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ABSTRACT 

Women are bom with a finite number of primordial follicles, the smallest follicles 

in the ovary. Once these follicles are destroyed, they cannot be replaced and after 

extensive loss, ovarian failure (menopause) can occur. The industrial chemical 4-

vinylcyclohexene diepoxide (VCD) induces depletion of these follicles and causes 

premature ovarian failure in rats. VCD-induced ovotoxicity has been found to accelerate 

a natural process in the ovary, atresia, which occurs via apoptosis. The mechanism(s) by 

which VCD enhances follicular atresia are unknown; however, it has been shown to alter 

the expression of several genes and proteins associated with apoptosis. While 

downstream signaling events of VCD are becoming identified, the early signaling events 

of this pathway have not yet been determined, but may involve a receptor-mediated 

cascade. Therefore, these studies tested the hypothesis that VCD-induced ovotoxicity 

involves a nuclear receptor-mediated pathway that leads to increased atresia. Concurrent 

treatment of rats with VCD and estradiol selectively protected primary follicles from loss 

by an estrogen receptor-mediated mechanism via a reduction of caspase-3-induced 

apoptosis. VCD does not alter ER number, affinity, circulating estradiol levels, or 

directly bind ERp. Concurrent dosing of rats with VCD and an AhR antagonist 

prevented primordial and primary follicle loss via a reduction in caspase-3-induced 

apoptosis. Repeated dosing with VCD was shown to up-regulate expression o^AhR 

mElNA; however, VCD did not alter expression of AhR-mediated genes gliitathione-S-

transferase Yal or Ya2 nor CYP lAI protein. AhR-deficient mice were still susceptible 

to VCD-induced follicle loss. Repeated dosing with VCD reduced Heat Shock Protein 
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(HSP) 90 expression in small primary follicles. Analogs of the ER and AhR did not alter 

HSP90 protein, nor did a loss of HSP90 fimction induce follicle loss or potentiate VCD-

induced follicle depletion. While the ER, AhR, and HSP90 are all co-localized in the 

oocyte nucleus of primordial and primary follicles, no evidence was seen to support that 

these proteins are interacting. Taken together, the ER is able to prevent VCD-induced 

ovotoxicity in primary follicles, the AhR is not required for VCD-induced follicle loss, 

and HSP90 does not appear to play a central role in follicle depletion caused by VCD. 
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CHAPTER 1 

INTRODUCTION 

OVARIAN FOLLICULAR DEVELOPMENT 

Successful reproduction in the female requires synchronous function of many 

organs throughout the body including the hypothalamus, pituitary gland, uterus, cervix, 

and ovary. Critical to this process is the ovary, for it contains the germ cells as well as 

produces most of the sex steroid hormones required to support female reproductive 

function. The basic unit of the ovary is the follicle, which consists of an oocyte 

surrounded by granulosa cells. Women are bom with a finite number of primordial 

follicles, the earliest stage of follicular development. During reproductive life, immature 

primordial follicles are recruited from this pool following an unknown signal and begin 

to develop into primary follicles. Granulosa cells proliferate in number and form 

multiple layers of cells around the growing oocyte. In the final stages of development, an 

antrum forms in the granulosa cell compartment and production of the steroids 17P-

estradiol is peak, eventually forming a preovulatory follicle ready for ovulation. 



Formation of the follicular pool 

Early in mammalian fetal development, primordial germ cells migrate into the 

undifferentiated gonad from the urogenital ridge and undergo rapid hyperplasia and 

mitosis (Byskov, 1986; Hirshfield, 1991a; Monniaux et a/., 1997). Somatic cells that 

comprise the follicle are formed in the embryonic indifferent gonad during this time as 

well. Once rested in the genital ridge, the germ cells, now termed oogonia, and the 

somatic compartment begin to intermingle within the tissue. Unlike males, mitosis of 

germ cells in females only occurs during embryonic development; therefore women are 

bom with a finite number of oocytes. 

Following an unknown signal at the end of the first trimester of human fetal 

development, oogonia stop dividing by mitosis and enter meiosis (Picton et al., 1998). 

However, the meiotic process is not completed at that time. Rather, the oogonia progress 

through the meiotic prophase stages of leptotene, zygotene, and pachytene, and then are 

arrested in the diplotene phase of meiosis I (Hirshfield, 1991a). Oocytes remain arrested 

in meiotic prophase I until ovulation or degeneration occurs (Richards, 1980). 

Accompanying the initiation of oocyte meiosis is a mass attrition of germ cells. This 

germ cell wastage, from 6 months gestational age to birth, causes the number of oocytes 

to be reduced from about 7 million to approximately 1 million (Baker, 1963). 

Near or just after birth in humans, each oocyte becomes surrounded by a single 

layer of flattened pre-granulosa cells and a basement membrane (Hirshfield, 1991a; 

Gondos, 1970; Pederson and Peters, 1968). This collection of cells is termed the 
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primordial follicle and forms the pool of follicles awaiting further development in the 

mature postnatal ovary. The basement membrane forms around the primordial follicle 

and separates the follicle from the interstitial, vascular, and stromal portions of the ovary 

(Hirshfield, 1991a; Guraya, 1985). Primordial follicles are not steroidogenic and are 

considered quiescent; however, they are still metabolically active, as marked by RNA and 

protein synthesis (Guraya, 1985; Picton et al., 1998). 

Primary follicle development 

Oocyte Mj] > ^ U Granulosa cell 

Primordial Primary 

Figure 1.1. Primordial to primary follicular changes. (Fraction 1 follicles) 

The signal for the initiation of primordial follicle development is unknown; 

however, it does not appear to come from a neural or adrenal source since mammalian 

follicles will develop in vitro in the absence of neurofactors or adrenal steroids (Eshkol 

and Lunenfeld, 1972; Lunenfeld and Eshkol, 1969). Following this unknown signal 

about 3 months prior to ovulation, a cohort of follicles (about 300 in women) begin to 

develop, however this cohort represents only a small portion of the total ovarian follicular 

reserve (Hirshfield, 1991a; Lunenfeld and Insler, 1993). In humans, follicles can spend 
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up to 50 years in the primordial stage before they are recruited for development or 

undergo attrition (Hirshfield, 199la). Upon activation for development, animal studies 

have shown the first detectable changes in the primordial follicle involve a substantial 

increase in RNA and protein synthesis which causes the oocyte to grow in diameter, from 

15n to lOOfi (Erickson, 1978). In mammals, at this point, the oocyte itself is fully 

differentiated and capable of meiotic completion (Erickson, 1978). This marked 

precocious oocyte maturation is in contrast to the rest of the somatic portions of the 

follicle which complete most of their development at a later stage. Early oocyte 

maturation is a hallmark of mammalian folliculogenesis. Following its growth, the 

mammalian oocyte becomes surrounded by a zona pellucida, a thick, acellular, 

glycoprotein matrix (Guraya, 1985). The squamous, flattened granulosa cells 

surrounding the oocyte become cuboidal in shape and mitotically active. 

.ntrum 

Oocyte 

Theca cells 

Primary 
Granulosa cells Secondary 

(Fraction 2 follicles) 
Antral 

Figure 1.2. Primary foilicular development to later stage follicles. 
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As granulosa cells continue to proliferate in primary follicles, they form multiple 

layers of cells around the oocyte. The presence of two or more layers of granulosa cells 

designates the follicle as a secondary follicle. In rats, the expression of follicle 

stimulating hormone (FSH), estrogen, and testosterone hormone receptors, as well as gap 

junctions, occurs during this phase of secondary follicle development (Erickson, 1978). 

During this stage in mammalian follicugenesis, theca interna cells become 

associated with the follicle as concentric rings on the outside of the basement membrane. 

The theca interna cells contain a capillary network and are steroidogenic (Erickson, 

1978). The acquired exposure of the follicle to blood plasma components causes a 

variety of effects. The follicle has expressed receptors for FSH, estradiol, and 

testosterone. Additionally, the vascular theca compartment is now exposed to these 

hormones. As a result, subsequent development of the follicle is gonadotropin 

dependent. At the same stage, theca interna cells begin to produce progestins and 

androgens (Basset, 1943; Hirshfield, 199Ia,b). 

Most of the follicular growth during this time is within the granulosa cell 

compartment. Continual addition of granulosa cells causes the follicle to grow from 125 

Hm to over 250 |am with little change in the oocyte size. The theca and granulosa cells 

together produce hormones which promote and support the differentiation of the 

secondary follicle to an antral follicle (Erickson, 1978). Hormones induce several 

changes in the follicle as this transformation occurs. First, FSH causes the formation of a 

fluid-filled antrum within the granulosa cell compartment. In humans, this cavity can 

increase the size of the follicle up to 2 cm in diameter (Erickson, 1978). Follicular fluid 
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contains mucopolysaccharides secreted by granulosa cells as well as specific proteins and 

hormones accumulated from plasma (Erickson, 1978). Second, FSH induces the enzyme 

aromatase, an important catalyst in estradiol synthesis. Estradiol is a critical hormone in 

ovarian and neuroendocrine function. Third, FSH induces the expression of luteinizing 

hormone (LH) receptors. LH receptors reach a maximum in the preovulatory follicle 

(Erickson, 1978). 

Only some of the follicles recruited ever reach the final stages of follicular 

maturation. Through unknown controls and signals, usually only one follicle, termed the 

dominant follicle, is selected and eventually ovulated in women. Following the LH 

surge, the oocyte resumes genetic development and finishes the first meiotic division and 

begins meiosis II. However, the oocyte again does not finish the meiotic process as it is 

then arrested in metaphase of meiosis II. The second meiotic division will not be 

completed until fertilization. 

ATRESIA 

Normally only one follicle is ovulated each month in humans. The rest of the 

recruited follicles undergo a degenerative process termed atresia. Over 99% of follicles 

initially formed in the ovary die due to atresia, and on average, only 400-600 oocytes will 

ever be ovulated over the course of a woman's life. Germ cells can undergo atresia as 

primordial germ cells during embryonic life, as oogonia in the developing ovary, and at 

all the different phases of follicular development in the mature postnatal ovary (Hseuh et 

al., 1994; Kaipia and Hseuh, 1997). In humans, germ cells number about seven million 
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before attrition begins at 6 months gestational age. At birth, this number has become 

reduced to 1-2 million oocytes, and then by puberty, to two-four hundred thousand 

oocytes (Block, 1952; Baker, 1963; Kaipia and Hsueh, 1997). 

Based on morphological and biochemical studies, it has been determined that 

atresia occurs through the physiological cell death pathway, apoptosis (Hughes and 

Gorospe, 1991). This controlled cell death pathway is in contrast to necrosis, which 

occurs in response to injury and trauma and results in localized inflammation as cellular 

contents are released into the intracellular space (Hseuh et al., 1994). In necrotic cell 

death, ATP generation, gene expression, and protein regulation does not occur. 

However, in apoptosis, programmed cell death occurs during normal embryo 

development to sculpt the body shape and in adult tissues to control cell turnover (Kaipia 

and Hsueh, 1997). Apoptosis is a regulated, energy dependent method for the body to 

eliminate cells in a non-traumatic way and is distinguished by characteristic changes in 

the morphology of the nucleus and cytoplasm (Kaipia and Hsueh, 1997). Based on 

immunohistochemistry, typical patterns of apoptosis include chromatin condensation, 

nuclear membrane disruption, plasma membrane shrinkage and blebbing, and the 

appearance of pyknotic nuclei and apoptotic bodies (Wyllie, 1987; Kaipia and Hsueh, 

1997). A hallmark molecular clue for identification of apoptosis is endonuclease 

cleavage of DNA into fragments containing multiples of 185-200 basepairs (Wyllie et al., 

1980). This produces a characteristic laddered pattem of genomic DNA migration upon 

electrophoretic separation. 
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Ovarian follicular degeneration occurs in both somatic and germ cells of the 

follicle by a hormonally controlled and coordinated process (Kaipia and Hseuh, 1997). 

The specific control between follicular survival and atresia by apoptosis is not well 

understood. Many studies have examined the mechanism in large antral follicles. The 

primary site of apoptosis in follicular atresia is thought to be the granulosa cells {Billig et 

al., 1993). Interleukin-lp (IL-ip), nitric oxide (NO), estrogens, activin, epidermal 

growth factor (EGF), gonadotropins (FSH, LH, hCG), and insulin-like growth factor-I 

(IGF-1) are all reported to suppress apoptotic DNA fragmentation in preovulatory 

follicles while androgens have the opposite effect (Tilly et al., 1992; Chun et al., 1994; 

Chun et al., 1995; Chun and Hseuh, 1998). Additionally, tumor necrosis factor-a, 

interleukin-6, and gonadotropin releasing hormone (GnRH) promote apoptosis in large 

follicles. The factors which regulate follicular (granulosa cell) survival appear to differ 

for different stage follicles. In preantral follicles, through an unknown pathway, cGMP is 

able to prevent follicular apoptosis in vitro. In early antral follicles, FSH is the primary 

protective signal and mimicked by cAMP analogs. Preovulatory follicles have redundant 

pathways to ensure protection from atresia, and are protected by most all of the hormones 

and cytokine factors listed above (FSH, LH/hCG, GH, IGF, EGF, basic fibroblast growth 

factor, IL-ip, NO; Kaipia and Hseuh, 1997). 
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MENOPAUSE 

When ail follicles have been lost due to ovulation or atresia, ovarian failure 

(menopause in women) occurs. Menses cease and the reproductive lifespan of the 

woman has ended (Gosden, 1987). The mean age of menopause is 50-51 years (Gray, 

1976). As a result of loss of follicles, ovarian steroid production ceases, and thereby 

reduces the negative feedback to the hypothalamus and pituitary. Subsequently, there is a 

rise in both circulating LH and FSH levels (Gosden, 1987). Menopause has been 

associated with an increased risk for a variety of health conditions including 

cardiovascular disease, stroke, and osteoporosis. A number of factors play a role in the 

age at the onset of menopause. Precocious follicle loss can be caused by genetic 

predisposition, cytotoxic substances, ionizing radiation, various disease states, and auto

antibodies (Gosden, 1987). 

Menopause is associated with an increased risk for many health conditions. The 

incidence and prevalence of cardiovascular disease/death and atherosclerosis is higher 

after menopause (Joakimsen et al., 2000). Thus, women that undergo early menopause 

are at a greater risk for CV-associated conditions than those that experience late 

menopause (Joakimsen et al., 2000). Bone loss after menopause may be as high as 2% 

per year, causing dramatic effects on bone mass and the incidence of osteoporosis (Lane 

and Nydick, 1999). The estrogen loss associated with menopause is also thought to 

contribute to the development of Alzheimer's disease (Paganini-Hill and Henderson, 

1996). Menopause can cause or exacerbate depression (Carandang et al., 2000). Other 
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effects of menopause include an increased risk for vasomotor instability, hypertension, 

stroke, diabetes mellitus type 2, obesity, congestive heart failure, colon cancer, arthritis, 

and breast and ovarian cancer (Cutson and Meuleman, 2000; Masten and Gary, 1999; 

Sowers and LaPietra, 1995; Franceschi et al., 2000). 

CONSEQUENCES OF OVOTOXICITY 

Certain environmental chemicals (i.e. ovotoxic substances) can destroy ovarian 

follicles. The consequences of this destruction vary depending on what type of follicle is 

targeted. If antral and preovulatory follicles are destroyed by a toxicant, an immediate 

loss of fertility results, however, this loss is temporary. Once the exposure stops and the 

chemical is eliminated from the body, cyclicity can resume as small follicles are recruited 

for development from the non-targeted primordial pool of follicles (Hirshfield, 1997). 

On the other hand, if a chemical affects smaller primordial and primary follicles, 

the exposure may not affect fertility immediately. Rather, the non-replaceable pool of 

small follicles will be depleted at a quicker rate, causing premature ovarian failure 

(menopause) and permanent infertility (Hoyer and Sipes, 1996; Tilly, 1998; Hirshfield, 

1997). Exposure to substances which destroy small follicles are of particular concem 

because the toxicity may go undetected for years since regular menstrual cycles continue. 

Since more and more women are delaying the start of their families to pursue a career, 

early loss of fertility is an important concem. Additionally, animal studies have shown 

that the destruction of primordial follicles enhances the development of ovarian 



23 

neoplasms (Hoyer and Sipes, 1996). Therefore exposure to chemicals that target small 

pre-antral follicles can cause precocious, irreversible loss of fertility as well as enhanced 

exposure to the health risks associated with menopause. Of additional concern are 

pregnant women who are exposed to ovotoxic chemicals. Animal studies have shown 

that in utero exposure can cause a reduced reproductive capacity in their unborn female 

pups since the developing primordial germ cells and oogonia are highly sensitive to 

destruction (Johannisson and Ocker, 1997; Tam and Liu, 1985; Mattison and Schulman, 

1980). 

TYPES OF OVOTOXIC CHEMICALS 

Animal studies have demonstrated a variety of toxicants which target ovarian 

follicles for destruction. Chemotherapeutic drugs, while prolonging a cancer patient's 

survival, can cause sterility. Depending on the type and duration of treatment, up to 50% 

of women receiving chemotherapy will undergo premature ovarian failure (Bokemeyer et 

al., 1994). The most widely used chemotherapy drugs are the alkylating drugs or 

nitrogen mustards (Balmer and Valley, 1997). These drugs include cyclophosphamide, 

procarbazine, and triethylene-melamine which have been determined to destroy 

primordial and primary follicles and cause premature menopause or ovarian failure in 

human and rodents (Familiaria et al., 1993; Howell and Shalet, 1998; Plowchalk and 

Mattison, 1992; Shiromizu e/a/., 1984; Cattanach. 1959). Additionally, mouse oocytes 

treated in vitro with therapeutic levels of another anti-cancer drug, doxorubicin, were 
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found to undergo apoptosis based on morphological (condensation, budding, and cellular 

fragmentation) and biochemical analysis (Perez et al., 1997). While virtually no 

apoptosis was seen in control oocytes, greater than 60% of doxyrubicin treated oocytes 

were undergoing apoptosis as determined by morphology. 5a:v-deficient mice were 

resistant to doxyrubicin-induced oocyte destruction and mice treated with a caspase 

inhibitor were also rescued from this toxicity, further suggesting the role of apoptosis in 

this mechanism of follicle loss. 

A class of compounds found in cigarette smoke called polycyclic aromatic 

hydrocarbons (PAHs) have also been implicated in ovarian toxicity. Women that smoke 

>20 cigarettes/day enter menopause 1-5 years earlier than nonsmoking women (Mattison 

et al., 1989; Mattison, 1982). Smoking has also been associated with decreased fertility 

by up to 57-75% in smokers as compared to nonsmoking women (Baird and Wilcox, 

1985). This human evidence suggests that chemicals in cigarette smoke destroy both 

small and large follicles and animals studies confirm this reasoning. 3-

Methylcholantrene (MC), 7,12-dimethylbenz[a]anthracene (DMBA), and benzo[a]pyrene 

(BaP) are three types of PAHs found in cigarette smoke and their ability to destroy 

ovarian follicles of all sizes in rats and mice has been well characterized (Mattison, 1980; 

Borman et al., 2000). 

Environmental, industrial, and occupational chemicals are an additional source of 

ovotoxic chemicals. Among other reproductive effects, the industrial solvents, 2,2-bis 

(bromoethyl)-l,3-propanediol (BPD), ethylene glycol monomethyl ether (EGME), and 

EGME's metabolite, methoxyacetic acid (MAA), cause 33 to 92% follicle loss (Bolon et 
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a/., 1997). Transplacental exposure to BPD also reduced follicles counts in the Fi 

generation females. Exposure to 2-bromopropane (2-BP) has been shown to cause 

ovarian dysfunction in female factory workers (Yu et ai, 1999). Inhalation studies in rats 

have shown that 2-BP selectly destroys primordial follicles via apoptosis (Yu et al., 

1999). Oral exposure to hexachlorobenzene in monkeys, a persistent chlorinated 

chemical that has been detected in human ovarian follicular fluid, destroys primordial 

follicles (Jarrell et al., 1993). Gavage studies in rats have shown that di-(2-ethylhexyl) 

phthalate (DEHP), a chemical used to add flexibility to plastics for food and medicine 

packaging, reduces antral follicle size and prevents ovulation (Davis et al., 1994). 

Additionally, occupational exposure to chemotherapeutic drugs has been shown to reduce 

fertility in nurses and pharmacy personnel (Valanis et al., 1997). 1,3-Butadiene, a 

common gas produced for use in plastics, flame retardants, insecticides, and rubber tires, 

is also found in automobile exhaust, cigarette smoke, and pollution (Morrow, 1990). 

Butadiene destroys preantral follicles in mice, but not rats, following repeated exposure 

(NTP, 1993). Its metabolite, butadiene diepoxide, however, targets pre-antral follicles in 

both rats and mice (Doerr et al., 1996). Butadiene can dimerize to form 

vinylcyclohexene (VCH), a volatile industrial chemical. VCH and its epoxide 

metabolite, 4-vinylcyclohexene diepoxide, VCD, are also known to have toxic effects on 

ovarian follicles in laboratory animals. 
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VCH AND VCD 

O 

0 

VCH VCD 

Figure 1.3. Chemical structures of VCD and VCH. 

VCH is released as a byproduct from industrial manufacture involving butadiene 

and produced as an intermediate in styrene synthesis (lARC, 1994a; Haggin, 1994.). 

VCD is released as a byproduct of vinylnorbomene production and produced for use as a 

reactive diluent for other diepoxides. Additionally, VCD can be used for embedding 

biological tissues for electron microscopy (IARC, 1994b). VCH can also be converted to 

VCD via the cytochrome P450 enzymes (Smith e{ al., 1990a). Human exposure to both 

of these chemicals is primarily through inhalation, however dermal contact is also a route 

of exposure for VCD (NTP, 1986; Maronpot, 1987; NTP, 1989). Following two years of 

exposure, VCH was carcinogenic and caused the induction of rare ovarian tumors in 

mice, but not rats (NTP, 1986). In 30 day studies, it was found that dosing with VCH 

caused severe follicle destruction in murine primordial and primary follicles (Smith et al., 

1990b). Within a year of receiving 30 daily doses of VCH, B6C3F| mice had undergone 

premature ovarian failure and were developing early signs of neoplastic changes (Hooser 

et al., 1994). Additionally, it has been demonstrated that VCD can affect normal ovarian 
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development if exposures occur in utero (Grizzle et ai, 1994). The consequences of 

exposure to VCD in humans are unknown. 

VCH causes follicular toxicity in only mice, while dosing with VCD causes 

follicle destruction in both rats and mice (Smith et al., 1990b). VCH is converted to 

VCD in a two step process involving the epoxidation of both double bonds to epoxide 

groups. Cytochrome P450 enzymes can convert either double bond position to an 

epoxide, causing the formation of two monoepoxide intermediates, VCH-l,2-epoxide or 

VCH-7,8-epoxide. In mice, significantly more of the radiolabeled 1,2-epoxide was seen 

after VCH treatment as compared to rais (Smith et al., 1990b). Differences in the P450 

enzymes of rats and mice might explain this species difference, however the cytochrome 

P450 isoforms responsible for this conversion are not known yet. Both P450 2A and 2B 

are expressed in higher levels in mice than rats as measured by hepatic microsome 

immunoblotting (Smith et al., 1990a). Murine hepatic metabolism of VCH to VCD was 

diminished if mice were treated with antibodies against cytochrome P4502A and 28 

(Smith et al., 1990a). However, rats treated with phenobarbital, a known inducer of P450 

2A and 28, did not show an increased ability to convert VCH to its monoepoxides (Smith 

et al., 1990a). Therefore, P450 2A and 28 may not be responsible for the species 

differences between rats and mice. While the exact mechanism of conversion from VCH 

to VCD has not been determined, it is known that mice have a greater capacity to convert 

VCH to VCD than rats. 

After 30 days, a 50% loss of preantral follicles was caused in mice dosed with 2.7 

mmol/kg VCH, 0.5 mmol/kg VCH-1,2-epoxide, 0.7 mmol/kg VCH-7,8-epoxide, or 0.2 
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mmol/kg VCD. Therefore in mice, the ovotoxicity of VCD is greater than VCH-1,2-

epo.xide, which is greater than VCH-7,8-epoxide, which is greater than VCH. Rats 

cannot convert VCH to VCD and are not sensitive to VCH, but are sensitive to VCD. 

Taken together, these findings suggest that VCH must first be metabolized to VCD, the 

bioactive form of this ovotoxicant (Smith et al., 1990c). 

MECHANISMS OF VCD-INDUCED OVOTOXICITY 

The cellular effects of VCD-induced ovotoxicity have been well characterized. 

Following 15 daily doses of VCD (80 mg/kg, i.p.), 50% of primordial and primary 

follicles are destroyed in the ovaries of immature rats (d28-42) (Smith et al., 1990b, 

Flaws et al., 1994a). A similar pattern of damage was seen in adult rats exposed to VCD 

for 30 days (Flaws et al., 1994a). Morphological evaluation of ovaries from VCD-treated 

animals provide evidence that ovotoxicity is via apoptosis, rather than necrosis (Springer 

et al., 1996c). After 10 daily doses of VCD, no follicle loss has occurred, but the 

morphological evidence of impending damage was seen. At that time, expression of 

mRNA encoding the cell death enhancer, box, was increased as compared to control 

(Springer et al., 1996b). Interestingly, following a single dose of VCD, the percent of 

healthy primary follicles was increased as compared to control and this was underscored 

15 days later by an increase in the total number of primary follicles (Borman et al., 

1999). Accompanying this protective effect of a single dose of VCD was a change in the 

pattern of gene expression. That is, mRNA encoding box in small preantral follicles was 



29 

decreased four hours after a single dose of VCD when compared with controls (Borman 

et al., 1999). It has been proposed, therefore, that VCD causes ovotoxicity by 

accelerating the normal rate of atresia. Thus, following a single dose, VCD is protective 

and after repeated doses, VCD accelerates apoptosis to cause toxicity. These findings 

suggest that VCD is interacting in the normal pathway of atresia. 

The molecular mechanisms of both atresia and VCD-induced ovotoxicity are still 

unknown. Since apoptosis is a regulated process, several pathways are likely to be 

altered prior to the point of no return, cell death. Upstream modulators in the cell may 

interact with VCD to signal apoptosis (McGee et ah, 1998; Hsu and Hsueh, 2000). These 

could include any number of factors which modulate atresia such as estradiol or growth 

factors. VCD could initiate an oxidative stress response or interact with an endogenous 

receptor in the follicle, which in tum might affect several cell death and cell survival 

factors. The Bcl-2 family of proto-oncogenes are known to be involved in the 

determination of cell fate in some tissues (Tsujimoto and Shimizu, 2000). This group of 

related proteins can form homo- and heterodimers and the specific configuration of these 

dimers is one of the ways these proteins determine cell survival versus cell death (Motyl, 

1999). Members of this family include the cell survival genes bcl-2 and bcl-Xi and the 

cell death enhancer genes box, bcl-Xs, and bad (Hsu and Hseuh, 2000). The expression 

and localization of these proteins can shift the cell to favor either cell survival or cell 

death (apoptosis). For example, Bax/Bcl-2 heterodimers favor cell survival. An increase 

in Bax with no change in Bcl-2 can result in the increased formation of Bax/Bax 

homodimers and therefore, a shift to cell death. Additionally, the cellular localization of 



these proteins is important. A translocation of Bax or Bad to the mitochondria where it 

could form or alter mitochondrial channels can also result in apoptosis (Hsu and Hseuh, 

2000). The Bcl-2 family of proteins can cause a change in the mitochondrial membrane 

permeability by forming and regulating ion channels on the mitochondrial membrane 

(Gross et al., 1999). It is postulated that there is a megachannel termed the permeability 

transition pore which is opened in the mitochondrial membrane during the early events of 

apoptosis. This channel connects the inner and outer membranes of the mitochondria and 

once opened, causes the collapse of the mitochondrial membrane potential, uncoupling of 

the respiratory chain, efflux of small molecules and proteins from the organelle, a loss of 

mitochondrial RNA and protein synthesis, release of calcium and GSH from the 

mitochondrial matrix, cessation of ATP synthesis, and hyperproduction of superoxide 

anion (Kroemer et al., 1998). The end result is production of self-amplifying feedback 

loops since some of the products released from this organelle are also stimulators of the 

process. 

In the mechanism of Bax-induced opening of the megachannel, the mitochondrion 

releases Cytochrome c from an intramitochondrial location, where it leaks into the 

cytosol and combines with other factors to activate downstream caspases (Cai et al., 

1998). Activation of these caspases is believed to bring the cell to the point of no return 

in this cell death pathway. Caspase-3 is a potent protease and destroys proteins 

throughout the cell. Additionally, Caspase-3 subsequently activates a DNA 

fragmentation factor, which in turn activates nucleases (Cai et al., 1998). 
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Rats dosed daily with VCD for 10 or more days show an increased expression of 

the mRNA encoding box as compared to control in isolated small pre-antral follicles 

(Springer et al., 1996b; Borman et al., 1999). After 15 days of daily dosing with VCD, 

the amount of Bad protein (pro-apoptotic) associated with the mitochondria and in the 

cytosol is increased and BC1-XL becomes translocated from the mitochondria to the 

cytosol (pro-apoptotic event; Hu et al., 2001a). These events are accompanied by 

cytochrome c leakage into the cytosol (Hu et al., 2001a). An increase in amount of both 

active Caspase-3 expression and activity has also been shown following 15 days of VCD 

treatment in small follicles as compared to control (Hu et al., 200 lb). All of these data 

support that VCD enhances apoptosis in the targeted small pre-antral follicles. 

While many of the late apoptotic events of VCD-induced ovotoxicity have been 

determined, the early events in this signaling pathway are largely unknown. VCD may 

initiate an oxidative stress response. This might involve alterations in the endogenous 

cellular antioxidant, glutathione (GSH). In this manner, VCD could deplete cellular GSH 

through conjugation and formation of a GSH-VCD metabolite. This would then lead to 

an accumulation of reactive oxygen species and eventually the initiation of apoptosis. An 

additional and/or alternative line of thought is that VCD initiates the apoptotic signal by 

interacting with an endogenous receptor such as the estrogen or aryl hydrocarbon 

receptor in the follicular cells. 
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ARYL HYDROCARBON RECEPTOR 

The aryl hydrocarbon receptor (AhR) or xenobiotic receptor has been shown to be 

involved with apoptosis. The AhR has been shown to bind a wide variety of 

environmental chemicals including halogenated aromatic hydrocarbons, biphenyls, and 

dibenzofurans (Denison and Heath-Pagliuso, 1998). The most potent ligand of the AhR 

is 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD; dioxin) and has been found to be one of 

the most toxic (to humans and other mammals) man-made chemicals known (Denison 

and Heath-Pagliuso, 1998). Additionally, the polycyclic aromatic hydrocarbons (PAHs) 

are known to signal via the AhR. To date, the endogenous ligand of the AhR is 

unknown. 

In animals and humans, exposure to dioxin causes varied toxicities. Physiological 

effects induced by dioxin via the AhR include immunotoxicity, chloracne, 

hyperkeratosis, lethality, tumor promotion, porphyria, wasting syndrome, hepatotoxicity, 

teratogenicity (cleft palate), and endocrine disruption (Denison and Heath-Pagliuso, 

1998). Rats exposed to TCDD in iitero have vaginal clefting, vaginal thread formation, 

cleft clitoris, decreased ovarian weight, and decreased numbers of corpus lutea and antral 

follicles (Gray and Ostby, 1995; Flaws etal., 1997; Silbergeld and Mattison, 1987; 

Heimler et al., 1998a). Many chemicals, like PAHs, work through the AhR and destroy 

follicles (Mattison, 1980). This ovotoxicity can be blocked by treatment with the AhR 

antagonist, a-napthoflavone (Mattison and Thorgeirsson, 1979). 
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Expression of the AhR has been found in virtually all mammalian and a number 

of nonmammalian vertebrate species (Schrenk, 1998; Hahn, 1998). It is a member of the 

PAS (period-amt-singleminded) family of basic helix-loop-helix proteins (Burbach etal., 

1992; Ema et ai, 1992, Gu et al., 2000). Proteins with PAS domains play a role in 

detection of and adaptation to environmental changes caused by xenobiotics, hypoxia, 

and light (circadian response pathway; Gu et al., 2000). The AhR protein harbors 

domains for both DNA binding and protein dimerization and is well conserved in 

mammals, however highly polymorphic, especially compared to other nuclear receptors 

(Schmidt and Bradfield, 1996; Gonzalez, 1995). The polymorphisms result in different 

sized AhR proteins from 95-105 kDa and a variety of responsiveness (Schmidt and 

Bradfield, 1996). Based on treatment with PAHs, some strains of mice are extremely 

responsive to these AhR ligands, while others are virtually non-responsive (Nebert and 

Gelboin, 1969). However, even in non-responsive strains, TCDD is able to elicit similar 

AhR responses, at 10-100 fold higher doses than in responsive strains (Poland et al., 

1974). Genes known to be regulated by the AhR include a wide variety of metabolizing 

enzymes including cytochrome P450 lAl/2^ P450 IBl^ glutathione S-transferase (GST) 

Yal and Kai, NAD(P)H quinone oxidoreductase (Nqol), aldehyde dehydrogenase 3 

{Aldh3al) ,  uridinediphosphate-glucuronosyl  t ransferase la6 {UDPGTIa6),y-

aminolevulinic acid synthase, prostaglandin endoperoxide H synthase 2, and interleukin 

Ip (Safe, 1990; Safe, 1995; Devito and Bimbaum, 1994; and Hankinson, 1995). 

The AhR normally resides in the cytosol bound to a HSP90 dimer and ARA9 

(AIPl, AhR interacting protein; Carver er al., 1998). These regulatory proteins maintain 
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the AhR in a ligand binding position, thereby increasing the number of fiinctional 

receptors in the cytosolic compartment (Gu et al., 2000; Carver et al., 1994; LaPres et al., 

2000). Upon ligand binding, the AhR dissociates from both the HSP90s and ARA9, 

translocates to the nucleus, and interacts with the AhR nuclear transporter (ARNT) 

(Hoffman et al., 1991). The AhR-ARNT heterodimer then binds the xenobiotic response 

element of the DNA promoter region (XRE, sequence =TNGCGTG) and initiates 

transcription (Gu et al., 2000). Activation of the XRE can result in negative or positive 

transcriptional regulation, however a negative response element (NRE) has been 

described upstream of the [Ah] battery of genes (Nebert et al., 2000). Promoter-analysis 

studies have proposed the existance of NREs and a 21-base pair inverted repeat has been 

found upstream of the CYPlAl gene in human, mice, and rats as well as in rat and mouse 

ALDH3A1 genes (Gonzalez and Nebert, 1985; Piechochki and Hines, 1998; Xie et al., 

1996; Nebert et al., 2000). Taken together, transcription regulation by the AhR involves 

both up-regulation of gene expression by its XRE and down-regulation of genes by its 

XRE and NflE. 

At the cellular level, the AhR is known to play a role in oxidative stress response, 

cell cycle control, and apoptosis (Nebert et al., 2000). As part of a cell's response to 

oxidative stress, expression of Nqol, AldhSal, Ugtla6, and GST Ya l/Ya2 is up-regulated. 

These genes work to decrease reactive oxygen species and eliminate toxicants from the 

cell. However, at the Gl/S boundary of the cell cycle, oxidative stress can flip the switch 

to apoptosis rather than continuation of the cell cycle (Nebert et al., 2000). In the mouse, 

the box gene promoter contains two consensus XRE sequences suggesting a direct role of 
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the AhR in apoptosis that does not require an oxidative stress response (Robles et al., 

2000). Several ligands of the AhR have been shown to induce apoptosis in their target 

tissues, however it has not been determined if this was initiated by an oxidative stress 

response (Near et al., 1999; Zaher et al., 1998; Lutz et al, 1998). 

The most well understood function of the AhR is its interaction with xenobiotics. 

The physiological roles of the AhR have been hard to determine, therefore AhR deficient 

mice (AhRKO) were created. Two independent lines of AhR null mice have been made 

to determine the endogenous role(s) of the AhR (Femandez-Salguero et al., 1995; 

Schmidt et al., 1996). AhRKO mice are characterized by slow whole body growth, 

decreased liver weight, liver abnormalities, and immune system problems (Lahvis and 

Bradfield, 1998). Both male and female AhRKO mice are fertile, but female AhRKO 

have fewer total and live offspring at birth than the wild type (Abbott et al., 1999). After 

gestation, AhRKO dams and pups had a reduced ability to survive during the lactational 

period as compared to wild-type animals (Abbott et al., 1999). 

Currently, two studies have been completed in AhRKO mice which have 

examined ovarian follicles. Robles et al. (2000) stained wild type and AhRKO mouse 

ovaries for AhR protein expression. Wild type animals had e.xtensive staining in 

granulosa cells and oocytes of all sizes of follicles including primordial while no staining 

was seen in the AhRKO mice. Robles et al. (2000) also determined, by follicle counting, 

that there was a decrease in the appearance of atretic primordial follicles in AhRKO mice 

as compared to wild type litter mates. They concluded that inactivation of the AhR-

regulated gene leads to increased rates of germ cell survival (decreased atresia) and an 
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enlarged primordial follicle reserve due to the enhanced survival of developing germ cells 

during prenatal gametogenesis. In another study, Benedict et al. (2000) found that 

AhRKO mice had similar numbers of germ cells on gestational day 18. However, by 

postnatal day 2-3, AhRKO had more fully formed primordial follicles and fewer single 

germ cells as compared to wild type. By postnatal day 8 and 32-35, there were no 

differences in follicle numbers between wild type and AhRKO. At day 53, AhRKO mice 

had a reduction in the number of antral follicles. Benedict et al. (2000) concluded in this 

study that the AhR plays a role in primordial follicle formation and antral follicle 

regulation. 

AhRKO mice appear to have altered follicular development and atresia. During 

prenatal life, the AhR appears to suppress the normal rate of atresia, while in mature 

animals, the AhR appears to suppress growth into mature stage follicles (Benedict etal., 

2001). Taken together, the AhR appears to play differing roles in normal follicular 

dynamics and atresia based on the developmental stage of the follicle. Additionally, the 

AhR is known to signal interleukin-ip (Il-ip) transcription. As described earlier, II-1P is 

also known to regulate atresia of large follicles. This provides further evidence that the 

AhR not only mediates xenobiotic signaling, but also plays a physiological role in the 

ovary. 
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ESTRADIOL AND ESTROGEN RECEPTORS 

The estrogen receptor (ER) is a member of the steroid hormone receptor family, a 

large superfamily (>70 members) of nuclear receptors that function as ligand-activated 

transcription factors (Katzenellenbogen, 1996). Estrogen receptors shuttle between the 

cytoplasm and nucleus, however in steady-state conditions, are primarily found in the 

nucleus (Parker, 1995). In the unliganded state, the ER is complexed with 2 molecules of 

heat shock protein 90 (HSP90; Carson-Jurica et al., 1990). HSP90 is a highly conserved, 

abundant cytosolic protein that is thought to stabilize receptors by placing them in a 

favorable position for ligand-binding (Carson-Jurica et al., 1990). While HSP90 is bound 

to the ER protein, DNA cannot bind the receptor. Upon ligand binding to the ER, the 

HSP90 proteins dissociate from the receptor, exposing the DNA-binding domain. The 

ER-ligand complex homodimerizes with another ER-ligand complex and the resulting 

dimer then binds with high affinity to an estrogen response element (ERE; Parker, 1995). 

EREs are found in the promoter region of genes and are characterized by an inverted 

repeat of the sequence A/GGTCA separated by 3 base pairs (Parker et al., 1995). Upon 

DNA binding, the ER interacts with receptor-interacting proteins (RIPs; Parker, 1998). 

These proteins are thought to stabilize binding of the basal transcription factors either 

directly or indirectly to a region 30 bp downstream from the TATA box (Parker, 1995). 

Assembly of the pre-initiation complex stimulates RNA polymerase II to begin 

transcription (Parker, 1995). 
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ERs are characterized by several functional domains and structural similarities, 

with distinct regions labeled A-F for ligand-binding, transcription activation, and DNA-

binding (Krust et al., 1986; Katzenellenbogen, 1996; Carson-Jurica et al., 1990; Parker, 

1995). The A/B domain, located at the N-terminal side of the ER protein, is involved in 

transactivation by directly interacting with components of the core transcriptional 

machinery or with coactivators that mediate signalling to downstream proteins (Enmark 

and Gustafsson, 1999). The C domain is a highly conserved DNA-binding domain and 

contains two zinc fingers, which are involved in specific DNA binding and receptor 

dimerization (Enmark and Gustafsson, 1999). The D domain confers flexibility and a 

"hinge" between the DNA- and ligand-binding domain. The D domain has been shown 

to influence DNA binding properties and may also serve as an anchor for some 

corepressor proteins (Enmark and Gustafsson, 1999). The sites for ligand binding, 

receptor dimerization, nuclear localization, and interactions with transcription 

coactivators and corepressors occur in the E domain (Enmark and Gustafsson, 1999). 

The ER is able to interact with a wide variety of structurally different chemicals, a unique 

characteristic for the steroid family of receptors (Kuiper et al.^ 1998). Finally, on the C-

terminal end, the F domain is known to contribute to the transactivational capacity of the 

estrogen receptor and influence agonist/antagonist balance and potency, however most of 

the function of this region is unknown (Katzenellenbogen, 1996; Erunark and Gustafsson, 

1999). 

The classical estrogen receptor was discovered in 1958 by Elwood Jensen and 

cloned in 1986 (Greene et al., 1986). For many years, it was thought there was only one 
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ER isoform and that the ER was required for viability. In 1994, a male patient was 

identified as lacking a functional ER (Smith et aL, 1994d). This suggested that the 

classical ER was not required for life. Additionally, the estrogen receptor knock-out 

(ERKO) mouse was developed in 1993, and in some tissues, specific estrogen binding 

could be measured (Lubahn et al., 1993). In 1996, a second estrogen receptor isoform 

was cloned and the original ER became designated ERa and the new one, ERp (Kuiper e/ 

al., 1996). ERa and ERp are distinct gene products encoded on different chromosomes 

(ERa = chromosome 6; ERP = chromosome 14). ERp is 95% homologous to ERa in the 

DNA-binding domain and 55% homologous in the ligand-binding domain (Enmark and 

Gustafsson, 1999; Gustafsson, 1999). Domains A/B and F are truncated in ERp as 

compared to ERa (Domain A/B = 45% shorter. Domain F = 45% shorter; Kuiper and 

Gustafsson, 1997). Homology between the two receptors is quite low in the ligand-

binding domain. In fact, in that region, ERa and ERP are no more similar than the 

glucocorticoid and progesterone receptors are to each other (Enmark and Gustafsson, 

1999). This difference between ERa and ERp protein sequences therefore suggests that 

ligands can be specific for one ER isoform. Collectively, these may explain how some 

ligands act as agonists in one isoform and antagonists in the other. ERa and ERp show 

differential tissue distribution with ERa highly expressed in uterus, testis, pituitary, 

ovary, kidney, epididymis and ERP highly expressed in brain, prostate, ovary, lung, 

bladder, and epididymis (Kuiper et al., 1997). Additionally, it has been found in mice 

that ERa and ERP can form heterodimers to mediate ER signaling (Pettersson et ai.. 
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1997). Therefore, in cells that express both isoforms of the ER, many ER signaling 

pathways can be used and may result in different patterns than the classical ER 

homodimer pathway. 

Preovulatory and pre-antral follicles were not known to express the classical 

estrogen receptor, ERa, and therefore it was assumed for many years that follicular 

development was 17P-estradiol independent. Since its discovery, ERp has been reported 

to be expressed in the granulosa cells of preovulatory and pre-antral ovarian follicles 

(Kuiper et al., 1996; Ahluwalia et al., 1998). The ratio between ERa and ERp in the 

ovary is about 1:9 (Gustafsson, 1999). This suggests potential roles for 17P-estradiol 

(E2) in follicular development and cell fate, however the specific actions of Ei are 

unknown (Enmark et al., 1997). Several types of knock-mice have been developed to try 

and discern the roles of E2, ERa and ERp. Aromatase, cypI9, is the enzyme which 

converts testosterone to estradiol. Aromatase-deficient mice (ArKO) have no detectable 

circulating estradiol (Fisher ei al., 1998). These mice are infertile due to a defect in 

ovulation, however they display follicular development to the antral stage. The authors 

report in female ArKO mice that there were many smaller follicles that appeared atretic, 

however this observation was not compared to wild-type litter mates (Fisher et al., 1998). 

The ovaries of ERa-deficient mice (ERKO) are characterized by cystic haemorrhagic 

follicles and a lack of corpora lutea (Lubahn et al., 1993). Female ERKO mice exhibit 

elevated serum I7P-estradiol, LH, and gonadotropin receptor expression, and males and 

females are both infertile (Korach, 2000). Female ERp knock-out mice (BERKO) have 

reduced fertility due to a block in the last step of follicular development prior to 
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ovulation, and have few or no corpora lutea (Krege et al., 1998). Taken together, 

observations in these transgenic models suggest that ERa and ERP have different 

physiological roles in follicular development. 

Due to differences in the ligand-binding domains of ERa and ERp, the two ERs 

respond differently to various ligands. ERp appears to be more sensitive than ERa to the 

endocrine disruptors classifieds as xenoestrogens. These endocrine disruptors include: 

phytoestrogens, like genistein and other flavonoids; lignans; coumestans; and 

environmental contaminants like polychlorinated biphenyls (PCBs) and methoxychlor 

(Kuiper et al., 1998). In countries with a high intake of phytoestrogens, there is a 

significantly lower incidence of breast and prostate cancer, suggesting that these 

xenoestrogens prevent cancer (Messina et al., 1994). Dietary soy, rich in phytoestrogens, 

has been demonstrated to prevent chemically and irradiation-induced mammary tumors in 

mice (Messina et al., 1994). Since ERp appears to play a more important role in binding 

of xenoestrogens, ERp may also play a role in suppressing cell proliferation and cancer 

prevention. It appears that tamoxifen and some phytoestrogens work as antioxidants, 

therefore ERP may control some antioxidant-regulated genes (Gustafsson, 1999). It was 

found in MCF-7 breast cancer cells that ERP can interact with an antioxidant response 

element (ARE, sequence=TGACNNNGC) in the quinone reductase gene (Nebert et al., 

2000; Montano et al., 1998). If ERp interacts with an antioxidant pathway, then 

activation of ERP would reduce concentrations of free radicals and reactive oxygen 

species in the cell, protecting it against cell damage and demise. 
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A role for E2, the endogenous ligand of ERa and ERp, in the control of apoptosis 

is not a novel concept. E2 has been found to shift expression of the bcl-2 gene family to 

suppress apoptosis in the corpus luteum of rabbits (Goodman et al., 1998). Human 

endothelial cell apoptosis is inhibited by ER-mediated Ei treatment (Spyridopoulos et al., 

1997). E2 decreases apoptosis of peripheral blood mononuclear cells in women with 

normal menstrual cycles (Evans et al., 1997). Ei has also been found to be 

neuroprotective in the brain by inhibiting apoptosis and increasing bcl-2 mRNA 

expression in several neuronal populations (Garcia-Segura et al., 1998). Estrogen 

upregulates bcl-2 mRNA levels in human breast cancer cell lines and protects MCF-7 

cells from apoptosis (Wang and Phang, 1995). The death of human bone osteocytes via 

apoptosis accompanied estrogen withdrawal (Tomkinson et al., 1997). In vitro treatment 

with Et significantly lowered the percent of apoptotic cardiac myocytes and reduced 

Caspase-3 activity (Pelzer et al., 2000). The tumor suppressor p53, another gene 

involved with the control of apoptosis, is a negative regulator of estrogen receptor 

signaling pathways (Yu et al., 1997). The estrogen receptor, a transcription factor, can 

also interact with other transcription factors like p53, to produce transcription factor 

"cross-talk" in many cellular processes. 

INTERACTIONS BETWEEN ER AND AHR 

The ER and AhR are both transcription factors that are known to interact with one 

another. Agonists of the AhR are known to act as endocrine disruptors and antiestrogens 
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(Safe et al., 1998). These effects are seen in opposing carcinogenic abilities of AhR 

ligands. While TCDD is known to induce hepatocellular and squamous carcinoma in 

animal models and cell culture, it also reduces the risk for mammary, uterine, adrenal, 

and pituitary tumors in female rats (NTP, 1982; Vessey et al., 1983). Therefore, AhR 

ligands exert antiestrogenic affects on estrogen dependent cancers (Kharat and 

Saatcioglu, 1996). Cigarette smoke contains PAHs, known ligands of the AhR. Women 

that smoke have been found to have a reduced risk for endometrial cancer, an estrogen-

sensitive cancer (Brinton et al., 1993). Therefore, AhR ligands act as antiestrogens in 

tumorigenesis. 

Besides cancer related responses, TCDD and related compounds inhibit several 

El-induced responses including uterine weight increase, peroxidase activity, progesterone 

receptor binding, extracellular plasminogen activator activity, epidermal growth factor 

(EOF) receptor binding, and fas and EGF receptor mRNA levels (Safe, 1995; Gierthy et 

al., 1987). TCDD has been shown to inhibit other E2-induced phenomena including 

lactate dehydrogenase activity and prolactin receptor and heat shock protein 27 mRNA 

levels (Safe et al., 1998). 

Molecular mechanisms of how liganded AhR is able to oppose liganded ER 

signaling are not clear and likely involve many levels of inhibition. AhR ligands have 

not been found to bind to estrogen or progesterone receptors directly (Zacharewski et al., 

1991). There are mixed reports whether AhR ligands affect ovarian steroidogenesis (Safe 

et al., 1998). In vitro studies of human luteinized granulosa cells have shown that either 

E2 or progesterone, but not both, is decreased following exposure to TCDD (Heimler et 
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their E2 secretion to control levels upon addition of androstenedione, suggesting that the 

TCDD-induced defect results in the depletion of an androstenedione precursor (Heimler 

et al., 1998a). However, TCDD also induces apoptosis in these steroidogenic granulosa 

cells. Therefore, the change in steroid secretion could have been due to loss of viability 

in the granulosa cells, rather than a direct effect on steroidogenesis itself (Heimler el al., 

1998b). In an in vitro study using granulosa and theca-interstitial cells collected from 

super-ovulated immature hypophysectomized rats, TCDD had no affect on granulosa or 

theca-interstitial cell steriodogenesis (Son et al., 1999). Therefore Son et al. (1999) 

concluded that TCDD-induced ovulation defects are due to something other than a 

disruption of follicular steroidogenesis. Whether or not the AhR affects steroidogenesis 

directly, liganded-AhR induces cyp lAl, cyp IA2, andcyp IBl expression. This serves 

to enhance oxidative metabolism of E2 to various catechols and reduce Ei action by 

shortening its half-life (Martucci and Fishman, 1993; Safe et al., 1998). 

One of hypotheses of ER and AhR "cross talk" is that thought to occur by binding 

of the AhR/ARNT heterodimer to imperfect ERE sites or to XREs adjacent or 

overlapping to EREs (Klinge et al., 1999; Duan et al., 1999; Kharat and Saatcioglu, 

1996). Therefore, liganded AhR would bind DNA (either at its own XRE or to an 

imperfect ERE) and thereby block ER binding to its ERE. 

Another proposed mechanism of AhR mediated reduction in ER-mediated 

transcription activation is via interaction with estrogen receptor coactivator/corepressor 

proteins. Transcriptional activation by the ER and other members of the nuclear receptor 
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superfamily requires interaction with other nuclear proteins including coactivator and 

corepressor proteins (Jenster, 1998; Nguyen, 1999). The coactivator, ER associating 

protein 140 (ERAP 140), and the corepressor, silencing mediator for retinoic acid and 

thyroid hormone receptor (SMRT), were found to interact with AhR/ARNT dimers, as 

well as increase (ERAP 140) or decrease (SMRT) AhR/ARNT binding to XREs 

(Nguyen, 1999). Additionally, the corepressor COUP-TF, an orphan nuclear receptor 

highly expressed in estrogen target tissues, is known to repress ER-regulated gene 

expression and has recently been found to bind XREs as well interact with the AhR 

protein itself (Klinge et al., 2000). Therefore, AhR-mediated antiestrogenic responses 

could be related to competition between the ER and AhR signaling pathways for 

coactivators and corepressors (Nguyen, 1999). 

The antiestrogenic properties of the AhR could also be in part due to a down 

regulation of ER protein. In guinea pigs, TCDD decreased basal hepatic ER levels, and 

in MCF-7 and Hepa lclc7 cells, TCDD reduced ER protein (Safe et al., 1991; Hruska 

and Olson, 1989; Zacharewcki etal., 1991). mRNA encoding ERa has also been found 

to be decreased following TCDD exposure as well in ovary„ uterus, lung, and liver (Tian 

et al., 1998; DeVito et al., 1990; Colella and Gallo, 1993). The estrogen receptor gene 

has been found to contain five partial XRE sequences (GCGTG, core sequence) and one 

flill length XRE sequence that binds the AhR (White and Gasiewicz, 1993). The core 

pentanucleotide sequence GCGTG allows AhR binding to DNA, however it is not 

sufficient for transactivation (Denison et al., 1998). Functional inhibitory partial XREs 

have also been reported in the estrogen-responsive cathepsin D and pS2 genes (Krishnan 
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et al., 1995; Gillesby et al., 1997). The full length XRE in the ER promoter region has 

been found to specifically bind activated AhR with high affinity in vitro (White and 

Gasiewicz, 1993). Therefore, the endocrine disrupting abilities of AhR ligands could be 

through a decrease in ER expression. However, TCDD is still antiestrogenic in cells that 

constitutively express the ER due to an expression vector that cannot be downregulated 

(Kharat and Saatcioglu, 1996). Thus, the antiestrogenic properties of TCDD and other 

ligands of the AhR are not merely due to a decrease in ER expression. 

While most studies have shown that AhR ligands act as antiestrogens, there is 

evidence that E2 can interfere with AhR signaling as well. In vitro E2 treatment in cell 

lines reduces TCDD-induced cyp lAl mRNA expression as well as CYP lAl activity 

(Ricci et at., 1999; Jeong and Lee, 1998; Kharat and Saatcioglu, 1996). Kharat and 

Saatcioglue (1996) found that liganded ER interfered with AhR binding to its response 

element. Ricci et al. (1999) found that Ei did not prevent AhR binding to its XRE, rather 

that E2appeared to squelch available nuclear factor-1, a transcription factor known to 

interact with both ERs and AhRs. However Jeong and Lee (1998) found that E? did 

prevent AhR binding to its XRE by preventing AhR transformation into a form able to 

bind DNA. They concluded that E2 acts as a noncompetitive antagonist to the AhR. 

SPECIFIC AIMS 

The following studies have been designed to investigate the role of estrogen 

receptor and aryl hydrocarbon receptor in VCD-induced ovotoxicity in rats. If 
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experimental evidence shows that VCD interacts with the ER and/or AhR, then it is likely 

that there is interaction between the two receptors as well. Subsequently, these studies 

will also examine potential interactions of these two pathways specifically involving 

HSP90. Therefore, the studies proposed here will test the hypothesis that: VCD-induced 

ovotoxicity involves a nuclear receptor-mediated signaling pathway that leads to 

increased atresia. To address this hypothesis, the following specific aims were 

established; 

Speciflc Aim 1: To characterize the physiological role of the aryl hydrocarbon 

receptor in VCD-induced ovotoxicity. The AhR is thought to play a role in follicular 

development and atresia. Therefore its presence will be verified in small preantral 

follicles. The possible role of the AhR in VCD-induced ovotoxicity will also be 

e.xamined using AhR antagonists and AhR deficient mice. The regulation of the AhR by 

VCD and some of the genes activated by the AhR will be investigated as well as the 

effect of VCD on AhR transactivation to DNA in the nucleus. (Chapter 2) 

Speciflc Aim 2: To characterize the physiological role of the estrogen receptor in 

VCD-induced ovotoxicity. Circulating E2 increases with the onset of sexual maturity in 

females. At this time there is also a dramatic decrease in the rate of atresia in the ovary. 

E2 has been shown to inhibit apoptosis in large follicles, so this inverse correlation 

suggests a role of E2 in the control of atresia. Since VCD is thought to enhance the 
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natural process of atresia, this suggests that E2 could also be involved in VCD-induced 

ovotoxicity. (Chapters) 

Speciflc Aim 3: To characterize the physiological role of heat shock protein 90 in 

VCD-induced ovotoxicity. HSP90 has been implicated to play a role in toxin-induced 

stress, ER and AhR signaling, as well as ER and AhR receptor interactions. The effect of 

an HSP90-function inhibitor on follicle numbers will be assessed following treatment 

with VCD. The localization of HSP90 protein and quantity of HSP90 mRNA and protein 

will be analyzed in follicles following treatment with VCD and other receptor analogs. 

(Chapter 4) 
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CHAPTER 2 

ROLE OF THE ARYL HYDROCARBON RECEPTOR IN 
4-VINYLCYCLOHEXENE DIEPOXIDE-INDUCED OVARIAN 

FOLLICLE LOSS IN FISCHER-344 RATS 

ABSTRACT 

Repeated dosing with the occupational chemical 4-vinylcyclohexene diepoxide 

(VCD) selectively depletes small pre-antral (primordial and primary) follicles in the 

ovaries of rats and mice. Although this toxicity is caused via induction of apoptosis, the 

signaling mechanism that initiates this loss is not known. The aryl hydrocarbon receptor 

(AhR) plays a role in mediating the effects of a number of xenobiotics via regulation of 

expression of metabolic enzymes and induction of apoptosis. Therefore, this research 

was designed to examine the potential role of the AhR in VCD-induced ovotoxicity. 

Female F344 rats were dosed daily with either vehicle control, VCD (80 mg/kg), and/or 

the AhR antagonist alpha-naphthoflavone (ANF; 80 mg/kg) for 15 days. Four hours after 

the final dose, ovaries were collected and prepared for histological evaluation (N=7-

9/group) or dissociated for isolation of small pre-antral follicles (N=3-4) and 

measurement of caspase-3-like activity, a biochemical marker of apoptosis. VCD alone 

caused a 60% reduction (p<0.05) in primordial and primary follicles. Concurrent dosing 

with ANF protected primordial and primary follicles from VCD-induced loss. Treatment 

with ANF alone resulted in a greater (p<0.05) number of these follicles, as compared to 

control. VCD dosing increased (p<0.05) caspase-3-Iike activity while concurrent 

treatment with ANF and VCD restored caspase-3-like activity to control levels. Dosing 
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with ANF alone reduced (p<0.05) caspase-3-like levels to below control. Expression of 

both AhR mRNA and protein was seen in VCD-targeted small pre-antral follicles and 

repeated dosing with VCD increased expression of AhR mRNA as compared to control. 

VCD dosing did not induce expression of CYPl AI protein or GST Yal or Ya2 mRNA. 

To investigate the requirement of the AhR in mediating VCD-induced follicle loss in 

mice and rats, AhR null (-/-) C57BL/6 mice were dosed daily with vehicle control or 

VCD (80 mg/kg). As with AhR-intact mice and rats, VCD induced a 70% follicle loss 

(p<0.05) in AhR-null mice. These results support that the AhR is involved in VCD-

induced follicle loss, however, it is not required. Therefore, while VCD does modulate 

expression of the AhR, it does not need the AhR to mediate its toxicity. 

INTRODUCTION 

Repeated daily dosing with the occupational chemical 4-vinylcyclohexene 

diepoxide selectively depletes small pre-antral follicles (primordial and primary) in the 

ovaries of rats and mice (Borman et al., 1999; Borman et al., 2000; Kao et al., 1999; 

Springer et al., 1996a). Female mammals are bom with a finite number of these small 

pre-antral follicles, such that when these follicles become depleted, ovarian failure 

(menopause in women) occurs (Hirshfield, 1991a). Since primordial follicles carmot be 

regenerated, exposure to toxicants that target these immature follicles can cause 

premature ovarian failure in laboratory animals. In women, exposure to such toxicants 

may be associated with an early age at menopause, a condition associated with health 

risks. 
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Previous studies have demonstrated that VCD causes follicle depletion by 

programmed cell death, apoptosis, and accelerates the natural process of atresia (Borman 

et al., 1999; Springer et al., 1996a). However, the exact mechanisms that initiate VCD-

induced follicle loss are unknown. Because VCD is specific for small pre-antral follicles 

(primordial and primary) and appears to alter a natural process in the ovary, VCD has 

been used as a model compound to study toxicants which target small pre-antral follicles, 

as well as a tool to elucidate the atretic signaling pathway. 

The aryl hydrocarbon or xenobiotic receptor (AJiR), a transcription factor, binds 

many structurally diverse toxicants, modulates transcription of many genes involved in 

xenobiotic metabolism, and regulates cell cycle, apoptosis, and oxidative stress (Denison 

and Heath-Pagliuso, 1998; Nebert et al., 2000). To date, no known endogenous ligand 

has been identified for this receptor. The AhR is expressed in the ovary, and has been 

found to mediate toxicity of other xenobiotics which target ovarian follicles. Polycyclic 

aromatic hydrocarbons (PAH) destroy ovarian follicles in rats and mice (Borman et al., 

2000; Mattison and Thorgeirsson, 1979). This toxicity is thought to be mediated via the 

AhR. This destruction is accompanied by an increase in ovarian aryl hydrocarbon 

hydroxylase activity (CYP lAl) and this PAH-induced follicle loss is prevented by 

concurrent treatment with the AhR antagonist a-naphthoflavone (ANF; Mattison and 

Thorgeirsson, 1978; Mattison and Thorgeirsson, 1979). 

Recent studies from AhR-deficient mice (AhRKO) suggest an endogenous role of 

the AhR in the ovary. Benedict et al. (2000) found that on postnatal day 2-3, AhR -/-

(AhRKO) mice contain more fully formed primordial follicles and less non-follicular 
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associated single germ cells than wild-type. However, by d53, AhRKO mice had fewer 

antral follicles than wild-type. In another study, Robles et al. (2000) reported that d4 

AhR -/- mice contain twice as many primordial follicles as AhR +/+ mice. This was 

attributed to a reduction in germ cell attrition during prenatal gametogenesis. Therefore, 

the AhR appears to play a role in follicle formation and atresia in the mouse. These 

findings provide evidence that in addition to mediating xenobiotic signaling in many 

tissues, the AhR also plays a physiological role by regulating follicular dynamics in the 

ovary, however the specific details of this role remain to be determined. VCD is also 

known to accelerate the physiological process of atresia in the ovary (Bomian e/ al., 

1999). Whether VCD and the AhR modulate ovarian follicles using similar pathways is 

not known. Therefore, this study was designed to investigate a possible role of the AhR 

in VCD-induced follicle loss. 

METHODS 

See Appendix B. 

RESULTS 

Following 15 daily doses of rats with VCD, there was a significant reduction of 

ovarian primordial and primary follicles compared with controls (p<0.05; Figure 2.1). 

After treatment with the high dose of the AhR antagonist ANF (80 mg/kg), the number of 

primordial and primary follicles was greater than in controls (p<0.05; Figure 2.1). There 

was no difference in the mmiber of primordial or primary follicles between control and 
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combined treatment with the high dose of ANF and VCD. A dose related effect was seen 

by co-treatment with the low dose of ANF (20 mg/kg) and VCD with remaining 

primordial and primary follicles lower (p<0.05) than controls, but greater (p<0.05) than 

VCD-treatment (Figure 2.1). Secondary follicle numbers were not affected by any 

treatment. 

In order to examine the effect of an AhR antagonist on normal and VCD-induced 

apoptosis, caspase-3 activity was measured in isolated small pre-antral follicles. 

Repeated daily dosing with VCD caused an increase (p<0.05) in caspase-3 activity as 

compared to control (Figure 2.2). This effect was negated by co-administration of the 

high dose of ANF and VCD. Treatment with the high dose of ANF alone showed a 

reduction (p<0.05) in caspase-3-like activity as compared to control. For comparison 

between follicle loss and caspase activities, primary follicle counts are also shown 

(Figure 2.2). Secondary follicle results are presented in Appendix A. 1, Figure A. 1. 

To verify gene expression of the AhR in VCD-targeted small pre-antral follicles, 

RT-PCR was used. Expression of mRNA encoding the AhR was seen in both isolated 

fraction 1 (containing VCD-targeted primordial and primary follicles) and fraction 2 

(non-targeted) follicles. Furthermore, repeated dosing with VCD increased (p<0.05) 

mRNA encoding the AhR in VCD-targeted fraction I follicles as compared to control 

(Figure 2.3). VCD dosing had no affect on AhR mRNA expression in non-targeted 

fraction 2 follicles (Figure 2.3). 

Distribution of the AhR protein was examined in small pre-antral follicles using 

immunohistochemistry and confocal microscopy. AhR protein was visualized in VCD-
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targeted primordial and primary follicles (Figure 2.4). When images were merged, co-

localization of the red stain for the AhR and the green nuclear stain YOYO-1 appeared 

yellow, demonstrating that the AhR is located in the nucleus of granulosa cells in all sizes 

of follicles. Additionally, the AhR was seen in the oocyte nucleus in primordial, primary, 

and secondary follicles. AhR protein was not seen in other ovarian compartments such as 

the theca or interstitial cells. Dosing with VCD had no affect of AhR protein distribution 

or localization. 

Since the results of the follicle counting experiment suggest an AhR-mediated 

effect and primordial and primary follicles were found to express the AhR, the effect of 

VCD on expression of AhR-mediated genes was examined. Using RT-PCR, mRNA 

encoding glutathione-S-transferase {GST) subunits Yal and Ya2 was measured in 

isolated follicles. Repeated dosing with VCD did not alter expression of GST Yal or Ya2 

mRNA in fraction I or 2 follicles (Figure 2.5). Using western blotting, CYP 1 Al and 

1A2 protein was examined in isolated follicles and liver. VCD dosing did not affect 

protein expression of either CYP I Al or 1A2 in liver or fraction I or 2 follicles (Figure 

2.6). 

VCD has previously been shown to cause loss of small pre-antral follicles in mice 

(Kao et al., 1999). Using AhR-deficient mice (AhRKO), daily dosing with VCD caused 

a significant decrease in the number of small pre-antral follicles (primordial + primary; 

p<0.05; Figure 2.7). In heterozygous mice (+/-), treatment with VCD caused a non

significant trend to decrease small pre-antral follicles (p=0.09). As with rats, VCD did 

not alter large pre-antral follicle numbers in any genotype. 
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Figure 2.1: Effect of dosing with VCD and alpha-naphthoflavone (ANF) on rat pre-

antral ovarian follicles. F344 rats (cI28) were dosed daily for 15 days with either 

vehicle control (sesame oil), VCD (80 mg/kg, i.p.), ANF (20 or 80 mg/kg, i.p.), or VCD 

and ANF. Primordial, primary, and secondary follicles were counted in every 40* 

section as described in methods. Values are mean total follicles counted in each ovary ± 

standard error; means that share common superscripts are statistically similar (p>0.05). 

N=7-9. 
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Figure 2.2: EfTect of dosing witii VCD and an AhR antagonist, alpha-

naphthoflavone (ANF), on rat small pre-antral ovarian follicle numbers and 

caspase-3-like activity. F344 rats (d28) were dosed daily for 15 days with either vehicle 

control (sesame oil), VCD (80 mg/kg, i.p.), ANF (80 mg/kg, i.p.) or VCD and ANF. 

Primary follicles were counted in every 40^^^ section of ovaries as described in the 

methods. Caspase-3-like activity was measured in isolated fraction 1 follicles (25-100 

(am) as described in the methods. Open bars; mean follicles counted in each ovary ± 

standard error (N > 4). Shaded bars; mean fluorescence as a measure of caspase-3-like 

activity ± standard error (N=3); means that share common superscripts are statistically 

similar (p>0.05). 
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Figure 2.3: Effect of VCD dosing on AhR mRNA expression in fraction 1 and 2 

ovarian follicles. F344 rats (d28) were dosed daily for 15 days with vehicle control or 

VCD (80 mg/kg, i.p.). Fraction I (25-100 |im) and fraction 2 (100-250 i^m) follicles 

were isolated and analyzed by RT-PCR as described in methods. Values are means 

(±SE) of mRNA encoding AhR, normalized to 18S, and expressed as VCD/control. (N=3-

4); means that share common superscripts are statistically similar (p>0.05). 
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Figure 2.4: Distribution of AhR protein by confocal microscopy. Ovarian sections 

from d42 control rats were incubated with an anti-AhR antibody. Slides were analyzed 

on a Leica confocal microscope at 40X as described in the Methods. The green stain 

(YOYO-1) displays DNA in all cell nuclei; the red stain (Cy-5) represents anti-

AhR antibody. Colocalization of the red and green stains appears yellow. Overlay of the 

two stains is seen in Box A, while the red stain only for Box A is seen in Box B. Boxes 

C and D represent the immunonegative slide, incubated with no primary antibody. 

Arrows highlight primordial follicles in Boxes A and B. 



* 

D 



61 

• Control 

VCD - GST Ya1 

VCD - GST Ya2 

Fraction 1 Fraction 2 

Figure 2.5: Effect of VCD on steady state levels of mRNA encoding two glutathione 

S-transferase subunits, Yal and Ya2^ in fraction 1 and 2 ovarian follicles. F344 rats 

(d28) were dosed daily for 15 days with vehicle control or VCD (80 mg/kg, i.p.). Fraction 

I (25-100 jim) and fraction 2 (100-250 ^m) follicles were isolated and analyzed by RT-

PCR. Values are mean (±SE) mRNA encoding GST Yal or Ya2, normalized to 18S. 

(N=3-4); significance was assigned at p<0.05. Means that share common superscripts are 

statistically similar (p>0.05). 
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Figure 2.6: Representative western blot of CYP 1 Al/1 A2 in liver, fraction 1 

follicles, and fraction 2 follicles. F344 rats were treated daily for 15 days with either 

vehicle control (sesame oil) or VCD (80 mg/kg). Ovaries and liver were removed and 

ovaries were dissociated for follicle isolation. 20 ng of protein from fraction I or 2 

follicle or 10 |ig of protein from liver cellular homogenate was separated by 12% SDS-

PAGE and then transferred to nitrocellulose. CYP lAl/1 A2 protein was detected as 

described in the Methods. 



63 

100 

p=0 09 

AhRKO (-/-) • Control 
• VCD 

Heterozygous (+/-) • Control 

• VCD 

• 
Small Pre-antral Large Pre-antral 

Figure 2.7: EHiect of dosing with VCD on follicle number in AhR-deficient mice. 

AhR heterozygous (+/-) and AhR-deficient (-/-) mice were treated daily for 15 days with 

either vehicle control or VCD (80 mg/kg). Small pre-antral (primordial and primary; 

VCD-targeted) and large pre-antral (secondary; non-VCD-targeted) follicles were 

counted in every 40"^ section as described in Methods. Values are mean total follicles 

counted in each ovary ± standard error; (N=3-4); * indicates significant difference 

between control and treatment (p<0.05). 
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DISCUSSION 

Co-treatment of rats with VCD and ANF, an AhR antagonist, prevented VCD-

induced follicular toxicity in both primordial and primary follicles following 15 days of 

daily dosing. Therefore, to determine whether ANF and VCD alteration of follicle 

numbers reflect changes in the rate of atresia, an intracellular marker of apoptosis, 

caspase-3 activity, was measured in isolated small pre-antral follicles (VCD-targeted). 

Previous research has found that VCD-induced loss of primordial and primary follicles is 

accompanied by increased caspase-3-like activity specifically in isolated small pre-antral 

follicles (Hu et al., 2001b). In the study reported here, treatment with ANF plus VCD 

prevented VCD-induced changes in both follicle number and caspase-3-like activity. 

These observations indicate that the protection from VCD-induced follicle toxicity 

resulting from inhibition of the AhR with ANF is via reduced apoptosis. Based on this 

study, it is unclear whether VCD and ANF are acting in the same pathway to modulate 

follicular loss by apoptosis or if these effects are a combination of two different points of 

regulation. 

Interestingly, treatment with ANF alone resulted in a greater number of small 

follicles as compared to control. Inhibition of AhR activity caused by treatment with 

ANF alone also reduced caspase-3-like activity as compared to control. These results 

demonstrate that there is an inverse relationship between follicle number and caspase-3-

like activity. Because mammals are bom with a finite number of primordial follicles, this 

could not result fi-om generation of more follicles in the ovary. Therefore, it is likely that 

inhibition of AhR activity by ANF dosing over the 15 day period decreases the normal 
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rate of atresia occurring in control animals. Alternatively, ANF could be diminishing the 

activation and recruitment of the smallest follicles to larger stages of development. 

Further studies are required to distinguish between these possibilities. 

Alpha-naphthoflavone is icnown to modulate cytochrome P450 (CYP 450) 

expression and ac t iv i ty .  ANF ac t iva tes  CYP 3A4 and inhib i t s  CYP lAl ,  1A2,  2A6,  IB,  

2B6, 2C8, and 2C9 expression and activity (Chang et al., 1994; Maenpaa et al., 1998). 

Rats in this study were dosed with the bioactive form of the toxicant, VCD, which does 

not require metabolism to cause ovotoxicity. Additionally, VCD is detoxified by 

microsomal epoxide hydrolase to an inactive tetrol (Flaws et al., 1994b). Therefore, 

alterations in the CYP 450s caused by ANF should not have affected the metabolism of 

VCD (either bioactivation or detoxification), and the interactions of ANF and VCD on 

primordial and primary follicles are most likely a direct ovarian effect, rather than an 

indirect effect involving hepatic metabolism. 

Because the protection against VCD-induced follicle loss afforded by ANF may 

be via inhibiton of an AhR receptor-mediated mechanism, an investigation of expression 

and distribution of the AhR in small pre-antral follicles was made. Expression of the 

AhR was observed in VCD-targeted small preantral follicles as demonstrated at the 

mRNA and protein level. Recent studies using genetically modified mice have suggested 

that the AhR may regulate atresia in mice and the absence of this receptor can decrease 

the normal rate of follicular attrition (Robles et al., 2000). Additionally, VCD has been 

reported to enhance the normal rate of atresia (Borman et al., 1999). Repeated dosing 
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with VCD increased expression of mRNA encoding the AhR. Therefore, one way VCD 

may be accelerating atresia is via upregulation of the AhR to increase atresia. 

The regulation of expression of the AhR is not well understood. In humans, AhR 

mRNA is differentially regulated in dssues throughout the body in the absence of 

exogenous ligand by unknown mechanisms (Hahn, 1998). It has not been reported that 

the AhR promoter contains a xenobiotic response element (XRE) to regulate expression 

of its own receptor. However, AhR ligands have been identified that alter expression of 

mRNA encoding the AhR. Treatment of rats or cells with 2,3,7,8-tetrachlorodibenzo-/?-

dioxin (TCDD) both increased and decreased expression of AhR mRNA and protein, 

depending on the dose and length of exposure (Franc et al., 2001; Hahn, 1998; Pitt et al., 

2001). Therefore, it is unclear how the AhR is regulated both in the absence and 

presence of xenobiotics. 

Activation of the AhR is known to regulate several genes and proteins (Denison 

and Heath-Pagliuso, 1998). Known ligands (i.e. PAHs) of the AhR cause increases in 

expression of CYP lAl and the GST subunits Yal and Ya2 (Lindros et al., 1998; 

Paulson, 1989). VCD did not increase expression of mRNA encoding GST Yal or Yal, 

nor protein for CYP lAl in VCD-targeted fraction I follicles, non-VCD-targeted fraction 

2 follicles, or liver. This provides evidence that VCD is not impacting that particular 

function of the AhR. However, it is thought that the AhR can also mediate its effects by 

non-genomic pathways (Gonzalez and Femandez-Salguero, 1998; Gu et al., 2000). The 

AhR has been demonstrated to interact with another transcription factor, the estrogen 

receptor, as well as the pro-apoptotic cytokine, transforming growth factor P (TGPP; 
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Gonzalez and Femandez-Salguero, 1998; Safe et al., 1998). Therefore, VCD may 

interact with an AhR-mediated pathway via a non-genomic mechanism. 

AhR protein demonstrated a unique staining pattern in VCD-targeted primordial 

and primary follicles. The AhR was localized in the granulosa cell nucleus in secondary 

and larger follicles (non-VCD targeted). The unique localization of the AhR in the 

nucleus (instead of the cytoplasm) of granulosa cells in large follicles has been previously 

demonstrated by Robles et al., 2000. The nuclear compartmentalization provides further 

evidence that the AhR may be functioning in non-classical pathways in the ovary. In 

VCD-targeted primordial and primary follicles, AhR protein staining was also observed 

in the oocyte nucleus. This difference in disOibution between follicle types may relate to 

the selectivity of VCD for primordial and primary follicles. If the AhR is involved with 

VCD-induced follicle loss, then the additional expression of the AhR in the vulnerable 

germ cells of the smallest follicles could explain why these follicles are suspectible to 

VCD. 

In order to determine whether VCD-induced follicle loss occurs via alteration in 

AhR activity^ the effect of VCD-dosing on follicle number in AhR-deficient mice was 

assessed. AhRKO mice are fertile, but they produce fewer total and live pups (Abbott et 

al., 1999). Additionally, AhRKO mice have compromised immune systems, heart 

hypertrophy, dermal abnormalities, and reduced liver size (Gonzalez and Femandez-

Salguero, 1998). Since VCD only affects small pre-antral ovarian follicles, the non-

ovarian AhRKO-associated phenotypes would not be predicted to interfere with VCD 

action in the ovary. The AhRKO (-/-) mice were susceptible to VCD-induced follicle 
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loss suggesting that VCD is accelerating atresia by an AhR-independent pathway. 

Atresia is likely controlled by many pathways. Because AhRKO mice are still subject to 

a degree of ovarian atresia, the AhR is probably only one of the components involved in 

this physiological process. Therefore, VCD may be interacting with an AhR pathway, 

but also working through other mechanisms to cause accelerated atresia. Alternatively, 

there could be a species difference between mice and rats in the pathway(s) by which 

VCD causes follicle loss. Many strains and species are known to have dramatic 

differences in their sensitivity to AhR ligands (Denison and Heath-Pagliuso, 1998). 

Subsequently, the AhR may be a more important component of VCD-induced follicle 

loss in rats, as compared with mice. 

Taken together, the results presented here support that physiological inhibition of 

the AhR can protect against the normal rate of atresia in primordial and primary follicles, 

as well as VCD-induced follicle loss. However, this inhibition does not appear to result 

from a direct interaction between VCD and the AhR. Therefore, it is likely that 

acceleration of atresia by AhR and VCD in small pre-antral follicles occurs by parallel or 

redundant intracellular pathways. Understanding general mechanisms of toxicant-

induced follicle loss as well as cell signaling in normal ovarian atresia can provide insight 

into factors that regulate the reproductive life-span in women. 
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CHAPTER 3 

17P-ESTRADI0L AFFORDS PROTECTION AGAINST 
4-VINYLCYCLOHEXENE DIEPOXIDE-INDUCED OVARIAN 

FOLLICLE LOSS IN FISCHER-344 RATS 

ABSTRACT 

Repeated dosing with 4-vinylcyclohexene diepoxide (VCD) accelerates atresia via 

apoptosis in primordial and primary follicles in ovaries of rats. The mechanisms which 

control atresia and VCD-induced toxicity are unknown; however, they could involve 

17p-estradiol (E2). Atresia slows as animals enter puberty while circulating E2 levels 

increase with the onset of cyclicity. This inverse relationship suggests that E2 may be 

involved in the control of atresia. Therefore, this study was designed to determine 

whether dosing of immature rats with E2 could protect follicles normally destroyed by 

VCD-induced apoptosis. Female F344 rats were dosed daily with E2, estrogen receptor 

(ER) analogs, and/or VCD for 15 days. VCD alone caused a 50% reduction in primordial 

and primary follicles. Co-injection with E2 (0.1 mg/kg) and VCD (80 mg/kg) selectively 

protected primary follicles from VCD-induced follicle loss. This protection was 

mimicked by an ER agonist, genistein (0.1 mg/lcg), and prevented by an ER antagonist, 4-

hydroxytamoxifen (2 mg/kg). VCD dosing increased caspase-3-like activity while 

concurrent treatment with genistein and VCD restored caspase-3-like activity to control 

levels. VCD dosing had no effect on circulating E2 levels, uterine weight, E2 binding to 

the ER, nor could it directly displace E2 from ER|3. These observations support that ER-
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mediated protection against VCD-induced follicle toxicity is by a reduction of apoptosis 

in small pre-antral follicles, although VCD does not appear to directly interact with ER. 

INTRODUCTION 

Repeated daily dosing with the occupational chemical 4-vinylcyclohexene 

diepoxide (VCD) destroys primary and primordial (small pre-antral) follicles in the 

ovaries of rats and mice (Flaws et al., 1994a; Smith et ai, 1990b). Mammals are bom 

with a finite number of primordial follicles and the depletion of this follicle pool results 

in ovarian failure (menopause in humans). Therefore, any toxicant that targets these 

small follicles extensively can cause premature ovarian failure. 

Previous studies have demonstrated that VCD causes follicle loss by apoptosis 

and accelerates the natural process of atresia (Borman et al., 1999; Springer et al., 

1996c). However, the exact mechanisms of VCD-induced follicle toxicity are unknown. 

Although it is not thought to act as a direct endocrine disrupter, VCD has previously been 

found to reduce uterine weights, interrupt normal estrus cycles in adult rats, and 

eventually cause premature ovarian failure in rats and mice (Flaws et al., 1994a; Hooser 

et al., 1994; Mayer et al., 2001). These effects are most likely the result of reduced 

follicular development as the pool of small follicles for recruitment is depleted. While a 

human exposure to VCD at concentrations found to cause toxicity in rodents is unlikely, 

VCD is used as a model compound. Because it is specific for small pre-antral follicles 

and alters a natural process in the ovary, VCD has been used to study follicle toxicants 
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which target small pre-antral follicles, as well as a tool to dissect the atretic signaling 

pathway. 

The specific factors that control the determination between follicular survival 

versus death by atresia (apoptosis) are not well understood. Additionally, those factors 

which regulate follicular survival appear to differ between various stages of follicles. 

Many studies have examined the mechanism in large antral follicles. The primary site of 

induction of apoptosis in follicular atresia is thought to be within granulosa cells in larger 

follicles and is known to involve several factors (for extended description, see Chapter 1; 

Billig et al., 1993). However, factors that regulate survival versus atresia in small pre-

antral follicles are not as well known. 

In the past, small pre-antral follicles were not shown to express estrogen receptor 

(ER) a (Iwai et al., 1990). Thus, it was assumed for many years that the control of 

development in these follicles is independent of Ei. However, ERP has recently been 

discovered and reported to be expressed in granulosa cells of small pre-ovulatory ovarian 

follicles (Ahluwalia et al., 1998; Kuiper ef al., 1996). Thus, the possibility of a 

regulatory role in pre-antral follicle development seems more plausible. A role for 17(3-

estradiol (Ei) in controlling apoptosis has been well established in many tissues 

throughout the body. It was found to suppress apoptosis in the rabbit corpus luteum via 

an impact on expression of the bcl-2 gene family (Goodman et al., 1998). l7P-Estradiol 

has also been found to exert anti-apoptotic effects in endothelial cells (Spyridopoulos et 

al., 1997), peripheral blood mononuclear cells (Evans et al., 1997), neurons (Garcia-



72 

Segura et al., 1998), MCF-7 breast cancer cells (Wang and Phang, 1995), osteocytes 

(Tomkinson et al., 1997), and cardiac myocytes (Pelzer e/ a/., 2000). 

Ovarian atresia, which occurs via apoptosis. Is a dynamic process. The rate of 

physiological atresia slows as a female enters puberty while circulating E2 levels Increase 

from non-detectable (<10 pg/ml In rats) to adult levels (30-60 pg/ml in rats) with the 

onset of estrous cycles (Uilenbroek et al., 1975). This inverse relationship between the 

rate of atresia and circulating 17P-estradiol suggests a role for E2 in the normal control of 

atresia. Exposure to VCD is known to accelerate atresia. Therefore, the following study 

was designed to test the hypothesis that VCD-targeted small pre-antral follicles in 

immature animals can be protected from VCD-induced apoptosis by concurrent dosing 

with E2. 

METHODS 

See Appendix B. 

RESULTS 

Following 15 days of repeated dosing, circulating levels of E2 were significantly 

higher (p<0.0001; mean E2 = 3.50 ± 0.24 ng/ml; Table 3.1) in rats treated with E2 than in 

those not treated with E2 (less than 23 pg/ml). Treatment with E2 also increased uterine 

weight (p<0.0001) as compared to non-E2 treated animals (Table 3.2). Treatment with 
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the ER analogs, genistein or 4-hydroxytamoxifen, or the follicle toxicant VCD had no 

effect on circulating E2 levels (Table 3.1). However, treatment with the estrogen receptor 

antagonist, 4-hydroxytamoxifen, prevented Ea-induced uterine weight increases, resulting 

in uterine weights equivalent to vehicle treated control rats (Table 3.2). 

Following 15 days of daily dosing, VCD induced a significant loss (p<0.05) of 

primordial and primary follicles compared to controls as previously described (Flaws et 

al., 1994a). When rats were co-injected with VCD and E2, there was a significant loss 

(p<0.05) of primordial follicles, however, primary follicle numbers were equivalent to 

controls (Figure 3.1). Because only primary follicles demonstrated this Ei-induced 

protective effect, the following results will only be reported for this follicle population. 

For primordial follicle results, see Appendix A.2, Figures A.5 and A.6. 

Following 15 days of dosing with Ei alone, there was a non-significant trend 

(p=0.15) for primary follicles to be increased as compared to control (Figure 3.2). 

Dosing with the estrogen receptor agonist genistein demonstrated a pattem of results 

similar to those seen with the endogenous ER ligand, E2 (p=0.09; Figure 3.2). Compared 

with controls, concurrent dosing with, genistein and VCD resulted in no difference in 

primary follicle numbers (Figure 3.2). Following concurrent dosing with VCD, Ei, and 

the estrogen receptor antagonist 4-hydroxytamoxifen (TAM), there was a significant loss 

of primary follicles as compared to control (Figure 3.3). 

In order to examine the effect of the ER receptor analog genistein on apoptosis, 

caspase-3-like activity was measured in isolated pre-antral follicles. In fraction 1 

follicles, repeated daily dosing with VCD caused an increase (p<0.05) in caspase-3 
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activity as compared to control (Figure 3.4). However, following treatment with either 

genistein or genistein and VCD, caspase-3-like activity levels were similar to control 

(Figure 3.4). There were no effects in fraction 2 follicles (secondary follicles) for any 

treatment (Appendix A.2, Figure A.9). 

Because the results of dosing suggested an estrogen receptor-mediated effect, the 

expression and localization of the estrogen receptor isoforms alpha and beta (ERa and 

ERP) were examined. Using RT-PCR, the presence of mRNA encoding ERaznA ERfi 

was detected in isolated fractions of small preantral follicles (25-100 )im; Figure 3.5). 

In order to verify protein expression for ERa and ERp in VCD-targeted follicles, 

immunohistochemical staining and confocal microscopy were used. Consistent with the 

RT-PCR observations, ERp protein was more widely distributed in rat ovaries as 

compared to ERa (Figures 3.6 A/B). When images were merged, colocalization of the 

red stain for either ERa or ERP and the green nuclear stain YOYO-1 appeared yellow, 

therefore indicating that the protein of interest is located in the nucleus. ERa protein was 

localized to the oocyte nuclei of all sizes of follicles (Figiu*e 3.6A), whereas ERP protein 

staining was seen in the cytoplasm and nucleus of both oocytes and granulosa cells in 

primordial and small primary follicles (Figure 3.6B). However, in larger follicles, ERP 

staining was compartmentalized within the nucleus of oocytes and granulosa cells. VCD 

had no effect on the distribution or localization of either ERa or ERp as determined with 

densitometric analysis of staining intensity (data not shown). To verify the antibodies 
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used in this analysis, western blotting demonstrated a single band for both ERa and ERp 

at the expected size (Figure 3.7). 

As determined by a receptor assay, VCD dosing did not alter whole ovarian ER 

(a+P) receptor binding of E2 (mean control Kj = 2.94x10"'° ± 0.32 xIO"'°; mean VCD 

K<i= 3.76x10"'° ± 0.34 xlO"'°) or total ovarian estrogen receptor number (mean control = 

5.11x10"'" ± 1.3x10"'" mole ER/mg protein; mean VCD = 4.78x10"'* ± 0.67x10"'* mole 

ER/mg protein). In a competitive binding assay, VCD was not able to displace Ei from 

ERP at concentrations less than 0.1 M (Figure 3.8). 
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Table 3.1: Circulating estradiol levels in rats treated daily for 15 days in ER analog 

study (d28-42). 

Treatment Serum Ei ± SE (pg/ml) 

Control (d28) 0.22 ± 0.2 

Control (d42) 4.0 ±3.0 

VCD N.D. 

Estradiol 3714±714 

Estradiol & VCD 3128± 172 

Genistein N.D. 

Genistein & VCD N.D. 

Estradiol & 4-Hydroxytamoxifen 3517± 131 

El, VCD, & 4-Hydroxytamoxifen 3887 ± 335 

N.D. = Not detectable 

Control = sesame oil, i.p. 

VCD = 80 mg/kg, i.p. 

Estradiol = 0.1 mg/kg, s.c. 

Genistein = 0.1 mg/kg, i.p. 

4-Hydroxytamoxifen = 2 mg/kg, i.p. 
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Table 3.2: Average uterine weight as a percent of body weight foilowing dosing 

between d28-42 of age. 

Treatment % Uterine wt/body wt ± SE 

Control, d42 0.109 ±0.012 

VCD 0.124 ±0.019 

Estradiol 0.306 ± 0.016* 

E2&VCD 0.313 ±0 .040* 

OH-Tamoxifen & E2 0.148 ± 0.003 

E2, Tarn, & VCD 0.150 ± 0.008 

N = 4, * different from control, p<0.000l 

VCD = 80 mg/kg, i.p. 

17p-estradiol (E2) = 0.1 mg/kg, s.c. 

OH-Tamoxifen (Tam) = 2 mg/kg, i.p. 
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Table 3.3: Circulating estradiol levels in rats treated daily for 15 days in dose 

response study (d28-42). 

Treatment Serum E2 ± SE (pg/ml) 

Control 38 ± 0.2 

VCD 27 ± 3.0 

Low Estradiol 51  ±3  

Low Estradiol & VCD 89 ± 14 

Mid Estradiol 119±3 

Mid Estradiol & VCD 95 ±23 

High Estradiol &. VCD 983 ± 86 

Control = sesame oil, i.p. 

VCD = 80 mg/kg, i.p. 

Low Estradiol = 0.001 mg/kg, s.c. 

Mid Estradiol = 0.01 mg/kg, s.c. 

High Estradiol = 0.1 mg/kg, s.c. 
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Figure 3.1: Effect of dosing with VCD and 17P-estradioi (E:) on rat small pre-antral 

ovarian follicles. F344 rats (d28) were dosed daily for 15 days with either vehicle control 

(sesame oil), VCD (80 mg/kg, i.p.) or VCD and E2 (0.1 mg/kg, s.c.). Primordial and primary 

follicles were counted in every 40"' section after histological staining. Values are mean total 

follicles counted in each ovary ± standard error; means that share common superscripts are 

statistically similar (p>0.05). N > 10 rats per treatment. 
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Figure 3.2: Effect of dosing with VCD, n^-estradiol (£2), and an ER agonist, 

genistein (Gen), on rat primary follicles. F344 rats (d28) were dosed daily for 15 days 

with one or more of the following treatments; vehicle control (sesame oil), VCD (80 

mg/kg, i.p.), E2 (0.1 mg/kg, s.c.), or genistein (O.l mg/kg, i.p.). Primary follicles were 

counted in every 40'*' section as described in Methods. Values are mean total follicles 

counted in each ovary ± standard error; means that share common superscripts are 

statistically similar (p>0.05). N > 4 rats per treatment. 
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Figure 3.3: Effect of dosing with VCD, 17P-estradiol (E2), and an ER antagonist, 4-

hydroxytamoxifen (Tam), on rat primary follicles. F344 rats (d28) were dosed daily 

for 15 days with vehicle control (sesame oil), VCD (80 mg/kg, i.p.) ± Ei (0.1 mg/kg, 

S.C.), or 4-hydroxytamoxifen (Tam, 2 mg/kg, i.p.), VCD, and E2. Primary follicles were 

counted in every 40"* section as described in Methods. Values are mean total follicles 

counted in each ovary as a percent of control ± standard error; means that share common 

superscripts are statistically similar (p>0.05). N > 4 rats per treatment. 
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Figure 3.4: Effect of dosing witii VCD and an ER agonist, genistein (Gen), on rat 

small pre-antral ovarian follicle numbers and caspase-3-like activity. F344 rats 

(d28) were dosed daily for 15 days with either vehicle control (sesame oil), VCD (80 

mg/kg, i.p.), genistein (0.1 mg/kg, i.p.) or VCD and genistein. Primary follicles were 

counted in every 40"* section of ovaries as described in materials and methods. Caspase-

3-like activity was measured in isolated fraction 1 follicles (25-100 |am) as described in 

the materials and methods. Open bars; mean follicles counted in each ovary ± standard 

error (N > 4 rats per treatment). Shaded bars; mean fluorescence as a measure of 

caspase-3-like activity ± standard error (N=3); means that share common superscripts are 

statistically similar (p>0.05). 
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Figure 3.5: RT-PCR of estrogen receptor (ER) a and P in fraction 1 ovarian 

follicles (25-100 |im). Ovaries were collected from 3 groups of d42 control rats and 

dissociated for hand sorting of follicles. Each lane represents pooled follicles from 6 rats. 

ERa and ERp were amplified by RT-PCR and visualized with autoradiography as 

described in Methods. 
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Figure 3.6: Distribution of ERa and ERp protein by confocal microscopy. Ovarian 

sections from d42 control rats were incubated witb either an anti-ERa or ERP antibody. 

Slides were analyzed on a Leica confocal microscope at 40X as described in the 

Methods. The green stain (YOYO-1) displays DNA in all cell nuclei; the red stain (Cy-5) 

represents ERa (Box A) or ERp (Box B) protein. Colocalization of the red and green 

stains appears yellow. Box C and D represent the immunonegative slide, incubated with 

no primary antibody. 
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Figure 3.7: Representative western blot of ERa and ER|3 in fraction 1 follicles. 50 

|ig of control fraction 1 follicle cellular homogenate was separated by 10% SDS-PAGE 

and then transferred to nitrocellulose. ERa and ERP protein was detected as described in 

the Methods. Each antibody recognized a single band at the expected size (ERa = 66 kD, 

ERP = 65 kD). 
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Figure 3.8: ERP competition curve. The ability of VCD to displace an estrogen analog 

from ERp was measured using a fluorescent estrogen (Fluormone™ ES2). Various 

concentrations of VCD were added and the shift in polarization as the fluorescent 

estrogen was displaced from the receptor was measured with the Beacon 2000 

Fluorescence Polarization Instrument. 
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DISCUSSION 

17P-EstradioI has been found to be protective against apoptosis in several tissues 

and cell types. The mechanism of protection is unclear and appears to involve several 

pathways. Estradiol can work as a direct antioxidant since it has a phenolic group and 

can scavenge reactive oxygen species (Nathan and Chaudhuri, 1998). This is thought to 

contribute to the protective effects of Ei in the brain and cardiovascular system. In MCF-

7 cells, the response to E2 appeared to change as the Ei exposure continued. Initially, Ei 

caused a non-specific protection of all phosopholipids from oxidation by the diazo radical 

initiator, AM VN (Schor et al., 1999). Therefore Ei was acting as a direct antioxidant. 

Following long term treatment with Ei, the expression of the cell survival gene bcl-2 was 

increased, and only phosphatidylserine, a critical component in the apoptosis pathway, 

was protected from oxidation (Schor et al., 1999). At this point, Ei was acting as an 

indirect antioxidant acting via its receptor, causing alterations in gene regulation. E2 has 

been demonstrated to prevent apoptosis via modulation of gene expression by several 

other methods as well including terminal dUTP nick-end labeling (TUNEL), dye 

exclusion, reduced caspase-3 activity, and reduced activity of two NFkB transcription 

factors (p65/RelA and p50; Pelzer et al., 2000). 

Previous studies in our laboratory indicated that VCD does not reduce glutathione 

levels or increase lipid peroxidation as measured by the incidence of TBARS 

(thiobarbituric acid reactive substances) in whole ovaries (Devine et al., 2001). 

However, Springer et al. (1996a) demonstrated that repeated dosing with VCD (10 days) 
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induces expression of mRNA encoding the oxidative stress response gene manganese 

superoxide dismutase (MnSOD) in isolated small follicles (targeted by VCD). 

Upregulation of mRNA encoding MnSOD has been shown to be a general defense 

against multiple cellular stresses (Jeong et al., 2001; Rohrhanz et al., 2001). Therefore, 

VCD may damage follicles by GSH-independent pathways of oxidative stress leading to 

apoptosis. 

Based on follicle counting in the present study, Ei prevented or reversed VCD-

induced follicle toxicity/apoptosis specifically in primary follicles. The effect was 

mimicked by an ER agonist, genistein. Using the ER antagonist, 4-hydroxytamoxifen, 

El-induced protection against follicle toxicity was prevented. This finding provides 

support that E2 likely prevents follicle toxicity via a receptor-mediated pathway. 

Previous research has found that VCD destroys primordial and primary follicles 

and enhances caspase-3-like activity specifically in isolated small pre-antral follicles (Hu 

et al., 200 lb). In the study reported here, treatment with genistein or genistein plus VCD 

had no effect on follicle number or capsase-3-like activity. The caspase-3-like activities 

demonstrate that there is a significantly greater amount of atretic follicles in the VCD-

treated group, as compared with controls or genistein-treated rats. Therefore, genistein 

has no effect on follicle number or apoptosis by itself, however it is able to prevent VCD-

induced changes in follicle number and caspase-3-like activity. These observations 

suggest that the ER-mediated protection from VCD-induced follicle toxicity is via 

reduced apoptosis. 
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The interactions of estradiol and VCD on primary follicles are most likely a direct 

ovarian effect, rather than an indirect effect involving hepatic metabolism. Previous 

studies have not found VCD-induced liver damage. VCD dosing does not alter liver 

weights or enzyme activity of either AST (aspartate aminotransferase) or ALT (alanine 

aminotransferase; unpublished observation). Further, there are no signs of histopathology 

in VCD-treated liver tissues (unpublished observation). Additionally, VCD was not 

found to change circulating E2 levels; therefore it seems unlikely that dosing with VCD is 

altering E2 metabolism. 

Because the protective effect of E2 against follicle toxicity may be via a receptor-

mediated mechanism, demonstrating expression of ER receptor protein in small pre-

antral follicles is important. Expression of both ERa and ERP was observed in VCD-

targeted small preantral follicles as demonstrated at the mRNA and protein level. ERP 

appears to be more highly expressed than ERa in primordial and primary follicles. 

Additionally, relative to larger, more highly developed follicles, ERp displayed a unique 

pattern of distribution in these small follicles as visualized by confocal microscopy. The 

ER is generally considered to be a nuclear protein. However, ERP was found in the 

cytoplasm of both the oocyte and granulosa cells in primordial and primary follicles, 

whereas, it was only localized within the nuclear compartment in secondary and antral 

follicles. Since ERP staining was seen in the cytoplasm, this indicates that ERp could be 

exerting non-genomic effects. The specialized localization of this receptor could suggest 

that there may be a different role for ERp in early stage pre-antral follicles as compared 

to larger pre-antral and antral follicles. 
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17P-Estradiol prevented VCD-induced follicle loss specifically in primary and not 

primordial follicles, which are also targeted by VCD. This is an interesting finding 

because both follicle types express ER a and p. Thus, VCD may be activating the 

recruitment of primordial follicles into the growing stages rather than killing them 

directly. Alternatively, while primordial follicles express the estrogen receptor, the 

receptor may be a nonfunctional protein at this stage of development. 

Based on structure alone, VCD would not be predicted to bind ER. However, a 

variety of chemicals with non-predicted structures have been found to interact with the 

ER (Ekena et al., 1997). Therefore, the ability of VCD to directly interact with ERP was 

investigated. VCD was not able to displace E2 fi"om ERP at concentrations below 0.1 M. 

This provides strong evidence that VCD does not compete directly for binding to the ER. 

The protective effect against VCD-induced follicle destruction required 

pharmacological doses of Ei (367 nmol/kg BW), whereas lower doses were ineffective 

(100 fold. Appendix A.2, Figure A.4). There are other reports in which E2 has been 

shown to only exert protective effects at non-physiological concentrations. When pig 

luteal and follicular tissues were placed m culture with hydrogen peroxide, E2 was able to 

prevent DNA fragmentation, but only at E2 concentrations greater than 40 pg/ml 

(Murdoch, 1998). Pharmacologic doses (>0.2 mg/kg) of E2 were required to reduce 

plasma cholesterol levels and increase expression of LDL receptor mRNA in rats (Parini 

et aL, 2000). In another study, pretreatment with low doses of E2 (2.28 (ig/day) did not 

prevent death of rats due to ventricular fibrillation that was seen with high levels of 

ethinyl estradiol (30-60 j^g/day; Healy et al., 1991). The severity of collagen-induced 
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arthritis can be reduced by treatment with high levels of estradiol benzoate (>0.2 mg/kg), 

however at estradiol benzoate treatment levels of 0.05 mg/kg or lower, these therapeutic 

effects were lost (Waksman et al., 1996). Furthermore, suppression of symptoms 

associated with autoimmune disorders requires pharmacologic doses of Ei and it is 

thought that this occurs by an anti-inflammatory mechanism (Okayasu et al., 1981; 

Strigard et al., 1990; Carlsten et al., 1992; Carlsten and Tarkowsky, 1993; Ratkay et ai, 

1994). Since the protective effect demonstrated here required pharmacological doses of 

El, it may be working through non-typical pathways involving novel receptor isoforms. 

In whole ovary homogenates, cytosolic ER binding of 17p-estradiol was 

unchanged following VCD dosing. Likewise, using confocal microscopy, there was no 

change in staining intensity or distribution of ERa or ERP protein following VCD dosing 

as compared to controls. Taken together, these findings support that VCD is not directly 

affecting ER expression and binding. 

Collectively, the results presented here support that 17P-estradiol can protect 

against VCD-induced follicle loss. Additionally, this does not appear to result from a 

direct interaction between VCD and ER. This effect will be further investigated in order 

to elucidate the specific mechanism(s) of this protection. Understanding general 

mechanisms of toxicant-induced follicle loss as well as cell signaling in normal ovarian 

atresia can provide insight into factors that regulate the reproductive life-span in women. 
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CHAPTER 4 

A POTENTIAL ROLE FOR HEAT SHOCK PROTEIN 90 IN 
VCD-INDUCED FOLLICLE LOSS 

ABSTRACT 

Repeated exposure to the industrial chemical 4-vinylcyclohexene diepoxide 

(VCD) induces ovarian primordial and primary follicle loss in rats and mice. Previous 

studies have suggested that both the aryl hydrocarbon receptor (AhR) and estrogen 

receptor (ERa and/or ERP) are involved with this toxicity, however the specific role of 

these proteins is unknown. Heat shock protein 90 (HSP90) has been demonstrated to 

affect the signaling for both the AhR and ERo/p and also has been found to be a mediator 

of the signaling between these two receptors. Therefore, this study tested the hypothesis 

that HSP90 is involved with VCD-induced follicle loss. F344 rats (d28) were dosed daily 

for 15 days with either vehicle control (DMSO, i.p.), VCD (80 mg/kg, i.p.), or the HSP90 

inhibitor geldanamycin (0.3-60 |ig/kg, i.p.). Four hours after the final dose, ovaries were 

removed, fixed, sectioned, and stained for oocyte counting or for confocal microscopy 

using a polyclonal anti-HSP90 antibody. Using confocal microscopy, over 300 follicles 

were visualized and HSP90 staining was quantified using arbitrary densitrometric 

analysis. HSP90 staining was compartmentalized to the oocyte in pre-antral follicles in 

all stages of development. In VCD-targeted small primary follicles, cytosolic HSP90 

protein in the oocyte was significantly decreased in VCD-treated animals as compared to 

controls (p<0.05). Some oocytes from VCD-treated rats completely lacked HSP90 
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protein staining. Treatment of rats with geidanamycin did not affect primary and 

secondary follicle numbers. Low doses of geidanamycin did cause of loss of primordial 

follicles, however higher doses had no effect. Combined treatment with VCD and 

geidanamycin showed no difference in follicle loss as compared to dosing with VCD 

alone. Dosing with VCD or analogs of the ER and AhR did not alter expression of 

HSP90 protein in small pre-antral follicles (fraction 1) as measured by western blotting. 

Therefore, HSP90 protein is decreased specifically in small primary follicles following 

VCD dosing, however, HSP90 is not likely to be an essential player in VCD-induced 

ovotoxicity. 

INTRODUCTION 

4-Vinylcyclohexene (VCH) is released during the manufacture of rubber tires, 

plasticizers, and pesticides (lARC, 1994a). Its toxic metabolite. 4-vinylcyclohexene 

diepoxide (VCD), selectively destroys primordial and primary follicles in the ovaries of 

rats and mice (Smith et al.^ 1994b). Repeated dosing with VCD appears to destroy 

follicles by accelerating the basal rate of atresia, the endogenous process by which 99% 

of follicles die via apoptosis (Borman et al., 1999). The exact pathway of VCD-induced 

acceleration of atresia is unknown, however, it is known to enhance several downstream 

events associated with apoptosis including box, Caspase-3, and Cytochrome C (Borman 

et al., 1999; Springer et al., 1996b; Hu et ai, 2001a). The early upstream intracellular 

events in VCD-induced ovotoxicity have not been identified, however they appear to 
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involve both estrogen receptor (ER) and aryl hydrocarbon receptor (AhR) pathways 

(Chapters 2 and 3). The ER and AhR are transcription factors, both chaperoned by heat 

shock protein 90 (HSP90), that are known to interact with one another by many proposed 

mechanisms. 

Heat shock protein 90 is a constitutively expressed member of the molecular 

chaperone family. HSP90 is usually found in the cytosol as a homodimer and is induced 

by such stresses as increased temperature, metabolic poisons, alcohols, and toxins 

(Ylikomi et al., 1998). Following a stressful condition, HSP90 is upregulated ten-fold 

and this is thought to occur due to the presence of non-native or abnormally folded 

proteins (Buchner, 1999). HSP90 and other members of the chaperone family have been 

termed "chaparones" due to their ability to stabilize the native structure of other proteins 

by binding them and releasing them in the proper configuration. One of the most well 

characterized functions of HSP90 is as a protein chaperone in the steroid receptor family. 

HSP90 binds as a dimer to unliganded AhR and ER (Caruso et al., 1999; Caplan, 1999; 

Ylikomi, 1998). The HSP90-binding and ligand-binding domains colocalize in both 

receptor proteins which suggests that HSP90 is displaced by ligand binding to the 

receptor (Chambraud et al., 1990; Coumailleau et al., 1995). HSP90 binding to the 

receptors prevents receptor binding to DNA in the absence of ligand either by steric 

hindrance or interference with receptor dimerization (Caruso et al., 1999). 

Since HSP90 is used in the signaling cascade of both ER and AhR, receptor 

interactions between ER and AhR could be mediated by heat shock protein 90 (HSP90). 

It is thought that HSP90 plays different roles in the transactivation properties of ER and 



95 

A-hR. Using ER and AhR positive cells, HSP90 overexpression had no effect on ER-

mediated transactivation, but reduced TCDD-induced AhR reporter plasmid expression 

by 60-70% (Caruso et al., 1999). This suggests that AhR-HSP90 interactions are more 

stable than ER-HSP90 associations and therefore increased HSP90 expression can 

decrease AhR signaling, and not affect ER signaling. In cell culture, Ah-responsiveness 

is related to its ER content such that cell lines which do not express the ER (MDA-MB-

231 and Andriamycin-resistant MCF-7) are non-responsive to AhR ligands. Conversely, 

ER-positive cell lines (ER transfected MDA-MB-231 and wild type MCF-7) are able to 

activate AhR-mediated transcription in response to AhR ligands (Vickers et ai, 1989; 

Cowan at el., 1986; Thomsen et al., 1994). This suggests that the presence of the ER 

may sequester HSP90, allowing AhR signaling to occur more readily. 

Immunohistochemistry has shown that the presence of the ER alters cellular HSP90 

distribution. In ER-negative cell lines, HSP90 is a cytoplasmic protein. In ER-positive 

cell lines, HSP90 is found equally distributed between the nucleus and cytoplasm (Caruso 

et al., 1999). This effect on HSP90 distribution could play a role in ER/AhR "cross-talk" 

by altering AhR transactivation. 

HSP90 has been demonstrated to play a role in nuclear receptor signaling and 

apoptosis. VCD has also been shown to alter apoptosis and modulate nuclear receptor 

signaling pathways. Therefore this study was designed to look for potential roles of 

HSP90 in VCD-induced ovotoxicity. 



96 

METHODS 

See Appendix B. 

RESULTS 

HSP90 protein was expressed in the nucleus and cytoplasm of oocytes in all sizes 

of follicles (Figure 4.1). Repeated dosing with VCD caused a loss of staining selectively 

in small primary follicles (Figure 4.2). When this staining was quantified using 

densitometric analysis, VCD was shown to reduce the cytoplasmic staining of the oocyte 

as compared to control (p<0.05; Figure 4.3). Dosing with VCD did not affect HSP90 

staining intensity in primordial or large primary follicles (Figure 4.3) or secondary 

follicles (Appendix A.3, Figure A.11). 

Geldanamycin binds HSP90 and blocks HSP90 ATPase activity, which is 

required for its in vivo function (Roe et al., 1999). Repeated dosing with a HSP90 

function inhibitor, geldanamycin^ decreased primordial follicle number as well as 

decreased body weight when rats were treated with 0.3 or 1.2 |ig/kg (p<0.05; Figures 4.4 

and 4.5). However, higher doses did not change primordial follicle counts as compared 

to control. Primary and secondary follicle numbers were not affected at any dose of 

geldanamycin (Figure 4.5 and Appendix A.3, Figure A. 12). Dosing with geldanamycin 

had no effect on VCD-induced ovotoxicity in any follicle size (Figure 4.6 and Appendix 

A.3, Figure A. 13). 
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Expression of HSP90 protein was detected in VCD-targeted fraction I follicles by 

western blotting (Figure 4.7). Expression of HSP90 was also seen in liver and non-VCD-

targeted fraction 3 follicles (Figure 4.7). Western blotting demonstrated a single band of 

the predicted molecular weight (90 kD) in all tissues examined. Dosing with VCD had 

no effect on HSP90 protein expression in fraction 1 or 3 follicles. Additionally, dosing 

with the ER agonist genistein, VCD and genistein, the AhR antagonist alpha-

naphthoflavone, or ANF and VCD did not change HSP90 expression in fraction 1 

follicles (Figure 4.7). 
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Figure 4.1: Distribution of Heat Siiock Protein 90 (Hsp90) in rat ovary. D42 rat 

ovaries were prepared and stained with a Hsp90 antibody. Boxes A, C, E, and G show 

the overlay of Hsp90 staining (Cy-5; RED) and nuclear DNA (YOYO-1; GREEN) while 

Boxes B, D, F, and H show the Cy-5 stain only. Hsp90 is seen in the cytoplasm and 

nucleus of oocytes in primordial, primary, and secondary follicles as indicated by arrows 

(A, B) and antral follicles (C, D). Cytoplasmic staining of the oviduct (indicated by 

arrow) was of similar intensity of that seen in the oocyte of follicles (E, F). An 

immunonegative slide incubated in the absence of primary antibody demonstrated no 

Hsp90 staining (G, H). 
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Figure 4.2: Distribution of Heat Shock Protein 90 (HSP90) following repeated 

dosing with VCD in rat ovary. F344 (d28) female rats were treated daily with either 

vehicle control (sesame oil) or VCD (80 mg/kg, i.p.) for 15 days. Rat ovaries were 

prepared and stained with a Hsp90 antibody. Boxes A, C, and E show the overlay of 

Hsp90 staining (Cy-5; RED) and nuclear DNA (YOYO-1; GREEN) while Boxes B, D, 

and G show the Cy-5 stain only. A and B, a control rat; C - F, VCD-treated animals. 

Arrows highlight primary follicles that are not expressing HSP90 from ovaries of VCD-

treated rats. 
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Figure 4.3: Staining intensity of Heat Shocic Protein 90 (Hsp90) in oocytes following 

repeated dosing with VCD in rat ovary. F344 (cl28) were treated daily with either 

vehicle control (sesame oil) or VCD (80 mg/kg, i.p.) for 15 days. Rat ovaries were 

prepared, stained with a Hsp90 antibody, and analyzed by confocal microscopy. 

Densitometric analysis using Scion Image (NIH) was completed to calculate mean 

staining in the cytoplasm and nucleus of the oocyte in each follicle in arbitrary units 

(AU). Bars represent the mean staining for each follicle type ± SE. Means that share 

common superscripts are statistically the same (p>0.05). 
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Figure 4.4: Effect of geldanamycin on rat primordial and primary follicle numbers. 

F344 rats ((128) were dosed daily for 15 days with either vehicle control (DMSO, i.p.) or 

the HSP90 function inhibitor geldanamycin (Geld, 0.3-60 |ig/kg, i.p.). Primordial and 

primary follicles were counted in every 40"' section as described in Methods. Values are 

mean total follicles counted in each ovary as a percent of control ± standard error; means 

that share common superscripts are statistically the same (p>0.05). N > 4 rats per 

treatment. 
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Oil & VCD & VCD 

Figure 4.5: Effect of VCD and geldanamycin on body weight in F344 rats. Female 

rats were treated daily for 15 days with one or more of the following: sesame oil (i.p.), 

vehicle control (DMSO, i.p.), VCD (80 mg/kg, i.p.), or the HSP90 function inhibitor, 

geldanamycin (0.3-60 ng/kg, i.p.). Animals were weighed on the final day. Values are 

mean body weights for each treatment ± standard error; • indicates significant difference 

be^veen vehicle control (DMSO) and treatment (p<0.05). N > 4 rats per treatment. 
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Figure 4.6: Efliect of VCD and geldanamycin on rat primordial and primary follicle 

numbers. F344 rats (d28) were dosed daily for 15 days with either vehicle control 

(DMSO, i.p.), VCD (80 mg/kg, i.p.), or VCD and the HSP90 function inhibitor 

geldanamycin (Geld, 6 or 60 (ig/kg, i.p.). Primordial and primary follicles were counted 

in every 40'*' section as described in Methods. Values are mean total follicles counted in 

each ovary as a percent of control ± standard error; means with common superscripts are 

statistically similar (p>0.05). N > 4 rats per treatment. 
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Figure 4.7: Effect of dosing witli VCD on HSP90 protein expression in fraction 3 

and fraction 1 follicles. F344 rats were dosed daily for 15 days with either vehicle 

control (sesame oil, i.p.), VCD (80 mg/kg, i.p.), genistein (Gen, 0.1 mg/kg, i.p.), genistein 

and VCD (GV), alpha-naphthoflavone (ANF, 80 mg/kg, i.p.), or ANF and VCD (AV). 

50 |ig of cellular homogenate from fraction 1 follicles, fraction 3 follicles (F3), and liver 

was separated by SDS-PAGE and transferred to nitrocellulose. HSP90 protein was 

detected with a HSF90 antibody and a HRP-conjugated secondary antibody. Heat-

shocked Hela cells were run as a positive control in each experiment. Western blotting 

showed a single band at the predicted size of 90 kD for all tissues. 
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Table 4.1: Localization of ERo, ERP, AhR, and HSP90 in small pre-antral rat 

follicles. 

Primordial Small Primary Large Primary 

Oocyte Granulosa Oocyte Granulosa Oocyte Granulosa 

Cyt Nuc Cyt Nuc Cyt Nuc Cyt Nuc Cyt Nuc Cyt Nuc 

ERa - + - - - + - - - + - -

ERp + + + + + + + + + + 

AhR - + - + - + - + - + - + 

HSP90 + + - - + + - - + - -

Cyt = cytoplasm 

Nuc = nucleus 

+ = positive staining for protein 

- = negative staining for protein 
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DISCUSSION 

HSP90 was expressed specifically in oocytes in all sizes of follicles. Little 

staining was seen in other ovarian compartments. This suggests a specialized role of 

HSP90 in the oocyte, however it is unclear what this role may be. In bovine dominant 

follicles, HSP90 has been found to act as an aromatase activity inhibitor (Driancourt et 

al., 1999). Primordial and primary follicles do not produce the enzyme aromatase or the 

steroid estradiol (via aromatase) in this early stage of development, therefore, it seems 

unlikely that HSP90 is expressed in these small follicles as an aromatase inhibitor 

(Channing et al., 1980; Inkster and Brodie, 1991). The study by Driancourt et al. (1999) 

also found a decrease in HSP90 protein in atretic follicles as compared to healthy 

follicles. Therefore, a loss of HSP90 could be associated with apoptosis in follicles. 

VCD accelerates the natural rate of atresia in primordial and primary follicles (Borman et 

al., 1999). VCD also decreased expression of HSP90 in small primary follicles. This 

suggests that VCD modulation of HSP90 expression may increase follicular loss. 

HSP90 is considered to be a cytoplasmic protein, however in this study, HSP90 

was seen in the nucleus of some oocytes (Buchner, 1999). This finding is in agreement 

with previous research which found a translocation of HSP90 to the nucleus (Berbers et 

al., 1988). Additionally, in adult rats, HSP90 has been localized to the oocyte nuclei in 

pre-ovulatory follicles (Ohsako et al., 1995). HSP90 is a steroid hormone receptor 

chaperone protein (Buchner, 1999). Since most steroid hormone receptors are located in 

the nucleus, HSP90 may be localized within the nucleus to serve a physiological 
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function. However, in many other cell types which contain steroid hormone receptors 

located in the nucleus, HSP90 is not seen in the nucleus (Tuohimaa et al., 1993). 

Therefore, expression of HSP90 in the oocyte nucleus could indicate a novel, unique role 

of this protein in the follicle. 

Geldanamycin is an anti-tumor, anti-inflammatory antibiotic (Schneider et al., 

1996). Geldanamycin is also known to be a protein kinase inhibitor and inhibit HSP90 

function (Dunlap et al., 1999; Roe et al., 1999). Geldanamycin binds HSP90 and blocks 

HSP90 ATPase activity, which is required for its in vivo function (Roe et al., 1999). 

Subsequently, HSP90 is unable to bind steroid hormone receptors and serve its 

endogenous chaperone function (Segnitz and Gehring, 1997). If HSP90 is serving an 

anti-atretic role in the ovary, then inhibition of HSP90 activity would enhance follicular 

loss. Treatment of rats with low doses of geldanamycin (0.3 and 1.2 ng/kg) showed a 

loss of primordial follicles. However, this effect was not seen at higher doses of 

geldanamycin (6 or 60 |ag/kg). Along with this follicular effect, treatment with low, but 

not high, doses of geldanamycin also decreased body weight of rats. Therefore, it is 

unclear if the follicular loss is due to generalized toxicity that is affecting the entmr 

animal or if there is a specialized dose-response curve. This study should be repeated to 

see if low doses of geldanamycin are able to induce follicular loss. Other tissue weights 

(i.e. kidney, liver, adrenal glands, spleen, etc.) should be examined to see if geldanamycin 

is inducing a systematic effect on rats. Additionally, it would be useful to determine if 

geldanamycin is able to exert its inhibitory effects on HSP90 at the level of the follicle. 
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If VCD is reducing HSP90 protein expression and geldanamycin is reducing 

HSP90 function, then cotreatment of rats with these chemicals should potentiate follicle 

depletion. Geldanamycin dosing at 6 or 60 ng/kg did not alter VCD-induced follicle loss. 

However, since geldanamycin did not induce follicular loss at these doses when given 

alone, it seems unlikely that it would alter VCD-induced toxicity. Future studies using 

the lower doses of geldanamycin (0.3-1.2 |ig/kg) along with VCD are warranted. 

Western analysis of HSP90 protein showed that treatment with VCD did not alter 

HSP90 protein levels in VCD-targeted fraction 1 follicles or non-VCD-targeted fraction 3 

follicles. However, confocal microscopy and staining analysis showed that VCD dosing 

decreased HSP90 protein specifically in the oocyte in small primary follicles. Fraction 1 

follicles contain a heterogeneous mix of granulosa cells and oocytes in primordial, small 

and large primary, and small secondary follicles. Therefore, the specific loss of HSP90 

protein in the oocyte of small primary follicles as measured by immunohistochemistry 

was likely overwhelmed by the other non-responding cells when analyzed by western 

blotting. 

Dosing with ER agonists and AhR antagonists protect primary follicles from 

VCD-induced loss (Chapters 2 and 3). In this study, dosing with analogs of the ER and 

AJiR did not alter HSP90 protein expression in VCD-targeted fraction one follicles. 

Therefore, it seems unlikely that modulation of HSP90 expression is part of the protective 

effects seen with either of these receptors. Additionally, based on the protein localization 

of the ER, AhR, and HSP90, it is unclear how these proteins may be interacting (Table 

4.1). The oocyte nucleus appears to be the only site in the follicle in which all three of 
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the proteins are expressed. It seems unusual that HSP90 is not seen in granulosa cells 

expressing the ER and AhR since HSP90 has a defined role in nuclear receptor signaling. 

Therefore, the ER and AhR are either able to bind ligands and mediate U^nscription in 

the absence of HSP90 or they are using alternative pathways to mediate their physiologic 

effects. Subsequently, these receptors may be working via non-genomic or undiscovered 

pathways. 

Taken together, VCD selectively depletes HSP90 in the oocyte cytoplasm of 

small primary follicles. If geldanamycin is exerting its anti-HSP90 function, than the loss 

of function of HSP90 is not enough to induce follicle loss. Therefore, HSP90 may play a 

peripheral role in toxicant-induced ovotoxicity or reflect a generalized response to cell 

stress. Additionally, HSP90 is co-localized with ERp and AhR only in the oocyte 

nucleus and HSP90 is not regulated by analogs of these receptors, suggesting that HSP90 

is not serving as a chaperone protein in ovarian follicles. Therefore, the specific role of 

HSP90 in primordial and primary follicles is yet to be determined. 
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CHAPTER 5 

CONCLUSION 

The overall purpose of these studies was to investigate potential roles of several 

nuclear receptors in VCD-induced follicle loss. This research focused on the estrogen 

receptor and aryl hydrocarbon receptor. Activation of ER and inhibition of the AhR 

protected small pre-antral follicles from VCD-induced ovotoxicity, however no evidence 

was seen that these receptors are interacting with each other. Additionally, these studies 

examined a possible role of a chaperone protein associated with both of these nuclear 

receptors, HSP90. HSP90 protein expression was affected during VCD-induced 

ovotoxicity, however, whether this relates to its role as a receptor chaperone was not 

demonstrated. 

Treatment with high doses of estradiol selectively protects primary follicles from 

VCD-induced follicle loss. This protective effect was modulated by the estrogen receptor 

via a reduction in caspase-3-induced apoptosis. Additionally, there was a unique 

expression of ERp in primordial and primary follicles. ERp protein was seen in the 

cytoplasm of the oocyte and granulosa cells in these smallest follicles (primordial and 

primary), while it was compartmentalized to the nucleus in larger follicles (large pre-

antral and antral). Another form of ERp (ERp2) has been found in rats (Petersen et al.. 

1998). It is expressed at equal levels to ERp I in the ovary and recognizes the same 

consensus estrogen response element. However, ERP2 binds estradiol with a lower 

affinity than ERP 1 and requires 1000-fold higher doses of estradiol to activate 
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transcription (Petersen et al., 1998). Additionally, ERp2 has been shown to bind both 

genistein and 4-hydroxytamoxifen (Petersen et al., 1998). Therefore, perhaps the 

cytosolic ERP protein detected in primordial and primary follicles is ERP2. Since ERP2 

requires higher doses of E: to regulate transcription, this could explain why 

pharmacological doses of E2 were required to protect primary follicles from VCD-

induced loss if this effect is mediated via ERp2. 

Treatment with estradiol decreased caspase-3 activity, likely via a receptor 

mediated-mechanism. The estrogen receptor exerts its physiologic function by regulating 

transcription of specific genes. Estradiol has been found to alter the expression of many 

of the 6c/-2-related genes. Expression of mRNA encoding the cell survival genes bcl-2 

and bcl-Xi is upregulated by 17p-estradiol in MCF-7 cells, neural cells, and the corpus 

luteum (Goodman et al., 1998; Wang and Phang, 1995; Singer et al., 1998; Garcia-

Segurae/a/., 1998; Gollapudi and Oblinger, 1999a,b; Pike, 1999). Several putative 

estrogen-responsive sites are present in the bcl-2 promoter (Teixeira et al., 1995). 

Additionally, in neuroblastoma and monoblastoid cells, estradiol has been found to 

decrease expression of Nip2, a negative regulator of Bct-2 (Gamier et al., 1997; Vegeto 

et al., 1999). Treatment with estradiol has also been shown to decrease expression of the 

cell death enhancer Bad in neuronal cells (Gollapudi and Oblinger, 1999b). Estradiol has 

not been shown to alter expression of another cell death enhancer, Bax, in sensory 

neurons (Patrone et al., 1999). Therefore, by altering expression of the members of the 

bcl-2 family of proto-oncogenes, estradiol can reduce apoptosis. Research by Hu et al. 

(2001a) has demonstrated that repeated treatment with VCD increases Bad protein 



1 1 7  

expression and implicates the bcl-2 family of genes as important mediators in VCD-

induced apoptosis, eventually leading to caspase-3 activity induction (Figure 5.1; Hu et 

al., 2001b). Taken together, estradiol may be protecting primary follicles from VCD-

induced ovotoxicity by altering expression of bcl-2 family genes, thereby reducing 

apoptosis (Figure 5.2). 
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Figure 5.1: VCD-medlated initiation of apoptosis via modulation of the bci-2 gene 

family in rat small pre-antral follicles. Following repeated dosing with VCD, 

expression of the cell death enhancer protein. Bad, is increased. Bad then sequesters bcl-

Xl, and increases the Bax/Bcl-Xu ratio at the mitochondria. This increases the formation 

of Bax/Bax dimers and subsequently, the Bax homodimer is able to initiate its 

detrimental effects to the mitochondrial membrane, leading to cytochrome c leakage. 

This pathway is a combination of data from Hu et al. (2001a) and Hu et al. (2001b). 
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Figure 5.2: Proposed meciianism of protection by estradiol against VCD-induced 

follicle loss in primary follicles. Estradiol binds to a cytoplasmic form of ER(3, ERP2, 

in primary follicles and alters expression of bc!-2 family members to favor cell survival. 

This negates VCD-induced alterations in these genes, thereby reducing VCD-induced 

caspase-3 activity and protecting follicles from depletion. 
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The AhR may also be involved in VCD-induced acceleration of follicle loss. 

Treatment of rats with an AhR antagonist slowed down the normal rate of atresia as 

compared to control and additionally, prevented VCD-induced follicle loss, as evidenced 

by follicle counts and caspase-3 activity. VCD was also shown to upregulate expression 

of mRNA encoding the AhR. Althought there is no known endogenous ligand for the 

AhR to date, the AhR has been shown to modulate cellular functions without xenobiotic 

stimulation (Ma and Whitlock, 1996; Reiners and Clift, 1999). For example, the AhR has 

been reported to increase apoptosis in the absence of known exogenous AhR ligands. 

Therefore, the AhR is involved in the control of physiological cell death either in the 

presence of an endogenous ligand or without ligand activation (Reiners and Clifl, 1999). 

The cell death enhancer gene, box, has two AhR response element consensus sequences 

(XREs) in its promoter region (Matikainen et ai, 2001). Subsequently, the AhR, in part, 

could increase apoptosis due to increased expression of box. 

The regulation of atresia, which occurs via apoptosis, is not completely 

understood. Since AhR-deficient mice have altered atresia, the AhR and its role in 

apoptosis in the absence of an exogenous ligand could potentially be involved in the 

control of atresia. As AhR-deficient mice still undergo atresia, the AhR is only one part 

of the large and complex process of follicle regulation. VCD also modulates the rate of 

atresia. Thus, the AhR and VCD affect the same endpoint. It is unclear whether the AhR 

and VCD pathways that lead to atresia are directly interacting. VCD dosing induced 

follicle loss in mice lacking the AhR gene, even though VCD upregulates expression of 

AhR mRNA in rats. Dosing with VCD also increases expression of mRNA encoding box 
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in rats (Springer et al., 1996b). By increasing AhR expression, VCD could cause AhR-

driven box expression. This could lead to apoptosis in the absence of an exogenous AhR 

ligand (Figure 5.3). By this reasoning, activation of classical AhR genes would not 

necessarily be regulated by VCD treatment, since VCD would not be acting as an 

exogenous ligand. 

Finally, the nuclear receptor chaperone protein HSP90 may play a potential role 

in VCD-induced follicle loss. HSP90 is only co-localized with expression of ER (a or P) 

or AhR in the oocyte nucleus. Thus, potential interactions would likely occur at that site. 

VCD reduced HSP90 protein in the cytoplasm of oocytes in small primary follicles. 

Whether this reduction relates to an interaction between VCD, ER, and AhR was not 

demonstrated. Analogs of these receptors did not alter expression of HSP90. Taken 

together, these observations suggest that HSP90 is not involved with VCD toxicity in its 

role as a nuclear receptor chaperone. 

Since VCD dosing depletes expression of HSP90 in small primary follicles and 

since depletion of HSP90 is associated with an increase in apoptosis, HSP90 may play a 

role in VCD-induced apoptosis (Lee et al.^ 2001; Hostein et aU2001; Pandey et aL, 

2000). In the induction of apoptosis, cytochrome c release from the mitochondria causes 

the formation of an Apaf-l-caspase-9 apoptosome (Li etal., 1997). This subsequently 

activates procaspase-3 and protein degration (Li et al., 1997). HSP90 forms a cytosolic 

complex with Apaf-1 and thereby inhibits formation of the Apaf-l-caspase-9 apoptosome 

and prevents procaspase-3 activation (Pandey et al., 2000). Therefore, HSP90 plays a 

direct role in cytochrome c-mediated induction of apoptosis. Treatment with VCD is 
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known to cause cytochrome c release into the cytosol in small primary follicles and as 

well, activation of pro-caspase-3 in small pre-antral follicles (Hu et al., 200la,b). 

Therefore, one pathway potentially employed by VCD to target small primary follicles is 

a depletion of HSP90 (Figure 5.4). 

In summary, the ER plays a protective role in VCD-induced follicle loss, while 

HSP90 and AhR appear to be regulated by VCD, but may not be involved in the direct 

pathway by which VCD induces apoptosis. Future studies should help elucidate more 

specifically the specific mechanism(s) these proteins play in the modulation of apoptosis 

and atresia in small pre-antral follicles. 
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Figure 5.3: Proposed mechanism of AhR-driven apoptosis in small prc-antral 

follicles. The AhR is able to mediate apoptosis in the absence of an exogenous ligand. 

Dosing with VCD increases expression of AhR and bax mRNA and induces Caspase-3 

activity. Increased expression of the AhR could be the mechanism of increased bax 

expression since the bax promoter contains two XREs. In the hypothesis of Bax-

mediated Cytochrome C release, increased bax expression will eventually lead to 

activation of the caspases and apoptosis. 
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Figure 5.4: Proposed mechanism of VCD-induced follicle loss involving depletion of 

HSP90. Repeated treatment with VCD decreases HSP90 protein in small primary 

follicle oocytes. A depletion of HSP90 prevents it from chaperoning Apaf-1 and allows 

Apaf-1 to form a complex with caspase-9 in the presence of cytochrome c. Dosing with 

VCD regulates members of the bcl-2 family in order to favor increased cell death 

(increased Bax/Bcl-XL ratio). Bax is then able to cause cytochrome c leakage from the 

mitochondria and activation of caspase-9/Apaf-1 complex. Active caspase-9 

subsequently activates procaspase-3, a point of no return in the apoptosis cascade. 
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APPENDIX A.1 
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Figure A.l: Effect of dosing with VCD and an AhR antagonist, alpha-

naphtlioflavone (ANF), on rat large pre-antral ovarian follicle numbers and 

caspase-3-like activity. F344 rats (d28) were dosed daily for 15 days with either vehicle 

control (sesame oil), VCD (80 mg/kg, i.p.), ANF (80 mg/kg, i.p.) or VCD and ANF. 

Secondary follicles were counted in every 40"* section of ovaries as described in materials 

and methods. Caspase-3-like activity was measured in isolated fraction 2 follicles (100-

250 (im) as described in the methods. Open bars; mean follicles counted in each ovary ± 

standard error (N=7-9 rats per treatment). Shaded bars; mean fluorescence as a measure 

of caspase-3-like activity ± standard error (N=3); means with common superscripts are 

statistically the same (p>0.05). 
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APPENDIX A.1 
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Figure A.2: Effect of VCD on body weights of AhRKO, heterozygous, and wild-type 

mice. Female mice were treated daily for 15 days with either vehicle control (sesame oil, 

i.p.) or VCD (80 mg/kg, i.p.). Animals were weighed on the final day. Values are mean 

body weights for each treatment ± standard error; means with common superscripts are 

statistically similar (p>0.05). N = 3-5 mice per treatment. 
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Figure A.3: EfTect of VCD on ovarian weight in AhR heterozygous and wild-type 

mice. Female mice were treated daily for 15 days with either vehicle control (sesame oil. 

t.p.)orVCD(80mg/kg, i.p.). Animals were weighed on the final day. Ovaries were 

collected and weighed. Values are mean ovarian weight as a percent of body weight for 

each treatment ± standard error. Means with similar superscripts are statistically the 

same (p>0.05). N = 4-10 mice per treatment. 
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Figure A.4: Primary follicle number dose response for estradiol. F344 rats (d28) 

were dosed daily for 15 days with one or more of the following treatments: vehicle 

control (sesame oil), VCD (80 mg/kg, i.p.). Hi E2 (0.1 mg/kg, s.c.). Mid E2 (0.01 mg/kg, 

S.C.), or Lo El (0.001 mg/kg, s.c.). Primary follicles were counted in every 40"* section as 

described in Methods. Values are mean total follicles counted in each ovary ± standard 

error, means with similar superscripts are statistically the same (p>0.05). N > 4 rats per 

treatment. 
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APPENDIX A.2 
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Figure A.S: Efliect of dosing with VCD, 17P-estradiol (Ej), and an ER agonist, 

genistein (Gen), on rat primordial follicles. F344 rats (d28) were dosed daily for 15 

days with one or more of the following treatments: vehicle control (sesame oil), VCD (80 

mg/kg, i.p.), E2 (0.1 mg/kg, s.c.), or genistein (0.1 mg/kg, i.p.). Primordial follicles were 

coimted in every 40"* section as described in Methods. Values are mean total follicles 

counted in each ovary ± standard error; means with the same superscript are statistically 

similar (p>0.05). N > 4 rats per treatment. 
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Figure A.6: Effect of dosing with VCD, 17P-estradioi (Ej), and an ER antagonist, 4-

hydroxytamoxifen (Tarn), on rat primordial follicles. F344 rats (d28) were dosed 

daily for 15 days with vehicle control (sesame oil), VCD (80 mg/kg, i.p.) ± E2 (0.1 

mg/kg, S.C.), or 4-hydroxytamoxifen (Tarn, 2 mg/kg, i.p.), VCD, and Ei. Primordial 

follicles were counted in every 40"* section as described in Methods. Values are mean 

total follicles counted in each ovary as a percent of control ± standard error; means with 

common superscripts are statistically the same (p>0.05). N > 4 rats per treatment. 
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Figure A.7: Effect of VCD and estradiol on mature rat follicles. F344 rats (d60) 

were dosed daily for 15 days with either vehicle control (sesame oil), VCD (80 mg/kg, 

i.p.), E: (0.1 mg/kg, s.c.), or VCD and E?. Primordial, primary, and secondary follicles 

were counted in every 40"* section after histological staining. Values are mean total 

follicles counted in each ovary ± standard error, significant was assigned at p<0.05. N = 

4 rats per treatment. 
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Figure A.8: Caspase-3 activity linearization curve in liver and fraction 3 follicles. 

Liver or fraction 3 (> 250 |am) follicle cellular homogenate was incubated with a caspase-

3 substrate. Production of the cleaved, fluorescent product was made using a 

fluorescence spectrophotometer. 30 ug protein was selected for future caspase-3 activity 

experiments as this amount was in the linear range of the assay. 
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Figure A.9: Effect of dosing with VCD and an ER agonist, genistein (Gen), on rat 

large pre-antral ovarian follicle numbers and caspase-3-like activity. F344 rats 

(d28) were dosed daily for 15 days with either vehicle control (sesame oil), VCD (80 

mg/kg, i.p.), genistein (0.1 mg/kg, i.p.) or VCD and genistein. Secondary follicles were 

counted in every 40"* section of ovaries as described in materials and methods. Caspase-

3-like activity was measured in isolated fraction 2 follicles (100-250 |im) as described in 

the methods. Open bars; mean follicles counted in each ovary ± standard error (N > 4 

rats per treatment). Shaded bars; mean fluorescence as a measure of caspase-3-like 

activity ± standard error (N=3); means with similar superscripts are statistically the same 

(p>0.05). 
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Figure A.10: EHect of VCD on uterine weight of immature rats. F344 rats (d21, 

N=5-6 rats per treatment) were dosed daily for 3 days with one or more of the following 

treatments: vehicle control (sesame oil), VCD (80 mg/kg, i.p.), E2 (0.05 mg/kg, s.c.), or 

VCD & El. Four hours after the final dose, the uterus was removed, trimmed of fat, and 

weighed. Uterine weight comparisons were made using ANCOVA using body weight as 

a covariant. Error bars represent standard error and significance was assigned at p<0.05. 
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Figure A.l 1: Staining intensity of Heat Shock Protein 90 (HSP90) in secondary 

follicles following repeated dosing with VCD in rat ovary. F344 (<128) were treated 

daily with either vehicle control (sesame oil) or VCD (80 mg/kg, i.p.) for 15 days. Rat 

ovaries were prepared, stained with a HSP90 antibody, and analyzed with confocal 

microscopy. Densitometric analysis using Scion Image (NIH) was completed to 

calculate mean staining in the cytoplasm and nucleus of each follicle in arbitrary units 

(AU). Bars represent the mean staining for each follicle type ± SE. Means with common 

superscripts are statistically similar (p>0.05). 
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Figure A. 12: Effect of geldanamycin on rat secondary follicle numbers. F344 rats 

(d28) were dosed daily for 15 days with either vehicle control (DMSO, i.p.) or the HSP90 

function inhibitor, geldanamycin (Geld, 0.3-60 |ig/kg, i.p.). Secondary follicles were 

counted in every 40"' section as described in Methods. Values are mean total follicles 

counted in each ovary as a percent of control ± standard error; means with common 

superscripts are statistically the same (p>0.05). N > 4 rats per treatment. 
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Figure A.13: Effect of VCD and geidanamycin on rat secondary follicle numbers. 

F344 rats (d28) were dosed daily for 15 days with either vehicle control (DMSO, i.p.), 

VCD (80 mg/kg, i.p.), or VCD and the HSP90 function inhibitor, geidanamycin (Geld, 6 

or 60 |ig/kg, i.p.). Secondary follicles were counted in every 40"* section as described in 

Methods. Vahies are mean total follicles counted in each ovary as a percent of control ± 

standard error; means with common superscripts are statistically the same (p>0.05). N > 

4 rats per treatment. 
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Figure A.14: Effect of dosing witii VCD on Sprague-Dawley rats. 28 day old rats 

were dosed daily for fifteen days with either vehicle control (sesame oil, i.p.) or VCD (80 

mg/kg>. Four hours after the final dose, ovaries were collected and follicles were counted 

and classified in every 40"* section after histological staining. Values are mean total 

follicles counted in each ovary ± standard error; means with similar superscripts are 

statistically the same (p>0.05). N = 4-5 rats per treatment. 
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APPENDIX B 

METHODS 

REAGENTS 

Medium 199 (M199), Trizol, and (|)X 174 RP DNA/HAE III fragments were 

purchased from Gibco Inc. (Grand Island, NY). VCD (purity > 99%), collagenase 

(Clostridium histolytium type I), DNase (type I from bovine pancreas), bovine serum 

albumin, transfer ribonucleic acid (tRNA, type X-SA from Bakers Yeast), estradiol, 

genistein, 4-hydroxytamoxifen, geldanamycin, alpha-naphthoflavone, sesame oil, and 

other non-specified reagents were purchased from Sigma (St. Louis, MO). AMV-reverse 

transcriptase and buffer were purchased from Promega (Madison, WI). Ampli Taq Gold 

polymerase, PCR buffer, MgCb, and nucleotides were purchased from Perkin-Elmer 

(Norwalk, CT). The caspase-3 substrate Ac-DEVD-AMC and the caspase-3 inhibitor 

(aldehyde) were purchased from Alexis Co. (San Diego, CA). Radiolabeled [a-^^P] 

dCTP (3000 ci/mmol) was purchased from Amersham (Arlington Heights, IL) and [y-^'P] 

ATP was purchased from Dupont (New England Nuclear). 

ANIMALS 

Immature female Fischer 344 rats (21 days) were obtained from Harlan 

Laboratories (Indianapolis, IN) and C57BL/6 mice (21 days) were obtained from Charles 
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River Laboratories (Wilmington, MA). AhR-deficient mice (AhRKO) mice were 

originally generated by Schmidt et al. (1996). A colony of these mice was established at 

the University of Maryland School of Medicine Animal Facility and then AhR-deficient 

(-/-) and heterozygous (+/-) mice were provided as a generous gift from Dr. Jodi A. 

Flaws. Mice were bred, screened, and genotyped at the University of Maryland as has 

been previously described (Benedict et al., 2000). Animals were housed in plastic cages, 

and maintained on 12-h light-dark cycles at a controlled temperature of 22 ± 2°C. 

Animals were allowed to acclimate to the animal facilities for 1 week prior to initiation of 

treatment. Rodents were provided food and water ad libitum. All experiments were 

approved by the University of Arizona and University of Maryland Institutional Animal 

Care and Use Committee and conformed to the Guide for the Care and Use of 

Experimental .A,nimals. 

ANIMAL DOSING 

Immature F344 rats or AhR +/-, and +/••- mice (d28) were weighed and dosed 

daily for 15 days with one or more treatments (Table C.l). The dose of VCD used has 

previously been determined to destroy 50% of small preantral follicles (Borman et al., 

1999; Springer et al., 1996c). The dose of Ei used was determined by a dose response 

study examining follicle counts (Appendix A.2, Figure A.4). The dose of genistein was 

chosen to be the same as the E2 dose because genistein has been found to bind ERP as 

well as stimulate ER (a & P)-mediated transcription at similar levels as the endogenous 
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ligand Ei (Kuiper et al., 1998). The dose of the ER antagonist was selected because 4-

hydroxytamoxifen has been shown to inhibit estradiol-induced uterine weight increases at 

2.02 mg/kg (Fanidi et al., 1989). The high dose of ANF used was based on a study by 

Mattison and Thorgeirsson (1979) in which ANF blocked follicle destruction caused by 

PAHs. Geldanamycin is primarily used in vitro to inhibit the activity of HSP90. 

However, some studies have used this chemical in vivo to inhibit protein kinase function 

and as well as an immunosuppresive agent (Dunlap et al., 1999; Sugita et al., 1999). 

Subsequently, the initial doses were chosen based on these papers and then a dose 

response study was completed to examine potential effects in the ovary (Figure 4.4). 

Four hours after the final dose, animals were euthanized by CO2 inhalation and ovaries, 

uterus, liver, and trunk blood were collected. 

Table B.l: Details of individual in vivo dosing treatments. 

Treatment Abbreviation Vehicle Dose Route 
4-Vinylcyclohexene 
Diepoxide 

VCD Sesame oil or 
DMSO 

80 mg/kg i.p. 

Estradiol E2 Sesame oil 0.1 mg/kg s.c. 
Genistein Gen Sesame oil 0.1 mg/kg i.p. 
4-Hydroxytamoxi fen Tam Sesame oil 2 mg/kg i.p. 

a-Naphthoflavone ANF Sesame oil 20 mg/kg - low 
80 mg/kg - high 

i.p. 

Geldanamycin Geld DMSO 0.3-60 |ig/kg i.p. 
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RADIOIMMUNOASSAY 

Serum 17P-estradiol was measured by radioimmunoassay. Briefly, duplicate 

serum samples (250 fil) were extracted twice with diethyl ether. Samples were incubated 

with an Ei antibody (Sigma; cross reactivity with 17a-estradiol 5%, with estrone 4.8%, 

with estrone 1.3%, with testosterone and progesterone <0.01%) and ^H-labeled Ei (NEN; 

9 pg/tube) in assay buffer (0.05 M Tris-HCl, pH 8.0,0.1 M NaCl, 0.1% gelatin, 0.1% 

sodium azide) overnight at 4°C. Samples were then incubated with 200 (il of charcoal 

solution (0.5% activated charcoal, 0.05% dextran T-70; in assay buffer) for 15 minutes 

and centrifuged at 6,900 x g for 10 minutes at 4°C. Supernatant was poured into 

scintillation vials and cpm determined in a scintillation counter (5801 Beckman, 

Fullerton, CA). The mean sensitivity of the assays was 8.5 pg/tube. The coefficient of 

variation within the assay was 4.8% and between the assays was 5.8%. 

HISTOLOGY AND FOLLICLE COUNTING 

Ovaries were trimmed of fat, fixed in Bouin's fixative, embedded, sectioned (5 

l^m), mounted, and stained with hematoxylin and eosin. In every 40"' section (rat) or 

every 20"* section (mouse), pre-antral follicles (containing an oocyte nucleus) were 

classified as primordial, primary, or secondary and counted as previously described 

(Pedersen and Peters, 1968; Smith era/., 1990b). For descriptive purposes, primordial 
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and primary follicles are collectively referred to as small pre-antral follicles. On average, 

10.4±0.3 (rat) and 12.8±0.5 (mouse) sections per ovary were evaluated. 

FOLLICLE ISOLATION 

Ovaries were trimmed of fat, cut into small pieces, and dissociated with BSA, 

DNase, and collagenase as previously described (Flaws et ai, 1994b). Ovarian digests 

were filtered through a 250 jam screen to exclude large antral follicles (fraction 3, >250 

(im). Pre-antral follicles were then hand sorted by size into fraction 1 (25-100 ^m, small 

pre-antral follicles containing primordial, primary and some small secondary follicles) 

and fraction 2 (100-250 |im, large pre-antral follicles consisting of larger secondary 

follicles), snap frozen, and stored at -70°C. For each treatment, 12 ovaries from 6 rats 

were pooled and used as a single observation (N). Each experiment used at least 3 

separate groups of animals for each treatment. 

RNA PREPARATION 

Total RNA was extracted from fraction I and 2 follicles by the one-step Trizol 

method (Chomczynski and Sacchi, 1987). RNA was resuspended in DEPC-treated water 

and quantified using a spectrophotometer at 260 and 280 nm (DU-64 Beckman, 

Fullerton, CA). 



146 

REVERSE TRANSCRIPTASE-POLYMERASE CHAIN REACTION 

0.75 |ig RNA was reverse transcribed with AMV-RT as previously described 

(Borman et al., 1999). 5% of an RT reaction was amplified in the presence of ^"P labeled 

dCTP with primers specific for either rat ERa, ERp, AhR, GST Yal, GST Ya2, or 18S 

(Table C.2; Telleria et al., 1998; Lindros er al., 1998). Conditions of amplification were 

optimized to be in the linear range of the curve for the AhR, GST Yal, and GST Ya2. 

PGR products were separated by 6% PAGE and compared to (t)X 174 RF DNA/Hae HI 

DNA fragments radio-endlabeled with [y-^^P]ATP. Products were verified by 

oligonucleotide sequencing. The densitometric values obtained for individual PCR 

signals were normalized to 18S in each sample as described by Camp et a/. (1991) and 

Springer et al. (1996b). As a control for genomic DNA contamination, reaction tubes 

were run as described above except no cDNA was added. 
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Table B.2: Polymerase chain reaction conditions for individual genes. 

Gene Forward Primer 
(5'-3') 

Reverse Primer 
(5'-3') 

Size 
(Base-
pairs) 

Conditions 
("C, 

seconds) 

Number 
of 

Cycles 

ERa AATTCTGACAA 
TCGACGCCAG 

GTGCTTCAACAT 
TCTCCCTCCTC 

344 95°, 60s; 
65°, 60s; 
72°, 60s 

30 

ERP AAAGCCAAGAG 
AAACGGTGGGC 
AT 

GCCAATCATGT 
GCACCAGTTCCT 

204 95°, 60s; 
65°, 60s; 
72°, 60s 

30 

AhR CAGGAGTTTCC 
CTACAAGTCAG 
AGG 

TGTGAGTTTATC 
CCGTGTCTTTGG 

217 95°, 60s; 
55°, 60s; 
72°, 60s 

30 

GST Yal ATGAGAAGTTT 
ATACAAAGTCC 

GATCTAAAATG 
CCTTCGGTG 

213 95°, 30s; 
55°, 60s; 
72°, 60s 

30 

GST Ya2 GATTGACATGT 
ATTCAGAGGGT 

TTTGCATCCATG 
GCTGGCTT 

360 95°, 30s; 
57°, 60s; 
72°, 60s 

35 

18S AACAGCAGCCG 
CGGTAATTC 

TCCCAAGATCC 
AACTACGAG 

80 

IMMUNOFLUORESCENCE AND CONFOCAL MICROSCOPY 

Ovaries were fixed in 4% buffered formalin, paraffin embedded, sectioned (5 

fim), and deparaffinized. Microwave antigen retrieval in citrate buffer was completed 

and tissue sections were blocked with 5% BSA/PBS for 5 min. Anti-ERa, anti-ERp, 

anti-AhR, or anti-HSP90 (Table C.3) was applied for 1 hr followed by a biotinylated 

secondary antibody (Vector) at 1:100 dilution (1 hr). Cy5-streptavidin (Jackson Immuno 

Research Labs) was applied for I hr at a 1:50 dilution. Sections were treated with 

Ribonuclease A (100 |ig/ml, Sigma) for 1 hr followed by YOYO-1 (Molecular Probes) 

staining (5 nM) for 10 min. Slides were repeatedly washed with PBS, cover-slipped with 
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aqueous mounting medium and stored in the dark at 4°C until viewed on a Leica confocal 

microscope at 488 and 647 nm with a xenon light source. All incubations were 

completed at room temperature. Each antibody was verified for specificity and size 

recognition by western blotting. In each experiment, an immunonegative section was 

performed for each ovary stained. 

Table B.3: Individual antibody conditions for confocal microscopy. 

Primary 
Antibody 

Type Company Dilution -
Primary 

Secondary 
Antibody 

Dilution -
Secondary 

ERa Rabbit 
polyclonal 

Santa Cruz 1:10 Goat anti-
rabbit IgG 

1:100 

ERP Rabbit 
polyclonal 

Upstate 
Biotechnology 

1:20 Goat anti-
rabbit IgG 

1:100 

AhR Goat 
polyclonal 

Santa Cruz 1:25 Rabbit anti-
goat IgG 

1:100 

HSP90 Goat 
polyclonal 

Santa Cruz 1:25 Rabbit anti-
goat IgG 

1:100 

CONFOCAL MICROSCOPY IMAGE ANALYSIS 

Using Scion Image (NIH) software, densitometric analysis of each follicle was 

assessed by taking several estimates (at least 3) of staining in the cytoplasm and nucleus 

of each follicle oocyte. For each follicle, all of the measurements were background 

corrected, averaged, and then added to create an estimate of the total Hsp90 protein in the 

oocyte. For each follicle type, mean cytoplasmic, nuclear, and total Hsp90 was 

calculated. 
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ESTROGEN RECEPTOR ASSAY 

Rats (N=6) were dosed daily (i.p.) for 15 days with either vehicle control (sesame 

oil, i.p.) or VCD (80 mg/kg). For each observation, both ovaries from one animal were 

homogenized in buffer (0.01 M NaP04, 0.25 M sucrose, 0.2% sodium azide) 

supplemented with 0.1 M MgCli and 0.1 M P-mercaptoethanol. Homogenates were 

centrifuged at I00,000g for 1 hr at 4°C and the supernatant was saved as the cytosolic 

fraction. 60 )al of the cytosolic fraction was assayed for ER number as previously 

described (Greenstein et al., 1993). Scatchard analysis was used to determine K<) and 

estrogen receptor number. 

ERp COMPETITOR ASSAY 

The ability of VCD to displace an estrogen analog from ERp was measured as 

previously described (Bolger et al., 1998) using the Pan Vera Protocol. Briefly, a 

fluorescent estrogen (Fluormone™ ES2) was bound to ERp, various concentrations of 

VCD were added, and the shift in polarization as the fluorescent estrogen was displaced 

from the receptor was measured with the Beacon 2000 Fluorescence Polarization 

Instrument (PanVera Corporation, Madison, WI). 
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CELLULAR FRACTION ISOLATION 

Cytosolic homogenates were isolated from fraction I follicles by homogenization 

in ice-cold lysis buffer (I % Triton X 100, 50 mM HEPES, pH 7.5, 150 mM NaCl, 10% 

glycerol, 0.1 % SDS, 2 mM EDTA, 50 mM NaF supplemented with the protease 

inhibitors PMSF, aprotinin, and leupeptin). Homogenized samples were incubated 30-40 

minutes on ice, and centrifuged at 14,000 rpm for 10 minutes. Supernatant was collected 

and stored at -20°C. Samples of cytosolic fractions were used for protein concentration 

determination using the enhanced protocol of the BCA Protein assay kit (Pierce, 

Rockford, IL). Values were measured at 562 nm absorbance with a microplate reader 

using SOFTmax computer software (Molecular Devices, Sunnyvale, CA). 

WESTERN BLOTTING 

Fraction 1,2, or 3 follicle or liver cellular homogenate from d42 control or treated 

rats was separated by SDS-PAGE and transferred to nitrocellulose. Blots were verified 

for equal loading of protein across lanes by staining with Ponceau S (0.5%; Sigma). 

Blots were blocked for 1 hour in 5% dry milk in TTBS (0.5 M NaCl, 20 mM Tris, 0.15% 

tween-20) and then incubated in primary antibody in 3% dry milk in TTBS for I hour at 

25°C (Table C.4). Blots were washed three times for 10 minutes each in TTBS and then 

HRP-conjugated secondary antibody (Santa Cruz, CA) was added for 1 hour at 25°C. 
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Blots were washed extensively in TBS and then detected with western blotting luminol 

reagent (Santa Cruz), and exposed to X-ray film. 

Table B.4: Conditions for individual antibodies used in western blotting. 

Antibody Type Company 
Protein 

Quantity 
(ng) 

Dilution -
Primary 

Secondary 
Dilution -

Secondary 

ERa Rabbit 
polyclonal 

Santa Cruz 50 1:200 Goat anti-
rabbit IgG 

1:1000 

ERp Rabbit 
polyclonal 

Upstate 
Biotechnology 

50 1:200 Goat anti-
rabbit IgG 

1:1000 

Cyp lAl Goat 
polyclonal 

Gentest 20-
(follicles) 
10 (liver) 

1:500 Donkey 
anti-goat 

IgG 

1:2000 

HSP90 Goat 
polyclonal 

Santa Cruz 50 1:200 Donkey 
anti-goat 

IgG 

1:1000 

WESTERN BLOTTING ANALYSIS 

Autoradiographs of western blots were evaluated with densitometric analysis. 

Using an Eagle Eye If system with Eaglesight software version 3.2 (Stratagene, La Jolla, 

CA), arbitrary densitometric units were assigned to each defined band. An estimate of 

background was taken from each autoradiograph and subtracted from every individual 

measurement. Treatment to control ratios were made for each tissue type and compared. 
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CASPASE-3-L1KE ACTIVITY ASSAY 

The cleavage activity of caspase-3 protease was measured as previously described 

with slight modifications (Hu et al., 2001b). 30 jag of protein was incubated at 37°C for 1 

hour in assay buffer (20 mM PIPES, 100 mM NaCl, 10 mM DTT, 1 mM EDTA, 0.1% 

(w/v) CHAPS, 10% sucrose, pH 7.2) supplemented with 50 M of the caspase-3 substrate 

Ac-DEVD-AMC. Substrate cleavage was detected by measurement of the fluorescence 

of free 7-amino-4-methylcoumarin (AMC) with a F-2000 fluorescence spectrophotometer 

(Hitachi, Ltd, Tokyo, Japan) using excitation at 380 nm and detection emission at 460 

nm. This assay was verified by use of a caspase-3 inhibitor (aldehyde). 

STATISICAL ANALYSIS 

For each experiment, the data (N>3) were averaged for each treatment. For the 

caspase-3-like activity, RT-PCR, and ER antagonist studies, treatment/control ratios were 

calculated and analyzed. Data are presented as means (or mean ratios) ± SE. 

Comparisons between all groups were made using one-way ANOVA and Fisher's PLSD 

(Protected Least Significant Difference) analysis. Data were checked for normal 

distribution with the Shapiro-Wilk W Test and verified for heterogeneity of variance with 

the Fmax Test. Significance was assigned at p<0.05. Means that share common 

superscripts are statistically similar (p>0.05). 
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