keuls means comparison test. Differences were considered significant if P< 
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0.05. Time points or treatments with different superscript letters are significantly 

different from each other. 

4.4 Results 

Activin increases granulosa cell proliferation 

Granulosa cells were cultured in the presence of 10 J.!M testosterone, 25 ng/ml 

ovine FSH, 100 ng/ml ofLR-IGF-1, and 25 ng/ml activin A (high activin) for 24 h. eHJ-

Thymidine incorporation increased --9-fold betWeen 0 and 24 h (Fig 4-1A). When activin 

was not inclQded iri the meqiurri,, _th~re was o~er a 6-folq. increase in DPM l;Jetween the 

high activin and no activin groups (data not shown). After 24 h of culture in high activin, 

the medium was changed and the activ!n _conce~tration was kept at 25 ng/nil or decreased 

to 1 ng/ml. (low activin). At 48 h, eHJ-thymidine incorporation. had increased an 
... :' -

additi'onal 4.2 fold ·(p<0.05) over the 24 h tinie point. Ho_wever, when low activin was 

used instead of high activin,· there-. was 11:?·. additional increase in eH]-thymidine 

incorporation. In addition, the percentage of granulosa cells inS-phase in the high activin 

group was 35% at 48 h. versus only 10% in the low activin group (data not shown). Thus, 

by decre~sing the activhi concentration after 2~ h of culture, a paradigm of granulosa cell 

proliferation was created similar to what is· observed in vivo in the PMSG-primed 

immature rat (Fig 4-1A). 
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Mimosine causes cell cycle arrest but not cell death 

Granulosa cells were cultured as described above with high activin for 24 h, at 

which point the medium was changed to · include high activin and increasing 

concentrations of the cell cycle inhibitor L-mimosine. Granulosa cells were harvested 24 

h later, fixed, and stained with PI for cell cycle analysis. The percentage of granulosa 

cells inS phase decreased from 33% with vehi~le to 3.3% with 0.5 mM mimosine and to 

2% with 1 mM mimosine (Fig 4-lB). No marked increase in cellular debris was 

. detected.· To further ensure that mimosine was ·not deleterious to the cells, a cell viability 

assay was used. There were ilo significant changes .in viabil1~ of .cells cultured .with 

increasing concentrations of mimosine for 24 h (Fig 4~ 1 C). 

High activin decreases lhcgr mRNA 

Several markers ·of granulosa cell differentiation were measured to determine 
. . . ·. . - . . 

whether or not the. proliferative·· state of the granulosa cells affected their level of 

differentiation. In granulosa cells treated with high activin for 48 h, the expression of 

lhcgr mRNA, as determined by real-time RT PCR, was decreased· 2.6 fold (p<O.OS) 

compared to granulosa cells treated with low activin (Fig 4-2A). However, the activin 

concentration did not significantly alter the expression of cypl9al mRNA or media 

estradiol levels at 48 h (Fig 4-2B,C). To determine whether or not the decrease in lhcgr 

mRNA was an effect of activin's actions as a mitogen or as an anti-differentiative factor, 

granulosa cells were cultured in high activin for 24 h, then high activin plus 1 mM 



A 

B 
35 

30 

CD • 25 
as 20 .c a.. 15 
(I) 

'#. 10 

5 

0 
Veh 

·lnVNO. 
8 

0.125 0.25 

lL . Vellicle 

1: -~ 

~ ~ .:-
0.5 0.75 1 

Mimosine (rnM) 

92 

c 
0.16 

CD 
Q 0.12 
c • .a 

. 25 0.08 

• .a 
<C 0.04 

0.00 

Mimosine (mM) 

Figure 4-1. Proliferation of cultured granulosa cells. Granulosa cells were isolated 
from unstimulated PND 26-27 rats and cultured in 25 ng/ml activin A. After 24 h oj 
culture, the medium was changed to include 25 ng/ml activin (HI), 1 nglml activin 
(LO), or HI activin plus increasing concentrations of mimosine for an additional 24 h. 
A, 3 H-thymidine incorporation in granulosa qells. cultured in HI or LO activin. Inset 
is the percentage of granulosa cells in S phase from P MSG-stimulated immature rats 
at 0, 24, and 48 h as det~rmined by flow cytometry. B, the percentage of granulosa 
cells in S phase in granulosa cells · cultured in ·HI activin plus ilicreasing 
concentrations of mimosine as determined by flow cytometry. Insets are 
representative histograms of cells cultured with vehicle alone or with 1 mM mimosine. 
C, viability of granulosa_ cells cultured in HI activin plus increasing concentrations oj 
mimosine as determined by an MIT-based celtproliferation· assay. Data are mean ± 
SEM Different superscript letters indicate significant difJerences across time or 
treatments. 
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mimosine for an additional 24 h. Treatment .of the granulosa cells with 1_ mM mimosine 
. . 

caused a sigmficant decr~ase in lhcgr mRNA (Fig 4-2D) .. 
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Figure . 4-2. Expression of differentiation markers in 
granulosa cells cultured with high activin, low activin, or 
high activin plus mimosine. A-C, Granulosa cells from 
unstimulated immature rats were cultured in 25nglml 
activin (HI) for 24h ·and the medium was changed to 
maintain HI activin or to decrease the activin concentration 
to lng/ml (LO). At the time of harvest, media were 
collected and RNA isolated from the cells for use in real 
time RT-PCR analysis. D, Granulosa cells were cultured in 
HI activin for 24h and the medium was changed to include 
HI activin plus 1 mM mimosine. A and D, levels of lhcgr 
mRNA. B, levels_of cyp19al mRNA. Graphs are mRNA 
levels relative to the internal standard rpl3 2. C, media 
estradiol levels as determined by EIA. Data are mean ± 
SEM Different superscript letters indicate significant 
differences across treatments. 

Activin and mimosine have differing effects on markers of luteinization 

In order to determine whether or not altered proliferation affected luteinization of 

granulosa cells, cells were cultured with high activin for 24 h, after which the mediuni 

was changed to include high activin plus vehicle, low activin plus vehicle, or high activin 

plus mimosine for an additional 24 h. An ovulatory bolus of forskolin was then added to 
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induce luteinization, and cells were harvested 6 h later. Forskolin was used as a stimulant 

instead of hCG because of the differing levels of lhcgr mRNA in the various treatment 

groups. Forskolin significantly induced expression ofpgr mRNA in all treatment groups, 

although the induction was not as great in the mimosine-treated cells (16.8-fold versus 

FSH control, p<O.OS) as it was in the cells treated with either high (54-fold) or low 
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Figure 4-3. Markers of luteinization in granulosa cells cultured with high activin, 
low activin, or high activin plus mimosine. Granulosa cells from unstimulated 
immature rats were cultured in 25 nglml activin for 24 h and the medium was 
changed to include 25 ng/ml activin plus vehicle (HI VEH), 25 ng/ml activin plus 
mimosine (HI MIM), or 1 ng/ml activin plus vehicle (LO VEH) for an additional 24 
h. Forskolin (1 0 pM) was added to the cultures for 6 h to induce luteinization and 
media were collected and RNA isolated for use in real time RT-PCR analysis. A, 
Media progesterone levels as determined by EIA. B-D, Expression of pgr, ptgs2 and 
adamts1 mRNA, respectively. Graphs are mRNA levels relative to the internal 
standard rpl32. Data are mean.± SEM Different superscript letters indicate 
significant differences across time and/ or treatments. 
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activin (23-fold) alone (Fig 4-3A). Interestingly, media progesterone was only increased 

(p<O.OS) in the high activin group in response to forskolin (Fig 4-3B). Ptgs2 mRNA was 

induced by forskolin in the high activin and the high activin plus mimosine culture 

groups but not in the low activin group (Fig 4-3C). Both the high activin and high activin · 

plus mimosine groups had a significant increase in adamtsl mRNA in response to 

forskolin, 4.5-fold and 2.3-fold, respectively (Fig 4-3D). There was no additional 

increase in adamtsl mRNA in the low activin group in response to forskolin, although 

the levels prior to forskolin were already significantly higher than the levels induced by 

forskolin in the other two groups. . 

Modulation of granulosa cell proliforation in vivo 

Sprague-Dawley rat~, PND.26-2_7,. were sthnulat~~ with 10 IU PMSG to induce 

follicle growth. To further enhance granulosa 9ell proliferation, a second dose of PMSG 

was administered to half of the animals 24 h later. Granulosa cells were obtained from 

large follicles. The percentage of granulosa cells in S phase of the cell cycle declined 

1.7-fold (p<O.OS) between 24 and 48 h in the ~ats -receiving a smgle injection of PMSG 

(Fig 4-4A). In rats that received a second. injection of PMSG, the decline in the 

percentage of granulosa cells in S phase between 24 and 48 h was only 1.3-fold (p<O.OS). 

Similar results were observed when the levels of thymidine kinase-] (tkl) mRNA were 

measured (Fig 4-4B). Tkl mRNA expression declined significantly between 24 and 48 h 

in the single injection group (1.7-fold, p<O.OS), but there was no decline between 24 and 

48 h in the double injection group. Tunel staining was performed on ovaries from 
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animals that received either single or double injections of PMSG to ensure that the 

additional dosage ofPMSG was not causing increased atresia (Fig 4-4C-D). There were 

no marked differences in the number of follicles staining positive. In addition, there was 
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Figure 4-4. Proliferation of granulosa cells isolated frqm large antral follicles in 
immature rats at 24 an.d 48h after stimulation by either single or double injection 
of PMSG. Rats, PND 26-27, were stimulated by PMSG for 24 h then given a 
second injection of either PMSG or saline. Animals were sacrificed at 24 or 48 h 
after the initial injection, ovaries removed for immunohistochemistry or for isolation 
of granulosa cells .from large antral follicles. Isolated granulosa cells were 
prepared for flow cytometric analysis or RNA isolated for analysis by real-time RT
PCR. A, Percentage of granulosa cells inS phase at 24 and 48 h after the initial 
P MSG injection as determined by flow cytometry. B, Levels of tkl mRNA 
normalized to the internal standard rp/32 at 24 and 48 h after hormonal stimulation. 
Data are mean ± SEM Different superscript letters indicate significant differences 
across time and/or treatment. C-D, Tune/ staining of ovaries at 48 h .from animals 
receiving a single or double injection of P MSG, respectively. Brown staining 
represents Tune/ positive cells. 
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no obvious difference in the number of growing follicles between rats that received either 

1 or 2 doses ofPMSG. 

Markers of differentiation are increased in response to a second dose of P MSG · 

Immature rats were stimulated.as described above with either one or two doses of 

PMSG and were sacrificed at 24 or 48 h after the first injection. While there was no 

significant increase in lhcgr mRNA between 24 and 48 h in rats receiving a single PMSG 

injection, there was a 2.1-fold increase in lhcgr mRNA expression in rats receiving a 

double dose ·of PMSG (Fig 4-SA). Similarly, cyp19al mRNA was not increased 

significantly between 24 and 48 h in granulosa cells from animals receiving a single 

PMSG injection,. but it was increased 2.3-fold (p<0.05) between 24 and 48 h in the 

double injection group (Fig 4-SB). Serum estradiol was increased 3-fold (p<0.05) 
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Figure 4-5. Expression of lhcgr mRNA, cyp19al mRNA and serum estradiol from 
rats receiving either one or two injections of PMSG. Animals were stimulated and 
granulosa cells isolated as in figure 4-4. At' the time of sacrifice, trunk blood was 
collected and serum obtained for steroid analysis. RNA was isolated from· 
granulosa cells for analysis by real-time RT-PCR. A-B, Levels oflhcgr and cyp1.9al 
mRNA, respectively. Graphs are mRNA levels normalized to the internal standard 

· rpl32. C, Serum estradiol levels at 24 and 48h after the initial PMSG injection as 
determined by EIA. Data are mean ± SEM Different superscript letters indicate 
significant differences across time and/or treatment. 
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between 24 and 48 h in the single injection animals and 4-fold (p<0.05) between 24 and 

48 h in the double injection animals (Fig 4-SC) .. 

No difforence in expression of luteinization markers after hCG in granulosa cells of rats 

receiving single or double P MSG injections 

Serum progesterone was increased significantly (3.2-fold, p<0.05) in the double 

injection rats compared to the single injection rats 48 h after the initial PMSG injection 

(Fig 4-6A). Progesterone levels increased significantly in both groups, and there was no 

difference in concentrations between the two groups 6h after an ovulatory bolus ofhCG. 

Pgr mRNA expression was low prior to an ovulatory stimulus, but it increased 

significantly in both the single (39-fold) and d~uble (9.6-fold) injection groups after hCG 

(Fig 4-6B). Levels of ptgs2 mRNA were similarly very low in both groups prior to hCG 

but increased signi~cantly within 6 .. h of hC9 admiriistration (Fig 4-6C). As with 

progesterone, the pre-hCG levels of adamtsl mRNA were significantly in.creased (10.7-

fold, p<0.05) in granulosa cells of rats receiving double injections ofPMSG .compared to 

those receiving· single injections (Fig 4-6D). hCG resulted in increased e~pression of 

adamtsl mRNA in the single· injection group (40~fold, p<0.05)but no further increase in 

the double injection group. 

4.5 Discussion 

Proliferation of granulosa cells in preovulatory follicles is attenuated prior to an 

ovulatory stimulus (98-1 03), suggesting exit from the cell cycle is an obligatory step in 
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Figure 4-6. Markers of luteinization in granulosa cells from immature rats 
stimulated by one or two injections of PMSG prior to an ovulatory bolus of hCG 
for 6 h. Rats, PND 26-27, were stimulated by P MSG for 24 h then given a second 
injection of either PMSG or saline for an additional 24 h before an ovulatory 
bolus of hCG foi 6 h. At the time of sacrifice, trunk blood was collected and serum 
obtained for steroid analysis, and RNA was isolated from granulosa cells for 
analysis by real-time RT-PCR. A, Serum progesterone before and after an 
ovulatory bolus of hCG from rats receiving a single or double injection of P MSG. 
B-D, Expression of pgr, ptgs2, and adamtsl mRNA, respectively. Graphs are 
mRNA levels relative to the internal standard rpl3 2. Data are mean ± SEM 
Different superscript letters indicate significant differences across time and/or 
treatment. 

the differentiation of granulosa to luteal cells. · This attenuation of granulosa cell 

proliferation occurs in a distinct spatial pattern within the large antral follicle, with mural 

granulosa cells being less proliferative and antral and cumulus cells more proliferative 
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(98, 1 05) .. The expression of LHCGR on the granulosa cells has been shown to inversely 

correlate with this pattern (30, 1 06), Indicating that highly proliferating granulosa cells 

express lower levels of LHCGR and thus demonstrate an ablated response to an ovulatory 

·gonadotropin stimulus (LH/hCG). In the current study, it was hypothesized that the 

decline in proliferation prior to an ovulatory stlm.ulus is a requirement for-granulosa cell 

differentiation and eventual luteinization. We employed both in vitro and in vivo 

methods to test this hypothesis, and. the results, coupled. With those from recent studies 

using mice deficient for critical cell cycle components, suggest that this phenomena of 

cell cycle exit pri_or to differentiation, at least in granulosa cells, may be just a 

coincidence, and that the two processes are, in fa~t, functional~y separable. 

_ An in vitro model. of granulosa cell proliferation was developed in which activin 
- . 

A was used as a tool to modulate proliferation, enabling the proliferative profile of 

granulosa cells to mimic what has been previously observed in PMSG-primed immature 

rats during follicle growth. Activin has been shown to act. synergistically with FSH to 

promote granulosa cell cycle progression (55, 160, 179). We similarly observed an 

increase in eHJ-thymidine incorporation in granulosa cells . cultured with activin plus 

_FSH·versus FSH alone. Neither IGF-1 nor EGF was as effective as activin inpromoting 

progression through S phase (data not shown). Because activin has been shown to act as 

an anti-differentiation factor ·at later stages of follicle development (170, 180), the cell 

cycle inhibitor mimosine was used to block activih-induced·S phase progression_between. 

24 and 48 h. in vitro. Mimosine arrests cells-~ ~arly to mid-G1 and has been used in 

cultures ofboth bovine· and porcine granulosa cells without causfug c.ell death (181, 182). 
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Both activin and mimosine allowed reliable and repeatable control of granulosa cell 

proliferation. 

The increase in LHCGR and CYP19A1 levels and estradiol production in 

granulosa cells of large antral I preovulatory follicles is well established (30-32) and thus 

were used as markers of granulosa cell differentiation in our culture syst~m. Consistent 

With the hypothesis that the preovulatory decline in granulosa cell proliferation is 

essential for differentiation, cells cultured in low activin (1. ng/ml) have -reduced 

proliferation and higher levels of lhcgr mRNA relative to cells cultured in high activin . 

(25 ng/ml). Similarly, activin. was sh~wn to suppress lhcgr mRNA expression in hen 

granulosa cells~ although the effects on proliferation were not ~eported (58). However, 

treatment of cells with high activin plus the cell cycle inhibitor mimosine did not increase 

the expression of lhcgr mRNA, suggesting that ·activin's actions on this· gene are 
. ! . , . 

.. 
prim~ly ind~pendent of cell cycle. Similar results were obtained· with the cell cycle 

inhibitor olomou~ine (200 JiM; data not ,pr~sented). Inte~estingly, lhcgr mRNA levels in 

cells treated with high activin plus mimosine or olomoucine were dramatically lower than 

in cells treated with high activin plus vehicle, thereby raising the intriguing ·possibility 
. . . ( 

that the LHCGR gene is controlled as a function of the cell cycle, i.e. expressed at a 

specific stage of the cell cycle. GDF-9, an oocyte.;.secreted member of the TGFf3 family, 

suppresses lhcgr mRNA synthesis in murine granulosa cell cultures (170, 183), and 

ovary-specific knockout of Smad 4, an important transduction factor in TGFf3 signaling, 

increases LHCGR expression and induces premature luteinization of granulosa cells 
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(184). Thus, suppression of LHCGR could be an inherent feature of TGFJ3 family action 

in granulosa cells to regulate the spatial and temporal pattern of follicular differentiation. 

The expression of cyp19al _mRNA and estradiol synthesis is not different with 

high versus low activin, suggesting that they are not regulated by the cell cycle or by 

activin's anti-differentiation effects. However, studies in both sheep and goat have 

shown activin stimulation of estrogen synthesis and inhibition of progesterone synthesis 

(185, 186), while. GDF-9 increases progesterone· production by increasing StAR 

(Steroidogenic Acute Regulatory Protein) expression in cumulus granulosa cells of 

preovulatory follicles in the mouse (187). Thus, tl.te lack of effect of activin <;>n cyp19al 

and estradiol is unclear. 

The differentiation. -of granulosa cells into luteal cells (luteinization) has been 

asso~iated with cell·. cycle arrest~. In order to · test the hypothesis that a preovulatory 

decline in granulosa cell proliferation facilitates luteinization, forskolin was· added to 

cells in each of the culture paradigms (high activin ± m.imosine and low activin). 

Forskolin was used an ovulatory stimulus to override the different levels of LHCGR 

expression induced by the various treatments. Forskolin induced progesterone 

production only in granulosa cells treated with high activin. It is unclear why 

progesterone synthesis was not higher in granulosa cells treated with low activin, but 

similar to lhcgr mRNA, could suggest a permissive role of S phase transit. While 

forskolin is expected to induce a maximal PKA response, it is possible that components 

of the PKA signaling pathway were increased in granulosa cells treated with high activin, 

as activin has been shown to increase · FSHR (188). Thus it is likely that both Smad and 
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PKA signaling are important in regulating progesterone· and that some .level of S phase 
. ' 

progression is necessary. Pgr mRNA was induced in all treatment groups after forskolin 
·..:' -

treatment, although to a slightly lesser ex~ent in the miinosine-treated cells, suggesting 

that PGR expression is driven primarily by the· PkA pathway. Ptgs2 mRNA was induced 

in only the high activin and high activin plus mimosi~e groups. GDF -9 was shown to 

jnduce PTGS2 expression in granulosa cells of preovulatory status (183), suggesting that 

the observed increase in ptgs2 after forskolin is a TGF~-specific effect and not a result of 

differences in proliferation. Adamts 1 mRNA was increased in both the high activin and 

high activin plus mimosine groups. There was no significant increase in the low activin 

group after forskolin addition, but .basal levels prior to forskolin were increased compared 

to the other two groups. This suggests that activin may suppress adamtsl expression and 

that an increase in adamtsl is ·not dependent on exit from the cell cycle. These data 

support the hypothesis that activin prevents premature luteinization (184, 189, 190). 

Results from the in vitro .studies suggest that granulosa cell differentiation and 

luteinization ·can occur in the presence of contmued proliferation. An in vivo model was 

developed to verify these findings in a physiologically relevant setting. The rate of 

granulosa cell proliferation declines between 24 h and 48 h after PMSG stimulation in. the 

gonadotropin-primed immature rat (100). In this model, immature rats are stimulated 

with an initial dose of PMSG to induce follicle growth, followed by an ovulatory bolus of 

hCG 44-48 h later. We modified this protocol by adding a second PMSG or saline 

injection 24 h after the first stimulus to prevent ~e preovulatory decline .in proliferation. 

Sequential gonadotropin treatment has been -used by others to study gonadotropin-
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regulated systems within the ovary (66). \Yhile the second injection of PMSG did not 

completely inhibit the decline in granulosa cell 1proliferation, it did allow granulosa cells 

to maintain a higher rate of proli~eration than in animals that received a single injection, 

as evidenced by the percentage of granulosa cells in S phase and the levels of tkl mRNA, 

with no apparent increase in granulosa cell apoptosis. 

Despite the fact that the second dose of PMSG induced additional proliferation, it 

did not prevent an increase in markers of differentiation or luteinization. Estradiol, 

cyp19al mRNA and lhcgr mRNA were all increased significantly in the double injection 

group compared to the single injection group. This is likely due to increased FSHR 

stimulation by PMSG, as FSH increases LHCGR, CYP19Al, and estradiol. In addition, 

PMSG does have some LH-like bioactivity in the rodent. The results do, however, 

suggest that the . rate· of granulosa cell proliferation does not affect the level of 

differentiation, at least in the follicle. as a whole. Because there is only a limited change 

in the percentage of cells in S phase, the possibility does exist that there is a mechanistic 

relationship between differentiation and proliferation on a cell~by-cell basis. Markers of 

luteinization were induced in both treatment groups after administration of an ovulatory 

bolus of hCG. The level of induction of adamtsl mRNA was not as high in the double 

injection group compared to the single injection group. The cause of this result is not 

clear, although it could be attributed to the slight· increases in progesterone and pgr 

mRNA prior to hCG stimulation, indicating that a few cells and/or a few of the follicles 

may have prematurely luteinized .. 
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Using both in vitro and in vivo models of granulosa cell proliferation, we tested 

_the necessity of the preovulatory decrease in granulosa cell proliferation in regards to 

granulosa cell differentiation and luteinization. The results from these ~tudies do not 

support the hypothesis, and suggest that proliferation is not functionally linked to 

granulosa cell differentiation. The fmdings are consistent with those from the CDKNIB

null and the CDK.NlB/CDK.NlA-double null mice, which demonstrate the ability of 

granulosa cells to luteinize in the presence of abnormal proliferation (137, 155), although 

the present· studies examined a broader sPectrum of luteal markers. However, 

proliferation and differentiation, while not functionally linked in granulosa cells, -are 

temporally associated in the normal physiological setting. This association does not 

appear to be coincidental and is perhaps due .. to the regulation of both processes by 

gonadotropin, mechanistically linking proliferation. and differentiation in granulosa cells. 

Results from the in vitro studies in which activiJ?. was used to modulate proliferation have 

indicated the regulation of a number of genes by activin or other TGF~ family members. 

In conclusion, these studies suggest · that · granulosa cell proliferation and 

differentiation/luteinization are not functionally linked ·out ·.that they . may have 

overlapping regulatory components such. as the gonadotropins FSH and LH, their 

respective receptors, and potentially members o{the TGFJ3 family. 
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Table 4-1. Primer/probe sequences (5'- 3') 

., 

Forward Primer Probe Reverse Primer 

adamtsf GAAT'I'GGOCCAM'IOnTAACA. OGA.'J."CJAaJCCAAGCACTGOOC ax:c.ACro.AOOCC'J'l.AAAG 

cyp19a1 GGICCGCXC'l'1TC'IO 'l'C'I'G~TCTTATTCGA 'IGOATTOC.ACACAGACTTCTACCA 

ptgs2 c;CA.cclcroOOATGC'ICTTC C'ICI'<JOOCIIGcccrooccTC ~TTCACCAOGGnno.ACATG 

lhcgr OCCA.TCC'ICATC'l'I'CACAGACT 'l'C'lCIGGCl'GCroe CA.GTAAGA.TTTTCGA.GTIIGG'I'GACA. 

, . 
pgr .. 

.AGCACTCIGGAOOCATCGT CCAATACcoAreTOCC'I'GGACCGG Cl'GGCAGGACCGAOAGAAGA 
-. 

tp/32 
- .. 

CCTreGGCC'IC'I'OG10AA ax:AAOA'l'CG'ICA~"~AOAGOACCAAOAA ~A'I'GAA 
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UNPUBLISHED RESEARCH 

5.1 Introduction 

The granulosa cells of the ovarian follicle undergo many transitional stages of 

cell differentiation and· ultimately, luteinization as the follicle progresses from 

preantral to antral to preovulatory to corpus luteum. The preceding chapters have 

presented a paradigm of granulosa cell proliferation in which granulosa cells of small 

antral follicles are highly proliferative and as the follicles increase in size, the 

granulosa cells become more differentiated and less proliferative. In luteinizing 

granulosa cells, i.e. after an ovulatory gonadotropin surge, proliferation is limited to 

granulos·a cells of the antral and cumulus layers. In addition, we demonstrated the 

lack of a funct~onal relationship between granulosa cell proliferation and 

differentiation despite the fact that the two processes are temporally and spatially 

associated. The data presented in this chapter are data that were not included in the 

original manuscripts but that support our findings and suggest potential mechanisms 

for regulation of granulosa cell proliferation. A background section and a brief 

methods section precede each data set, although, the results from these studies will be 

discussed in terms of how they fit into our overall hypothesis in the next chapter. 

108 
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5.2 The E2F Family During Follicle Growth and the Periovulatory Interval 

Background 

The E2 factor (E2F) family of transcription factors are downstream effectors of the 

retinoblastoma (RB) pathway and play a pivotal role in cell cycle control. By acting as 

both transcriptional activators and repressors, they act in cell proliferation and 

differentiation, as well as cell death. While E2F.s are involved in regulating cell cycle 

progression at different stages, for example the timing of mitosis by· allowing · 

accumulation of CCNBl (cyclin Bl) (191), the primary role of E2Fs in control of cell 

cycle has been ascribed to their regulation of the Gl/S transition and S phase entry. In 

GO and early Gl, RBI and its cousins I,ffiLl arid RBL2 exist in the hypophosphorylated 

state that allows binding and inhibition of the E2Fs. Mitogenic stimuli induce activation 

of the D-type cyclins by association with either CDK4 or CDK6. The activated Cyclin 

D-CDI~.4, 6 complexes phosphorylate RB. This results in the release of E2F and the 

activation of target gen.es .. Many of the ~get genes are essential to S phase entry, such 
. . . 

gene as CCNEl. ·Activated· CCNEl-CDia, ~:a positive .feedback loop, additionally 

phosphorylates pRB, resulting in further .. release ofE2F (192; 193). 

The evolutionary conservation of the E2F IRB pathway underlines its importance. In 

1:1Jammals, . n~t only the E2F . proteins, but . also the DP [differentiation-regulated 

transcription factor (DRTFl)-polypept~de] proteins and the RB family of proteins 

regulate E2F activity. As"stated above, there are three members in the RB family, RBI, 



110 

RBL1, and RBL2, all categorized as pocket proteins. In addition, there are two DP 

proteins, DP-1 and DP-2, which heterodimerize with E2F members to form a complex 

capable of binding DNA. Finally, there are, thus far, eight described E2F proteins. The 

traditional E2F family members include E2F1, E2F2, E2F3a, E2F4, and E2F5. Novel 

E2F family members include E2F6, E2F7, and E2F3b (192). The focus of the studies 

presented here is on the traditional E2F family members and their role in the G 1/S phase 

transition. 

E2F1, E2F2, and E2F3a are believed to promote cell cycle progression, whereas 

E2F4 and E2F5 are involved in cell cycle exit and differentiation (194). The genes for 

E2F1, 2, and 3a are expressed at low levels in GO and have maximal expression at the 

G1/S transition. E2F1 and 2 gene expression is autoregulatory. In agreement with the 

different functions, expression ofE2F4 and 5 g~nes is relatively constant during the cell 

cycle, with those being the predominant E2Fs found in GO.. There are no significant 

fluctuations described for the DP compone~ts. In addition, E2F1, 2, and 3a bind 

exclusively ~o pRB 1, whereas E2F4 interacts with all three pocket proteins, and E2F5 

interacts only -with RBL2 (192, 195)~ -E2F1, 2, and 3a have _-nuclear localization 

sequences, so that when-they are· released from pRB1, they translocate to the nucleus to 

activate E2F-responsive genes. Overexpression of each of these genes drives quiescent 

cells into S phase, whereas combined ablation results in a block to S phase entry. E2F4 

·or E2F5, on the other hand, are translocated to the nucleus only when bound to a pocket 

protein, and in such a fashion act as repressors of E2F-responsive genes (193). Analysis 

of mouse embryonic fibroblasts (MEFs) derived from E2F4-null, E2F4/E2F5 double-null 
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or RBL1/RBL2 double-null mice showed defects in the ability of 'cells to exit the cell 

cycle in response to various growth arrest signals, although the E2F4/E2F5 double-null 

MEFs proliferated normally (196, 197). While E2Fl and 3 are both involved in 

progression of the cell cycle, they have,very distinct functions. E2Fl has been described 

as functioning in timely exit from GO in resting cultured primary cells, although 

unnecessary for normal G1 to S phase progression of cycling cells (198). ~2F3, on the 

. other .hand, is important in the regulation of S phase-specific genes,· as MEFs null for 

E2F3 have reduced expression of numerous E2F: -responsive genes and thus a delayed rate 

of cell proliferation (199). Consistent with the differing roles of E2F farilily members as 

either transcriptional activators or repressors, cell-cycle regulatory genes are controlled 

by E2F through distinct mechanisms reflective of these roles. For example, the genes 
. . 

encoding dihydrofolate reductase (DHFR), . CDC2, CCNE1, Origin Recognition 

Complex-1 (ORC1), and Thymidine Kinase (TK) are all up-regulated by E2F whereas 

genes .encoding CCNA (Cyclin A) and RBL1 (p1 07) are repressed in GO and activated at 

the G 1 to S phase transition (195). Both individually and as a whole, the E2F family 

members have clearly established themselves as important regulators of cell cycle 

control. We hypothesized that levels of E2F 1, E2F2, and E2F3 a would be increased 

when granulosa cell proliferation was high and that levels of E2F 4 and E2F5 would 

increase as the rate of granUlosa cell proliferation declined. 
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Methods 

Immature Sprague-Dawley· rats ~ere . stimulated with 10 IU PMSG for 48 h, then 

stimulated with an ovulatory bolus of hCG (1 0 IU) .. Animals were euthanized before (0 

h), and 6, 12, 24, 30, 36, 42, and 48 h after PMSG (Follicle Growth) or 2, 4, 6? 8, 10, and 

12 h post.:.hC9 (Periovulatory Interval). Ovaries were harvested into cold DMEM!F-12 

medium (Gibco), shredded using 25-guage needles, and·· ovarian :debris filtered through 
. . . 

150 J.UD. pore nylon mesh (Sefar America~ Inc.:, Depew, NY) to obtain granulosa cells. 

The enriched granulosa cells were pelleted and frozen for RNA isolation. RNA was 

isolated using the RNAqueous-Micro Isolation Kit (~bion, Austin TX), DNase treated, 

reverse transcribed~ and 20 ng eDNA was used for multiplex real-time PCR (Cepheid, 

Sunnyvale, CA) using the 60 S ribosomal protein L32 (RPL32) as an internal standard 

(148). Primers and probes were designed using Primer Express Software (Applied 

Biosystems, Foster City, CA), and sequences are listed in Table 5-1. 

Results 

E2F during Follicle Growth 

There were no significant changes in e2jl mRNA in granulosa cells between 0 

and 48 h after PMSG (Fig 5-l ). E2j3 mRNA increased significantly between 0 and 42 h 

post-PMSG (4.6-fold, p<0.05). There was a tendency for e2f4 mRNA to increase 

between 24 and 42 h, although it was not significant. There were no changes in 

expression of e2f5. mRNA. At the time these studies were performed, the sequences for 
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rat and mouse E2F2 were unavailable. E2j2 was undetectable using primers and probes 

designed from the human sequence. 

2.4 1.0 

c c 0.8 
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Figure 5-1. Expression ofmRNAsfor e2j1, e2j3, e2f4. and e2fF5 in granulosa cells 
isolated from PMSG-stimulated immature rats. Animals were stimulated with P MSG 
to induce follicle growth for up to 48 h. Granulosa cells were isolated and RNA 
extracted .from cells for real-time RT PCR analysis. Graphs are mRNA levels relative 
to the internal standard rpl32. Datadre mean± SEM (n=3-7). Diffirent superscript 
letters indicate signfficant differences across "time. 
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E2F during the Periovulatory Interval 

E2fl mRNA decreased significantly (1.9-fold, p<0.05) 6 h after an ovulatory 

stimulus of hCG (Fig 5-2). There were no significant differences in e2j3 mRNA 

expression across ~e periovulatory interval. Levels of e2f4 mRNA increased 

significantly by 6 h post-hCG and plateaued at 8 h post-hCG (2-fold and 2.8-fold, 

1.8 1.6 

c( 1.2 .ce 1.2 z z a: a: 
E 0.8 E 0.8 

t: ~ ~ 0.4 OA • • 
0.0 0.0 

0 2 4 8 8 10 12 0 2 • I I 10 12 
hCG (hr) hCG (hr) 

2.0 1.8 

c( 1.8 c( 1.2 z z 
a: 1.2 a: 
E E 0.8 
~ 0.8 le ~ C\1 0.4 
• 0.4 • 

0.0 0.0 
0 2 ·4 6 8 10 12 ' ·o 2 4·· 6 8 10 12 

hCG(hr) ·hCG (hr) 

Figure 5-2. Expression of mRNAs for e2j1, e2f3, e2f4. and e2fF5 in periovulatory 
. . 

granulosa cells before (0 h) and up to 12 h after.hCG. Animals were stimulated with 
P MSG for 48 h, ·followed by hCG for up to _12 h. Granulosa cells were isolated and 
mRNA extracted for use in real-time RT-PCR analysis. Graphs are mRNA levels 
relative to the internal standard rpl32. Data are mean ± SEM (n=4-7). Different 
suverscrivt letters indicate simificanrdifferences across time.· · 

. . ' 

respectively, p<o:os). Similarly, expression of e.2j5:mRNA increased significantly by 4 h 

and plateaued 6 h after hCG (1.6-fold and 2.2-fold; respectively, p<0.05). 
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5.3 The MYC/MAXJMAD Network in Granulosa Cells in vivo and in vitro 

Background 

The MYCIMAXIMAD network comprises a group of basic helix-loop-helix 

zipper (bHLHZ) ·transcription factors (200). Through the bHLHZ domains, individual 

members of the network heterodimerize with MAX, resulting in a complex capable of 

binding specific DNA sequences (E-boxes) and regulating transcription. This network of 

· transcription factors __ plays a central rol~ ·in cellular_ growth; proliferation, differentiation, 

and even cell death. The MYC family in particular, comprised of MYC ( c-MYC), 

MYCN (n-MYC), and MYCL (i-MYC), promotes growth, proliferation, and apoptosis 

and . inhibits terminal differentiation. hi addition, deregulated e~pression of MYC is 
. . ' 

impli~d iD. numerous tumours (201 ). In contrast to theMYCpro~ins, MAn proteius 

have been strongly linked to terminal- differentiation, thus acting as endogenous MYC 

antagonists. Members of the MAD family include JMXD1 (MAD1), JMXD3 (MAD3), 

· JMXD4 (MAD4), :MXI, and MNT. While MAX expression is highly stable, MYC and 

MAD proteins are short-lived and their biosynthesis is highly regulated. Thus, it seems 

likely that the regulation of the MYC to MAD ratio is of vital importance in determining 

a cell's fate (200, 202). The mechanism by which these antagonist proteins control a 

cell's fate is by the activation or repressiqn of target genes. Some of the genes that have 

been identified as MYC-regulated include ornithine decarboxylase (ODC), CDC25A, 

CDK4, CCND2, and Id (203-206). 

Despite the fact that the MYCIMAXIMAD · network is likely key to the ·dynamic 

nature of the ovarian follicle, few studies have been performed to examine its role in 
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granulosa cell growth, proliferation, differentiation, and apoptosis. Expression of myc 

mRNA in rat granulosa cells was shown to be increased rapidly (15 minutes) in response 

to PMSG, although it declined within an hour (207). ·In addition, there is a transient 

increase in myc levels 4 h after hCG in both rat and monkey granulosa cells associated 

with an increase in DNA synthesis (124-126). The increase in myc in nonhuman primate 

granulosa cells was also associated with a transient decrease in mxdl, mxd4, mxi, and 

max ~A (126) .. Both estradiol and gonadotropins have been implicated in regulation 

of MYC expression in granulosa cells (12S)~ More recently, microarray analysis in the 
' ' ~ '' 

. - . 

rodent have shown an ~pregulation o_fthe n-myc do.wnstream re~ated gene 1 (ndrgl) in 

cumulus granulosa cells betwe~n 0 and 8 h after hCG, a time when the cumulus cells are 

highly mitotic (128). Y\fe hypothesize that the ratio of MYC proteins to the antagonistic 

MAD proteins regulates granulosa cell proliferation. 

Methods 

In vivo 

Animals were stimulated, RNA isolated from an enriched granulosa cell population, 

and real-time RT PCR performed as in section 5.2. Sequences can be found in Table 5-1, 

with the exception of mycn (TaqMan® Gene Expression Assay (Rn00477208_m1), 

Applied Biosystems ). 
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In vitro 

Ovaries were harvested from unstimulated posttlatal d 26-27 Sprague Dawley rats, 

placed in DlVtEM/F-12 medium, and shr.edded using 25-guage needles. The granulosa 

cells were cultured in serum-coated 24-well plates in DMEM/F-12 medium containing 

IX penicillin-streptomycin, 10 f.LM testosterone, 25 ng/ml ovine FSH, 100 ng/ml of LR

IGF-1, and 25 ng/ml activin A. After 24 h of cUlture, cells were either ha.rVested or the 

medium was changed to include 25 ng/ml (high activin) or 1 ng/ml (low activin) in order 

to modulate proliferation. After an additional 24 h, granulosa cells were either harvested 

or· the medium was refreshed and the granulosa cells were treated with hCG (1 0 IU) for 

an additional 6 h. Cells were lysed in RNAqueous-Micro lysis buffer (Ambion) and 

frozen for later RNA isolation~ RNA was isolated and real-time RT-PCR performed as 

above. 

Results 

MYCIMAXIMAD Network during Follicle Growth 

Levels ofmyc mRNA in granulosa.cells were decreased sigruficantly between 6 and 

30 h after PMSG stimulation (3-fold, p<0.05). In contra~t, mRNA for the MYC 

antagonist mxdl was decreased significantly between 0 and 12 h post-PMSG (1.9-fold, 

p<0.05), before increasing again at 42 h after PMSG. Expression of mycn mRNA 

decreased between 0 and 12 1J. post-PMSG (2.6-fold, p<0.05) and remained low 

throughout the follicle growth penod (Fig- 5~3). 
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Figure 5-3. · Expression of myc family members in granulosa cells isolated from 
PMSG stimulated immature rats. Animals were stimulated with P MSG to induce 
follicle growth for up to 48 h. Granulosa cells were isolated and RNA extracted for 
use in real-time RT-PCR analysis. Graphs are mRNA levels relative to the internal 
standard rpl32. Data are mean ± SE,M (n=3-10). Difforent superscript letters 
indicate significant differences across time. 

MYCIMAXIMAD Network during the Periovulatory Interval · 

Expression of myc mRNA increased significantly between 0 and 6 h post-hCG (2.8-

fold, p<O.OS), after which the levels plateaued {Fig 5-4). There were no statistically 

significant changes in the levels of mxdl mRNA throughout the peri ovulatory interval. 
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Figure 5-4. Expression of myc and mxd l··mRNA in periovulaiory granulosa cells 
before (Oh) and up to 12 h after hCG~ .. Animals were stimulated with P MSG for 48 h, 
followed by hCG for up to 12 h. Granulosa cells were isolated and mRNA extracted 
for. use in real-time RT-PCR analysis. Gr.aph$ -are mRNA levels relative to the 
internal standard rp/32. Data are mean ± SEM (n=3-8). Different superscript fetters 
indicate signrftcant dffforences across' time. . 
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Granulosa Cell Expression of mycn and ndrg2 mRNA in vitro 

Expression of mycn mRNA was increased between 24 and 48 h of culture in 

granulosa cells cultured in high activin (1.8-fold, p<0.05, Fig 5-5). There was a tendency 

for a further increase in mycn levels in granulosa cells after stimulation by hCG, albeit 

not significant. There was no change in mycn expression in the granulosa cells cultured 

in low activin before or after hCG. Levels of nlRNA for n-myc downstream-regulated 

gene 2 (ndrg2) were· also measured in these cells (Fig 5-5). While there were no 

significant changes in expression of ndrg2 mRNA in granulosa cells cultured in high 

activin, granulosa cells cultured in low activin had a significantly higher induction of 

ndrg2 mRNA bo~h:. before ·and after hCG compared to granulosa cells ·cultured in high 

activin. 

5.3 Pten, cdknlb, and cdknla mRNA Expressi~n During the Pe~io~ulatocy Interval 

Background 

' 

The tumor suppressor PTEN · (phosphatase and tensin . homolog deleted on 

chromosome 1 0) is a dual-specificity phosphatase. able to act on both lipids and proteins. 

PTEN acts as a negative regulator of the PI3K pathway by dephosphorylating PIP3, and 

thus preventing Akt activation. Because PTEN. is a common target for mutation in 

cancer, much of what we know about its normal biological function stems from studies of 

cancer cells. Overexpression of PTEN in MCF -7 breast cancer cells caused a decrease in 

cell pr~liferation, an increase in CD~1 B, and a decrease in CCND 1 (208). Other 
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Figure 5-5. Levels of mycn and ndrg2 mRNA in primary rat granulosa cell cultures 
treated with different concentrations of activin. Granulosa cells were isolated from 
unstimulated rats, PND 26-27, and cultured in the presence of FSH, testosterone, LR-

. IGF-1, and activin (25 ng/ml). After 24 h, the medium was changed and the activin 
concentration maintained at 25 ng/ml (light bar) or decreased to 1 nglml (dark bar). 
hCG was added 24 h later to induce luteinization. Granulosa cells were harvested 
and RNA isolated for use in real-time RT-PCR analysis. Graphs are mRNA levels 
relative to the internal standard rpl32. Data are mean ± SEM (n=3-7). Difforent 
superscript letters indicate significant differences across treatments and timepoints. 

studies have demonstrated a role of PTEN in regulating cellular localization of 

CDKN1B, whereas overexpression of PTEN induces accumulation of nuclear CDKN1B 

(154, 209). It has also been suggested that the PTEN-induced upregulation of CDKN1B 

is due to nuclear localization of the forkhead transcription factors, FKHRL 1 and FKHR 

(210). The role of PTEN in CDKN1A expression is less clear, but it is thought that 

PTEN causes an upregulation of cdkn1 a by increasing the transactivation of p53 (211 ). 

Within the ovary, PTEN expression was shown to increase in ovine granulosa cells 

during terminal follicle growth, i.e. in large antral follicles. This increase in PTEN was 

associated with a decrease in proliferation, a decrease in E2F promoter activity, and an 

increase in CDKN1B promoter activity (153). We have similarly shown an increase in 
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pten mRNA in the latter stages of follicle growth in the PMSG-primed immature· rat in 

association with decreased proliferation and increased cdknl a and cdknl b mRNA levels 

(Chapter 2). ·Here, we·seek to exa.tnifle the profile of cdknla,cdknlb, andpten mRN~ 

levels during the periowlatory interval .. 

Methods 

Animals were stimulated (n=4-9/time point), granulosa cells obtained, RNA 

isolated, and real time-RT PCR performed as in: section 5.2. Primers and probes were 

designed using Primer Express Software (Applied Biosystems, Foster· City, CA), and 

sequences are listed in Table ·5-1, with the exception of pten, which was ordered as a 

TaqMan® Gene Expression Assay (Rn00477208_ml) from Applied Biosystems. 
' . 

Results 

·Figure 5-6 shows the expression of pten, cdknl b, and cdknl a mRNA during the 

periovulatory interval. Expression of cdknl ~ mRNA increased significantly ( 4.3-fold, 

p<0.05) between 0 and 4 h post-hCG, with an even further increase by 12 h after hCG 

stimulation (5.8-fold between 0 and 12 h, p<0.05). There were no significant differences 

in cdknl b or pten mRNA expression across the periovulatory interval. 
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Figure 5-6. mRNA expression of pten, cdknlb, and cdknla in granulosa cells 
isolated before (Oh) and up to 12 h after an ovulatory bolus of hCG. Animals were 
stimulated with P MSG for 48 h, followed by hCG for up to 12 h. Granulosa cells 
were isolated before (Oh), and 2, 4, 6; 8, 10, and 12 h post-hCG and RNA was isolated 
for analysis by real-time RT-PCR analysis. Levels of mRNA were normalized to the 
internal standard rpl32. Data are mean± SEM (n=4-9). Different superscript letters 
indicate significant differences across time. 

5.3 Androge~s During Follicle Growth·and the Periovulatory Interval 

Background 

Within the ovary, LH induces androgen production by the theca cells. Androgens 

are a product . of progesterone metabolism and serve as precursors in estrogen 

biosynthesis; in addition, androgens themselves have been shown to act as local 

regulators of ovarian function. Androgens elicit effects by acting through the androgen 

receptor (AR), which in the rat, is expressed predominantly in granulosa cells (81, 212). 

In addition, a gradient of AR expression has been noted in large antral follicles, with 

antral and cumulus cells expressing higher AR levels· than mural granulosa cells (212, 

213). Different effects of androgens on follicle growth and development have been 

described, likely resulting .from ~e differential exP,ression of androgen receptor and ·the 

different levels of androgens themselves during follicle growth and luteinization. 
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Specifically, androgens (DHT in particular) have been shown to enhance the mitogenic 

effects of GDF-9 in porcine granulosa cells (214). Androgens have also been shown to 

decrease proliferation of granulosa cells, perhaps through interacting with the insulin 

signaling pathway (11 0, 215). These contrasting fmdings can be explained by a study 

·suggesting that androgens effects on granulosa cells differ with the granulosa cell sub

type. For example, androgens were shown to enhance IGF-induced proliferation in mural 

granulosa cells of small antral follicles in the pig, but not in large antral follicles. 

Androgens also positively influence growth-factor induced. proliferation in cumulus cells 

from both small and large follicles (75). A role of androgens in enhancing FSH-induced 

differentiation has also been described (34, 216, 217), as well as a role of androgens in 

apoptosis (78, 218). 

Methods 

Immature Sprague-Dawley r8:ts ·were stimulated with 10 IU PMSG for 48 h, then 

stimulated with an ovulatory bolus ofhCG (10 IU). Animals were euthanized before (0 

h), and 6, 14, 24, 30, 36, 42, and 48 h after PMSG (Follicle Growth}.ot 2, 4, 6, 8, 10, and 

12 h post-hCG ·(Periovulatory Interval). At the time, of sacrifice, trunk blood was 

collected and serum. ·obtained by centrifugation at 400xg for 10 min. For Follicle 

Growth, serum androgen concentrations were determined using the Alpco 

androstenedione ELISA kit as per the manufacturer's specifications ( Alpco, () 11-CAN

AD-208). The assay sensitivity was 0.05 ng/ml. For the Periovulatory Interval, serum 

androstenedione levels were measured using the Alldrostenedione Coat-A-Count RIA per 



124 

the manufacturer's specifications (Diagnostic Product, Inc, TKAN1 ). The assay's lower 

limit was 0.04 ng/ml. 

Results 

Androgens during Follicle Growth 

Figure· 5-7 shows androstenedione levels in PMSG-stimulated immature rats. 

Androstenedione levels were increased significantly. by 30 h post-PMSG (14-fold, 

. p<0.05) and continued to increase through 48 h after PMSG stimulation. 

0 6 12 18 24 30 36 42 48 
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Figure 5-7. Serum androstenedione 
levels in PMSG-stimulated immature rats. 
Animals . were stimulated with P MSG. 

·.' 

Animals were euthanized before (Oh) and 
6, 12, 24, 30, 36, 42, and 48 h after PMSG, 
trunk blood was collected and serum 
obtained. Serum androstenedione levels 
were measured by ELISA. Data are mean ·*. SEM (n=4-ll). Different superscript 

· /'etters ·indicate significant .. . differences 
across time. 

Androgens during the Periovulatory Interval 

Serum androstenedione levels during the periovulatory interval are shown in 

Figure 5-8. Serum androstenedione levels transiently increased 2 h post-hCG (2-fold, 

p<0.05) before declining to pre-hCG levels at 6 h. 



Figure 5-8. Serum androstenedione levels 
during the periovulatory rats in hormbnally 
stimulated immature . rats.. . Animals were;· 
stimulated with P MSG for 48 h, followed by 
hCG for up to 12 h. At the time of sacrifice, 
trunk blood was collected and serum 
obtained Androstenedione . levels were· 
measured by RIA. Data are mean ± SE;M 

~ (n=B-9).·. .· Different superscript letters 
indicate significant differences across time. 

5.4 Ahr in Granulosa Cells in vivo and in vitro 

Background 
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The aryl hydrocarbon receptor (AHR) is a member of the superfamily of basic 

helix-loop-helix (bHLH)-Per-ARNT -Sim (PAS) transcriptional regulators and functions 

as an intracellular mediator of xenobiotic signaling pathways as well as normal 

physiologic processes. Much of what is known about AHR regulation and function 

comes from studies involving the environmental contaminant and prototypical AHR 

agonist 2,3, 7,8-tetrachlorodibenzo-p-dioxin (TCDD or dioxin). Unliganded. AHR is 

locat~d in the cytoplasm and is associated with two hsp90 molecules and a 3 8 kDa 

immunophilin-related protein (XAP2). Upon ligand binding, the entire complex is 

translocated to the nucleus, where the AHR dissociates from hsp90 and XAP2 and 

dimerizes with the AHR nuclear translocator (ARNT). AHR dimerization to ARNT 

forms an active transcription factor which binds to defined DNA sequences termed 

xenobiotic-responsive elements (XRE) with high affinity, increasing transcription of the 

target gene. The primary known biochemical response of dioxin-activated AHR is 
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upregulation of the drug metabolizing monooxygenase CYP1A, a member of the 

cytochrome p450 family of enzymes (219, 220). In addition to exogenous ligand 
c 

activation of AHR, it has been shown that an endogenous physiologic component of the 

cell can activate AHR (221 ). · Endogenous activation of AHR, coupled with the highly 

conserved nature of AHR across a number of invertebrate and vertebrate species, and the 

subfertile phenotype of AHR -deficient mice strongly suggest that this type II nuclear 

receptor has an important role in normal physiologic functioning (219). 

The fact that AHR has been detected in the ovaries of several species, including rat 

and macaque (222, 223) and that AHR ligands, such as dioxin, have anti-estrogenic 

activity (224 ), iinply that AHR is a key factor in female reproductive function. Ligand 

I , 

binding to AHR can have different effects, such as cell proliferation, differentiation, or 

apoptosis, depending on both the specific ligand and the cell/ tissue type. For example, in 

both MCF -7 breast cancer cells and in hepatoma cells, AHR is shown to interact directly 

with pRB1 to signal cell cycle arrest (225-227). However, in ovarian granulosa cells, an 

AHR agonist dose-dependently amplifies the comitogenic effect of FSH and estrogen 

(228), suggesting that AHR acts to induce. proliferation in granulosa cells. Studies from 

this same lab have demonstrated FSH- and estrogen-induced down-regulation of AHR 

expression both at the mRNA and protein level after 12 h of treatment (229), consistent 

with the decrease in AHR detected in rat ovaries on the evening of proestrus (222). Some 

of the effects of AHR, especially in endocrine tissues, are likely due to cross talk between 

AHR and ESR. One such example in breast cancer cells is repression of ESR -responsive 

gen~s due to binding of AHR to XRE, preventing interactions between proteins binding 
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DNA elements required for ESR action and the basal transcription machinery (230). 

Sttidies using AHRKO mice have suggested that AHR is important in preantral and antral 

follicle growth (231, 232), but its exact function in granulosa cells during follicle growth 

and luteinization has yet to be determined. In addition~ ARNT-deficient mice are 

embryoni~ lethal and are thus uninformative in discerning AHR's role in the ovary (233). 

Here, we measured ahr mRNA levels in rat granulosa cells in vivo during the 

periovulatory interval as well as in granulosa cells cultured in both high and low activin. 

Methods 

In vivo 

Immature Sprague-Dawley rats were stimulated with 10 IU PMSG for 48 h, then 

stimulated. with an ovulatory bolus of hCG (1 0 IU). Animals were euthanized before (0 

h) or 2, 4, 6, 8, 10, and 12 h post-hCG. Granulosa cells were obtained, RNA isolated, and 

mRNA measured- as described in section 5 .2. 

In vitro 

Culture was performed as in ~ection 5.3 .. RNA was isolated and mRNA measured as 

described in section 5.2. 
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Results 

Ahr during the Periovulatory Interval 

Figure 5-9 shows expression of ahr mRNA during the periovulatory interval. 

Levels of ahr mRNA increased significantly between 2 and 6 h (2.7-fold, p<O.OS) after 

an ovulatory bolus ofhCG and remained elevated through 12 h. 
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Figure 5-9. Expression of ahr mRNA in 
periovulatory granulosa cells before (0 h) and up 
to 12 h after hCG. Animals were stimulated with 
PMSG for 48 h, followed by hCG for up to 12 h. 
Granulosa cells ·were isolated and RNA extracted 
for use in real-time RT-PCR analysis. ahr mRNA 
levels were normalized to the internal standard 
rpl32. ·Data are mean ± SEM (n=5-8). Different 
superscript letters indicate significant differences 
across time. 

Figure 5-10. Levels of ahr mRNA in primary 
rat granulosa cell cultures treated with high 
or low activin before and after hCG. 
Granulosa cells were isolated from 
unstimulated rats, PND 26-27, and cultured in 
the presence of FSH, testosterone, LR-IGF-1, 
and activin (25 ng/ml). After 24 h, ~he medium 

· was changed and the activin concentration 
maintained at 25 nglml (light bar) or 
decreased to 1 ng/ml (dark bar). hCG was 
added 24 h later to induce luteinization. 
Granulosa cells were harvested and RNA 
isolated for use in. real-time RT-PCR analysis. 
Graphs are mRNA levels relative to the 
internal standard rpl32. Data are mean ± 
SEM (n=4-7). Different superscript letters 
indicate ·significant differences across 
treatments and time points. 
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although there were no significant differences between 24 and 48 h in the low activin 

group (Fig 5-10). After hCG was added to the cultures, there was a 5.3-fold increase 

(p<0.05) in ahr mRNA levels in the low activin group. hCG did not induce an increase 

in ahr expression in the high activin group. 

5.6 Olomoucine's Effect on Granulosa Cell Proliferation and lhcgr Expression 

Background 

·We have found previously that ·granulosa cells cultured in the presence of 25 

ng/ml activin A (high: activin) have higher rates of proliferation than granulosa cells 

·cultured in the presence of 1 ng/ml activin A ~low activin). In addition, we demonstrated 

that granulosa cells cultured in low activin have higher levels of lhcgr mRNA than 

granulosa cells cultured in high activin. To determine whether the differing lhcgr mRNA 

levels were a result of decreased proliferation or of activin's ability to act as an anti

differentiation factor, granulosa cells were cultured in high activin plus or minus the cell 

cycle inhibitor L-mimosine. Mimosine is a plant derived amino acid and blocks cells in 

the Gl phase"of the cell cycle, although its mechanism of action is still unclear (234). 

Mimosine treatment effectively inhibited cell proliferation. In contrast to decreased 

activin, mimosine treatment caused a further decline in lhcgr mRNA levels. The reader 

is referred to chapter 4 of this manuscript for a detailed description of the fmdings. To 

show that the decrease in lhcgr mRNA was due to the lower levels of proliferation and 

not a non-specific effect of mimosine, granulosa cells were treated with the cell cycle 

inhibitor olomoucine, which acts by inhibiting cyclin-dependent kinases. 
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Methods 

Ovaries were harvested fro~ postnatal d 26-27 Spr~gue Dawley rats, placed in 

DMEM/F-12 mediuin, shredded using '25-guage needles~ and filtered thro11:gh 150 J!M 

nylon mesh to obtain an enriched population of granulosa cells. The granulosa cells were 

then cultured in serum-coated 24-well plates- in.DMEM/F-12 medillD:l containing IX 
. . 

penicillin-streptomycin, 10 J!M testosterone, 25ng/ml ovine FSH, 100 ng/ml of LR-IGF-

1, and 25 ng/ml activin ·A~ After 24 h of cultuJ:'e, the mediUm was changed to include an 

ethanol vehicle, 100 J!M, or 200 J!M olomoucine. After an additional 24 h, granulo$a 

cells were harvested and prepared for flow cytometry or mRNA analysis. Flow 

cytometry and mRNA analysis was performed as described in section 4.3. 

Results 

Olomoucine dose dependently decreased the percentage of granulosa cells inS 

phase of the cell cycle as determined by flow cytometric analysis (Veh-28%, 100 J.tM-

10%, and 200 J.tM-5%, n=l per treatment, Fig 5-11). In addition, there was no increase in 

debris and no detectable sub-G 1 peak in these cells. Treatment of granulosa cells with 

200 J!M olomoucine for 24 h decreased the expression of lhcgr mRNA by nearly 50-fold 

(p<O.OS, n=3) compared to the vehicle-treated granulosa cells, consistent with our 

previous finding using the_ cell cycle inhibitor mimosine. 
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Figure 5-11. Effects of olomoucine on proliferation and lhcgr mRNA in 
primary rat granulosa. cell cultures. Granulosa cells were isolated from 
unstimulated rats, · PND 26-27, and cultured in the presence of FSH, 
testosterone, LR-IGF-1, and activin (25 nglml). After 24 h, the medium was 
changed to medium to including vehicle (EtOH), 100 jiM, or 200 pM 
olomoucine, and cells were harvested 24 h later. Cells were fzxed and stained 
with PI for flow cytometric analysis or were lysed for RNA isolation and used in 
real-time RT-PCR analysis. A, Percentage of granulosa cells in S phase of the 
cell cycle (n=1). B, Expression· of lhcgr mRNA normalized to the 'internal 
standard rp/32. Data are mean ± SEM (n=3). Different superscript letters 
indicate significant differences across treatments. 
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5.6 Co-Localization of Proliferation and Differentiation I Luteinization Markers 

in Cultured Granulosa Cells 

Background 

In most cell types, exit from the cell cycle is obligatory for terminal 

differentiation. The temporal and spatial patterns of proliferation, differentiation, and 

luteinization in granulosa cells suggest that this .dogma also holds true in this cell type. 

Granulosa cell proliferation has been· shown to decrease in large antral follicles prior to 
. -

an ovulatory stimulus (98-101). This. decline in granulosa cell proliferation is associated 

with increased differentiation of the granulosa cells (21, 30, 31)~ Specifically, the mural 
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granulosa cells h~t.ve been shown to be less proliferative and to express higher levels of 

markers of differentiation, such as LHCGR, while the antral and cumulus cells are inore 

proliferative and express less LHCGR (30, 98, 105). We previously tested the hypothesis 

that the preovulatory decline in granulosa cell proliferation was necessary for granulosa 

cell differentiation and luteinization (see chapter 4) and demonstrated that the two 

processes did not appear to be functionally linked, as granulosa cells expressed normal 

luteinization markers in the presence of aberrant proliferation. To test the subsequent 

hypothesis that differentiation or luteinization can occur in a proliferating cell, we used 

immunocytochemistry to examine markers of proliferation, differentiation, and 

luteinization in cultured granulosa cells. 

Methods 

Granulosa cells were cultured as in section 5.3, but in serum-coated 8-well chamber 

slides (LabTek IT, Nalge Nunc International) instead of 24-well plates. At the time of 

harvest, media were removed and the cells were fixed by incubation in ice-cold acetone 

for five minutes. Sli~es were rinsed three times. in PBS before .addition of primary 

antibodies. Cells harvested after 48 h of culture were incubated with rabbit anti-LHCGR 

(1:50, Novus Biological, NLS 1436) and mouse ;anti-PCNA (1:2000, Neomarkers, MS-

1 06) overnight at 4 °C, whereas cells harvested after forskolin treatment. were P1cubated 

with rabbit anti-PGR (1:50, NeoMarkers, RB,;.l492) and mouse anti-PCNA · (1:2000, 

Neomarkers, MS-106) oyemight at 49C. Slides were rinsed three times in PBS, and were 

incubated with goat anti-rabbit (1: 1000, Molecular Probes, All 008) and goat anti-mouse 
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(1:1000, Molecular Probes, A11019) secondary antibodies for 1 hat room temperature. 

Slides were rinsed three times in PBS then stained with a DAPI-methanol mix for 15 

minutes at room temperature. The slides rec~ived three more washes in PBS before 

being cover slipped and allowed to dry. Slides with the primary antibody omitted served 

as negative controls. Slides were visualized on a Nikon Eclipse E1000M microscope and 

were imaged using IP Lab software (Scanalystics, Inc). 

Results 

LHCGR is an established marker of differentiation in granulosa cells of large antral 

follicles, as it is a requisite feature· of a ·follicles ability to respond to the ·ovulatory 

. gonadotropin surge (34). Similarly, an increase in PGR· is~ a hallmark feature of 

luteinization across species (37, 235, 236). PCNA was. used as an indicator of the 

proliferative status of granulosa cells, as it is expressed. during the active cell cycle, with 

increasing levels at S phase (237), and has been shown to co-localize with BrdU in 

granulosa cells (155). We previously demonstrated higher expression of lhcgr rriRNA in 

granulosa cells cultured in low activin compared to granulosa cells cultured in high 

activin. Thus, immunocytochemistry for LHCGR and PCNA was done in granulosa cells 

cultured in low activin. As expected, LHCGR expression was very high in these cells 

and some cells showed· LHCGRIPCNA co-localization. Previous studies showed no 

difference in pgr rriRNA expression after forskolin treatment between cells treated with 

either high or low act!vin. We examined the expression of both PGR and PCNA in 

granulosa cells cultured for 48 h in high activin followed by 6 h of forskolin. Most cells 
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had a distinct nuclear expression of PGR. As with LHCGR, we were able to detect 

double labeling of PGR and PCNA in a fraction of the cells. While this was not taken as 

a quantitative study, these results clearly demonstrate the ability of a proliferating 

granulosa cell to differentiate and/or luteinize. 
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Figure 5-12. Co-localization of proliferation and differentiation/luteinization 
markers in cultured granulosa cells. Granulosa cells were isolated from 
unstimulated rats, PND 26-27, and cultured in the presence of FSH, testosterone, 
LR-IGF-1, and activin (25 ng/ml). After 24 h, the medium was changed and the 
activin concentration maintained at 25 nglml (high activin) or decreased to I ng/ml 
(low activin). Forskolin was added 24 h later to induce luteinization. A and D, 
DAP I, lhcgr, and PCNA immunocytochemistry in granulosa cells cultured in low 
activin, before forskolin stimulation. B and E, DAPI, PR, and PCNA staining in 
granulosa cell cultured in high activin plus forskolin. C, Negative control. Arrows 
show cells in which LHCGR and PCNA co-localized (A and D) or PR and PCNA 
co-localized (Band E). 
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Table 5-1. Primer/probe sequences (5'- 3') 

Forward Primer Probe Revene Primer 

tJ1Jr CA.TOCTGGAAATTCGAACCAA CGCAGAATCCCACATCOGCATGAT TGCAAGAAGCCGGAMACT 

cdlmfa lCAGAGCCACAGGCACCA.T TCCGI\TCCTGGTGATGTCCGACC CGGCA.TACITTGCTCCTGTGT . 

cdlmfiJ CCGCCTGCAGMACCTClT CCCGGTCAATCATGAAGMCT.MCCCG lCGGCAGTGCTR:ICCMGT 

e¥1 ACCTCACTAAA'l'CTGA.CCACCA.AAC CfTCTTGGAGCTGCTGAGCCGCTC GCI'GCCCAGTTCAOOTCAAC 

d./3 Cl'GCACT.ACGGAG'l'CCCGATA CCAAAA.ACTCCAAAATCTCCCTCAGAA TGCTGCCTTGTTCAGATCCA 

CAAAGAGCTGTCA.GAAA.1'C'J'TTGATCCC 
df4 GCAGACCCCACAGGTGTnT ACAC CAAACA.CncrGAOO.ACATCAACTC 

dJS TCCTGTICCCCCACCTGAT CACACAGCCTTCCTCCCAGTCCTCAAC TGGTGGATI'TCTGTGGAGTCACT 

1/u:gr GCCATCCTCATCTTCACAGAC1T 'l'CTCGGCTGCCTTCAAAGTGC CA.GTAAGATTTTCGAGTTGGTGACA 

.II!J7C CGGACACA.CAACGTCTTGGA CCCTGCGTGACCAGATCCCTGAA AGGATGTAGGCGGTGGCTTT 

lll1tl1l AGOGGCGGGAGAGAGAA TGGGTATG~TGCTGCCAT TTCCTCCGTTTGAAGGCATCT 

n41g3 TGGGCA.GCCCACAATTAA CCGGCCTT.ACGTCTT CGCGTGTGTGATGAGACTTCTATA 

PC' AGCACTCGG.ACGC.ATCGT CCAATA.CCGATCTCCCTGGACCGG Cl'GGCAGGACCGAGAGAAGA 

CCCAA.GATCG'IC.AAAAAGAGGACCAAG 
rpW CCTTCGGCCTCTGGTGAA AA COGACTGGTGCCTGATGAA 
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DISCUSSION 

6.1 Working Model of Granulosa Cell Proliferation 

The studies presented in this body of work have enabled us to create a working model of 

granulosa cell proliferation during antral follicle growth and luteinization in the rat. FSH, 

or PMSG in our superovulation model, stimulates granulosa cells of large pre-antral and 

small antral follicles to increase their rate of proliferation. This increase in p~oliferation 

along with antrum·.expan~ion, · results in an increase~ follicle diameter. As the ·follicle 

increases in size, the rate of granulosa cell proliferation begins to level off and eventually 

declines, all prior to an ovulatory gonado~opin stimulus. Some cell~ do maintain a 

proliferative state, even after LH/hCG, and those cells are primarily loc~ted in the antral 

and cumulus layers. In fact, the cumulus cells potentially undergo a small "burst" of 

proliferation shortly after the ovulatory ~timulus which may play a role in cumulus 

expansion and/or oocyte maturation (Fig 6-1 ). Furthermore, we failed to demonstrate a 

functional link between granulosa cell proliferation and differentiation despite the spatio

temporal organization of the two throughout follicle development. Proliferation is, 

however, clearly regulated in granulosa cells, as evidenced by the marked changes in 

CCNE 1-CDK2 associated with changes in proliferation. While the mechanism of control 
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for granulosa cell division has not been elucidated, several factors have been introduced 

as potential mediators in this process. 

Figure 6-1. Model of Granulosa Cell Proliferation During Follicle 
Growth and Luteinization in the PMSG-Primed Immature Rat. 
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6.2 Strengths and Weaknesses of the Present Studies 

The present studies provide a detailed characterization of granulosa cell 

proliferation during both antral follicle growth and the periovulatory interval. While the 

findings from these studies are both meaningful and novel, there were some weaknesses 

in both the models and techniques used. Follicle growth and even luteinization appear to 

be very similar across species, although there are differences, especially in the formation 

of a functional (human) versus non-functional (rat) corpus luteum (8, 36, 238). However, 

because these studies focused only on antral follicle growth and the periovulatory 

interval, the use of the rat for studying granulosa cell proliferation was justifiable. There 

may be some inconsistencie s in the use of superovulation versus a normal cycle when 
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trying to discern granulosa cell prolif~rati<?n in a normal physiological setting (98, 133), 

which is why the fmdings from m~y of these studies will be reapplied to the· normal 

adult cycling ·rat. The benefits of the superovulation model are the ability to time events 

precisely and the l~ge ~~imts of tissue available· for analysis. In addition, 

superovulation has become a common technique utilized in in vitro fertilization 

protocols; thus, any abnormal effects this process has on granulosa cell proliferation, 

differentiation, or survival, can be identified. 

One of the primary strengths of these studies was the ability to characterize the 

detailed time course of events during follicle growth and luteinization. To our 

knowledge, no other study has been reported that has examined granulosa cell · 

proliferation during both follicle growth and luteinization in such short-interval time 

points. However, one of the caveats in this approach was the inability to examine 

follicles of specific sizes, such as only large antral follicles. Due to the difficulty in 

puncturing follicles, especially in the non-stimulated rats, the approach was taken to 

shred the entire ovary and filter to obtain a population of granulosa-enriched cells. This 

population of cells, however, was likely contaminated by theca and stromal cells. To 

overcome this weakness, immunohistochemistry for BrdU was performed on ovarian 

sections in order to show granulosa cell-specific proliferation. The use of this ·granulosa-

enriched population of cells for mRNA and protein analysis enabled us to quantitate ~e 

expression of a number of genes and/or proteins, although the mixed population of cells 

may have suppressed the detectable differences ~ompared to the actual level of change 

that occurred in the granulosa cells. To further the significance of the results _obtained 



140 

using the above technique, m~y of the mRNA and proteins examined need to be re

evaluated using in situ or i.trultun~histochemistry on whole ovarian sections. Such an 

approach would also allow the expression of specific mRNAs and proteins to be 

discerned in individual follicles and in different subsets of granulosa cells within 

follicles. 

This is the first report of an in vitro model of granulosa cell proliferation that 

mimics the proliferative profile of granulosa cells as was determined in vivo in both 

follicle growth and luteinization. As above, this model uses cells obtained from 

shredding whole ovaries. While the lack of a pure granulosa cell culture could be viewed 

as a fault in the model, granulosa cells in a normal follicle are in constant communication 

and are heavily influenced by theca cells and oocytes and visa versa. In addition, the use 

of activin A in this model proved to be a valuable tool in modulating granulosa cell 

·proliferation, although activin's anti-differentiation effects were not originally taken into 

consideration. This was later rectified by using cell cycle inhibitors to decrease granulosa. 

cell proliferation as opposed to decreasing the activin concentration, which also provided 

valuable insight into genes potentially regulated by activin or other TGFJ3 family 

members. Thus, the weaknesses defined within these studies have, in a sense, become 

strengths in that they are providing the basis for future studies. 
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6.3 Potential Mechanisms Regulating Granulm~a Cell Proliferation 

The present studies have been primarily descriptive in nature, discerning the 

profile of granulosa cell proliferation and related markers. During follicle growth and 

luteinization, CCNE1-CDI<2 activity appeared to positively correlate with granulosa cell 

proliferation, suggesting that regulation of this G 1/S phase complex is essential in. 

regulating granulosa cell cycle. To elucidate potential players in regulating granulosa 

cell proliferation, a number of genes kn~wn to play a role in cell cycle were examined. 

Expression of E2F3, which is believed to be important in the expression of specific S

phase genes (199) increased through 42 h post-PMSG. Interestingly, the percentage of 

granulosa cells in S phase decreased between 42 and 4~ h after PMSG stimulation, 

suggesting E2F3 to be involved in this process (Fig 2-2 and 5-1). During the . 

periovulatory interval, expression of E2Fl declined. E2Fl is essential in cells 

progressing. from GO to .Gl (198). ·Mirroring the expression of E2F1 was that of E2F4 

and E2F5, both players in cell cycle exit and differentiation (193). It remains to be 

determined whether or not these· changes in e2f mRNA levels are in4i_cative of E2F 

protein levels, as well as the sub-cellular l~calization of the E2Fs an~ the phosphorylation 

status of the RB family members. While E2Fs ~e not the sole gatekeepers of cell cycle 

progression past the Gl/S restriction point, they are important players and are likely 

immediate upstream regulators of CCNEI expression. 

Just as E2F family members are key players in the transition from G 1 to S phase, 

so are the cyclin-dependent kinase inhibitors (CDKI). In fact, these CDK.Is are upstream 

mediators of E2F function, for they control the phosphorylation status of the RB family 
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members. The expression of both cdknl a and cdknl b mRNA increased toward the end 

of follicle growth, prior to an ovulatory stimulus. Again, this is consistent with the 

decline in granulosa cell proliferation. There were no significant changes . in expression 

of cdknl b mRNA during the periovulatory interval, although cdknl a mRNA levels 

increased within. 4 h post-hCG. While CDK.NlB may be able to compensate for the 

genetic loss of CDKNlA, both appear to contribute to the timely exit of granulosa cells 

from the cell cycle as evidenced by increased proliferation of luteal cells in double 

knockout mice compared to wild type (155). Although both CDKNlA and CDKNlB 

are also known to . function in stabilizing the Cyclin D-CDK4/6 complex and thus 

promote cell cycle progression (93), that does not appear to be the case in this paradigm, 

as the increase in cdknl a and cdknl b is actually associated .with a decline in Cyclin D 

expression. Because the tumor suppressor PTEN is known to increase both CDKNJA and 

CDKNlB (154) and has been shown to .increase in ovine granulosa cells during. terminal 

follicle growth (153), we examined the expression of pten mRNA in· oti.r cells. Similar to 

what was observed in the sheep, an .-incre~se in pten mRNA levels was detected in the 

latter stages of follicle growth, associating.with a decrease in granulosa cell proliferation 

and an increase in cdknla and cdknlb (Fig 2-2 and 2 .. 6). There were no significant 

changes in pten expression during the periovulatory interval, consistent with the lack of 

change in cdknl b mRNA expression (Fig 5-5). Future studies will examine the protein 

levels as well as the subcellular localization of these proteins. 

The MYC family of transcription factors is also a likely mediator of granulosa 

cell proliferation, in particular the ratio of MYC to MAD. MYC is believed to promote 
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cell growth and cell cycle progression, whereas MAD acts as its n~tural antagonist, 

promoting eel~ cycle exit and differenti~tion (200). Consis~~nt with this idea, there was a 
. .' ' . • • • :. • ..c . 

significant decline in the expression of mxdl inRNA within 12 h post-PMSG, while the 

expression of myc was not changed; which would alter the ratio in favor of MYC and 

thus granulosa cell proliferation (Fig 5-3). ··similarly, towards the ·end of the follicle 

growth period (~.e. by 42 h post-PMSG), there was a significant increase in mxdl mRNA 

expression, tipping ·the balance in favor of cell cycle exit. This same paradigm was 

observed in the periovulatory interval. While iliere were no significant changes in mxdl 

mRNA expression, there was an increase in myc mRNA levels (Fig 5-4), correlating with 

what is believed to be proliferation in the cumulus granulosa cells. The expression of 

myc has been shown to increase in granulosa cell~ after an ovulatory stimulus in other 

studies as well, including both the rat and non-human primate, with a correlating decrease 

in MAD family members in non-human primate granulosa cells (124-126). It should be 

noted that protein levels and DNA binding of the MYCIMAXIMAD family members 

need to ~e ·examined in our experimental models. The. exact role for the MYC family 

members has yet to be determined since studies still need to be performed in which the 

expression and thus ratio of MYC to MAD is altered. Ectopic expression of I\{XJ) 1 in 

3T3-Ll preadipocytes prevented the proliferation associated with adipocytic 

differentiation which translated-into decreased differentiation of these cells (239). In our 

system, if MAD were overexpressed in granulosa cells during the periovulatory interval, 

would cumulus cells continue to proliferate? 
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These studies demonstrate vast changes in the molecular machinery believed to 

control granulosa cell cycle, but what are the . signals regulating these changes? In 

addition to the pituitary gonadotropins, an obvious answer includes the sex steroids 

produced by the granulosa cells ~emselves. Much attention. has been placed on the 
\ •·, 

mitogenic and anti-apoptotic effects of estrogen (79, 181) and on the anti-proliferative, 

anti-apoptotic effects of progesterone (120, 121, 240), while the role of androgens is just 

beginning to be understood. Consistent with androgen's role as a precursor for estrogen 

production, serum androgen levels increase throughout the fol_licle growth period, and 

there is a transient increase in serum androgen concentration 2 h post-hCG (Fig 5-6 and 

5-7; estradiol concentration transiently increases 4 h post-hCG, data not prese~ted). The 

expression· of AR in the rat ovary has been localized to ·antral and cumulus granulosa 

cells in large antral follicles (212). Because this expression overlaps with the pattern of 

granulosa cell proliferation, it is believed that androgens are involved in regulating 

proliferation in these cells. To support this idea, androgens have been shown to enhance 

the mitogenic effects of growth factors on cumulus cells from both small and large 

follicles (75). In addition, androgens act synergistically with GDF~9, an oocyte-secreted 

factor, to enhance porcine granulosa cell proliferation (214 ). Also, mice null for AR have 

longer estrous cycles and reduced fertility, with their ovaries possessing fewer granulosa 

cells and the cumulus cells appearing to dissociate from the oocytes (241). Alternatively, 

the ~adual increase in androstenedione (AJ) during follicle growth, as well as the hCG-

induced transient increase in A., could lead to cell cycle arrest of mural granulosa cells. 

Dihydrotestosterone was shown to reduce insulin-mediated increases in ccnd2 expression 
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in cultured granulosa cells (11 0). To determine the role of androgens in our system, 

studies would need to be performed in which an AR antagonlst is administered and 

granulosa cell proliferation measm-ed. An alternative approach would be to inhibit 

androgen synthesis, although supplementation with estrogens and perhaps other 

metabolites might be necessary. Similar studies could be performed to further understand 

the role of estrogen and/or progesterone in regulation of granulosa cell proliferation. 

Other potential regulators of the cell cycle molecular machinery include members 

· of the TGF~ superfamily. In agreement with earlier studies (55, 160, 179), we clearly 

demonstrated that activin could modulate granulosa cell proliferation. Activins and other 

~-

TGFf3 family members elicit their effects by binding their respective receptors, type I and 

type IT, and activating the intracellular signaling modulators, Smads (242). The 

expressiop. of a number of these components, such as activin and some of the type I and II 

receptors, are known to vary during follicle growth (243-245). In addition to regulating 

granulosa cell proliferation, activin and other TGF~ family members are involved in 

regulating granulosa cell differentiation and luteinization, as evidenced by our in vitro 

model and other studies (170, 180, 184 )_ .. The rQle of activin in .control of granulosa cell 

proliferation and differentiation is likely ~ough the regulation of specific genes, many 

of which have yet to be identified or reqUire further investigation. 

The realio/ is that all of the· aforementioned factors, incl~ding Cyclitis, CDKs, 

. . 

CDKis, E2Fs, MYC family members, TGFf3 family members, and steroids, work 

together in regulating granulosa cell fate, be it c~il_ cycle progression, differentiation, or 

apoptosis. These are likely complex interactions that have yet to be fully elucidated, 
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although a few· have been identified. For example, E2F4/5 and RBLl have been shown 

to couple with Smads to repress myc (246). MYC can also interact with Smad 2 and 

Smad 3 to inhibit TGF~' s induction of CDK.N2B (24 7). Interactions have also been 

noted between Smad 3 and Smad 4 and AR, which function to · regulate AR 

transactivation (248).· In addition, CDK4 and CDK2 have been shown to phosphorylate 

Smads (249, 250). The way in which these individual components interact to control 

granulosa cell proliferation and differentiation is an area of research that deserves more 

attention. 

An area that has not been touched upon in these studies, but one that is de~tely 

involved in granulosa cell proliferation and differentiation, is epigenetic control of gene 

expression. Epigenetics involves chemical modifications to DNA and to histones, 

resulting in phenotypic but not genotypic differences. DNA methylation is important in 

X -chromosome inactivation and in genomic imprinting .and js believed to be a more or 

less permanent repression of DNA expression (251 ) .. · Abnormal patterns of DNA 

methylation have been noted in many ·cypes . of cancer (252). Post-translational histone 

modifications include methylation, acetyla~ion, and phosphorylation, among others, and 

are involved in . changing . chromatin structure and thus gene· transcription. Histone 

modifications are likely. involved in the c~an~es. in gene expreSsion that occur during the 

normal cell cycle and in differentiation of specific cell types (253, 254). This is 

becoming an important area of research, the ovary not excluded. Both FSH and estrogen 

have been shown to increase phosphorylation of histone H3, which is associated with 

chromatin condensation during mitosis or meio_sis (255, 256). Histone deacetylases 
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(HDAC) have been located to Spl sites within the LHCGR promoter, repressing its 

transcription (257). Similarly, EGF has beeil shown to repress FSH-stimulated StAR 

transcription by causing a decrease in histone H3 acetylation in porcine granulosa cells 

(258). More recently, certain chromatin remodeling proteins (SNF2L) have been found to 

be responsive to the LH surge, and their .indu~tion is required for transcription of StAR. 

In addition, these proteins were shown to directly. mteract With PGR-A (259). Granulosa 

cells exhibit extensive proliferation and di~ferentiation from the time the follicle leaves 

the primordial stockpile to the tinle of owlation, and epigenetics are' likely to be 

responsible for the specific proliferB:tive and differentiative states of a given cell at any 

given time during the process ·of follicle development. ,. · 

6.4 Are Granulosa Cells Really Dividing?· 

The term proliferation implies that a cell replicates its DNA then divides into a 

parent cell and a daughter cell. With .the exception of perhaps the PI staining and flow 

cytometry, the methods others and we have used to detect granulosa cell "proliferation" 

are actually determining DNA synthesis. The possibility thus exists that many of the 

granulosa cells we are. defining as "proliferative" do not actually divide but are instead 

endoreplicating. Endoreplication, also called endoreduplication or endocycle, is a variant 

of the cell cycle in which granulosa cells replicate their DNA but do not divide, resulting 

in polyploidy. This process often occurs in differentiating cells that are large and/or 

highly metabolic (260). In mammals, endoreplication has been best described in 
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megakaryocytes (261) and in trophoblast giant cells (262). The same molecular 

Table 6-1. The percentage of granulosa machinery that is required (or a normal 
cells in the S and G2/M phases of the cell 
cycle after gonad()tropin · stimulus ·.as mitotic cell cycle is also required for 
determined by flow cytometry. 

an endocycle, with the possible 

o/o S Phase %G2-M exception of certain cyclins and other 
PMSGO·· 9.2 ± 0.4 4.6 ± 0.1 

.. 
PMSG6 8.8±0.6 6.0±0.2 

proteins required only for mitosis, such 

PMSG 12. 13~9 ± 1.1 4.7 ± 0.1 as CCNB1 (261, 263). While 
... 

PMSG24 19.1 ± 0.4 5.6±'0.4 endoreplication has not been described 

PMSG30 19.6 ± 0.7 5.7 ± 0.3 
in granulosa cells, it has been implied. 

PMSG36 16.8 ± 0.9 5.7 ± 0.4 

PMSG42 19.2 ± 0.7 . 4.7± 0.2 Polyploid cells were noted in the 

PMSG48 8.9 ± 1.4. 3.9 ± 0.3 human CL as early as 1970 (264). 

hCG2 9.4 ± 1.6 4.4 ± 0.4 More recently, the number of polyploid 
hCG4 8.7 ± 1.0 4.6± 0.6 

hCG8 9.0 ± 1.7 7.0± 0.8 
cells in the mouse ovary has been 

hCG12 5.4 ± 0.4 3.6 ± 0.4 shown to increase in transition from 

antral follicle to CL (265). 

In support of endoreplication, we were unable to detect increases in the 

percentage of cells in G2-M following observed increases in S phase of the cell cycle 

(Table 6-1). For example, between 0 and 12 h after PMSG stimulation, the percentage of 

granulosa cells in S phase increases by 4.7%, with a continued increase through 30 h 

post-PMSG (> 10%). However~ there is no. correlative increase in the percentage of cells 

in G2~M, even by 36 h (Table 6-1). There is a.transient increase in the percentage of 

granulosa cells in G2-M 8 h post-hCG, but this is only a 3% increase compared to 48 h 
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after PMSG. Thus, while this increase in G2/M phase granulosa cells does suggest that 

some cells do undergo a normal mitotic cell cycle, it does not account for all of the cells 

that were previously in S phase. A recent study from the Richards laboratory did 

demonstrate a small number of actively mitotic. cumulus cell after an ovulatory stimulus 

by. immunostaining for phospho-histone H3 and tubulin. Interestingly, they noted that 

these cells appeared to synchronously undergo mitosis (128). It could be possible that 

cumulus granulosa cells undergo normal mitotic cell cycles, whereas mural granulosa 

cells undergo endoreplication cycles, consistent with their conversion to luteal cells. 

Alternatively, mural granulosa cells could have exceedingly long cell cycles as has been . 

described in granulosa cells of primordial and primary follicles. 

6.5 Clarification of Terminology 

Follicle growth is a continuum, beginning with recruitment of follicles from the 

stockpile of nascent primordial follicles and continuing through the corpus luteum of 

pregnancy. Each "stage" of follicle growth has a unique set of characteristics, such as the 

proliferation and differentiation profiles of granulosa cells. Corresponding with that is 

the differential expression of specific genes and proteins. In order to discern the 

mechanisms by which granulosa cell proliferation and differentiation are regulated, it is 

important to know the follicl~ stage being studiecl~ For example, certain growth factors 

such as IGF, have been described to have both mitotic and pro-differentiation properties, 

depending on follicle size (266). Thus, it is critical that researchers stand~dize the 

definitions of. preantral, small antral; or large antral follicles, as the regulatory 
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mechanisms are likely to differ within the different follicle classes. Granulosa cells are 

progressively differentiating during follicle growth; for example, granulosa cells of small 

. antral follicles express FSHR but as follicles grow the granulosa cells express increasing 

amounts of LHCGR. LHCGR, like a number of other proteins, is differentially expressed 

depending on location within the follicle. In large antral follicles, mural granulosa cells 

express LHCGR whereas cumulus cells do not (30). The expression of AR mirrors 

LHCGR expression in large antral follicles (212). Thus, in addition to classifying the 

stage of follicle growth, granulosa ·cells should be classified based on their location 

within the follicle, e.g., cumulus, mural, antral, basal, when possible, as the different 

subsets of granulosa cells have different micro-environments, different differentiation 

processes, and different mechanisms of regulation. 

Upon stimulation by the owlatory gonadotropin surge, granulosa cells undergo a 

process termed luteinization. During this process the granulosa cells convert from 

primarily estrogen-producing cells to progesterone-producing cells and express specific 

proteins such as PGR and PTGS2. Luteinization has been described as. a terminal 

differentiation process (109). However, because 'hese cells differentiate even further in 

the corpus luteum ·of pregnancy and because they have been shown to express both 

markers of proliferation and luteinization [current study and (155)], it is not likely that 

granulosa-lutein cells of· a non-pregnant corpus : luteum are terminally differentiated. 
I . 

Thus, the definition _of this term should be reevaluated and caution should be used when 

comparing the mechanisms of l~teitiization ·to other terminally differentiating cells, for 

example, 3T3-Ll cells into adipocytes (267). 
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6.6 Significance of the Studies 

The current world population is just over 6.5 billion, and by the year 2050, the US 

Census Bureau estimates over 9.2 billion people will inhabit the earth (268). As the 

population grows, the world's natural resources become increasingly limited, leaving it to 

question whether we can support this large number of people. Most of the world's 

population growth will happen in developing countries, i.e., countries that already have 

high death rates associated with pregnancy and childbirth, including. a high mortality rate 

from unsafe ah<?rt~ons .. Contraceptive use in these countries is predominant only among 

the wealthy and . educated; thus, the development of a more affordable, socially 

acceptable, and effective birth control is needed to prevent unwanted pregnancies in these 

areas (269). In addition, a growing number of women are seeking treatment for infertility 

in the United States, with 6% of women unde~going assisted reproductive technology 

(ART) cycles in 2003-'having ovulatory'dysfunc~on (139). The studies presented in this 

dissertation have implications in the development of new contraceptives and in 

elucidating the abnormalities underlying the ovulatory defects leading .to infertility. 

These studies also provide insight into the process of superovulation utilized in clinical 

ART cycles and could perhaps contribute to the improvement of the success rate of these 

cycles. Finally, identification of the regulatory pathways governing granulosa cell 

proliferation may have important implications in the development and treatment of 

granulosa cell tumors. 
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SUMMARY 

The growth and maturation of the ovarian follicle is central to reproductive 

cyclicity in females and is under the endocrine control of the pituitary gonadotropins FSH 

and LH, as well as locally produced steroids. and growth factor~~ A ~damental aspect 

of follicle deveiopment i~ proliferation and diff~rentiation of granulo~·a cells, although the 

precise temporal dynamics and regulation remain largely runknown. The studies 

presented herein have elucidated the profile of granulosa cell proliferation during both 

antral follicle growth and luteinization in the PMSG-primed immature rat. As the antral 

follicle increases in size, the mural granulosa cells lose their proliferative capacity, with 

marked decreases in granulosa cell proliferation prior to an ovulatory stimulus. However, 

cumulus cells continue proliferating, perhaps even undergoing an additional round of 

proliferation after LH/hCG. CCNEl/ CDK2 appears to be important in transit of 

granulosa cells through the cell cycle, and regulators of this complex are likely to be key 

mediators iri control of granulosa cell proliferation. Several such mediators have been 

suggested by these studies, including the TGF~ family, androgens, the MYC family of 

transcription factors, and the Aryi hydrocarbon receptor, although the exact role, if any, 
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has yet to be determined. Despite the spatial and temporal organization of granulosa cell 

proliferation and differentiation throuihout follicle development, these studies did not 

demonstrate a functional link between the two processes, suggesting that luteinization can · 

proliferation and differentiation throughout follicle development, these studies did not 

demonstrate a functional link between the two processes, suggesting that luteinization can 

occur in the absence of the preovulatory decline of granulosa cell proliferation. This also 

suggests that luteinization does not represent a terminal differentiation event. The results 

from these studies have defmed granulosa ce11 proliferation during antral follicle growth 

and .luteinization, and as the regulatory pathways are revealed, this work could have 

major implications in contraceptive development, infertility treatment, and understanding 

and treatment of granulosa cell tumors. 

"The yardstick by which progress is measured in this or any other field is not in number 

of articles published or amount of financial support but in improved understanding ... The 

point to remember is that without this persistent chipping away at a major problem there 

would be no solutions and no quantum leaps forward"- Roy 0. Greep(270) 
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