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ABSTRACT 

Polycyclic aromatic hydrocarbons (PAHs) are environmental ovotoxicants 

commonly released in cigarette smoke and vehicle exhaust. P AHs have been shown to target 

small ovarian follicles (25-1 00 J.lltl) after a single high dose. Once irreplaceable primordial 

follicles are depleted in the ovary, ovarian failure results. The occupational chemical, 4-

vinylcyclohexene diepoxide (VCD), induces pre-mature ovarian failure in mice and rats. A 

direct comparison between the ovotoxicity caused by VCD and that of P AHs was made by 

calculating an initial ovotoxic index (01 = ED 50 x 15d) in ovarian follicles of mice and rats. 

There are two hypotheses to be tested, first is that oocyte destruction can be prevented with 

a single dose of VCD. Second, three constituents of cigarette smoke, PAHs: 3-

methylchloranthrene (3-MC), 9,10-dimethylbenzanthracene (DMBA) and benzo[a]pyrene 

(BaP) after repeated low-dose exposure results in apoptosis similar to VCD. VCD is 

protective against the normal rate of atresia in primary ovarian follicles following exposure 

to a single dose ofVCD. and the m.RNA expression of the cell death gene bax paralleled the 

changes in atresia. Using the initial 01, repeated low dose exposures were shown to be more 

toxic (lower 01) in the ovary than that previously reported from a single high dose. 

Furthermore. the calculation of the initial 01 demonstrated DMBA to be the most potent 

chemical tested by destroying primordial follicles at the lowest dose. P AHs were also found 

to target secondary follicles. In the present study, the PAHs were also found to be associated 

with apoptosis (increased bax mRNA - DMBA and 3-MC; decreased bcl-x1_ mRNA -
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DMBA), in mice ovarian follicles. Confocal microscopy was used to visualize proteins of 

gene products from the bcl-2 family Bax (cell death) and Bcl-xL (cell survival) in mice. 

Large primary follicles illustrated consistently increased ratios of Bax!Bcl-xL for the three 

chemicals tested. These results suggest that repeated low dose exposure make ovarian 

follicles more susceptible to PAHs-induced cellular changes. Taken together with the 

confocal data. DMBA may be working through a different pathway than VCD and 3-MC, 

or the ovotoxic effects of DMBA are so potent that the effects due to 3-MC and VCD appear 

lower, and that large primary follicles may be the critical follicle stage determining the cells 

fate. The results obtained in these experiments can predict the potential reproductive effects 

initi:!ted by VCD and P AHs. 



CHAPTER 1 

INTRODUCTION 

15 

The general aim of this research is to develop an understanding of the ovarian 

mechanisms that underlie the decline of primordial and primary follicles associated with 

cigarette smoking which can lead to problems with fertility and pre-mature ovarian failure 

or early menopause. Approximately 30% of women and 36 % of men of reproductive age 

in the United States smoke cigarettes, as do an increasing number of teenage girls (U.S. 

Dept. of Health and Human Services, 1984; Heins, 1998). In addition to the people who 

choose to smoke, nonsmokers around them are also at risk by inhaling second hand smoke 

from burning cigarettes and exhaled smoke from others. In addition to many serious health 

problems, cigarette smoking also causes reproductive problems. Interestingly women who 

smoke suffer fertility problems and enter menopause 1-4 years earlier than non-smokers (Jick 

et al., 1977; Severson et al., 1986; Reviewed by Mattison et al., 1989). Early menopause not 

only decreases a woman's total reproductive life span, but also is associated with a variety 

of health problems. These include increased rates of osteoporosis, cardiovascular disease, 

arthritis, urinary tract infections and depression (Reviewed by Sowers and LaPietra, 1995). 

The mechanism by which chronic smokers enter menopause early remains unknown: 

however it could result directly from oocyte destruction or indirectly from alterations in 

regulatory mechanisms along the hyoothalamic pituitary axis. 
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Cigarette smoke is a complex mixture of chemicals. One particular class of 

compounds found in cigarette smoke, polycyclic aromatic hydrocarbons (P AHs ), are known 

to be ovotoxic and destroy ovarian follicles in laboratory animals. The exact mechanism of 

how P AHs destroy ovarian follicles and which follicles are targeted remains unknown. One 

hypothesis to be tested is that oocyte destruction due to the repeated low dose esposure 

to certain constituents of cigarette smoke, PAHs: 9,10-dimethylbenzanthracene 

(DMBA), 3-metbyl-cholanthrene (3MC) and benzo[a)pyrene (BaP) is via apoptosis, 

which includes changes in the espression of cell death regulatory genes biiX, bel-xu and 

p53. 

A review of ovarian follicular development is required before a discussion of 

methods to investigate this hypothesis. 

OVARIAN FOLLICULAR DEVELOPMENT 

In females, successful reproduction is dependent on the normal function and 

interaction of the hypothalamus, pituitary gland, ovaries, oviducts, uterus and cervix. The 

ovary has an important dual role in this process. First, it is responsible for development of 

the female gametes (oocytes) within discrete functional units of the ovary called follicles 

(Hisaw, 1947; Erickson, 1978; Hirshfield, 1991 ). Second, the ovary synthesizes and secretes 

steroids (i.e. estrogens, progestins, and androgens) and other hormones, which are necessary 
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for the maintenance and regulation of ovarian cyclicity and the female reproductive system 

(Ryan et al, 1968; Makris and Ryan, 1975; Fortune and Armstrong, 1977). 

Females are born with a finite number of immature ovarian follicles called primordial 

follicles (Hirshfield, 1991 ). Throughout the life of a female, preceding each menstrual or 

estrous cycle, some primordial follicles are selected to develop into mature pre-ovulatory 

follicles capable of ovulating an ovum for fertilization. Primordial follicles go through 

several pre-antral stages before becoming antral, pre-ovulatory follicles, including the 

development of primordial follicles to primary follicles, primary follicles to secondary 

follicles and finally secondary follicles to mature pre-ovulatory follicles. 

Formation of Primordial Follicles basement membrane .--------
nucle . .:::US::...--~ squamous granulosa cells 

~ctyate oocyte 

Primordial Follicle, 25J.1m 

Primordial follicle formation begins early in embryonic development as primordial 

germ cells develop into oogonia, surrounded by somatic cells. A specific population of cells 

on the urogenital ridge invades the indifferent gonad and undergoes rapid hyperplasia 

becoming primordial germ cells (Byskov, 1986; Hirshfield, 1991; Anderson and Hirshfield, 
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1992). By one month of embryonic age, the primordial germ cells have settled in the genital 

ridge; mitosis then begins, and the germ cells become known as oogonia(Hirshfield, 1991). 

Female germ cells, unlike the males, will only go through mitosis in embryonic 

development, therefore women are born with a fmite number of primordial follicles for 

recruitment into the maturation stages. During the period of mitotic proliferation, somatic 

cells (granulosa, theca, endothelial cells, and supporting connective tissue) develop and 

gradually intermingle among the oogonia (Bachvarova, 1985; Hirshfield, 1991 ). 

Stem cell factor (SCF- steel factor) is a gene expressed in primordial granulosa cells 

that is believed to be important for the migration of primordial germ cells to the indifferent 

gonad (Richards, 1 ~94; Clarke! al, 1996). Stem cell factor protein functions as a ligand for 

the c-kit receptor present on the oocytes (Pesce et al., 1993; Richards, 1994). The tyrosine 

kinase receptor, c-kit, is in the platelet derived growth factor family and, once bound to the 

kit ligand, SCF stimulates oocyte growth or proliferation (Richards, 1994). In SCF- c-kit 

deficient animals, there was a significant decrease in the number of germ cells and follicles, 

demonstrating SCF is important to follicular formation (De Franca et al., 1994; Kuroda et 

al., 1988). 

The signal for the oocyte to stop mitotic division and enter meiosis is not well 

understood. One theory is that the first meiotic division begins shortly after gonadal sex 
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differentiation (Byskov et al., 1982). Therefore, oogonia stop dividing and enter the first 

meiotic division, developing into oocytes only in synchronous waves. Another possibility 

is that somatic cells are the source of a substance that is responsible for directing the germ 

cells to enter meiosis (Hirshfield, 1991 ). Meiosis is a time of slow growth for the oocytes 

as they proceed through meiotic prophase (leptotene, zygotene, pachytene, and diplotene) 

as illustrated by the chromosomal arrangement in the nucleus (Bachvarova, 1985). While the 

oocyte is in meiotic arrest the chromosomes condense and the rates of glycolytic metabolism 

and protein synthesis decrease (Bakken and McClanahan, 1978). The somatic cells 

surrounding the ovary maintain meiotic arrest by secreting inhibitory substances. The 

follicular fluid may also be involved since the glycosaminoglycans in follicular fluid from 

granulosa cells help prevent spontaneous pseudocleavage (Hirshfield, 1991 ). 

During the fifth month of embryonic life, female primordial germ cells arrest in the 

dictyate stage of the first meiotic prophase and the total ovarian content of oocytes peaks (-

7 million; Bachvarova, 1985). The total number of oocytes drops to 2 million by birth, 

250,000 by puberty, to approximately zero after the onset of menopause (Mattison & 

Scht!lman, 1980; Hirshfield, 1991 ). Atresia, physiological cell death, occurs at every stage 

of the developmental pathway, and therefore, the number of follicles reaching maturity is 

substantially less than the number actually chosen to develop. During the lifetime of a 

woman, ovulation only accounts for 400-600 oocytes, while atresia accounts for the 
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remaining 99.9% (Pedersen, 1970; Erickson, 1978; Hage et al., 1978; Hirshfield and 

Schmidt, 1987; Hirshfield, 1991 ). No oogonia remain at the completion of oocyte formation; 

thus, no new oocytes can be formed after this point. Therefore, any influence or event that 

destroys a woman's oocytes after she is born will decrease her reproductive capacity and may 

lead to pre-mature ovarian failure, menopause (Mattison and Schulman, 1980). 

Primordial follicles form at about the time a female is born, when small individual 

oocytes become surrounded by a few .. pre-granulosa" cells which are squamous or flattened 

in shape and a basement membrane (Gondos, 1970; Hirshfield, 1991; Pederson and Peters, 

1968). These pre-granulosa cells are derived embryonically from the mesonephros, or 

primitive kidney, and the association of granulosa cells with an oocyte is critical for growth 

and development of the follicle (Erickson, 1978; Buccione et al, 1990). The basement 

membrane encloses the granulosa cells and oocyte to make the primordial follicle a discrete 

unit within the ovary, the basement membrane will also increase in size as the follicle 

proceeds through the various stages of follicular development (Gondos, 1970; Peters, 1979; 

Hirshfield and Schmidt, 1987). The cellular source of the basement membrane has not been 

determined. It could be synthesized by theca cells or epithelial cells (Hirshfield, 1991 ). 

Oocyte viability cannot be maintained if its surrounding layer of granulosa cells is damaged 

or destroyed (Buccione, 1990). Primordial follicles may also contain the necessary enzymes 
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for steroidogenesis, but they are not capable of producing significant mr.ounts of steroids 

(Byskov, 1986). 

As a female ages, the number of primordial follicles selected to develop decreases, 

suggesting that the control of primordial follicle growth is related to the age of the female 

and to the number of primordial follicles present within the ovary (Pederse~ 1969; Erickson, 

1978; Peters, 1979; Richards, 1980; Hirshfield, 1994 ). As a woman gets older, she generally 

will not miss ovulations, but fewer primordial follicles will begin development in each cycle 

since her follicular supply has decreased and the number of follicles that develop is 

proportional to the size of the pool. The oocytes that are ovulated later in life are less viable 

and less healthy than the ones that ovulated earlier in life (Hirshfield, 1992), which could 

lead to difficulties when women delay starting a family. This is important considering that 

numerous epidemiological studies have concluded that the incidence of chromosomal 

aberrations (trisomy 21) increases significantly with increased maternal age (Hirshfield, 

1992). Thus, older women who delay beginning a family will have poorer eggs and more 

time to be exposed to environmental chemicals, than younger women. 
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Some primordial follicles leave the quiescent state as soon as they are formed, and 

some are dormant for months or years (Anderson and Hirshfield, 1992). Follicles near the 

medulla of the ovary begin to grow first. Follicular development is based on the arrival time 

of germ cells in the gonad (Bachvarova, 1985). Proliferation of surrounding squamous 

(flattened) granulosa cells into cuboidal shaped granulosa cells is the first sign of oocyte 

growth (Erickson, 1978; Lintem-Moore and Moore, 1979; Bachvarova, 1985; Hirshfield, 

1991 ). Germinal vesicle breakdown also occurs at the time of ovulation (Buccione, 1990). 

Once the oocyte makes the transition from a primordial to a primary follicle several 

other structural and biochemical changes occur such as development of the zona pellucida, 

theca cell layers and FSH receptors. The zona pellucida is fonned by proteins and first 

appears shortly after the oocyte acquires a single layer of flattened and cuboidal granulosa 

cells. These proteins are secreted from oocytes within follicles that contain a single layer of 

squamous granulosa cells (Kang, 1974; Hirshfield, 1991; Richards, 1994). The zona 

pellucida is believed to be fonned by the oocyte itself and not from the surrounding 
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granulosa cells. Specifically, the golgi complex plays an imponant role, since the 

mucopolysaccharides found in the zona pellucida are the same as those found in the Golgi 

complex (Kang, 1994). Ectopic oocytes (oocytes that migrate to the adrenal gland instead 

of the gonad) acquire a zona pellucida in the absence of granulosa cells, supporting that the 

oocyte is responsible for zona pellucida formation (Kang, 197 4; Hirshfield, 1991 a; Richards, 

1994). The zona pellucida is composed of a glycoprotein matrix to provide protection for 

the oocyte as well as to provide attachments for the specialized inner layer of granulosa cells 

known as cumulus cells (Richards, 1994). 

At this stage of development another layer of specialized somatic cells begins to 

proliferate and fonn a shell outside the basement membrane enclosing the oocyte and 

granulosa cells. These theca interna cells appear as concentric rings surrounding the follicles 

(Hirshfield and Schmidt, 1987). Theca cells provide two irnponant functions for the follicle: 

I) attachment of arterioles for the development of a direct blood supply to the growing 

follicle and 2) secretion of progestins and androgens to regulate follicle development 

(Bassett, 1943; Hirshfield, 1991 ). Development of theca cells during follicular development 

is variable between species and can occur earlier, such as in the rat (small primary; 

Hirshfield, 1991) or later, such as in the mouse (small secondary; Peters 1969), hamster 

(large secondary; Roy and Greenwald, 1985) and human (secondary; Nicosia, I ~79). In 

addition to acquiring a zona pellucida and theca interna cells, granulosa cells in the 
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primordial follicle may start to express follicle stimulating honnone (FSH) receptors 

(Richards, 1994). 

During oocyte growth, the large spherical nucleus of the oocyte grows in proportion 

to the growth of the small primary follicle. The outer follicular cells will continue lo 

proliferate and surround the oocyte to fonn a second continuous layer (Bachvarova. 1985). 

RNA synthesis also increases in the developing oocyte along with an increase in 

cytoplasmic and nuclear volumes (Lintem-Moore and Moore, 1979). A possible early 

marker of the entry of the primordial follicle into the developmental pathway is expression 

of proliferating cell nuclear antigen (PCNA; Oktay et al., 1995). Follicle size is the greatest 

intrafollicular factor controlling follicle growth, as the follicle gets bigger, autocrine and 

paracrine signals are sent to further support follicle growth (Hirshfield, 1991). 
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As the primary follicle continues to enlarge and develop, many changes occur. First, 

the granulosa cells surrounding the oocyte increase rapidly and the oocyte reaches follicular 

diameters of 20 to 70 microns (Pedersen and Peters, 1968; Erickson, 1978; Hirshfield and 

Schmidt, 1987; Hirshfield, 1991 ). In the rat, capillaries become more dense and elaborate 

between the granulosa and theca cells to deliver nutrients and hormones to the avascular 

granulosa cells (Bassett, 1943). The follicular cells surrounding the oocyte continue to 

proliferate and form additional layers. At this point the follicle increases in size dramatically, 

while the oocyte grows more slowly (Bachvarova, 1985). The follicle also begins to develop 

the necessary pathways or gap junctions for the synthesis and secretion of estrogens, 

progestins, and androgens which will be important in the final development of the follicle 

(Richards, 1980; Richards, et al. , 1987; Richards, 1994 ). The gap junctions of the granulosa 

cumulus 
oophorous 
cells 
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cell layer are also important for the intercellular transport of nutrients and metabolites to the 

oocyte (Erickson, 1978; Buccione et al., 1990). Also important in the final development of 

the follicle is the expression ofLH receptors on theca cells (Richards, 1994). 

Growth differentiation factor 9 (GDF-9) is required for ovarian folliculogenesis for 

somatic cell function (Dong et al., 1996). GDF-9 mRNA is synthesized in the oocytes from 

primary follicles only. In animals GDF-9 deficient there is no follicular development beyond 

the primordial and primary follicle stages and there is no theca cell development (Dong et 

al., 1996; Hayashi et al., 1999). Therefore, GDF-9 is very important in early follicle growth 

and differentiation and theca cells may be the targets. 

The number of primordial follicles that are selected to grow and develop to pre-antral 

follicles is quite small compared to the total amount of ovarian follicles. In humans only one 

or two follicles per menstrual cycle will be chosen (every 28 days) as the dominant follicle 

and develop all the necessary machinery for successful ovulation (Erickson, 1978). This is 

in contrast to mice and rats, where every 4-5 days, 6-12 primordial follicles develop 

(Erickson, 1978; Richards et al, 1987). These primordial follicles, mostly located near the 

ovarian cortex, represent a pool of growth-arrested follicles from which a few will develop 

into pre-ovulatory follicles (Erickson, 1978). The fully developed oocyte has grown from 

a primordial diameter of 15-25 J.lm to 70-150 J.lm depending on the species, making the 
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oocyte at ovulation the largest cell in the body ( 12-16 mm; Pedersen, 1969; Bachvarova. 

1985). The exact mechanism for selection has not been established, but it is believed to be 

under control of the ovary itself (Erickson. 1978). Atresia is the continuous process of 

follicular atrophy that accounts for the loss of the remaining follicles and it occurs by a 

process known as apoptosis, occurring at any stage of follicular development (Hughes and 

Gorospe, 1991 ; Hsueh et al .• 1994 ). One reason for atresia may be that follicles are reaching 

their oxygen diffusion gradient limit and rapid granulosa cell proliferation reduces the 

nutrient supply reaching the innermost granulosa cell layers (Hirshfield, 1991 ). 

Granulosa cells can be stimulated for follicle ovulation by gonadotropins through 

a variety of gonadotropin receptors (Hirshfield, 1991 ). During the final period of 

development, an antral follicle becomes more sensitive to gonadotropins than the secondary 

follicles. even though the follicles are secreting progestins and estrogens. Theca cells 

surrounding the follicle contain LH receptors, whereas granulosa cells contain both FSH and 

LH receptors (Richards. 1980; Richards et al., 1987; Hirshfield, 1991; Richards, 1994 ). Prior 

to ovulation and after the LH surge, the oocyte is signaled to continue its meiotic progression 

through metaphase, anaphase, and telophase and again is arrested in metaphase of the second 

meiotic division until fertilization. However, even though receptors are present, the 

gonadotropins are not required for follicle growth, as evidenced by follicles that continue to 

grow in an animal that has been hypophysectomized with no hormone replacement 
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(Hirshfield, 1991 ). Follicular development will continue throughout the lifetime of a female, 

and exposure to environmental and occupational chemicals that disrupt this process may 

potentially cause several health-related problems (Mattison et aL~ 1983; Mattiso~ 1985; 

Reviewed by Hoyer and Sipes~ 1996). 

There are potentially three models by which the fate of an ovarian follicle is 

determined. First, a pre-determined or inherent deficiency in the genetic or cytoplasmic 

component of the oocyte, the somatic cells or follicular environment. Second, follicles 

undergo ovulation unless atresia is triggered, such as by androgens and/or GnRH like 

substances. And finally, all follicles are doomed to atresia unless protected at a critical stage 

by survival factors (Hsueh et al., 1994), for example as seen in the vertebrate nervous system 

where specific neurotropic survival factors are produced by target cells that neurons 

innervate and suppress intrinsic suicide mechanisms (Hseuh et al., 1994 ). Gonadotropins are 

likely the survival factors that prevent follicle apoptosis. Decreased gonadotropins change 

granulosa and theca cells leading to follicle degeneration. If FSH or LH is given, 

spontaneous apoptosis of cultured follicles can be prevented (Hseuh et al., 1994). It is 

important to note that even though these three theories are separate, they may or may not 

work together. 
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OVARIAN TOXICITY BY ENVIRONMENTAL CHEMICALS 

Consequencn of ovarian toxicity 

There is a recent increase in women pursuing a career and delaying starting a family. 

This trend has enhanced an awareness of environmental chemicals in the workplace and 

their impact on the reproductive life span of women in the United States. A better 

understanding of the effects of ovotoxic chemicals on ovarian function and type of follicle 

affected is important since the ovary is critical to normal reproduction. A universal outcome 

of primordial follicle destruction appears to be pre-mature ovarian failure and ultimately 

development of ovarian neoplasms (Hoyer and Sipes. 1996). Some examples of ovotoxic 

chemicals include chemotherapeutic agents. occupational epoxides and contaminants in 

cigarette smoke (polycyclic aromatic hydrocarbons. PAHs). 

Cancer patients are living longer and the toxic effects of chemotherapeutic drugs on 

reproductive health and quality of life are important considerations (Chapman. 1983) .. 

Cyclophosphamide (CPA). an alkylating agent used in chemotherapy. has previously been 

shown to cause pre-mature ovarian failure. destruction of primordial follicles and secondary 

tumors in women (Warne et al .• 1973; Koyama et al .• 1977; Anderson et al .• 1995). The 

rapidly dividing primordial germ cells and oogonia present during fetal development in all 

species appear to be highly sensitive to destruction (Mattison and Schulman. 1980; Dobson 
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and Felton, 1983 ). Ovaries in mice treated with low doses of CPA for one year had reduced 

numbers of oocytes (especially primordial) and corpora lutea with no effect on other tissues 

such as the kidney, spleen, thymus or lymph nodes (Miller and Cole, 1970). In addition, 

other animal studies have demonstrated the susceptibility to CPA is specific to primordial 

and primary follicle destruction in rats (Shiromizu and Mattison, 1984; Jarrell et al., 1987). 

Therefore, according to these studies women undergoing pre-mature menopause after CPA 

exposure is most likely due to the destruction of irreplaceable primordial follicles. 

There are many potential occupational epoxides that are ovarian toxicants and 

carcinogens, including 1,3-butadiene (BD). 1,3-Butadiene is released during the manufacture 

of synthetic rubber and thermoplastic resins. A study that compared the ovotoxicity of BD 

metabolites in mice dosed daily for 30 days demonstrated that only those compounds 

metabolized to a diepoxide were ovotoxic (Doerr et al., 1995). The ovotoxicity of these 

compounds correlated with their chemical reactivity. Therefore, it is the diepoxide form of 

BD that is more potent at inducing follicle loss. Chronic inhalation studies have also sho\\11 

that carcinogenesis for BD is higher in mice than rats (Thorton-Manning et al., 1995). 

Female mice exposed to BD by inhalation for up to two years exhibited ovarian atrophy, 

granulosa cell hyperplasia, benign and malignant granulosa cell tumors and lung neoplasms 

(Melnick et al., 1990). 
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Role of 4-Viny/cyc/oltexene Diepoxide in Ovarian Toxicity 

Another occupational epoxide that can damage primordial and primary follicles is 4-

vinylcyclohexene diepoxide (VCD). Members of the 4-vinylcyclohexene (VCH) family of 

compounds, like butadiene, are released into the environment as by-products at low 

concentrations during the manufacture of rubber tires, plasticizers and pesticides (Rappon 

and Fraser, 1977; IRAC, 1994). VCH is formed by the dimerization of BD. Occupational 

exposure to VCH is primarily by inhalation, while exposure to the toxic form of VCH, its 

diepoxide metabolite 4-vinylcyclohexene diepoxide (VCD), can either be by inhalation or 

dermal exposure (NTP, 1986; Maronpot. 1987; and NTP 1989). The effect ofVCH or VCD 

on humans is unknown. However, industrial workers exposed acutely to VCH complain of 

nasal irritation and headaches and those exposed to VCD complain of minor to moderate skin 

irritation (NTP, 1986; Chabra et al., 1990). Therefore, human exposure to VCH and its 

epoxide metabolites represents a potential health hazard. In animal studies, VCH has been 

shown to damage primordial and primary oocytes in mice but not in rats (Smith et al., 1990a; 

Smith et al., 1990b ). 

The distribution, clearance, variable effects and epoxide fonnation ofVCH have been 

examined in immature mice and rats to determine the species difference produced by this 

class of compounds. To determine the tissue distribution (excretion and formation of 
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vinylcyclohexene (VCH) -1,2-monoepoxide in vivo and in vitro), radio labeled VCH was 

given to immature mice and rats by gavage (Smith et al., 1990a). In mice, 24 hours after 

treatment. at least 90% of the administered dose was eliminated; 50-60% was eliminated in 

the urine and 33% by exhalation. VCH did not accumulate in the ovaries of either mice or 

rats. On the other hand, there was a significantly greater amount of 1 ,2 VCH monoepoxide 

metabolite formed in vivo and in vitro in hepatic microsomes of mice as compared with rats 

(Smith et al., 1990a). 

Metabolism and Bioactivation of VCH ~ VCD is required for follicle destruction 

VCH must be metabolized to its more reactive metabolite, VCD, to be ovotoxic in 

mice and rats. VCD and BD had a 3.5 to 10 fold higher chemical reactivity as compared to 

their parent compounds and structurally related monoepoxide precursors (Doerr et al., 1995). 

VCH is metabolized by cytochrome P450 - dependent monoxygenases to form the reactive 

epoxides which induce ovotoxicity (VCH 1,2 epoxide and VCH 7,8 epoxide; Smith et al., 

1990c ). The biochemical basis for the species difference in VCH epoxidation in mice and 

rats were the different types of cytochrome P450 enzymes (Smith et al., 1990c). Mice 

deficient in cytochrome P450IIB demonstrated a decrease in hepatic microsomal metabolism 

of VCH to VCH 1,2 epoxide. Hepatic metabolism was also reduced in mice when given 

antibodies to cytochrome P450IIA and P450118 (Smith et al., 1990c). Taken together, these 

results suggest cytochrome P450IIA and liB are primarily responsible for the initial steps in 
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VCH metabolism. Furthermore, cytochrome P450IIA and P450IIB enzymes were visualized 

by immunoblotting hepatic microsomes of mice, yet only low levels were seen in rats. 

However, an increase in VCH metabolism to VCH 1 ,2 epoxide is not solely responsible for 

the species difference as evidenced in a study where phenobarbital treatment (inducer of 

cytochrome P450IIB) did not increase VCH 1,2 epoxide fonnation in VCH treated rats. 

Instead an increased rate of degradation ofVCH 1,2 epoxide to VCD and its inactive tetrol 

may also protect rats from VCH-induced ovarian toxicity and carcinogenicity (Smith et al., 

1990c ). Dosing of mice with VCD (80 mglkg- 0.57 mmole/kg) for 30 days destroyed 9()0/o 

of the ovarian small pre-antral follicles (primordial and primary; Smith et al., 1990b; Hooser 

et al., 1994); this follicle loss was initially significant following 15, but not 10, days of daily 

dosing in rats (Springer et al. 1996a; Kao et al., 1999). 

Structure - activity studies supported the idea that epoxide metabolites cause oocyte 

destruction. When the vinyl group of VCH is replaced by a phenyl group, loss of the 

induced ovotoxicity significantly decreased, because VCH was not able to fonn the more 

reactive metabolite VCD (Doerr et al., 1995; Hooser et al., 1993). VCD is a more potent 

compound than VCH and its monoepoxides in destroying ovarian follicles in mice and rats 

(Smith et al., 1990b ). This was supported in mice, when the conversion ofVCH to VCH 1,2 

epoxide was inhibited thereby reducing the severity of the VCH induced follicular loss. In 

addition, the effects ofthe monoepoxides (VCH 1,2 epoxide, VCH 7,8 epoxide) and VCD 
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were observed at concentrations 5-I 0 fold lower than VCH in both mice and rats. The 

increased ovarian susceptibility found in mice, but not rats, is due in part to the ability of 

mice to metabolize VCH to its more reactive metabolites VCH I ,2 epoxide and VCD more 

effectively than rats. In summary, a dose- and time-dependent decrease in the number of 

oocytes in primordial follicles following injection with VCH I ,2 epoxide, VCH 7,8 epoxide 

and VCD was observed in both mice and rats. 

The diepoxidemetaboliteofVCH, VCD, has been shown in both mice and rats to I) 

produce extensive destruction of primordial and primary follicles (Smith et al., 1990a), 2) 

cause premature ovarian failure (Hooser et al., 1994), 3) increase the risk for development 

of ovarian tumors (NTP, 1986) and 4) affect normal ovarian development of female offspring 

exposed in utero (Grizzle et al., 1994). The damage this class of compound produces is 

highly specific and does not appear to involve a widespread toxic response. 

Ovarian primordial and primary follicles in adult and immature rats are destroyed in 

response to VCD exposure (Flaws et al., 1994b ). The damage illustrated in rats by several 

mechanistic studies in isolated follicle preparations using histological evaluation, 

biochemical and molecular assessment of specific genes (Flaws et al., 1994 a; Springer et 

al.. 1996 a,b,c). Rats treated with VCD (80 mglkg) for 10 days had an increased number of 

structural changes within the ovary, consistent with physiological cell death-apoptosis 
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(Springer et al., l996a). Since atresia, the natural process of follicle death in the normal 

ovary, is also by apoptosis, morphological evaluation alone cannot differentiate between 

those follicles dying from atresia or ovotoxicity due to ovotoxicant exposure (Hughes and 

Gorospe 1991; Huesh et al, 1994). For that reason, DNA degradation was assessed to look 

for VCD specific effects of apoptosis. No significant DNA breakdown was observed in rat 

primordial and primary follicles before day 10 of daily VCD dosing. It was not until after 

l 0 days of daily dosing that the early evidence of VCD induced DNA fragmentation in rat 

primordial and primary follicles was observed (Springer et al., l996a). The earliest evidence 

of impending primordial follicle destruction (increase in% unhealthy) required repeated 

dosing with VCD for 8 days in mice and 10 days rats (Kao et al., 1999). In support ofthe 

required chronic dosing with VCD, it was shown that a single i.p. injection of VCD (80 

mg/kg) was not enough to cause follicular loss 15 days later, whereas a 50% reduction in 

follicles was seen in animals given repeated daily injections for IS days (Springer et al., 

l996a). In the studies proposed here, VCD is a perfect model chemical to study the ovarian 

toxicity of small pre-antral (primordial and primary) follicles induced by other environmental 

chemicals. 

Role of Polycyclic Aromatic Hydrocarbons (PAHs) in Ovarian Toxicity 

There is an increasing trend of teenage girls becoming chronic smokers (Heins, 

1998). The toxicity resulting is extensive, silent ovarian damage that goes undetected until 
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reproductive function (conception and pregnancy) is compromised or prematurely destroyed 

(early menopause; Reviewed by Mattison, 1985). In addition early menopause is associated 

with many health risks, therefore it is important to evaluate and predict for women and their 

daughters the ramifications of being exposed to cigarette smoke (primary or second hand). 

Effects of smolcing on reproduction in women 

Once the primordial oocytes are destroyed they cannot be replaced and problems 

with fertility, pregnancy and pre-mature ovarian failure/menopause results. In a study 

involving 4104 women, a significant dose-related reduction in fertility was correlated with 

increasing numbers of cigarettes smoked (Howe et al., 1986). An epidemiological study 

provided evidence that cigarette smoking reduced fertility by 57% for heavy and by 75% for 

light smokers compared to the pregnancy rate of nonsmokers (Baird and Wilcox 1985). 

The women who smoked required an additional year to conceive compared to nonsmoking 

women (Baird and Wilcox, 1985). 

Along with the impact of fertility, the effect of cigarette smoke constituents on 

pregnancy and the fetus is great. Daughters of women who smoked while pregnant had a 

significantly harder time conceiving than women whose mothers did not ~moke (Weinberg 

et ai., 1989). These results support previous studies in pregnant rodents delivering offspring 

with compromised fertility after P AHs exposure (V ahakangas et al., 1985; MacKenzie and 
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Angevine, 1981 ). If primordial oocytes are destroyed prenatally, then total the number of 

oocytes is less at birth. This reduction in the number of oocytes present at birth may affect 

the female's reproductive life span, which may now be diminished in proportion to the extent 

of a reduced oocyte pool. 

The placenta may play an active role in increasing the exposure of the developing 

fetus to the toxic effects of P AHs in mothers exposed directly or passively to cigarette 

smoke. Pre-natal exposure to cigarette smoke is associated with retardation of intrauterine 

growth and premature deliveries (Reviewed by Mattison et al., 1989). Additionally, 

xenobiotic metabolism can occur in the endoplasmic reticulum of placental cells via the 

cytochrome P450 dependent monoxygenases. Specifically this cytochrome P450 system 

converts BaP to several mutagenic and carcinogenic metabolites that are also potential risks 

for the function of the placenta and welfare of the fetus (Pasanen and Pelkonen, 1994 ). 

In addition to infertility and pregnancy difficulties, a strong association also exists 

between cigarette smoking and infections of the reproductive tract, miscarriages, alteration 

in hormone function. ectopic pregnancies, diminished oocyte number and function (Gindoff 

and Tidey, 1989). Additionally, smoking affects sperm production and conceptus transport 

in the oviduct and uterus, making successful pregnancy unlikely (Reviewed by Mattison et 

al., 1989). 
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There are several possible mechanisms by which smoking may be involved in 

infertility and pre-mature ovarian failure. First. nicotine acts on the central nervous system 

affecting the production and secretion of hormones (estrogen and progesterone) involved in 

menstrual cycle by altering steroid producing enzymes (Jick et al., 1977). It was found that 

women who smoke had a significant decrease in the amount of follicular estradiol levels 

compared to nonsmokers (Van Voorhis et al., 1992) and extracts of cigarette smoke 

significantly decreased estradiol secretion by human granulosa cells in culture (Barbieri et 

al., 1986). 

Second, an increased rate of chromosomal abnormalities is another possible 

mechanism for problems with conception in smokers. Cadmium, a heavy metal toxicant, is 

also found in high concentrations in cigarettes(> 1 f.1g/cigarette) and women who smoke have 

large quantities accumulated in their antral follicles (Zenes et al., 1995). The normal 

progression of meiosis in oocytes from female mice and hamsters exposed to increasing 

dosages of cadmium (0.02 mmole/kg- 0.08 mmole/kg)was delayed (13%- 96%), resulting 

in a reduction of ovulated oocytes (Pisa et al., 1990). In the event an oocyte is ovulated, the 

chance of an embryo having chromosomal abnormalities is increased in women smokers four 

to five times (Watanabe and Endo, 1982). 
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Third, the content of cigarette smoke induces certain liver metabolizing enzymes, 

which may also affect the metabolism of steroid hormones. Possibly by shifting the 

metabolic pathway and increasing the rate of steroid hepatic clearance therefore, decreasing 

blood steroid levels (Jick et al., 1977; Yeh and Barbieri, 1989). 

PAHs have been identified as environmental endocrine disrupters (reviewed by 

Menzie et al., 1992) with links to breast cancer and immune suppression. P AHs are thought 

to be antiestrogenic by competing with estrogen receptor (ER) and stimulating metabolism 

of estradiol (~; Tran, 1996). A metabolite of DMBA, 3-9 dihydroxybenz[a]anthracene, 

inhibited estradiol binding and is considered weakly estrogenic (Schneider et al., 1976). In 

a study in Sprague Dawely rats, DMBA was given by a single intragastrically dose 

(I Omg/1 OOgm b/w) to look at terminal end bud differentiation in mammary glands. In the 

DMBA-treated group there was a significant increase in the number of adenocarcinomas of 

the mammary, thoracic and abdominal regions of the rats (Russo and Russo, 1987). In 

another study P AHs induced carcinomas in immortalized human breast epithelial cells 

(MCF-lOF) after exposure to DMBA (I ug/ml) and BaP (0.2 uglml) for 24 hours. After 

treatment, the cells underwent neoplastic transformations resulting in changes in growth and 

tumor development (Zhang et al., 1994 ). Huggins et al., ( 1961) demonstrated both DMBA 

( 2g/100ml) and 3-MC (1.5g/100ml) induced mammary cancer 20 days after a single 

injection to the stomach of young (50 day-old) female Sprague Dawley rats. No tumors 
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developed in male rats. The damage was selective in that only decreased white blood cells 

and carcinomas of the breast duct work resulted. Estrous cycles and gonadotropin 

production from anterior pituitary remained unchanged (Huggins et al., 1961 ). 

Constituents of cigarelle smoke 

There are a number of constituents in cigarette smoke that might directly target 

female reproductive function (Y oshinaga et al., 1979; Zenes et al., 1995), including P AHs. 

Other sources of environmental P AHs include industrial and domestic furnaces, gasoline and 

diesel engines (Cavalieri and Rogan, 1992). Cigarette smoke contains alkaloids (nicotine), 

polycyclic aromatic hydrocarbons (P AHs ), nitrous compounds, aromatic amines and protein 

pyrolysates; many of these are carcinogenic and ovotoxic (Stedman, 1968). Examples of 

some P AHs found in cigarette smoke include 9, I 0-dirnethylbenzanthracene (DMBA), 3-

methylchloranthrene (3-MC) and benzo[a]pyrene (BaP; Stedman, 1968; Severson, 1976; 

Reviewed by Mattison et al, 1989; Reviewed by Hoyer and Sipes, 1996). 

The stage of follicular development at which the oocyte is destroyed determines the 

impact of the ovotoxicant exposure on reproductive function. Chemicals that target mature 

oocytes within secondary and antral follicles temporarily interrupt ovulation. However, 

when exposure to the toxicant stops, ovulation, and hence fertility can resume by the 

development of the larger unaffected pool of primordial and primary follicles into secondary 

.· 
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and antral follicles (Generoso et al., 1971; Jarrel et al., 1991; Davis et al., 1994). If, on the 

other hand, environmental chemicals destroy irreplaceable primordial and primary follicles, 

infertility and pre-mature menopause results. Unfortunately, irreversible loss of primordial 

follicles will not be detected immediately because the developing pool of follicles can 

continue to mature and ovulate normally even after exposure to the toxicant stops (Generoso, 

1971; Hooser, 1994). 

Metabolism and Bioactivation of PAHs 

Xenobiotics are chemicals foreign to the body that cannot be excreted until they are 

metabolized. Some PAH toxicity such as DMBA, require both hepatic and end organ 

metabolism. Oocyte destruction by P AHs involves some distribution of the parent 

compound to the ovary where ovarian enzymes metabolize the compound to its reactive 

intermediates responsible for ovotoxicity (Mattison et al., 1983). During the process of 

metabolization, which consists of two distinct phases, some compounds will form more 

reactive intermediates before they are detoxified and excreted from the body. Phase I, 

bioactivation. occurs via a cytochrome P450 monooxygenase which adds a hydroxyl 

functional group to the substrate. Phase I enzymes are mostly found in microsomes or 

microvesicles of liver tubular endoplasmic reticulum. The second phase of metabolism is 

detoxification. for some xenobiotics, by phase II enzymes Epoxide Hydrolase to form a diol 

or tetrol or Glutathione-S-Transferase, which detoxifies by conjugating the reactive 
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intermediate with glutathione. Polycyclic aromatic hydrocarbons, like VCD, are another 

example ofxenobioticsthat are not directly toxic but must be metabolized to become active. 

Some oocyte destruction by P AHs involves distribution of the parent compound to the ovary 

where ovarian enzymes metabolize the compound to reactive intermediates responsible for 

ovotoxicity (Mattison et al., 1983 ). To demonstrate that the induced ovotoxicity is produced 

by a metabolite of the parent compounds and not by the parent compound itself, Mattison 

et al., ( 1983) treated mice with the known competitive inhibitor of P AHs metabolism, alpha

napthoflavone (a-NF). Mice treated with a-NF before and after treatment with BaP, 3 MC 

and DMBA displayed significantly less oocyte destruction confirming the P AHs need to be 

metabolized to their respective ovotoxic metabolites. For example, benzo[a]pyrene (BaP) 

activation involves a two step oxidation to convert BaP to its more carcinogenic form. In the 

first phase, cytochrome P450 enzyme converts BaP to BaP 7:8- epoxide, and during the 

second phase Epoxide Hydrolase converts BaP 7:8-epoxide to the more reactive BaP 7:8-

diol-9: I 0-epoxide (Mukhtar et al., 1978). Activation of 3-MC and DMBA to their more 

reactive metabolites follow a similar path ofbio-activation. 

Additionally, PAHs suppress the immune system. A significant decrease in T cell 

proliferation and human T lymphocytes resulted after exposure to 1 uM DMBA, 3-MC or 

BaP (Davila et al., 1996). This effect was blocked with a-napthoflavone(ANF) in response 

to BaP and DMBA, but not 3-MC (Davila et al., 1996). This suggests the three P AHs work 
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via different pathways and that 3-MC induces oocyte destruction through an Ah receptor 

independent mechanism. 

The reactive intermediates for BaP, DMBA (9,10-dimethylbenzanthracene5,6-oxide) 

and 3-MC (3-methylcholanthrene 11, 12-oxide) are shown in Table 1. Due to the presence 

of radical cations these reactive ovotoxic metabolites are capable of covalently modifying 

tissue macromolecules of DNA, RNA and protein (Sims and Grover, 1974). The metabolism 

ofPAHs by cP450s and the fonnationofDNA adducts is critical in the mechanism of tumor 

initiation (Cavalieri and Rogan, 1995). Radical cation formation arises from the removal of 

one electron from P AH where the electrophilic species is capable of reacting and binding 

with cellular DNA nucleophiles (Table 1; Cavalieri and Rogan, 1992). Such binding disturbs 

the normal biochemistry of the cell and leads to cytotoxic, allergic, and/or carcinogenic 

effects due to the induced DNA damage (Oesch, 1987). 

Mouse and rat ovaries contain the necessary enzymes to metabolize P AHs to their 

reactive species that are toxic. carcinogenic and mutagenic (Mattison and Thorgeirsson, 

1979). The enzyme responsible for the initiation of P AH metabolism is a P450 dependent 

microsomal monoxygenase arylhydrocarbon hydroxylase (AHH; Sims and Grover, 197 4 ). 

AHH has been studied in detail to determine the relationship between metabolism of P AHs 

and ovotoxicity (Reviewed by Mattison et al., 1989). In mice, not rats, following a single 
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dose of 3MC (80 mglkg) ovarian AHH activity was increased by 3 fold (Gulyas and 

Mattison, 1979). This difference in sensitivity may be due to differences in oocyte 

sensitivity to toxic metabolites generated in the ovary (Mattison and Thorgeirsson, 1979). 

When the above experiment was repeated with DMBA and BaP. mice were also very 

susceptible to oocyte destruction, but again rats were not (Mattison and Thorgeirsson, 1979). 

The rate of ovarian primordial oocyte destruction depends on the rate of P AH metabolism 

and its carcinogenicity. Therefore, P AHs need to be metabolized to their reactive ovotoxic 

metabolites to induce ovotoxicity. It is not known if increased AHH activity directly 

correlates with increased risk of ovarian tumorigenicity, but human studies have suggested 

that differences in lymphocyte AHH activity may correlate with susceptibly to cigarette 

smoke initiated lung carcinomas (Kellerman et al, 1973). 

P AHs destruction in laboratory animals 

The pre-mature ovarian failure seen in women exposed to cigarette smoke 

(specifically PAHs) may be due to an increased rate of primordial and primary follicle 

destruction, as seen in rodents (Mattison et al., 1989). Rodents treated with constituents of 

cigarette smoke such as nicotine or P AHs displayed rapid follicle loss (Reviewed by 

Mattison et al., 1989). In one study, rats chronically exposed to cigarette smoke ( 1 cigarette 

every hour, 12 times a day for 2-3 months) had a decrease in the number of mature follicles 

(Essenburg et al., 1951). In another group, rats treated with an intraperitoneal injection of 
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nicotine (0.5mJ of a 1: 1000 in normal saline) demonstrated a decreased number of all follicle 

types within 6 months and 70% were infertile within one year. 

Shortly after treatment with the carcinogenic P AHs (80 mglkg; DMBA, 3 MC and 

BaP), primordial oocytes were destroyed. In one study, a single intraperitoneal injection of 

DMBA, 3-MC or BaP caused primordial and primary oocyte destruction beginning 1-7 days 

after treatment (Reviewed by Mattison et al., 1989). This destruction was complete 21-28 

days after treatment and was dose related with greater destruction at the higher doses 

(Reviewed by Mattison et al., 1989). In a later study, 86 mice were given a single i.p. 

injection at doses ranging from 1-100 mglkg ofBaP demonstrated an EDso of 15 mg (0.058 

mmole/kg) for primordial and primary oocyte destruction (Mattison et al., 1983). Oocyte 

destruction induced by cigarette smoke has been shown not only to affect primordial 

follicles, but also secondary and antral follicles (Mattison, 1980). As the doses of the P AHs 

increase, oocyte and follicle destruction increases and fertility decrease in rats and mice. 

In addition to direct ovotoxicity shown by follicle destruction, an increased rate of 

normal follicular atresia is another possible mechanism for pre-mature ovarian failure after 

exposure to PAHs. Following a single (i.p) injection of 3-MC (80 mglkg in com oil), 

degenerating oocytes displayed several cellular changes such as nuclear and cytoplasmic 

condensation, swelling of the ER, golgi, mitochondria, small vesicles and multi vesicular 
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bodies (Gulyas and Mattison 1979). These changes resembled untreated control follicles 

undergoing atresia. It is important to note that in an electron microscope study primordial 

oocyte destruction by 3MC was demonstrated with no morphological alterations in granulosa 

or stromal cells (Gulyas and Mattison 1979). 

Moreover, P AHs also alter the formation of corpora lutea and decrease the ovulatory 

number in rodents. Mice treated with BaP displayed decreased ovarian volumes and total 

corpora lutea volume (Reviewed by Mattison et al, 1989). Individual corpora lutea were not 

affected. only the total number formed. The decreased ovarian volume was also due to a 

decrease in the number of oocytes and small follicles 

The time course and threshold dose for primordial oocyte destruction in 86 mice 

varied t etv.-een the different P AHs. A single dose of three different P AHs at 80 mglkg each 

induced a 50% primordial follicle loss first for DMBA then 3-MC and BaP a day later. 

Additionally, DMBA induced toxicity at I mg versus 5 mg required for 3-MC and BaP 

(Mattison and Thorgeirsson, 1979). In summary, the ability of these compounds to produce 

ovarian tumors has a graded response just as their relative toxicity to primordial oocytes: 

9,1 0-dimethylbenzanthracene > 3-methylchloranthrene > benzo[a]pyrene. Additionally, a 

direct consequence of the depletion of ovarian follicles is the development of ovarian 

neoplasms (Hoyer and Sipes, 1996). 
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As seen in humans, the effect of cigarette smoke constituents on pregnant animals 

may potentially impact female offspring. Exposure of mice in utero to cigarette smoke 

resulted in a reduced number of ovarian primordial follicles in female offspring (V abakangas 

et al., 1985). Daily oral exposure during pregnancy in mice between 7-16 days of gestation 

with doses of 40 or 160 mg/kg ofbenzo[a]pyrene (BaP) caused complete sterility in the 

female offspring (MacKenzie and Angevine, 1981 ). Pregnant mice also exposed to a lower 

dose ( 1 0 mglkg) of BaP gave birth to offspring with severely compromised fertility 

(MacKenzie and Angevine, 1981 ). In both studies the litters of exposed mothers were 

smaller in number and size. There is also data suggesting oocytes in young animals are more 

sensitive to destruction by ovotoxicants than older animals (Dobson and Felton, 1983 ). This 

is interesting, since the age at which women begin smoking bas been decreasing (Reviewed 

by Mattison et al., 1989; Heins, 1998). Although significant destruction occurs in 

primordial and primary follicles following a single high dose of DMBA, 3-MC or BaP 

it is not yet known if ovotoxicity results from repeated exposure to lower doses. 

Smoking and pre-mature menopause 

Smoking may also initiate the perimenopausal transition at an earlier age or speed up 

the transition. During the perimenopausal period, the transition period 2-8 years preceding 

menopause, the ovary is very sensitive to ovotoxicity. Smoking also shortens the duration 
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of perimenopausal transition. In a five-year study of 2570 females between the ages of 45-55 

years, compared with nonsmokers, women who smoked entered ( 1-4 years) and had a shorter 

transition (0 to 9 months) into menopause (McKinlay et al., 1992). This hypothesis is further 

supported by the fact that women between the ages of 38-49 who smoke had a 66% higher 

concentration of follicle stimulating hormone (FSH), because smoking produces ovarian 

toxicants which affect FSH concentrations, the mechanism remains to be clarified (Cooper 

et al., 1995). As the toxicants destroy follicles entering the growing pool, the follicles soon 

become atretic and die leading to pre-mature ovarian failure (Richardson et al., 1987). 

More and more women are entering menopause than ever before as the "baby boom' 

generation gets older. Since menopause is associated with many health related problems. 

there is a potentially a serious problem if women enter menopause early. These include 

increased rates of osteoporosis, cardiovascular disease, arthritis, urinary tract infections. 

emotional disturbances, hypertension, depression, breast and ovarian cancer (Reviewed by 

Sowers and LaPietra. 1995). The relationship between women smokers and early menopause, 

compounds the problem further. Early menopause resulting from smoking not only decreases 

a woman's total reproductive life span, but also increases her chance of developing other 

menopause-associated problems. The cause of menopause due to cigarette smoking still 

remains unknown. However, several lines of evidence suggest oocyte destruction leading to 

premature ovarian failure is due to P AHs killing primordial and primary follicles. 
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The age of menopause is due to the rate of atresia of ovarian follicles, not the 

baseline pool of oocytes present at birth and the rate of atresia increases significantly ( 10 

fold) after the age of 45 in non-smoking women (Thomford et al., 1987; Richardson et al., 

1987). Several studies have shown that chronic cigarette smoking (>20 cigarettes/day) 

decreases the age of menopause onset by 1-4 years ( Jick et al .• 1977; Severson et al., 1986; 

Cooper et al, 1995). Mean ages in non-smokers whose spouses did not smoke and in non

smokers whose spouses smoked were 51.9 and 49.8 years, respectively. Therefore, exposure 

to both active and passive smoke presents an increased risk for early menopause. The role 

of body weight was found to be independent in age of menopause onset among smokers and 

nonsmokers (Reviewed by Mattison et al., 1989). Even for women who quit smoking, pre

mature menopause is not prevented. The average life expectancy of women after she 

experiences menopause is 30 years. Therefore, any factor that significantly enhances the 

onset of menopause exposes a woman to a dramatic increase in menopause-associated health 

risks. 

Extrapolation to humans of the results from these studies discussed above is difficult 

due to age, strain and species differences in sensitivity to oocyte destruction by P AHs. Even 

though oocyte destruction between species is not well described, treatment with ionizing 

radiation or alkylating agents produces oocyte destruction across all species (including 
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human; Reviewed by Mattison et al .• 1989). Therefore. the oocyte destruction in rodents due 

to P AHs is also good rationale for predicting oocyte destruction in humans. because women 

exposed to P AHs via cigarette smoke demonstrate oocyte destruction leading to pre-mature 

ovarian failure or menopause. 
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Table 1.1: Structures, Radical Cations, Reactive Intermediates and the Most 

Carcinogenic Species Fonned for the Occupational Compound VCH and Polycyclic 

Aromatic Hydrocarbons (DMBA, 3-MC and BaP adapted from Sims and Grover, 1974; 

VCH adapted from Hoyer and Sipes, 1994). 



Compound 
Structure 

4-Vinylcyclohexene (VCH) 

9,1 0-Dimethylbenzantracene 
(DMBA) 
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ROLE OF ATRESIA IN OVARIAN MAINTENANCE 

Apoptosis versus Necrosis 

Apoptosis, originally defmed by Kerr et al. (1972), describes the programmed 

morphological changes and DNA cleavage (ladder pattern) by endonuclease activity 

associated with the process of cell death. Apoptosis is the major process responsible for cell 

death in physiological events such as embryonic development and cell turn over to remove 

unwanted cells nontraumatically (Hsueh et al., 1994). Programmed cell death is an active 

process requiring energy that occurs in scattered individual cells with no visible signs in 

surrounding tissues (Hsueh et al., 1994). In cells dying from apoptosis the cell shrinks due 

to protein crosslinking and cytoplasmic dehydration. In addition, the nuclear chromatin 

marginates and fragments, the intracellular connections loosen, leading to blebbing 

( apoptotic bodies) and pinching off of small quantities of chromatin and cytoplasm, all while 

maintaining an intact cellular membrane (Kerr et al, 1972). Phosphatidylserine (PS) is 

exposed on the outer leaflet and phagocytic cells recognize this change and engulf the 

apoptotic cell or the apoptotic bodies. Apoptotic deletion of cells is accompanied by 

alterations in expression of specific genes, and occurs without visible signs in surrounding 

tissue. 
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Necrosis on the other band, involves cell death in response to injury or another 

trauma. It is characterized by a haphazard loss of cell structure, mitochondrial cytoplasmic 

swelling, as a result of metabolic collapse and permeability changes in the cell membrane. 

Both internal and organelle plasma membrane integrities are lost leading to cell rupture and 

spilling of cytosolic and organellular contents that can damage adjacent cells causing cell 

infiltration and inflammation (Hsueh et al., 1994). Necrosis is a form of accidental or 

passive cell death, no mRNA or protein synthesis occurs, no cellular energy is used and A TP 

levels are usually decreased in dying cells. Necrosis also does not occur in a developmental 

context, instead a group of contiguous cells are affected producing accumulation of cellular 

debris that immune cells are attracted to and produce cytokines to generate an inflammatory 

response (Kerr et al, 1972). 

Programmed Cell Death in the Ovary 

Atresia is a degenerative process that eliminates 99.90/o of ovarian follicles before 

reaching ovulation (Hirshfield, 1991; Tilly et al., 1991; Hsueh et al., 1994 ). Environmental 

chemicals may cause follicle loss by accelerating the rate of atresia, this normal mechanism 

by which the majority of ovarian follicles are programmed to degenerate during development 

(Mattison, 1985). Atresia in the ovary has been shown to occur by programmed cell death 

apoptosis (Hughes and Goroscope, 1991; Hsueh et al., 1994). Apoptosis, controlled 

disassembly is used by many tissues to delete unwanted cells by a non-traumatic mechanism 
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and occurs without producing visible signs in surrounding tissues. Therefore, this fonn of 

cell death is physiologically undetected by the organism. Apoptosis in most tissues helps 

maintain the appropriate balance of tissue mass by counteracting the effects of cellular 

proliferation. However, an increased rate ofloss of small ovarian follicles due to ovotoxicant 

exposure, by apoptosis is undesirable because the oocyte is non-dividing and once primordial 

follicles are destroyed, they cannot be replaced. 

Relationship of Toxicity and Apoptosis 

In recent years there has been an increase in the investigation of apoptotic cell death 

following treatment with toxic chemicals (Corcoran et al., 1994) However, little is known 

about the types of cell death induced by reproductive toxicants in the ovary. Some ofthese 

compounds have been given at doses that produce significant destruction of small follicles 

after a single exposure and may be causing oocyte destruction by necrosis. Apoptosis 

(physiological cell death) induced by low xenobiotic exposure, can be distinguished 

morphologically from necrosis (pathological cell death) induced by high xenobiotic 

exposure, by histological evaluation (Corcoran, 1994; Payne et al., 1995). Morphological 

evaluation of ovaries treated with VCD in rats demonstrated that granulosa cells and oocytes 

in primordial and primary follicles are destroyed by apoptosis (Springer et al., 1996a). 

Interestingly. we have not observed accumulation of apoptotic bodies (a commonly used 

criterion for apoptosis) in small follicles of ovaries from control or treated animals. 
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Presumably, this is because neighboring phagocytic cells serve to keep these residual 

components of final cell death continuously cleared (Majno and Joris, 1995). In addition, 

there was no evidence of necrosis such as rupturing of membranes and no signs of an 

inflammatory response in rats treated with VCD (Springer et al., 1996b ). Morphological 

evidence is generally considered the defmitive method of identification of apoptosis (Payne 

et al., 1995). Thus, it has been detennined that oocyte loss produced by VCD is via 

apoptosis and this silent mechanism of ovotoxicity might occur progressively in exposed 

females and result in extensive damage that has gone largely i:nnoticed until reproductive 

function is severely compromised or destroyed (pre-mature menopause). 

CELL DEATH GENES THAT REGULATE APOPTOSIS 

The Role of the bc/2 Proto-Oncogene Family 

In describing the regulated cell death that occurs in a developmental context 

involving gene activatio~ programmed cell death is interchangeable with apoptosis (Hseuh 

et al., 1994). One family of genes in mammalian cells that is associated with this form of 

physiological cell death is the bc/-2 (B-celllymphomalleukemia-2 protein) family of proto

oncogenes. A detailed description is included in Chapter 6. 
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The Role of pSJ in Regulating Apoptosis 

In addition to the above effects, several recent studies have identified possible 

transcriptional regulators of the bc/-2 family of genes. One such regulator is the tumor 

suppressor, p53 (Miyashita et al., 1994). The function of p53 is of great interest since the 

gene for p53 is mutated in 60-70% of human tumors (Fiscella et al., 1993 ). A complete 

description is included in chapter 6. It is not known whether p53 is involved in ovotosicity 

induced by repeated low dose environmental chemicals. For these reuons, the ability of 

pS3 to regulate btvc mRNA in the apoptosis pathway will be investigated. 

Other Players in Apoptosis 

Mammalian ovarian follicular growth and development is also maintained via Fas, 

oxidative stress and CASPases. Granulosa cell death has been shown to occur via the Fas 

antigen (Fas) p53 mediated death pathway (Kim et al., 1999). Therefore, Fas antigen may 

play a role in the atresia process in the ovary. Anti-oxidant enzymes and oxygen free radical 

scavengers can mimic the ability of FSH to suppress apoptosis in granulosa cells of ovarian 

follicles (reviewed by Tilly et al., 1995). The induction of antioxidant gene expression by 

gonadotropins in the ovary (Tilly et al., 1995; Behrman et al., 1996) and corpus lutea have 

also been reported (Rueda et al., 1995). Cytosolic Aspartate Specific Proteases (CASPases) 

are responsible for the disassemb!y of a cell into apoptotic bodies. This enzyme works via 

cleaving at aspartic residues of homeostatic proteins, including cytoskeletal elements, 
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proteins that compromise the nuclear scaffolding and enzymes responsible for DNA repair 

(Reviewed by Tilly et al., 1995). CASPases have been shown to be involved in ovarian 

apoptosis (Flaws et al., 1995; Miura et al., 1993; Reviewed by Tilly et al., 1995). 

Potential human susceptibility to ovotoxic chemicals in the workplace and 

environment would likely be in the nature of chronic low dose exposures, therefore, it is 

important to be able to compare the toxicity of variable chemicals. Furthermore, the 

likelihood that a woman might be exposed to a combination of these types of chemicals 

throughout her lifetime is high. If a woman is working in a factory and she also smokes, are 

her chances of premature menopause higher than a woman that does not smoke? 

OVOTOXIC INDEX 

One of the most difficult issues in toxicity is to extrapolate results of animal studies 

to predict human risk. No study to date has made a direct compariwn of the ovotoxic 

potential of different chemicals under identical conditions of dosing. Human susceptibility 

to ovotoxic chemicals from smoking, and in the workplace and environment would likely 

be in the nature of chronic low dose exposures, therefore it is important to understand the 

potential long term effects that might be produced over years of repeated contact. In an 

attempt to compare the relative ovotoxicities induced by a number of chemicals, I created 

a calculation that I call ovotoxic index. The OI can be further revised to evaluate a variety 

of parameters such as duration of low dose exposure. Additionally, between chemicals the 
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01 will compare the follicle type being damaged, the dose and duration of exposure and the 

amount of damage being caused. Assessing the relative potential toxicity of known ovotoxic 

chemicals in humans would be useful to estimate the potential risk of pre-mature ovarian 

failure caused by exposure to combinations of these PAHs and other chemicals in the 

workplace and environment. 

The Ovotoxic Index can: 1) Evaluating between species a) the most potent chemical, 

b) the most ovotoxic form of a chemical, and c) the different follicle populations targeted; 

2) Comparing different chemicals at the lowest effective dose (from dose response curves) 

to a) determine the type of follicle being damaged, b) predict the type of possible 

reproductive disruption and c) determine the earliest time follicular destruction is seen after 

exposure; and 3) Identifying within a chemical a) the follicle type targeted and b) the 

ovotoxic form, the parent form or the inactive metabolites of a chemical. 
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CHAPTER2: 

STATEMENT OF THE PROBLEM AND SPECIFIC AIMS 

The purpose of this study is to compare the ovotoxicity produced by VCD with that 

of polycyclic aromatic hydrocarbons (PAHs) on ovarian granulosa cells and/or oocytes in 

primordial and primary follicles in mice and rats. The hypothesis to be tested is that 

oocyte destructioD caD be preveDted with a siDgle dose of VCD, but repeated low dose 

exposure of the coDstitueDts of cigarette smoke, P AHs: 3-methylcholaDthreDe(3-MC), 

9,10-dimethylbeazaDthraceDe(DMBA) aDd beazo(a)pyreDe(BaP) results iD apoptosis. 

The mechanism includes changes in the expression of cell death regulatory genes bax, bc/-2, 

and p53. In order to demonstrate an effect, the following specific aims have been 

established. 

Specific Aim #1: To determine whether a single dose ofVCD protects against follicular 
destruction. 

Specific Aim #2: To determine the minimally effective dose ofPAHs for the induction of 
ovotoxicity in mice and rats. 

Specific Aim #3: To determine the earliest time following the onset of daily dosing with 
P AHs that cell death can be morphologically detected. 

Specific Aim 1#4: To determine whether PAHs alters the expression of bcl-xL, bax, and p53. 
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4-Vinylcyclohexene diepoxide (VCD) was purchased from Pfaltz and Bauer, Inc. 

(Waterbury, CT; purity >99"/o). Medium 199 (Ml99) was purchased from Gibco Inc., 

(Grand Island, NY). Sesame oil, 9,10-dimethylbenzanthracene (DMBA), benzo[a]pyrene 

(BaP), TEMED, diethylpyrocarbonate (DEPC), Urea (electrophoresis reagent, high quality) 

and 10% ammonium persulfate (APS) were purchased from Sigma Chemical Company (St. 

Louis, MO). 3-Methylcholanthrene(3-MC) was purchased from Aldrich chemical company 

(Milw., WI). 40% Acrylamide (acrylamide: bis acrylamide = 19:1) was purchased from 

Fisher Chemical Company. 

AniiiUlls and Dosing: 

Female 86C3F1 mice and Fischer 344 rats (age 21 days) were obtained from Harlan 

Laboratories (Indianapolis, IN). Animals were shipped with a nursing mother, but are 

weaned at the time of their arrival, housed in plastic cages, 3-5/cage and allowed to acclimate 

7 days ( 12-hr light/dark cycles at a controlled temperature of 22 ± 2 o C) prior to the initiation 

of treatment. Animals were provided food (Purina rat chow) and water ad libitum. All 

experiments using animals were approved by the University of Arizona Institutional Animal 

Care and Use Committee and conformed to the Guiding Principles for the Care and Use of 

Laboratory Animals. 
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Experiments began on day 28. Immature animals were used because they have a higher 

rate of atresia (Hirshfield, 1991 ), no reproductive cycles and are somewhat more susceptible 

to VCD than adults (Flaws et al., 1994a). Female B6C3F1 mice and Fischer 344 rats (age 

28d old, 6 animals/treatment in each experiment) were weighed daily, administered daily 

doses intraperitoneal (i.p.) sesame oil (vehicle control, 2.5 ml/kg), DMBA [mice, 0.00000027 

mmole/kg (0.007 mglkg)- 0.014 mmole/kg (3.5 mg/kg); rats, 0.0014 mmole/kg (0.35 

mglkg)- 0.027 mmole/kg(7.0 mglkg)]; 3-MC [mice,0.0000056mmolelkg(0.0015 mglkg) 

- 0.0028 mrnole/kg (0.75 mglkg); rats, 0.0000056 mmolelkg (0.0015 mglkg) - 0.22 

mmole/kg (60 mglkg)]; BaP [mice, 0.00003 mmolelkg (0.0075 mglkg)- 0.06 mmole/kg (15 

mg/kg); rats, 0.0003 mmole/kg (0.075 mglkg)- 0.24mmole/kg(60 mglkg)]. VCD [mice and 

rats, 0.57 mmole/kg (80 mglkg)] or VCH [mice and rats, 4.62 mmolelkg (500 mglkg)] i.p. 

daily for 15 days. That dose of VCD has been previously determined to destroy 50% of 

primordial follicles in rats after 15 days of daily dosing (Springer et al., 1996b ). The i.p. 

route of exposure was chosen because previous work demonstrated reproducible ovarian 

lesions. However, ovarian lesions are also produced following oral (Grizzle et al .• 1994), 

dermal (NTP ,1989) or inhalation exposure (Bevan et al., 1996). Overall, the i.p. route of 

exposure provides minimal trauma to the test animals, requires no sophisticated exposure 

apparatus (exposure chambers) and reduces the risk of exposure of personnel. Furthermore, 

since V CD has been further characterized in subsequent mechanistic studies (Springer et al., 

1996a,b,c) it will be used as a model chemical for comparison with PAHs. For collection 
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of ovaries, animals were euthanized by co! inhalation 4 hr after the final dose of vehicle 

control, DMBA, 3-MC, BaP, VCD or VCH. 

Tissue Collection, Histology and Oocyte Counting: 

Ovaries were removed 4hr after the 15m daily dose from vehicle control or treated 

animals, trimmed of fat, placed in Bouin's fixative (24hr). transferred to 700/o ethanol~ 

embedded, serially sectioned (7 urn) mounted, and stained with hematoxylin and eosin in the 

Experimental Pathology Core Facility (Springer et al., 1996a). Ovaries from control and 

treated animals were not different in size and weight as evaluated during necropsy. In 

addition to ovaries, livers (control tissue), adrenals, uteri, and kidneys were remove~ 

weighed and evaluated during necropsy. In every 40m (rats) or 20m (mice) section (10-13 

sections/ovary). primordial, primary and secondary follicles (containing an oocyte and 

nucleus) were identified microscopically and counted as previously described (Pedersen and 

Peters, 1968, Smith et al., 1990; Flaws et al., 1990b). Primary follicles were further 

classified into sub-populations as small (stage 1; single layer of <20 cuboidal granulosa cells, 

with no oocyte growth) or large (stage 2; single layer of >20 cuboidal granulosa cells, 

surrounding an enlarged oocyte). NOTE: In our previous studies, secondary follicles have 

been identified as growing (2+ layers of granulosa cells; Flaws et al., 1994 a,b; Springer et 

al., 1996 a,b,c; Kao et al., 1999). However, to conform to a more precise and standardized 

terminology, the term 'secondary' follicle will be used according to Hirshfield (1991). The 

ovarian sections were also evaluated for evidence of atresialapoptosis (Payne et al., 1995; 
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Springer, et al., 1996b, Kao et al., 1999). Follicles were identified morphologically as 

apoptotic if they had one or more of the following: pyknotic nuclei, chromatin condensation 

along the nuclear membrane, cytoplasmic condensation, and irregular shape and arrangement 

of oocytes and/or granulosa cells (Payne et al., 1995). Follicle counts that distinguish 

primordial, primary and secondary may be the most sensitive indicator of female 

reproductive toxicity to quantify ovotoxic damage and can serve as a predictor of the type 

of reproductive disruption that may be caused (Bolon et al., 1997). 

Ovotoxic index 

The ovotoxic index (01) was calculated in mice and rats. Using the lowest 

concentration of each chemical that resulted in 50% loss of primordial follicles after 15 daily 

doses (as evaluated by histological counting of oocytes). For example, in the rat, there was 

a 50% loss of primordial follicles at 80 mglkg for VCD: 

Calculation of the 01: 

1) express mglkg as mmole/kg: (80 mglkg) x (1 mmole/140.2 mg) = 0.57 mmolelkg 

2) multiply mmole/kg by the number of days dosed: (0.57 mmole/kg) x (lSd)= 8.601 

a) the chemical with the lowest 01 is potentially the most ovotoxic 

b) the values are expressed as a reciprocal (1/01) to illustrate the dramatic 

differences in ovotoxicity between chemicals. Thus, the higher the value 

seen in the figures, the more ovotoxic the chemical. 
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Tissue Collection and Follicle Isolation: 

Ovaries were collected as described previously for analysis by RT -PCR. Mouse and rat 

ovarian tissue was gently dissociated (20 minutes, shaking 37° C) with collagenase (4800 

units), DNase ( 1910 units) and 1% BSA (Flaws et at .• 1994a). The dissociates were washed 

3X in elution buffer, filtered (Small Parts CMN, 250J.Lm pores) and the unretained fraction 

(containing cells and follicles <250J.Lm) were collected for sorting of small pre-antral 

(primordial. primary and secondary) follicles into two separate fractions using calibrated 

siliconied glass micropipets (Flaws, et al., 1994b ). Because it is not possible to isolate each 

sub-population of ovarian follicles into individual fractions for molecular analysis. the 

follicles were pooled into two distinct fractions based on size. Fraction 1 follicles (25-

1 OOJ.Lm) contained primordial, small (stage 1) primary and large (stage 2) primary and small 

secondary follicles. Fraction 2 (100-250J.LM) contained large secondary follicles. Follicles 

>250J.lm in diameter (antral and pre-ovulatory) were discarded (Flaws. et at .• 1994b). 

Follicle fractions were frozen in liquid nitrogen and stored at -700C for subsequent isolation 

of RNA. Experiments using follicle isolations utilized both ovaries from 5-6 control and 6-7 

treated rats for each observation (n=1). 

RNA Preparation: 

Total RNA was extracted from isolated follicles (1100-1200 follicles. fraction 1; 150-250 

follicles, fraction 2) or liver (25-50 mg tissue) by the one-step Trizo1 method (Chomczynski 

and Sacchi, 1987). Briefly, tissue was homogenized in 0.75 ml Trizol and RNA was 
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extracted with 0.2 ml chlorofonn/0.75m1Trizol, followed by precipitation of RNA from the 

aqueous phase with 0.5 ml isopropyl alcohoV0.75ml Trizol. RNA was pelleted by 

centrifugation (12,000 x g, 10 min., 40C). The pellet was washed with 75% ethanol in 

diethylpyrocarbonate (DEPC)-treated water ( 1 ml/0. 75ml Trizol). RNA was repelleted by 

centrifugation (7,500 X g, 5 min., 40C), dried, resuspended in DEPC water (20 f.d follicles 

or 100 J.llliver) and quantified at absorbency wavelength 260 and 280 nm. DEPC (0.5 ml/L) 

was added to double distilled water stirred overnight and autoclaved 45 minutes to remove 

RNases. 

Quantitative Reverse Transcriptase- Polymerase Chain Reaction (RT-PCR): 

As previously described, [a-
32

P] dCTP incorporation into mRNA encoding bax or p53 

was measured by RT-PCR in follicles and liver (Springer, et al., 1996a). Primers were 

obtained from Promega. RNA (0. 75 J.lg), follicles or liver were reverse transcribed into frrst 

strand eDNA using the random hexamer primers. One J.ll of eDNA was amplified by 

polymerase chain reaction for presence of mRNA expression for the mouse bax (Appendix 

02), p53 (Appendix 03) or L-19 (Appendix D 2.3). Ribosomal protein L 19 was used as an 

internal control for normalization of potential variability between sample aliquots (Chan et 

al., 1987; Camp et al., 1991; Springer, et al., 1996a). Conditions of amplification were 

established to be in the linear range of the curve for p53 (30 cycle's mice and rat) and mouse 

and rat bax mRNA expression (mouse 42 cycles, rat 32 cycles; Appendix D1) and the 

amplified products confirmed by oligonucleotide sequencing. Due to variability in RT-PCR 
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and large tissue requirements, the use of this procedure was discontinued. 

To determine the relative abundance ofp53 and box mRNA per unit of total RNA 

from different experiment groups, using quantitative PC~ equal aliquots of the eDNA from 

the RT reactions were serially diluted in 2 fold steps (up to l :64). Equal volumes (3ul) of 

each dilution were amplified for an identical number of cycles (the minimum number of 

cycles needed to yield detectable mRNA expression of box (Appendix 04). In the 

exponential range of amplification, the amount ofPCR product was directly proportional to 

the concentration of target mRNA in the sample (Koos, 1995). Comparisons between the 

samples were made in the exponential range, since the serial dilutions were amplified. In the 

initial trials of this method, visual comparison of the photographic negatives of ethidium 

bromide-stained gels (exposed for equal times) identified the point in each dilution series at 

which the product was undetectable yielded comparable quantitative results, however large 

amounts of tissue were required, so the use ofthis procedure was discontinued. 

Following amplification, PCR products were separated by 6% polyacrylamide gel 

electrophoresis. q,X 174 RF DNAIHAE 111 DNA base pair fragments, radiolabeled with 

[/
2
P] CTP were used to estimate the size of each PCR product. Gels were exposed to X-ray 

film (-70°C) and visualized by autoradiography. PCR products were quantified using an 

Instant Imager Electronic Autoradiograph Analyzer in the experimental Pathology Core 

Facility (Packard Instrument Co., Meridan en. Since tissue was a limiting factor for my 
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experiments I needed a method that was sensitive and capable of detecting mRNA messages 

in a small tissue sample. 

Ribonuclease Protection Assay (RPA) 

Due to the variability ofRT-PCR and the large requirements of tissue for quantitative 

PCR, I developed a ribonuclease protection assay in the lab. RP A is an extremely sensitive 

procedure for analyzing small quantities of tissue for the detection and quantification of 

multiple mRNA's in a mixture of total RNA. The procedures for RPA and Probe synthesis 

were from Ambion's RPA III and Maxiscript kits respectively (Austin, Texas). Each kit 

contained all the necessary solutions unless otherwise stated. Briefly, reverse antisense, high 

specific activity RNA probes were synthesized complementary to part of the target RNA. In 

a single tube IJ.Lg DNA template (mouse box, p53 and bc/-xL; 0.5J.Lg/J.Ll, Ambion), 2J.Ll lOx 

transcription buffer, IJ.LI each of IOmM nucleotides (ATP, CTP, GTP). 2.5J.ll [a-32P] UTP 

(800Cilmmole; 20Cilml; Amersham), 2J,ll RNA polymerase T, were added to generate an 

antisense RNA transcript in a total volume of to 20ul with nuclease free water. For 

normalization, ribosomal RNA 18S (0.5J.Lg/J.LI, Ambion) was trace labeled by the addition of 

1 ul cold UTP ( 1 OmM) plus l ul of a 1:10 dilution of [a-32P] UTP (800Cilmmole; 20Cilml). 

The probes were incubated for 1 hour at 3 7° C followed by the addition of 1 J.Ll RNase free 

DNase I (2UIJ.Ll} to remove any remaining DNA template, then incubated for 15 minutes at 

37° C. The reaction was stopped by the addition of lJ.Ll 0.5 M EDTA (pH 8.0). An aliquot 

ofthis final probe reaction (11-11) was removed and added to 4 ml of scintillation fluid [16g 
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Omnifluor (DuPont Biotech. System, Boston, Mass.) in 4L Toluene (Mallinckrodt)] to be 

counted for determination of counts per minute (cpm) using a 32P counting program on a 

Beckman LS5800. The probes were gel purified in a denaturing 5% polyacrylamide 8M-urea 

gel, before using them in the RP A, to obtain full-length probe and remove any 

unincorporated nucleotides left from the transcription reaction. To gel purify the probes, 

each reaction received an equal volume of gel loading buffer II (21 f.Ll; 95% formamide, 

0.025% xylene cyanol, 0.025% bromophenol blue, 18mM EDTA, and 0.025% SDS; 

Maxiscipt kit, Ambion) and the tubes were heated for 4 minutes at 90° C to solubilize and 

denature the RNA. The reaction was loaded and ran for 1 ~ hours at 200-250 volts until the 

bromophenol blue approached the bottom of the gel. The gel was wrapped in plastic and 

exposed to X-ray film (Kodak) for 10 seconds (bax, p53 and bcl-xJ or 20 minutes (18S). 

After development, the full length labeled probe (slowest migrating, most intense band) on 

the audioradiograph is cut out with a scalpel, diced into small pieces and submerged in 350 

Jll elution buffer (0.5 NH40Ac. 1 mM EDT A, 0.1% SDS; RP A III kit, Ambion) and 

incubated 3 7° C overnight. The probes were then centrifuged at maximum speed for 5 

minutes and the supernatant removed and stored at -20° C. All probes were used within one 

week before radio lysis destroyed the probes. Before use in the RP A, 1 f.Ll of each high 

specific activity probe was removed and added to 4 mls of scintillation fluid to determine 

cpm. The concentration of the low specific activity probe~ ISS, was determined by 

spectrophotometric quantification at absorbency wavelengths 260 and 280 nm. An RNA 

ladder (Ambion century marker plus template) confirmed the sizes of the probes. The ladder 
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was made by combining in a single tube, 1 J.Ll RNA marker template (O.Smglml, Ambion), 

2J.d lOx transcription buffer, IJ.Ll each of lOmM nucleotides(ATP, CTP, GTP, UTP). lt.d [a-

32P] UTP (800Ci/mmole; 20Ci/ml), 2t.d RNA polymerase T7 and nuclease free water to 20ul. 

For each probe purification and RP A, a I : I 0 dilution was made of the ladder with nuclease 

free water. After combining loading buffer (lOf.ll), 1-2f.ll was used per gel (final 

concentration 1 :20). 

The labeled probe and sample RNA were incubated under conditions that favor 

hybridization of complementary sequences (20,000-80,000 cpm of a high specific activity 

RNA probe <300 base pairs per 20f.lg total sample RNA). Briefly in the following 

experiments, follicles (3 J.Lg fraction I and 2 or 10 J.lg liver) were mixed with high specific 

activity probes (60,000 cpm; mbax, mp53 or mhcl-xJ at a 3 molar excess or 550 ng of low 

specific activity probe 18S. In one tube, sample RNA plus bax, p53 and 18S were combined 

or sample RNA plus bc/-xL and I 8S based on the fmal size of the protected fragments 

(described below). A positive control tube was included in each reaction using the same 

amount of probes but using control liver RNA (1 0 J.lg; control I). The control liver RNA 

sample was included on every gel from the same batch of liver tissue to demonstrate 

variability among gels. Two negative yeast controls (3 J.lg)werc also included with each 

reaction. The first yeast RNA tube (Yl) did not contain target mouse RNA but received 

RNase treatment and therefore, this lane had no signal. The second yeast RNA tube (Y2) 

also did not contain target mouse RNA and did receive RNase, therefore this lane on the gel 
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will show a band corresponding to full length probe (Figures 6.2, 6.8). The probes and 

sample RNAs were co-precipitated by adding 1/10 volume 5M NH40Ac to adjust the salt 

concentration (I :I 0 dilution) plus 2.5 volumes of I 00% ETOH. The samples were vortexed, 

quick spun, and placed in -20°C for I hour or longer. The samples were vortexed, 

centrifuged for I 5 minutes at maximum speed at 4°C and the supernatant was removed with 

baked, pulled glass pasture pipettes and discarded. The pellets were rinsed with SOJ.Ll 70% 

ETOH, quick spun and again the supernatant was discarded. After air drying the pellet for 

5 minutes, the pellets were resuspended in 1 OJ.Ll hybridization buffer Ill, incubated 4 minutes 

at 90°C (denatures and solubilizes R.!"l"A) and incubated overnight at 42°C (16-48 hours is 

required for the probe to hybridize to its complement in sample RNA). After centrifuging 

briefly each tube received ISOJ.Ll of a 1:100 dilution of RNase A (250 units/ml)IRNase TI 

(I 0,000 units/ml) in RNase digestion III buffer to degrade unhybridized probe, except one 

yeast control tube which received 150J.1l RNase digestion III buffer only. The tubes were 

incubated 30 minutes at 3 7°C followed by the addition of 225J.Ll RNase 

Inactivation/Precipitation III solution and 2J.d yeast RNA (5mglml) to act as a carrier and 

increase the size of the final pellet. Labeled probe that is hybridized to complementary RNA 

from the sample will be protected from ribonuclease digestion. The samples were vortexed, 

spun, incubated at -20°C for one hour, centrifuged 15 minutes at maximum speed at 4°C, 

supernatant discarded, washed with 70% ETOH, supematantagain discarded and the pellets 

were air dried at room temperature for 15 minutes. The reaction was loaded on a denaturing 

5% polyacrylamide 8M urea gel and run for 2Y2 hours until the bromophenol blue 
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approached the bottom of the gel at 200 volts to separate and detect the protected probe 

fragments. The gel was placed on filter paper and wrapped in plastic and exposed to X-ray 

film (-70°C) for 2-3 days and visualized by autoradiography. RPA product sizes were 

confirmed by the RNA ladder and quantified as described above. Since the high specific 

activity probe is in molar excess of the target RNA the intensity of the protected fragment 

will be directly proportional to the amount of target RNA in the sample mixture. Using the 

T7 RNA Polymerase the expected sizes of the four mouse (m) full length probes used will 

be: I28bp 18s. I84 bp mbta, 296 bp mp53, and 235 mhcl-xL and the expected sizes ofthe 

protected probes: 80 bp /8s, I64 bp mhar, 265 mp53, and 20I mhcl-xL were confirmed using 

a RNA ladder. 

Immunofluorescence and Confocal Microscopy 

Ovaries were fixed overnight in 10% buffered formalin, dehydrated and embedded in 

paraffin. Five-micron sections were prepared and deparaffinized. All blocking, antibody 

detection, RNA digestion and nucleic acid staining steps were performed at room 

temper-ture. Tissue ~c:ions were blocked with 5% BSA!PBS for 10 min, followed by goat 

serum ( l: I 0) dilution for I 0 minutes. The primary antibody (polyclonal rabbit anti-Bax 

antibody, Santa Cruz Chemical, Santa Cruz, CA, at 1:80 dilution) was applied for lh 

followed by a biotinylated goat anti-rabbit IgG (Vector) at 1:100 dilution (lh), followed by 

Cy5-Streptavidin (Jackson Immuno Research Labs) at 1: 100 dilution ( 1 h). For visualization 

of genomic DNA, tissue was reacted with Ribonuclease A (DNase-free, Sigma) at a 
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concentration of I OOJ.Lg/ml for 1 ~ followed by YOY0-1 (Molecular Probes) staining (SnM) 

for 1 0 minutes. After extensive PBS washes, aqueous mounting medium was applied 

followed by a coverslip. The tissues were stored at 4°C in the dar~ to maintain fluorescence, 

until viewed on the Leica confocal microscope with a Xenon light source at laser absorbency 

wavelengths 488nm and 647nm. 

Semi-Quantitative DigitalllfU6ge Analysis of Confoca/llfU6ges 

All laser scans, when making comparisons of confocal images, are obtained by 

keeping the laser power and voltage on the photomultiplier tube (PMT) of a LEICA confocal 

microscope at a constant setting, so that relative fluorescence intensity values can be 

compared. A line averaging value of 32, to reduce electronic noise from the PMT, is applies 

to all images. Follicles are first identified under routine fluorescence (xenon lamp as light 

source) by means of nuclear staining with YOY0-1. This avoids any photo bleaching to the 

detection system of an antigen of interest prior to confocal staining. Digital images are saved 

to a ZIP diskette and imported into the hard drive of a PC containing Sigma Scan image 

analysis software (Jandel Scientific). Gray level intensity measurements are made using the 

automatic histogram analysis ofpixilated images (Image-Pro software, Media Cybernetics) 

after an area of interest is drawn around selected areas of the image (e.g. granulosa cells or 

follicles). This latter method had the advantage of automatically acquiring a large number 

of intensity measurements, since all of the pixels in the circumscribed are evaluated. 
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Statistical Analysis: 

Ovarian morphology was evaluated in one ovary from each animal and each animal 

represents one observation (n=l). In all experiments, oocyte numbers were determined in 

ovaries from individual animals, averaged and the means in control versus treated animals 

were analyzed for significant differences. In all molecular experiments, at least 3 

replications (n=3) were run in duplicate was used for analysis. All experiments involving 

follicle isolations were repeated with separate groups of animals (5-6 animals/treatment

group) for independent observations. Quantitative analysis ofRT-PCR assay representing 

combined data (mean± SEM) from all experiments was calculated by the following method. 

Each PCR product (run in duplicate and averaged) was analyzed for [a.
32

P] content. For 

quantification, [a
32

P] incorporation into bax product was normalized to RP-L19 product 

levels (run in duplicate and averaged) in each sample for control and VCD-treated samples. 

The normalized value for each treatment observation was then expressed as a ratio 

(VCD/Con) to calculate relative changes in mRNA levels as a function ofVCD treatment. 

For each observation the RNA from control and VCD-treated rats was analyzed at the same 

time. One way analyses of variance, and when appropriate Fisher protected least significant 

difference (PLSD) multiple range analysis, determined differences caused by VCD dosing. 

Statistical significance was assigned p<0.05. 

For a complete list of techniques acquired during my graduate research see Appendix E. 
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CHAPTER4 

A SINGLE DOSE OF THE OVOTOXCIANT 4-VINYLCYCLOHEXENE DIEPOXIDE 
IS PROTECTIVE IN RAT PRIMARY OVARIAN FOLLICLES 

ABSTRACT 

Repeated dosing of rats with the ovotoxic chemical, 4-vinylcyclohexene diepoxide 

(VCD), destroys primordial and primary ovarian follicles via apoptosis (physiological cell 

death) by accelerating the nonnal rate of atresia The present study investigated the effect of 

a single dose (lx) ofVCD. Immature (d28) female Fischer 344 rats were dosed lx or ISx 

with VCD (80 mglkg, i.p.). Ovaries were collected 24h or 15d following lx VCD or after 

15x for classification and histological evaluation. Following 1 x VCD the number of healthy 

primary follicles was greater (p<O.OS) than control 24h and 15d later. This effect reflected 

a slowing of the nonnal rate of atresia seen in control ovaries. There was no effect of a 

single dose on primordial or growing (secondary) follicles at any time. Expression of 

mRNA encoding the cell death gene, bax, was reduced (p<0.05) on dl after lx VCD in 

isolated primordial and primary follicles. These observations were in contrast to a decreased 

(p<0.05) number of healthy primary and primordial follicles in ovaries and increased 

(p<0.05) bax mRNA in isolated follicles from rats dosed 15x, 15d. Immunofluorescence 

staining revealed that, the distribution of Bax protein was similar between ovaries from 

controls and Ix or lSx VCD-treated rats. These data provide evidence for a 'protective' 

response against the nonnal rate of atresia in primary ovarian follicles following exposure 

to I x VCD. Additionally, changes in expression of bax mRNA paralleled alterations in the 



76 

rate of atresia. 

INTRODUCTION 

The industrial chemical 4-vinylcyclohexene (VCH) is released during the manufacture 

of rubber tires, plasticizers, and pesticides (IARC, 1994). The ovotoxic metabolite ofVCH, 

4-vinylcyclohexene diepoxide (VCD), destroys primordial and primary follicles in ovaries 

of both rats and mice (Smith, et aL, 1990a; Flaws, et al., 1994a; Springer et aL, 1996a). 

Chemicals that specifically destroy primordial and/or primary follicles are of particular 

concern because once such a follicle is destroyed, it cannot be replaced. Thus widespread 

loss of primordial follicles, due to environmental exposure of ovotoxic chemicals, can 

produce early menopause and the mechanisms by which these chemicals are selectively 

ovotoxic are of potential concern to women who might be exposed (Hoyer and Sipes, 1996). 

The ability of VCD to specifically destroy primordial and primary follicles in rats has 

been demonstrated in a variety of studies using morphological evaluation, biochemical and 

molecular assessment of isolated small ovarian follicles (25-1 00 f,lm; Flaws, et aL, 1994a; 

Springer, et al., 1996a,b,c). The destruction due to VCD was determined to be via 

physiological cell death, apoptosis and is morphologically indistinguishable from normal 

atresia seen in control ovaries (Springeret al., 1994a). Thus, it has been proposed that VCD 

destroys small ovarian follicles by accelerating the normal rate of atresia. 
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Along with specific morphological changes, apoptosis is also associated with alterations 

in the expression of specific genes. One group of genes in mammalian cells that is often 

involved in this form of physiological cell death is the bcl-2 family of proto-oncogenes. 

Decreased expression of the bcl-2 gene (cell death suppressor) and/or increased expression 

of the bax gene (cell death enhancer) have been demonstrated in ovarian apoptosis (Tilly et 

al., 1995). Additionally, when compared with controls, ten days of daily dosing of rats with 

VCD produced a significant increase in bax mRNA levels in an isolated ovarian small 

follicle fraction (25-1 OOJ.llll; Springer, et al., 1996b ). This effect was specific, because no 

effect ofVCD was evident in isolated large growing (secondary) follicles (100-250J.Lm) or 

hepatocytes (non-targets for VCD; Springer, et al., 1996b). This provided further support 

that VCD-induced ovotoxicity reflects enhanced atresia. Due to age-related variabilities in 

the dynamics of follicular recruitment and atresia in the normal ovary, there are special 

challenges in evaluating ovotoxic effects caused by environmental chemicals. Therefore, 

the following study was designed to compare the rates of follicle loss in control and 

VCD-treated rats by evaluating the impact of a single dose of VCD on small ovarian 

follicles (25-lOOJ.Lm). 
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RESULTS 

Effects of VCD on Ovarian Follicles 

Within 24h ( d 1) of a single dose of VCD, there were no differences in numbers of any 

follicle type between ovaries collected from VCD-treated versus vehicle control rats (Figure 

4.1 ). However, 1 S days after the single dose of VCD, the number of primary follicles in 

ovaries of VCD-injected rats was 41% greater (p<O.OS) than in controls. Total follicle 

numbers were still unaffected in primordial and growing (secondary) follicles 1Sd after a 

single dose ofVCD. 

The normal rate of atresia for primordial and primary (stage 1 plus stage 2) follicles were 

estimated in ovaries of non-treated control rats (Figure 4.2). There was a significant (p<O.OS) 

decrease in numbers of primary follicles(stage 1 plus stage 2) between dl (age d28) and diS 

(age d43), however, there was no significant change in numbers of primordial follicles. 

Primary follicles from non-treated control rats were further classified as stage 1 or stage 2 

by criteria given in Methods to determine which stage of primary follicle underwent the 

gr>!atest degree of atresia (Figure 4.3). Comparing the two sub-populations of primary 

follicles, the follicular atresia (p<O.OS) seen between experimental dl and diS can be 

attributed entirely to loss ofthe stage 2 sub-population. 

The effect of a single dose of VCD on primordial and primary follicles was assessed by 

morphological changes characteristic of atresia (apoptosis; Payne et al., 199S; Springer, et 
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al., 1996b ). Primordial and stage 1 and 2 primary follicles were classified as healthy or 

atretic (apoptotic) and the percent of healthy follicles was calculated for each. The percent 

of stage 2 primary follicles classified as healthy was 30% greater (p<0.05) than control in 

ovaries collected on dl following a single dose ofVCD (Figure 4.4). Conversely, as with 

follicle number, the percent of healthy (non-atretic) primordial and stage 1 primary follicles 

was unaffected by VCD at all time points (data not shown). 

Total numbers of healthy primordial and primary (stage 1 and 2) follicles were calculated 

after VCD-dosing (Figure 4.5). There was no effect of a single dose of VCD on primordial 

follicles at any time. However, the total number of healthy primary (stage 1 and stage 2) 

follicles increased (p<0.05) relative to controls 24h and d 15 after a single VCD injection ( 1 x 

d I, 50% greater than control; 1 x d 15, 55% greater than control). In contrast, following 15 

daily doses with VCD, the number of healthy primordial and primary (stage 1 and 2) follicles 

was reduced (p<0.05) when compared with controls (50% less than control). There was no 

effect on growing (secondary) follicles at any time (data not shown). 

Effect of VCD bax mRNA Expression 

The effect of dosing with VCD on expression of mRNA encoding the cell death 

gene. bax, (associated with apoptosis) was investigated in isolated fraction l follicles [25-

IOOJ.!m; primordial, primary, and very small growing (secondary) Figure 4.6]. Whereas, 

individual follicle types could be specifically identified histologically, isolated follicles could 
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not be completely purified by type, but were grouped by size into fraction 1 (25-lOOJ.lm) or 

fraction 2 (100-250f.liD). Four hours following a single dose of VCD, there was a 44% 

reduction (p<0.05) in steady state levels of mRNA encoding hax in fraction 1 follicles 

collected from VCD-treated rats, as compared with control. However, mRNA levels for hax 

in fraction 1 follicles isolated 15d following a single dose ofVCD were not different from 

control follicles. On the other hand, in rats given 15 daily doses of VCD, fraction 1 follicle 

content of mRNA for hax was 2290/o greater (p<0.05) than in controls. VCD did not affect 

bax mRNA in fraction 2 follicles (100-250f.lm) or liver (non-target tissue) in any treatment 

group (data not shown). 

Effect of VCD 011 B.x Protei11 Expressio11 

To identify expression and cellular distribution of the gene product, Bax protein was 

visualized by confocal microscopy in ovaries ofVCD-treated and untreated rats (Figure 4. 7). 

Immunofluorescence staining of Bax was observed in the cytoplasm of oocytes and 

granulosa cells in some, but not all, primordial, primary and growing (secondary) follicles. 

There were no observable differences in the pattern and distribution of staining in ovaries 

from controls (Figure 4.7 a,b) and VCD-treated animals (Figure 4.7 c,d). 
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Figure 4.1: Effect of a Single Dose ofVCD on Primary Follicle Numben. Ovaries were 

collected from rats 24h (lx, dl) or 1S days (lx, diS) following a single dose of vehicle 

control (sesame oil. open bars) or (VCD, 80 mglkg; closed bars). Ovaries were 

histologically prepared as described in methods. Primordial (A), primary (8, stage I +stage 

2) and growing (C, secondary) follicles were microscopically classified, and oocyte

containing follicles were counted in every 40th section (10-13 sections/ovary). Values are 

mean (±SE) in all sections counted for each ovary; n =I animals/treatment; •p<O.OS, 

different from control. Statistics were performed on individual values but are expressed as 

percent of control (VCD/con x I 00). This was done to normalize for differences in control 

animals between numbers of primordial and primary follicles, and their variabilities between 

dl and diS. 
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Figure 4.2: The Normal Rate of Atresia ia Rat Primordial aad Primary Follicles. 

Ovaries were collected on different days from untreated rats (experimental dl-15; age d28-

43) and prepared for histological evaluation as described in methods. Primordial and 

primary (stage I plus 2) follicles were microscopically classified, and oocyte-containing 

follicles were counted in every 40th section (10-13 sections/ovary). Values are mean (±SE) 

total follicles counted in all sections for each ovary; n = 7; •p<O.OS, different from day 1. 
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Figure 4.3: Numben of Stage 1 aad Staae 2 Control Primary FoUicles in Atresia. 

Primary follicles (experimental dl and dl5) counted in sections evaluated in Figure 4.2 were 

reclassified and counted as a follicle with a complete layer of columnar shaped granulosa 

cells surrounding an oocyte that was not (stage 1) or was (stage 2) larger than that in a 

primordial follicle. Values are mean (±SE) total follicles counted in all sections counted for 

each ovary: n=7; *p<0.05, different from day l.not affect bax mRNA in fraction 2 follicles 

(100-250Jllll) or liver (non-target tissues) in any treatment group (data not shown). 
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Figure 4.4: Effect of a Single Dose of VCD oa the Normal Rate of Atresia iD Stage l 

Primary Follicles. Primary follicles were counted and classified as healthy or unhealthy 

(atretic). as described in methods. Ovaries were collected from rats following a single 

injection of vehicle control (sesame oil. open bars) or VCD (80 miVkg. closed bars) 24h (lx, 

dl). 8d (lx., d8). or lSd (lx, diS) later. Values are mean (±SE) percent of follicles counted 

in every 40th section that appeared healthy(I0-13 sections'ovary); n =11 animals/treatment; 

*p<O.OS. different from control. 
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Figure 4.5: The Effect ofVCD on Numben of Healthy Follicles. Ovaries were collected 

from vehicle control treated rats (sesame oil, open bars), or rats 24hr (lx, dl; hatched bars) 

or 15d ( 1 x, d 15; stippled bars) following a single dose of VCD (80 mglkg); or 15d following 

repeated daily dosing ( 15x, 15d; closed bars). Numbers of healthy primordial, stage 1 and 

stage 2 primary follicles were counted in every 40th section ( 10-13 sections/ovary). Values 

are mean (±SE) follicles in all sections counted in each ovary; n = 11 animals/treatment; 

•p<O.OS, different from control. Statistics were performed on individual values but are 

expressed as percent of control for reasons stated in figure 4.1. 
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Figure 4.6: Effect ofVCD Dosiag oa Steady State Expressioa of btlx mRNA. Rats were 

dosed with vehicle-control (sesame oil, open bars) or VCD (80 mWkg; closed bars). Ovaries 

were collected on experimental dl or diS following a single dose or after repeated dosing 

for 15d. Ovaries were collected four hours after the final dose (dl and diS). Fraction 1 

follicles containing primordial, stage 1 and stage 2 primacy, and very small growing 

(secon1ary) follicles (2S-100J.Ul1 in diameter} were isolated, and total RNA was prepared and 

analyzed by RT-PCR as descnbed in methods. Values are mean (±SE) ba.x mRNA as% of 

control fraction 1 follicles, following normalization with mRNA encoding RP-L 19 as 

described in methods. Each experiment (n=l} was performed on follicles pooled from 6 

rats/treatment; n=S. •p<o.os, different from control. 
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Figure 4. 7: Cellular Distributioa of the Espressioa of Bax ProteiD ia Rat Ovariaa 

Follicles. Ovaries were collected from control (A, D) and VCD-treated (B, E) rats after a 

single dose ( 1 x, I d; A,B,C) or 1 5 daily doses ( 1 Sx, I Sd; D,E,F) and were processed and 

visualized by confocal microscopy as described in methods. Genomic DNA in cells was 

stained with YOY0-1 (green) to visualize all individual cell nuclei. Anti-Bax antibody 

staining (red) visualizes Bax protein. Staining for Bax is observed in the cytoplasm of 

oocytes and granulosa cells in some (closed arrow) but not all (open arrow) primordial and 

primary follicles. Staining was also seen in some larger, growing follicles. Immunonegative 

control (C, F) shows green YO-YO and Cy-5 staining of cell nuclei, without Anti-Bax 

antibody. (bar= 50 J.L; Oil immersion, XIOOO magnification). 
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DISCUSSION 

Animal studies have shown that exposure to direct ovarian toxicants can lead to 

destruction of oocytes, premature ovarian failure, and increased incidence of ovarian 

neoplasms (Mattison, 1985; Hoyer and Sipes, 1996). There is much epidemiological 

evidence to support that exposure to ovotoxic chemicals causes premature ovarian failure, 

menopause, in women (Hoyer and Sipes, 1996). These chemicals share a common feature 

that they are known to destroy primordial and primary follicles in ovaries of laboratory 

animals. Because menopause has been associated with a variety of health risks, it is 

important to identify and characterize compounds that are ovarian toxicants and to 

understand the mechanisms of such toxicity. 

4-Vinylcyclohexene diepoxide provides a worthwhile model chemical for the study of 

ovotoxicity because it is selective for primordial and primary ovarian follicles in rats and 

mice (Flaws, et al., 1994a; Springer, et al., 1996b; Kao et al., 1999). Unlike other ovotoxic 

chemicals, VCD does not damage large ovarian follicles (> 1 OOf.Ull) or cause cancer in other 

tissues (Flaws et al., 1994a; Hoyer and Sipes, 1996). The only significant effects that have 

been reported with VCH and VCD involve selective destruction of primordial and primary 

follicles (with ultimate development of ovarian neoplasm's) in mice and rats (Smith et al., 

1990a). This provides a direct association between events following exposure and 

ovotoxicity in primordial and primary follicles. 
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Mammals are born with a finite number of follicles. At birth, the ovary contains the 

maximum number of primordial follicles that will be present throughout the lifetime of the 

individual (for reviews see Richards, 1980; Hirshfield, 1991). The vast majority of follicles 

begins development. but undergo degeneration (atresia) at some stage. rather than develop 

to ovulation. Morphological changes consistent with apoptosis and increased expression of 

the cell death enhancer gene. bax, have been associated with normal atresia in rat ovaries 

(Tilly, et al., 1995). In animal studies, loss of primordial and primary follicles results from 

repeated dosing with VCD, and is also via apoptosis rather than necrosis (Kao et al., 1999; 

Springer et al., 1996 a,b). Histological evaluation cannot distinguish those follicles dying 

by atresia (natural process) from those dying from VCD exposure ( ovotoxicity; Springer, et 

al., l996b ). Therefore, it is important to determine whether follicle loss caused by VCD 

results from an alteration in the normal rate of atresia. 

Although repeated daily dosing with VCD (1 Sx, 15d) caused a significant loss of 

primordial and primary follicles, compared with controls, a protective effect was seen in 

animals given only a single dose ofVCD. There were greater numbers of healthy primary 

follicles (stage I and stage 2), 15 d following the single dose, as compared with controls. 

This effect was most evident in stage 2 primary follicles, which displayed a greater number 

of healthy follicles on dl compared with controls. Ovarian atresia in control animals was 

seen as a decrease in the number of primary. not primordial, follicles between experimental 

dl (age 28d) and dl5 (age 43d). This decrease was further localized to the stage 2 sub-
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population of primary follicles. The effect ofVCD on the rate of atresia was estimated by 

percentage of healthy vs. unhealthy (atretic) follicles on dl, 8 and IS following a single dose 

ofVCD. The percentage of healthy stage 2 primary follicles was greater than control on dl 

following a single dose ofVCD, but not different from control on d8 or diS. Furthermore, 

the percentage of healthy follicles in VCD-treated ovaries was constant between all days. 

There was also a slowing of the normal rate of atresia in control animals during this time 

(percent healthy follicles was increasing), whereas this rate of atresia following a single 

injection with VCD was immediately reduced. The slowing of the rate of normal atresia in 

control animals between dl (age d28) and diS (age 43) is consistent with the concept that 

the rate of atresia in small pre-antral follicles is reduced with the onset of maturity (age d3S) 

in rats (Hirshfield, 1991; Richards, 1980). Thus, between age d28 and d43, normal atresia 

in control small follicles mostly occurs in stage 2 primary follicles and it is the stage 2 

primary follicles that are also protected against normal atresia by a single dose ofVCD. 

The effect of dosing on molecular events involved in the VCD-induced 'protective' effect 

was also investigated. As compared with controls, four hours following a single dose with 

VCD, mRNA encoding the cell death enhancer, bax, was significantly reduced in isolated 

fraction I follicles known to contain the targets of ovotoxicity (primordial and stage I and 

2 primary follicles). Therefore, if increased expression of bax is critically associated with 

induction of atresia in control ovaries, this rate was significantly retarded following a single 

dose ofVCD (protective effect). The similar levels of mRNA encoding bax in VCD-treated 
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and control follicles on dl5 (lx dose) probably reflects a similar percentage of follicles 

entering atretic pathways in the two groups at that time. It seems likely that because changes 

in expression of bax would precede visible morphological changes associated with apoptosis 

on diS (lxVCD). a loss of protection against atresia may first be seen as a return of 

expression of box to control levels. 

In marked contrast. following repeated dosing (dl5) of rats with VCD (at a time when 

50% loss of primordial and primary follicles has occurred), expression of box was 

dramatically elevated. Under these conditions. follicle loss is well underway and the 

remaining follicles are actively expressing box as ovotoxicity becomes more imminent. 

These results, therefore, further support that repeated dosing with VCD enhances the normal 

rate of atresia. As a result. expression of box shifts from inhibited to stimulated when the 

effect ofVCD shifts from protection (a single dose) to ovotoxicity (15 doses). 

Confocal microscopy allows visualization of gene products to estimate the expression 

of proteins and determine their cellular and sub-cellular distribution. Enhanced expression 

of the Bax protein in certain primordial and primary follicles was observed by this approach. 

To our knowledge, this is the first direct visualization of Bax protein in the cytoplasm of 

primordial and primary ovarian follicles. Furthermore, this observation provides novel 

insight as to expression of this 'enhancer of atresia • in both granulosa cells and in oocytes 

of all stages of ovarian follicles. Because atresia in antral follicles is via apoptosis and is 
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associated with increased expression of bax, (Tilly et al., 1995) it is likely that increased bax 

in primordial and both stages of primary follicles are also associated with atresia. The 

pattern of Bax protein staining in primordial and primary follicles was similar between 

ovaries from control and VCD-treated rats. Thus, we have shown mRNA encoding bax in 

small follicles is accompanied by expression of the protein gene product, Bax. Although, 

the confocal method used here does not provide quantification, there are no qualitative 

differences in staining between normal atretic follicles, and those affected by VCD. This 

provides further support that VCD-induced effects in primordial and primary follicles are due 

to alterations in the rate of normal atresia. 

In summary these data have shown for the first time that 1) normal atresia in primordial 

and primary (stages 1 and 2) follicles of rats around the time of puberty primarily occurs in 

stage 2 primary follicles; 2) an initial exposure to the ovarian toxicant, VCD, protects against 

atresia in stage 2 primary follicles; 3) ovotoxicity following repeated exposure ( 15d) appears 

to result from an accelerated rate of normal atresia in primordial and primary (stages 1 and 

2) follicles; 4) expression of the cell death enhancer, bax, is decreased during the protective 

effect and increased in ovotoxicity caused by VCD; S)Bax protein is localized to the 

cytoplasm of granulosa cells and oocytes of primordial and primary follicles. These 

important observations prompt future studies in further developing this model to investigate 

mechanisms by which VCD disrupts the kinetics of follicular development to cause 

premature ovarian failure. This will also help in understanding generalized mechanisms of 
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ovotoxicity induced by other environmental chemicals. 
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CHAPTERS 

OVOTOXICITY IN FEMALE FISCHER RATS AND 86 MICE INDUCED BY LOW 
DOSE EXPOSURE TO THREE POLYCYCLIC AROMA TIC HYDROCARBONS: 
COMPARISON THROUGH CALCULATION OF AN OVOTOXIC INDEX (01) 

ABSTRACT 

Extensive destruction of primordial follicles by exposure to ovarian toxicants can 

cause early menopause in women. The purpose of this study was to compare relative 

differences between ovotoxicity in mice and rats produced by three polycyclic aromatic 

hydrocarbons (P AHs ). The P AHs, contaminants commonly found in cigarette smoke, were 

9, I 0-dimethylbenzanthracene(DMBA), 3-methylcholanthrene(3-MC), and benzo[a]pyrene 

(BaP). Female B6C3F1 mice and Fischer 344 rats (age 28d) were dosed daily (i.p.) with 

vehicle control or a range of doses of one of the P AHs. One group was dosed with the 

occupational ovotoxic chemical, 4-vinylcyclohexene diepoxide (VCD; 80 mglkg; i.p.) for 

use as a point of reference. After 15 days ovaries were collected, fixed, sectioned, stained 

and the follicles were microscopically classified (primordial, primary or secondary) and 

counted. The dose of each chemical that produced 50% loss of primordial follicles (p<O.OS) 

was determined and used to calculate an ovotoxic index in mice and rats (01: mmole/kg x 

15d). Thus, a lower 01 is a more toxic chemical. Primordial follicles in mice were more 

susceptible (lower 01) than rats to all chemicals tested (mouse= DMBA, 0.0012; 3-MC, 

0.003; BaP, 0.18; VCD, 8.6; rat= DMBA, 0.41; 3-MC,>3.4; BaP, >3.6;VCD, 8.6). In mice, 

DMBA targeted primordial follicles at a 1 0-fold lower concentration than primary and 

secondary follicles, whereas, 3-MC exposure targeted primordial and primary follicles to the 
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same degree. Likewise, BaP exposure targeted primordial and primary follicles ( 100 fold 

greater concentration than DMBA or 3-MC). Although BaP and 3-MC did not target 

secondary follicles in mice, secondary follicles in rats were most susceptible to 3-MC. All 

three P AHs were much more ovotoxic (lower OI) with repeated low-dose exposure than with 

single high dose exposures calculated from other studies. The earliest day of impending 

primordial follicle loss (increase in %unhealthy follicle, p<0.05) in mice was factored into 

the OI (mmole/kg x earliest day x % healthy follicles remaining). The refined OI became 

DMBA dl5, 0.0006; 3-MC dl2, 0.0008; BaP, dlO, 6.3; and VCD d8, 2.51. These results 

predict that DMBA is a more potent ovarian toxicant (lower OI) than 3-MC, BaP, or VCD 

in both species, but VCD damages primordial follicles after shorter exposures. Calculation 

of the OI in mice and rats represents a method for comparing the relative potential risk of a 

variety of chemicals that produce ovarian damage at low levels following repeated 

exposures. We have also shown that low dose repeated exposures are substantially more 

toxic to the ovary than a single high dose exposure. The implications for repeated low dose 

exposures to environmental chemicals is of particular concern in women's health. 
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INTRODUCTION 

Environmental and occupational chemical exposures can disrupt reproductive 

function. Females are born with a finite number of primordial follicles that cannot be 

regenerated (Hirshfield, 1991). Therefore, once destroyed, they cannot be replaced and 

extensive destruction of primordial follicles by ovarian toxicants can cause premature 

ovarian failure (early menopause; Hoyer and Sipes, 1996). 

One class of chemicals that has been shown to be ovotoxic and carcinogenic in 

laboratory animals is the polycyclic aromatic hydrocarbons (P AHs). P AHs are released into 

the environment by oil spills, incomplete combustion of fossil fuels, domestic furnaces, and 

tobacco smoke (Cavalieri and Rogan, 1992). Several PAHs that are ovotoxic and found in 

cigarette smoke include 9,1 0-dimethylbenzanthracene(DMBA), 3-methylchloranthrene (3-

M C), and benzo[a]pyrene (BaP; Stedman, 1968; Severson, 1976; Reviewed by Mattison et 

al, 1989; Reviewed by Hoyer and Sipes, 1996). Women smokers are known to have 

problems with infertility and pregnancy and undergo early menopause (Reviewed by 

Mattison et al, 1989). Because P AHs are known to destroy primordial follicles in laboratory 

animals, they are the likely cause of early menopause in women exposed to cigarette smoke 

(primary or second hand). 

Single exposures to high doses ofPAHs (i.p.) have been shown to destroy oocytes 

in mice and rats, leading to premature ovarian failure (Reviewed by Mattison et al., 1989). 
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At various times following a single high-dose exposure of mice to DMBA (80 mglkg; 0.31 

mmole/kg), 3-MC (80 mglkg; 0.30 mmolelkg) or BaP (80 mglkg; 0.32 mmolelkg), there was 

a significant loss of primordial follicles (Mattison, 1979, 1980). There were also species 

differences in susceptibility to these P AHs with mice being generally more sensitive to single 

high doses than rats ( Mattison and Thorgeirsson, 1979). 

The time course and threshold dose for primordial follicle oocyte destruction in 86 

mice also varied between the different P AHs. A single high dose of three different P AHs 

at &0 mglkg each induced a 50% primordial follicle loss within 1 day for DMBA, and 2 days 

for 3-MC and BaP (Mattison and Thorgeirsson, 1979). Therefore, the ability of these 

chemicals at high doses to destroy primordial follicles appears to have a graded response 

with DMBA being the most potent in mice. Although significant destruction occurred in 

primordial and primary follicles following a single high dose ofDMBA, 3-MC or BaP, it is 

not known if ovotoxicitv would result from repeated exoosure to lower doses. Further, in 

those studies the lowest effective dose for each chemical was not determined. Because 

human exposures to P AHs are more likely to be by a chronic low dose mode, assessment of 

the potential human risk for ovotoxicity can be better predicted in laboratory animals dosed 

in that manner. 

The purpose of this study, therefore, is to compare differences in ovotoxicity 

produced in mice and rats with three polycyclic aromatic hydrocarbons (PAHs) following 



100 

low dose repeated daily dosing. The effects will be compared with those of our model 

ovotoxic compound the occupational chemical, 4-vinylcyclohexene diepoxide, which has 

previously been well characterized (Flaws et al., 1994a,b; Springer et al., 1996a,b,c; Kao et 

al., 1999). This information will determine the relative ovotoxic potencies of all four 

chemicals in both species, and provide a basis for comparing effects of low dose repeated 

exposures with a single high dose exposure to these chemicals reported in other studies. 
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RESULTS 

Dose finding in mice and 'Ills 

DMBA: To determine the effect of9,10-dimethylbenzanthrene(DMBA) in mice and 

rats, counts of oocytes contained in primordial, primary and secondary follicles were 

obtained (figure 5.1 ). Ovarian follicle counts in animals dosed with DMBA determined that 

in mice, 50% of primordial follicles were destroyed at 0.02 mglkg (0.00008 mrnole/kg), 

primary follicles at 0. 7 mglkg (0.003 mrnole/kg), and secondary follicles at 0. 7 mglkg (0.003 

mm.'Jle/kg). In contrast for rats, a 10 fold higher dose of DMBA (7mglkg; 0.03 mmolelkg) 

was required for 50% loss of primordial and secondary follicles. Primary follicles in rats 

were not susceptible at the highest dose used in this experiment (7mglkg; 0.03 mmole/kg). 

There was no change in body weight (Appendix A2) or ovarian weight (Appendix A2) 

between control and DMBA (0. 7 mglkg; 0.0027 mmole/kg) treated mice. In DMBA-treated 

rats (7 .0 mglkg; 0.03 mmole/kg), there was a decrease (p<0.05) in body weight after 15d of 

dosing (Appendix A 1 ). DMBA exposure did decrease (p<0.05) uterine, kidney, adrenal and 

liver weights when evaluated as percent of total body weight for mice (Appendix A2). In 

rats only liver tissue significantly decreased as percent of body weight (Appendix AS). 

3-MC: Oocytes contained in primordial, primary and secondary follicles were 

counted to determine the effect of 3-methylcholanthrene(3-MC) on follicle numbers in mice 
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and rats (Figure 5.2). In mice, 50% of primordial follicles were destroyed by dosing with 

3-MC at 0.045mglkg (0.00017 mmole/kg), primary follicles at 0.15 mglkg 

(0.0006mmole/kg), and secondary follicles were not susceptible at the highest dose used in 

this experiment (0. 75 mglkg; 0.003 mmole/kg). In contras~ 50 %of rat secondary follicles 

were destroyed at 0. 75 mglkg (0.003 mmole/kg). Primordial and primary follicles did 

display some follicle loss but, they were not as susceptible ( <500/o loss) as secondary follicles 

even at the highest dose used in this experiment (60 mglkg; 0.22 mmole/kg). Unlike DMBA. 

there were no changes in body (Appendix A 1) or organ weights in mice (Appendix A 4 ). In 

rats, 3-MC did result in toxicity as evidence by a decrease in body weight after 15d of dosing 

(Figure AI) and liver weight increased as% ofbody weight (Appendix A5). 

SaP: Oocytes contained in primordial, primary and secondary follicles were counted 

to establish the effect ofbenzo[a]pyrene (BaP) exposure in mice and rats (Figure 5.3). In 

mice after dosing with BaP, 50% of primordial follicles were destroyed at 3 mglkg ( 0.0 12 

mmole/kg), 50%, of primary follicles at 7.5 mglkg (0.06 mmole/kg) and secondary follicles 

showed < 50% loss even at the highest dose used in this experiment (60 mglkg; 0.24 

mmole/kg). In fact, there was a significant increase in secondary follicles in mice after 

dosing with 0.0075 mglkg (0.00003 mmole/kg)to 0.75 mglkg (0.003 mmole/kg). In contrast 

rats required a much higher dose ofBaP (60 mglkg; 0.24 mmole/kg) for 500/o loss of primary 

and secondary follicles. Primordial follicles were not as susceptible (<50%) even at the 

highest dose used in this experiment (60 mg./kg; 0.24 mmole/kg). As with 3-MC, there was 

no change in body (Appendix AI) or organ weights (Appendix A4) in mice. In rats, BaP 
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also resulted in toxicity as indicated by decreased body weights after 1 Sd of dosing 

(Appendix AI) and liver weight increased as% of body weight (Appendix AS). 
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Figure 5.1: DMBA Dose Finding in Female Mice and Rats. 86 mice (open squares) and 

F344 rats (closed squares) were dosed daily for 15 days with vehicle control (half-shaded 

square) or DMBA (0.007 mg/kg- 7 mg/kg; 0.00003 mmole/kg- 0.03 mmole/kg). Ovaries 

were collected and prepared for histological counting of follicles as described in methods. 

• different (p<0.05) from control; a. b difference (p<0.05) between mouse and rat. The arrow 

is the ED50: the dose resulting in 500/o follicle loss. The mean of follicle numbers were 

statistically evaluated, but expressed as percent of control values to visualize relative effects. 

n=6-7 animals/treatment. 
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Figure 5.2: 3-MC Dose Finding in Female Mice and Rats. 86 mice (open squares) and 

F344 rats (closed squares) were dosed daily for 15 days with vehicle control (half shaded 

square) or 3MC (0.0015 mg/kg- 60 mglkg; 0.000006mmole/kg-0.22 mmole/kg). Ovaries 

were collected and prepared for histological counting of follicles as described in methods. 

different (p<O.OS) from control; ~ b difference (p<O.OS) between mouse and rat. The 

arrow is the ED 50: the dose resulting in 50% follicle loss. The mean of follicle numbers were 

statistically evaluated. but expressed as percent of control values to visualize relative effects. 

n=6-7 animals/treatment. 
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Figure 5.3: HaP Dose Finding in Female Miee and Rats. 86 mice (open squares )and 

F344 rats (closed squares) were dosed daily for 15 days with vehicle control (half

shaded square) or BaP (0.0075 mglkg - 60 mglkg; 0.00003 mmole/kg - 0.24 

mmole/kg). Ovaries were collected and prepared for histologicalcountingoffolliclesas 

described in methods. • different (p<O.OS) from control; ~ b difference (p<0.05) 

between mouse and rat. The arrow :s the ED50 : the dose resulting in 50% follicle loss. 

The mean of follicle numbers were statistically evaluated. but expressed as percent of 

control values to visualize relative effects. n=6-7 animals/treatment. 
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Table S.l: A summary for the E050 (dose resulting in 50% follicle loss) for primordial, 

primary and secondary follicles in C386Fl mice and Fischer 344 rats after 15 daily doses 

with DMBA. 3-MC or BaP. 

DMBA Mouse Rat 
Primordial < 0.02 mglkg 7.0 mglkg 
Primary 0.7 mglkg >7.0 mg/kg 
Secondary > 0.35 mglkg 7.0 mg/kg 

3-MC Mouse Rat 
Primordial 0.003 mglkg > 60 mg/kg 
Primary 0.0008 mglkg > 60 mglkg 
Secondary > 0.75 mglkg 0.75 mglkg 

BaP Mouse Rat 
Primordial 3 mglkg > 60 mglkg 
Primary 7.5 mglkg > 60 mglkg 
Secondary > 15 mglkg 60 mglkg 
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Ovotoxic Index (01): Species Comparison After 15 Days of Daily Dosing in Mice and RillS 

Day 15 ovotoxic indices were calculated as described in methods ( d I 5 SO% follicle 

loss dose mmole/kg x I 5). Overall, primordial follicles in mice were more susceptible than 

rats to the ovotoxic effects of all chemicals tested (Figure 5.4). The ranges of relative 

susceptibilities for mice and rats were DMBA > 3-MC > BaP >> VCD >>> VCH. As 

reported by Smith et al., (1990) VCD, the reactive metabolite of the parent compound VCH, 

was ovotoxic in mice and rats, whereas only mice were susceptible to VCH. The most potent 

chemical in both species was DMBA in the mouse (01 = 0.0012). 

In mice, primordial (01 = 0.0012) follicles were more susceptible to DMBA than 

primary or secondary (01 = 0.041 ). Secondary follicles, in rats, (01 = 0.41) were as sensitive 

to DMBA as primordial (01 = 0.41). Unlike the mouse, primary follicles in rats were not 

susceptible (ns) to DMBA at the doses used in this experiment. Following exposure to 3-

MC, mouse primordial and primary follicles were susceptible to 3-MC, whereas secondary 

follicles were not. On the other hand, rat secondary follicles (01 = 0.004) were susceptible, 

while primordial and primary follicles were not. BaP targeted mouse primordial (01 = 0.18) 

more than primary follicles (01 = 0.45). Conversely ,rat primary and secondary follicles were 

similarly targeted by BaP (01 = 3.6). Mouse secondary and rat primordial follicles were not 

susceptible to any dose of BaP used in this experiment. As with previous studies, VCD 

destroyed primordial and primary follicles and not secondary follicles in mice and rats (01 = 

8.6). but VCH targeted primordial and primary follicles only in mice (01 = 69; Flaws et al., 
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1994 a,b; Springer et al., 1996 a,b,c ). Additionally, overall susceptibility to VCH and VCD 

was much less than that seen with all three PAHs in both species. 

Comparison between low and high dose exposure 

Comparison of the ovotoxicity between low dose repeated ( d 15) and a single high-dose 

exposure to the three P AHs was performed in mice. The single-dose 01 was calculated from 

results reported in previous studies that produced 50% primordial follicle loss, using the 

same route of exposure (i.p. injections). A single high dose demonstrated significant 

follicular destruction in mice with DMBA, 3-MC and BaP (80 mglkg; 0.31 mmole/kg; 01 = 

0.31; Mattison and Thorgeirsson, 1979). In comparison, the 01 from repeated exposures that 

produced 50% ovotoxicity were more toxic (lower 01) than a single high dose with all three 

P AHs tested. Compared with a single high dose, the 01 for repeated low dose exposure to 

DMBA (0.00 12) was 260 fold more toxic, 3-MC (0.003) was 100 fold more toxic and BaP 

(0.18) was 2 fold more toxic (Table 5.1 ). 

Earliest Effects of Exposure: Impact of Repeated Exposures 

In mice, the earliest evidence (follicle damage; morphological assessment of healthy 

appearing follicles) was factored into the 01 to determine which chemical demonstrates 

evidence of impending follicle loss after the shortest period of repeated exposure. The first 

day of early damage that was identified (increase in %unhealthy follicles, p<0.05) for each 

chemical was used to further modify the initial 01 (figure 5.5; 01 = d 15 50% dose x first day 
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of significant damage x% healthy follicles remaining). As previouslyreported,adecreasein 

percent healthy primordial follicles in mice following VCD exposure was first seen on d8 

(01 = 2.51; Kao et al., 1999). This was not seen until diS with DMBA (01 = 0.0005). 

However, damage to secondary follicles was first seen on d I 0 due to DMBA exposure (01 = 

0.0003). On the other hand, damage caused by 3-MC was first seen on dl2 in mouse 

primordial follicles (01 = 0.0008). BaP damage was first seen on diO in primary follicles. 
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Figure 5.4: Initial Ovotoxic Index (01): Species Comparison after 15 Days in Mice and 

Rats. The dose of each chemical that was found to cause 50% loss of primordial follicles 

in B6C3Fl mice (closed bars) and Fischer 344 rats (open bars) after15 daily doses 

was used to calculate the initial 01. NOTE: The 01 is expressed as a reciprocal (l/01) to 

illustrate the dramatic differences in ovotoxicity between chemicals. Thus the higher the 

value the more ovotoxic the chemical. Note: Log Scale 

01 =(dose causing 50% follicle loss) x (15 days of dosing) 

N.S. =not susceptible at the experimental doses 
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Figure 5.5: Earliest Effects of Exposure- A Time DependentComparisonoftbe Impact 

of Repeated Low Dose Exposures in Mice Between VCD and P AHs. The 01 was used 

to calculate other follicle damage in terms of the earliest evidence of impending follicle loss. 

The morphological assessment of a decrease (p<O.OS) in percent healthy follicles was 

factored into the day 15 01 to obtain the relative 01. The relative 01 determines which 

chemical demonstrated ovotoxic damage after the shortest period of exposure. Immature 

female 86 mice were dosed daily for various days with the dose that resulted in 50% 

primordial follicle loss on day 15: DMBA (0.02 mglkg; 0.00008 mmole/kg), 3-MC (0.045 

mg!kg; 0.0002), BaP (3 mglkg; 0.012 mmole/kg) or VCD (80 mglkg; 0.57 mmolelkg). 

Ovaries were collected and prepared for morphological evaluation as described in methods. 

n=6/7 animals/treatment. All follicle types were histologically evaluated as percent healthy. 

NOTE: The diS 01 value was modified as described and is expressed as a reciprocal to 

illustrate the differences between chemicals. Thus the higher the value the more damaging 

the chemical. Primordial follicles, black bars; primary follicles, gray bars; 

secondary follicles, white bars. 

Note: VCD and BaP are on different scales 

01 =(diS 50% dose) x (first day of evidence of damage) x (%healthy follicles) 
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Table 5.2: Comparison of the 01 for A Single High Dose (Is) versus IS Repeated 
Low Doses (ISd) in 86 Mice Primordial Follicles 

a = Mattison and Thorgeirsson. 1979 (80mglkg, 0.31 mmole/kg) 
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DISCUSSION 

In the human ovary only about 400 of the 2 million oocytes present at birth are 

ovulated during the reproductive life of a woman (Hirshfield, 1991 ). Thus, throughout her 

life greater than 9~/o of ovarian follicles undergo degenerative changes, a process known as 

atresia. When the ovary becomes depleted of primordial follicles, the result in women is 

menopause. Apoptosis is the major process responsible for cell death in a number of 

physioiogical events such as embryonic development and cell tum over to remove unwanted 

cells nontraumatically (Hughes and Gorospe, 1991 ). Ovarian atresia has been shown to occur 

by programmed cell death, apoptosis, in the ovary (Hughes and Gorospe, 1991 ; Tilly et al .• 

1991 ). It has been observed that environmental chemicals at low doses may cause apoptosis, 

whereas at high doses they can produce cellular death via necrosis (Payne et al., 1995). 

Because the ovary contains a finite number of oocytes at birth, human exposure to 

environmental chemicals that destroy primordial follicles can result in early menopause. 

Epidemiological evidence suggests that the human ovary is susceptible to ovotoxic 

effects of PAHs contained in cigarette smoke. Women smokers not only suffer from 

infertility problems. but are known to undergo early menopause (Mattison, 1983 ). 

Additionally. human ovarian cancer is an environmentally associated disease with the highest 

incidence in urban industrialized regions, areas with high levels ofP AH pollution (Mattison, 

1979). Because P AHs are known to decrease primordial and primary follicles and increase 

ovarian tumors in mice and rats, it is possible that they are the responsible agents that cause 
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the early menopause and ovarian cancer seen in women smoker (primary or second hand; 

Reviewed by Mattison, 1985): 

In the present study mice and rats demonstrated a wide range of sensitivities to low

dose repeated exposure to the P AHs, DMBA. 3-MC and BaP. 4-Vinylcyclohexenediepoxide 

was used as a point of reference for evaluating the OI because its ovotoxic effects and are 

selective for primordial and primary ovarian follicles (25-1 00 f.Lm) in mice and rats and the 

dose for 50% primordial follicle destruction following 15 daily doses had been determined 

(Flaws, et al., 1994a; Springer. et al., 1996a; Kao et al., 1999). Unlike other ovotoxic 

chemicals, VCD does not damage secondary or antral ovarian follicles (> 1 OOf.Lm; Flaws et 

al., 1994a; Hoyer and Sipes, 1996). In dose response findings, after 15d of dosing in mice, 

the relative degree of ovotoxicity caused by the P AHs in primordial follicles was: DMBA 

(lowest OI) > 3-MC > BaP > VCD (highest OI). Thus, the greatest ovarian damage was 

caused by DMBA. 

The OI was also used to compare which pre-antral follicle populations were most 

susceptible to ovotoxic effects of the different chemicals tested in mice and rats. This is 

important because the type of follicle damaged determines the type of reproductive 

disruption that will result. From this information, it might be predicted that, of the three 

chemicals tested, DMBA would be initially to disrupt ovarian cyclicity in both mice and rats 
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because it was effective at damaging secondary follicles in addition to primordial (mouse and 

rat) and primary (mouse). Since primordial follicles were also susceptible to DMBA (lowest 

OI), this would pose a greater risk for pre-mature ovarian failure. Depending upon the 

species, the effect of3-MC exposure varied. In mice premature ovarian failure might result 

because primordial and primary follicles are targeted. On the other hand in rats, a disruption 

in cyclicity might result because secondary follicles are more extensively targeted. Finally, 

although BaP does not appear to be as ovotoxic as the other P AHs tested, it was effective at 

targeting primordial (mouse), and primary (mouse and rat) and secondary (rat) follicles. 

Thus, compared with DMBA, longer-term exposure to BaP could also lead to pre-mature 

ovarian failure (mouse and rat) and cyclicity disruption in rats. Taken together, the data 

suggest that the mechanisms of induction of ovotoxicity by the different chemicals are 

different. This was also the conclusion from a previous study examining the immuno

suppressive effects of these three P AHs. DMBA and BaP appear to work through the 

arylhydrocarbon receptor, whereas 3-MC did not (Davila et al., 1996). This information 

would support that 3-MC is possibly working via a different mechanistic pathway than 

DMBAorBaP. 

Previous studies in mice and rats examined ovotoxic effects caused by a single high 

dose of P AHs, but repeated low dose exposure is more likely to be source of toxicity in 

women. A single high dose (i.p.) ofDMBA in mice (80 mglkg, 0.31 mmole/kg), 3-MC (80 

mglkg, 0.30 mmole/kg) or BaP (80 mglkg, 0.32 mmole/kg) induced> 99% primordial and 
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primary follicle loss within 6d (Mattison, 1980). In addition, the toxicity with DMBA was 

seen to be more extensive, in that it also destroyed primary and secondary follicles in mice, 

whereas 3-MC and BaP did not. From these results, no conclusions could be drawn as to the 

relative toxicities of the three chemicals or which follicle type is targeted. In contrast a 

single high (i.p.) dose ofDMBA in rats ( 100 mglkg, 0.39 mmole/kg), 3-MC (rats 100 mg/kg, 

0.37 mmole/kg) or BaP (100 mglkg, 0.40 mmole/kg) induced 50% primordial and primary 

follicle loss withinl4d (Mattison, 1979). The effects on secondary and antral follicles were 

not reported in this study. The species difference in sensitivity may be due to differences in 

distribution, metabolism, clearance and/or detoxification of the chemicals (Mattison and 

Thorgeirsson, 1979). 

Substantial differences were also seen between high and low dose exposure to all 

three PAHs. For example, 50% destruction of primordial follicles in mice occurred in the 

present study with low dose repeated exposure to DMBA (0.02 mglkg; 0.00008 mmole/kg). 

This is dramatically lower than that used in a single injection previously reponed (DMBA, 

80 mg/kg; 0.31 mmole/kg; Mattison and Thorgeirsson, 1979). In the present study, the same 

degree of ovotoxicity was produced in mice by repeated exposure to 0.004 the single high 

dose of DMBA, 0.01 the single high dose of3-MC or 0.5 the single high dose ofBaP (Table 

5 .2). From this it can be predicted that, compared with a single high dose exposure, chronic 

low-dose exposure can produce 206, 100 or 2 times greater ovotoxicity by DMBA, 3-MC or 

BaP, respectively. Whereas, dosing with high doses ofthe three PAHs producedovotoxicity 
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that was similar in appearance, the effects of repeated low dose exposures to P AHs clearly 

show depending on species and follicle type the results vary. 

It is possible that not all ovarian toxicants cause follicular damage at the same rate. 

Therefore, a time-dependent comparison of the impact of repeated exposures between the 

different chemicals was also incorporated into the 01. That is, an evaluation of the earliest 

evidence of impending follicle loss as evaluated by morphological assessment of a decrease 

in percent of follicles that appear healthy. This value was then also factored into the 01. 

Even though the 01 for VCD (2.5I, d8) was higher (less toxic) than for DMBA (O.OOI2, 

diS), VCD produced evidence of ovotoxicity at an earlier time. Interestingly, DMBA 

targeted secondary follicles (dlO) earlier than primordial and primary (dl2). From this it 

might be predicted that DMBA would initially disrupt ovarian cyclicity, but eventually 

induce ovarian failure. 

Major sources of exposure to P AHs include tobacco smoke, incomplete combustion of 

fossil fuels, and wood burning stoves (Menzie et al., I 992). However, food and air are a 

consistent major source of P AHs exposure for all humans engaged in everyday activities. 

The range of possible exposure is between I and I 5 uglday and in the winter months the 

levels increase to approximately 74 uglday with increased use of wood burning fires and 

furnaces (Sawicki et al., I 967). Mainstream smoke from unfiltered cigarettes may contain 

0.1-0.25 uglcigarette of PAHs (reviewed Menzie et al., 1992). PAH compounds are 
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carcinogenic and introduced into the environment and are present in food, air, water, and 

soil. For individuals who smoke one or more packs of unfiltered cigarettes a day, the 

additional dose is between 2-1 S uglday (reviewed by Menzie et al., 1992). Although the 

exact concentration of individual P AHs is difficult to determine because of the different 

types and manufacture of cigarette, 10-15 nglcigarette ofBaP was measured by analysis in 

one type of cigarette (Swartz and Mattison, 1985). 

In an inhalation study in mice, oocyte toxicity was caused by a biological equivalent of 

cigarette smoke (DMBA at < 5 mglkg; per day for 2.5 months; V ahakangas et al., 1985). In 

the present study, exposure was to dramatically lower doses of DMBA (0.02 - 0.07mglkg) 

than that found in cigarettes and it was also found to be the most ovotoxic in mice and rats. 

Furthermore, the effect of repeated low dose exposure was much larger than that caused by a 

single high dose exposure (i.p. injections). Even though exposure in the animal studies (ours 

and Mattison) was via the i.p. rather than inhalation route, concentrations ofPAHs used in 

inhalation studies and in cigarettes predict significant human exposure. 

In summary, a method for comparing the relative ovotoxicity of exposure to a variety 

of chemicals in laboratory animals has been developed, which can be adapted to evaluate a 

variety of parameters. This provides a means of directly comparing the ovotoxic index (01) 

of several chemicals for use in predicting their relative toxic potentials. The benefits of 

developing ovotoxic indices include prediction of the potential impact of chronic exposures 
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to low concentrations of chemicals in the work place and environment. Assessing the relative 

potential toxicity of known ovotoxic chemicals in humans would be useful to estimate the 

potential risk of pre-mature ovarian failure caused by exposure to combinations of these 

P AHs and other chemicals in the workplace and environment. An important finding was that 

these low doses repeated exposure caused more follicular damage in laboratory animals than 

a single high dose. This new information should raise the concern for chronic human 

exposure to P AHs in the environment and workplace. Exposure to ovotoxic chemicals can 

result in extensive silent ovarian damage that goes unnoticed until reproductive function is 

prematurely destroyed (early menopause). This is of particular concern in view of the 

increasing trend of teenage women smokers (Heins, 1998) and the increasing population of 

elderly women who have been chronic smokers. Additionally, there is evidence in animal 

studies (MacKenzie and Angevine, 1981) for congenital ovarian damage and human 

infertility problems in daughters of women who have smoked during pregnancy(Weinberget 

al., 1989). Taken together, the data presented here provides reasonable evidence that more 

concern should be focused on low dose repeated exposure in ovotoxic chemical studies with 

environmental chemicals. 
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CHAPTER6 

CHANGES IN EXPRESSION OF CELL DEATH REGULATORY GENES (BCL-XL, 
BAX AND P53 IN OVARIAN FOLLICLES DURING PAH INDUCED 

OVOTOXICITY IN MICE 

ABSTRACT 

The purpose of the present study was to examine the effects of repeated dosing of mice with 

VCD or the P AHs, DMBA or 3-MC on ovarian expression of mRNA and protein for genes 

involved in programmed cell death (bax andp53) or cell survival (bcl-xJ. Mice were given 

15 daily doses of vehicle control (sesame oil), VCD (80 mglkg), DMBA (0. 7 mglkg) or 3-

MC (0. I 5 mglkg). Four hours after the final 15m injection ovaries were removed. Small (25-

IOOJ.!m; primordial. primary and small secondary) and large (100-250J,lm; large secondary) 

pre-antral follicles were isolated, and mRNA encoding bax, bcl-xL and p53 was measured. 

Because the ratio of bax!bcl-xL is a critical determinant of cell fate, this ratio was also 

calculated. Fraction I (primordial, primary and small secondary) follicles from mice treated 

with DMBA had increased levelsofbaxmRNA(l37%ofcontrol, p<0.0117)anddecreased 

levels of bc/-x1_ mRNA (47% of control, p<O.OOI6). Therefore, with DMBA treatment, the 

baxlbcl-x,_ this ratio was also significantly increased (281 % of control; n=3. p<0.05). 

Fraction I follicles from mice treated with 3-MC had increased levels of bax mRNA ( 132 % 

of control, 3-MC. p<0.03). unlike DMBA, with 3-MC there was no significant change in 

expression ofmRNA for bcl-x1• and no significant change in this ratio. However, in fraction2 

follicles. there was no change for bax mRNA and a decrease in bcl-xL mRNA expression, 
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thereby increasing the ratio of baxlbcl-xL in response to either DMBA or 3-MC treatment. 

Likewise, there was no effect ofVCD on the expression ofmRNA for bax, bcl-xL or the ratio 

in small fraction 1 follicles. There were no significant changes in expression of mRNA for 

p53 with any treatment. Visualization ofBax and Bcl-xL protein by confocal microscopy 

was qualitatively characterized by immunohistochemical analysis. The results demonstrated 

a trend that was in support of the results measuring mRNA. That is, there was greater 

staining for Bax and less for Bcl-xL in ovaries from DMBA-dosed mice, compared with 

controls. DMBA was associated with increased Bax and decreased Bcl-xL and increased 

Bax/Bcl-xL ratio indicating a possible mechanistic pathway ofDMBA-induced ovotoxicity. 

These changes were not observed with 3-MC or VCD. These findings support that DMBA 

may be more potent or be working through a different pathway of ovotoxicity than 3-MC or 

VCD. 
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INTRODUCTION 

Throughout a woman's life greater than 990/o of ovarian follicles undergo 

degenerative changes. This process is known as atresia When the mammalian ovary 

becomes depleted of primordial follicles the result is ovarian failure (rodents) or menopause 

(women). Ovarian atresia, has been shown to occur by programmed cell death, apoptosis 

(Hughes and Gorospe, 1991; Tilly et al., 1991 ). Apoptosis is the major process responsible 

for cell death in a number of physiological events. However, little is known about the types 

of cell death induced by reproductive toxicants in the ovary. Mild cellular damage can 

induce a program for cell death, apoptosis; whereas, more severe damage results in passive 

cell death, necrosis (Corcoran, 1994 ). 

Physiological cell death (apoptosis) involves changes in gene expression (Hseuh et 

al., 1994). One family of genes in mammalian cells that is associated with apoptosis is the 

bc/-2 (B-cell lymphoma!leukemia-2 protein) family of proto-oncogenes. In normal 

physiological situation expression of two genes, bc/-2 and bc/-xL is associated with cell 

survival. Due to its involvement in prolonging cell survival in malignancies, the BCL-2 

protein has been localized to the inner mitochondrial membrane, endoplasmic reticulum and 

nuclear membrane of the cell (Vaux et al., 1992; Hockenberry et al., 1993). More and more 

information implicates the mitochondria as a key player in directing cell fate (Reviewed by 

Tilly. 1998). BCL-2 has been shown to prevent cell death by accumulating oxygen free 

radials (Kane et al., 1993; Hockenberry et al., 1993 ). Overproduction of bc/-2 mRNA and 
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BCL-2 protein has been reported to be associated with non-Hodgkin•s B-celllymphoma 

(Reed, 1994 ). The BCL-2 protein has been shown to block apoptosis induced by radiation, 

growth factor withdrawal, glucocorticoids and oxidative stress in many in vitro and in vivo 

experimental systems (Hockenberry et a, 1993; Miyashita et al., 1994; Yin et al., 1994; 

Miyashita and Reed, 1995). A gene distinct from bc/-2 gives rise to bc/-xL (long, 233 amino 

acids) and bc/-x5 (short, 170 amino acids) following processing of two splice variants within 

the first coding exon at the 5' end (Boise et al .• 1993). Analogous to BCL-2, BCL-XL, 

promotes cell survival, whereas BCL-X5, can inhibit BCL-2 induced cell survival in IL-3 

dependent FL5 .12 cells (Boise et al., 1993 ). 

Few studies have examined the role ofthe bc/-2 family of proto-oncogenes in the 

ovary (Tilly et aL 1995; Ratts et al., 1995). In addition to the ovary, the mRNA for bax has 

been discovered in many tissues including testis, uterus, kidney and liver (Oitavi et al., 1993; 

Tilly et al., 1995). Specifically, increased expression of bax was measured during atresia in 

ovarian antral (>250JJm) rat follicles incubated in vitro (Tilly et al., 1995). Ovarian 

apoptosis can be prevented with gonadotropin treatment (Hughes and Gorospe, 1984). In a 

study investigating the levels of bax, bc/-2 and bc/-xL mRNA levels following gonadotropin 

treatment in the whole ovary, only levels of bax mRNA significantly decreased (Tilly et al., 

1995). By inducing apoptosis with serum withdrawal in isolated pre-ovulatory follicles 

mRN A levels significantly increased for bax and decreased for bc/-x1• with no change in bcl-2 
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mRNA levels. Therefore, in the ovary bcl-xL may be more involved than bcl-2 with box in 

reflecting the determination of follicular fate. 

Several studies have identified possible transcriptional regulators of the bcl-2 family 

of genes. One such regulator is the tumor suppressor, p53 (Miyashita et al., 1994). Wild 

type p53 accumulates in response to DNA damage leading first to DNA repair, then to cell 

cycle arrest or apoptosis (reviewed by Haffner and Oren, 1995). It is not known how 

environmental ovotoxicants such as VCD and PAHs will affect p53 mRNA expression, 

however it has been demonstrated that primordial and primary follicles (25-1 OOum) express 

p53 mRNA (Kim et al., 1999). A p53 response element has been identified in the promoter 

region of the box cell death gene, yielding increased bax expression when the response 

element is bound and activated (Miyashita and Reed, 1995). In addition, the bcl-2 gene 

promoter contains a repressor element that binds p53, leading to a suppression of gene 

expression (Miyashita et al., 1994). Therefore, increasedboxexpressionand decreasedbc/-2 

( equilivant cell death suppressor as bcl-xJ expression regulated by p53 would be predicted to 

be seen in apoptosis mediated via that pathway. 

Morphological, biochemical and molecular evaluations have revealed that oocyte 

destruction of small follicles (primary and primordial) in rats dosed daily (10 days) with the 

occupational chemical4-vinylcyclohexene diepoxide (VCD), was by apoptosis (Springeret 

al., 1996a,b). At that time, there was a significant increase in mRNA levels for box, as 
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compared with controls (Springer et al., 1996b ). The effect appeared to be specific for small 

pre-antral follicles, because no effect of VCD was measured in isolated large pre-antral 

follicles or hepatocytes (non-targets for VCD). Therefore this destruction required repeated 

exposure, and could represent an undetected risk for ovotoxicity in women chronically 

exposed to low levels ofVCD in the workplace or environment. 

Because of the increased bax expression in VCD-treated rats, the present study was 

designed to investigate VCD-induced toxicity in mice. Furthermore, since mice were more 

susceptible to the ovotoxicity caused by low dose P AHs, whether the bc/-2 family was 

involved in this toxicity was investigated. Because of the evidence in rats, it was of 

interest to specifically evaluate whether bel-xu bax, pSJ and bax/bcl-xL ratio mRNA 

expression levels are altered in response to repeated daily dosing with low levels ofthe 

PAHs and VCD in mice. 
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RESULTS 

RPA Conditions for mRNA Mouse bcl-x,_, IHix and pSJ 

To insure that the probes used in measuring mRNA by RPA. were sensitive in a 

linear range of RNA, concentration curves were performed at 0.7Sf.lg -7.0f.lg RNA. It was 

determined to use 3.0f.lg for each probe (Figure 6.1). 

Mouse mRNA bax and pSJ in Fraction 1 Follicles (25-JOOJ.lm) 

The protected fragments for bax andp53 mRNA were 164 and 265 bp, respectively 

and for ISS 80 bp (for normalization; Figure 6.2). The full length, unprotected probes are 

shown for bax mRNA (IS4 bp),p53 (296) and ISS (12S bp). As shown in Figure 6.3, there 

was an increase in bax mRNA in fraction I follicles prepared from DMBA(l37%ofcontrol; 

p<O.Oll7) and 3-MC (132% of control; p<0.03) treated mice compared with control. There 

was no effect ofVCD. Furthermore, there was no significant change for p53 mRNA for any 

treatment group. The protected fragment for ISS produces a doublet due to a fraction of the 

protected fragment being partially degraded by ribonuclease. Note: This is to be expected 

and one or both bands can be used for the quantification ( Ambion Tech. Bulletin, 15 5). Each 

of the probes used was shown not to generate any signal in the absence of mouse tissue RNA 
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(yeast control, Yl lane, Figure 6.2). There were no significant effects of treatment on bax or 

p53 mRNA expression in fractions 2 follicles (data not shown). 

Mouse mRNA bcl-xL in Fraction 1 Follicles (25-JOOJUII) 

The protected fragment for bcl-xL mRNA was 20 I base pairs (bp) and for ISS 80 bp 

(used for normalization). Figure 6.4 shows the autoradiogram of a representative 

experiment. As shown in figure 6.5, there was a decrease in bc/-xL mRNA (p<O.OOI6) in 

small follicles (fraction I, primordial, primary and small secondary) from DMBA-treated 

mice. Conversely, there was a non-significant increase in follicles from 3-MC-treatedmice. 

VCD was not examined for bcl-x1_ mRNA because of tissue limitations. 

Mouse mRNA bcl-xL in Fraction 2 Follicles (100-250JJ,m) 

Figure 6.6 is an autoradiogram of a representative experiment illustrating a decrease 

in the mRl'\l'A expression of bcl-xL from mice treated with DMBA or 3-MC in large 

secondary follicles (fraction 2). The full length, unprotected probes are for bcl-xL mRNA 235 

bp and for ISS. 128 bp. Figure 6. 7 expresses this data as percent of control to illustrate the 

significant decrease (p<0.0016) in bcl-xL mRNA in large secondary follicles (fraction 2) 

collected from mice treated with DMBA and 3-MC (n=2). 
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Mouse Bax a11d Bcl-xL Protei11 Lneb Vis11aliud by Collfocal Mic,oscopy 

To identify expression and cellular distribution of the gene product. Bax and Bcl-xL 

proteins were visualized in ovarian sections from DMBA. 3-MC and VCD-treatedas well as 

control mice (Bax. Figure 6.9; Bcl-xL• Figure 6.10). The overall immunofluorescence 

staining of Bax and Bcl-xL protein was assigned a qualitative degree of distribution in 

primordial. small and large primary and secondary follicles. Once analyzed. va!1_1es 

demonstrated that the protein expression followed similar trends as measured in mRNA. Bax 

protein distribution observed in the cytoplasm of the oocytes and granulosa cells from 

DMBA-treated small and large primary and secondary follicles was greater than that of 

control. 3-MC or VCD. Unlike Bax. Bcl-xL protein distribution was decreased in DMBA and 

3-MC treated small follicles. Overall. Bax and Bcl-xL protein distribution increased in the 

granulosa cell cytoplasm. yet decreased in the oocyte cytoplasm as the follicles developed 

from primordial to secondary for DMBA and 3-MC (Table 6.1 ). 

Mouse bax/bc/-xL Ratio 

Compared with controls. fraction I follicles (25-1 OOf.lm) collected from mice treated 

with DMBA expressed a significantly greater ratio of the baxlbrl-x1_ mRNA (281% of 

control. p< 0.0003. n=3). Fraction 2 follicles (100-250f.lm) treated with DMBA also had a 
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greater baxlbc/-xL ratio (n=2; Figure 6.8). In supportofthese findings DMBA-treated ovaries 

visualized by confocal microscopy also illustrated an increased ratio of the baxlbcl-xL protein 

distribution. Specifically this effect was seen in the cytoplasm of granulosa cells in 

primordial, small primary and large primary follicles. Unlike DMBA. mice treated with 3-

MC had no shift in the mRNA ratio of bax/bc/-xL• compared with control at (1 00) in fraction 

1 follicles (25-1 00f,lm). However, in one prelimmary experiment, there was an increase in 

the baxlbcl-xL ratio for fraction 2 follicles (Figure 6.8). Conversely, ovaries visualized from 

3-MC-treated mice by confocal microscopy illustrated an increased ratio of the bax/bcl-xL 

protein distribution in the cytoplasm of granulosa cells from primordial and large primary 

follicles. Also visualized were ovaries from VCD-treated mice, which also had an increased 

ratio of the baxlbc/-xL protein in the cytoplasm of granulosa cells in small and large primary 

follicles. Since large primary follicles had an increased ratio of the Bax!Bcl-xLprotein, this 

supports that it is at this critical follicle stage the fate of the follicle may be determined. 
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Table 6.1: Observable differences in intensity of staining in ovaries from control and 
treated mice. 287 primordial. 132 small primary. 60 large primary and 93 secondary 
ovarian follicles (Bax) and 168 primordial, 102 small primary. 144 large primary and 60 
secondary ovarian follicles (Bcl-xJ were visualized by confocal microscopy and rated 0-
5 for levels of protein staining intensity in the cytoplasm of the oocyte and granulosa cells 
(gc; 0 = none. 5 = greatest). 

Follicle Characterization 
Primordial = follicles with < squamous granulosa cells (gc) 
Small Primary = follicles with < 20 cuboidal gc and no oocyte growth 
Large Primary = follicles with > 20 cuboidal gc and with oocyte growth 
Secondary = follicles > 2 complete layers of gc 

6.1a. Control VCD DMBA 3-MC Control VCD 
Bax 

oocyte oocyte oocyte oocyte gc g_c 
Primordial 3.60± 1.89± 3.35± 2.72± 3.30± 2.17 ± 

0.14 0.32 0.55 0.14 0.16 0.37 
Small 2.35± 1.06± 3.57± 2.27± 3.74± 3.63± 

Primary 0.32 0.27 0.25 0.22 0.21 0.26 

Large 2.60± 1.40± 3.25± 1.18 ± 4.00± 4.40± 

Primary 0.80 0.58 0.48 0.27 0.38 0.31 

Secondary 1.37 ± 0.86± 1.69± 0.51 ± 4.33± 4.19 ± 
0.33 0.27 0.35 0.20 0.23 0.21 

DMBA 3-MC 

11_C sc 
3.46± 2.52± 
0.58 0.15 
3.97± 3.44± 
0.14 0.18 

4.00± 3.89± 
0.35 0.18 

3.90± 4.02 ± 
0.19 0.11 
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6.1b. Control VCD DMBA 3-MC Control VCD DMBA 3-MC 
Bcl-xl 

oocyte oocyte oocyte oocyte [gc gc gc lgc 
Primordial 2.89± 3.30+/- 1.96+/- 2.48+/- 2.89+/- 3.29+/ 1.92+/- 1.66+/ 

0.29 0.25 0.22 0.93 0.28 -0.24 0.22 -0.19 
Small 1.17± 1.28+/- 1.76+/- 0.96+/- 2.42+/- 2.06+1 2.39+/- 2.21+/ 
Primary 0.34 0.31 0.24 0.17 0.19 -0.35 0.19 -0.17 
Large 1.13 ± 0.20+1- 0.82+/- 0.79+/- 3.70+/- 1.20+/ 3.42+/- 2.00+/ 
Primary 1.13 0.20 0.38 0.38 0.67 -0.49 0.19 -0.17 
Secondary 0.00 +/- 0.00 +/- 0.00 +1- 0.14+/- 3.73+/- 1.23+/ 3.29+/- 2.59+/ 

0.0 0.0 0.0 0.07 0.43 -0.17 0.28 -0.17 

6.1c. BAXI Control VCD DMBA 3-MC Control VCD DMBA 3-MC 
Bcl-xl 

oocyte oocyte oocyte oocyte [gc gc gc 1gc 
Primordial 1.30 0.60 1.70 1.10 1.10 0.70 1.80 1.50 

Small 2.00 0.80 2.00 2.40 1.60 1.80 1.70 1.60 
Primary 
Large 2.30 7.00 4.00 1.50 1.10 3.70 1.20 2.00 
Primary 
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Figure 6.1: RP A Conditions- Amount of RNA Used in Each Reaction. Increasing 

amounts of total RNA (0.75, 1.25, 3, 5 and 7 f.!g) from 25-100J.!m follicles were hybridized 

to each probe overnight (16-48 hrs) at 42°C. There was a linear increase in signal in this 

range for mbax (open circles), mp53 (closed circles) and bcl-xL (open squares). Therefore, 

3 J.lg of total RNA was used for all subsequent experiments (arrow). 
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Figure 6.2: Auto radiograph of mRNA Expression of Mouse bax and p53 in Fraction 

1 Follicles, From Mice Treated with DMBA (D, 0. 7mglkg), 3-MC (MC, 0.15 mglkg) or 

VCD (V, 80 mg/kg), Compared with Control (C). Three ~g of total RNA from fraction 

1 follicles (25-1 00 ~m) were hybridized overnight at 42°C with probes for bax, p53 and 18S. 

The distinct sizes of the protected fragments (left lanes) for bax mRNA (164 bp), p53 (265 

bp) and 18S (80 bp) and the full , length (Y2) mRNA probes for bax (184 bp), p53 (296bp) 

and 18S ( 128 bp) allowed for the probes to be used in the same reaction tube. Probes were 

labeled with 32P. Each probe was shown not to generate any signal in the absence of mouse 

tissue RNA (Yl). Protected probe fragments were separated by a 5% denaturing 

polyacrylamide 8M-urea gel electrophoresis and visualized by autoradiography. Samples 

were run in duplicate (n=3/chemical). 
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Figure 6.3: Relative Changes in the mRNA Expression of Mouse bax and p53 in 

Fraction 1 Follicles From Mice Treated With DMBA (0. 7mg/kg), 3-MC (0.15 mg/kg) 

or VCD (80mglkg), Expressed as Percent of Control. Values from 3 separate experiments 

were analyzed by RPA as described in Figure 6.2. mRNA for bax (closed bars) andp53 

(open bars) were expressed as% of control (*p<0.05; n=3/chemical). 
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Bci-XL 201 bp _. 

18S 80 bp _. 

Figure 6.4: Autoradiogram of mRNA Expression of the Mouse bcl-xL Fraction 1 

Follicles From Mice treated with DMBA (D, 0.7mg/kg) and 3-MC (MC, 0.15 mg/kg), 

Compared with Control (C). Three f.lg of total RNA from fraction 1 follicles collected from 

mice were hybridized overnight at 42°C with probes for bcl-xL and 18S. The distinct sizes 

of the protected fragments for bcl-xL mRNA (201 bp) and 18S (80 bp) allowed both probes 

to be used in the same reaction tube. Probes were labeled with 32P. Each probe was shown 

not to generate any signal in the absence of mouse tissue RNA. Protected probe fragments 

were separated by a 5% denaturing polyacrylamide 8M-urea gel electrophoresis and 

quantitative data and visualized by autoradiography. Samples were run in duplicate 

(n=3/chemical). 
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Control DMBA 3-MC 
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Figure 6.5: Relative Changes in the mRNA Expression of Mouse bcl-xL mRNA in 

Fraction 1 Follicles from mice treated with DMBA (0.7mg/kg) or 3-MC (0.15 mglkg), 

Expressed as 0/o of Control. Follicles were analyzed by RP A as described in Figure 6.4. 

Values from 3 separate experiments were analyzed. mRNA for bcl-xL (closed bars) were 

expressed as% control (*p<0.05; n=2/chemical). 
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Figure 6.6: Autoradiograph of mRNA Expression of the Mouse bcl-xL in Fraction 

144 

2 Follicles, From Mice Treated with DMBA (D, 0. 7mg/kg), 3-MC (MC, 0.15 mg/kg) or 

VCD (V, 80 mg/kg), Compared with Control (C). Three J..Lg of total RNA from 

fraction I follicles were hybridized overnight at 42°C with probes for bcl-xL and 18S. The 

distinct sizes ofthe protected fragments (left lanes) for bcl-xL mRNA (201 bp) and 18S (80 

bp) and the full, length (Y2) mRNA probes allowed both probes to be used in the same 

reaction tube. Probes were labeled with 32P. Each probe was shown not to generate any 

signal in the absence of mouse tissue RNA. Protected probe fragments were separated by a 

5% denaturing polyacrylamide 8M-urea gel electrophoresis and visualized by 

autoradiography. Samples were run in duplicate (n=3/chemical). 
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Figure 6. 7: Relative Changes of mRNA Expression of Mouse bcl-xL mRNA in Fraction 

2 Follicles From Mice Treated With DMBA (0. 7mglkg) or 3-MC (0.15 mglkg) 

Expressed as % of Control. Follicles were analyzed by RPA as described in Figure 6.6. 

Values from 3 separate experiments were analyzed. mRNA for bcl-xL (closed bars) were 

expressed as% control (•p<O.OS; n=2/chemical). 
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Figure 6.8: Effect ofDMBA (0.7mglkg) and 3-MC (0.15 mglkg) on the Ratio of Steady 

State Expression of Mouse bax/bcl-xL mRNA in Fraction 1 Follicles. From data in figures 

6.2-6.7, the ratio of bax/bcl-xL mRNA was calculated and expressed as% of control in 

fraction 1 (closed bars) and fraction 2 (open bars) follicles. In the data from DMBA-treated 

mice n=3 for fraction 1 and n=2 for fraction 2, *p<0.05. In the data from 3-MC-treated mice 

n = 3 fraction 1 and n=1 for fraction 2. 
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Figure 6.9: Cellular Distribution of the Expression of Bas ProteiD in Mouse Ovarian 

Follieles. Ovaries were collected from (A) control, (B) VCD, (C) DMBA and (D) 3-MC 

treated mice after the fmal 151h daily dose and were processed and visualized by 

confocal microscopy as described in methods. Genomic DNA in cells was stained with 

YOY0-1 (green) to visualize all cell nuclei. Anti-Bax antibody staining was with Cy5 

(red) to visualize Bax protein. Staining for Bax is observed in the cytoplasm of oocytes 

and granulosa cells in some but not all primordial, primary and secondary follicles. (Oil 

immersion, X 40 magnification). 
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Figure 6.10: CeUular Distribution oftbe Expression ofBcl-xL Protein in Mouse 

Ovarian FoUicles. Ovaries were collected from (A) Control, (B) VCD, (C) DMBA and 

(D) 3-MC treated mice after the final 15th daily dose and were processed and visualized 

by confocal microscopy as described in methods. Genomic DNA in cells was stained 

with YOY0-1 (green) to visualize all cell nuclei. Anti-Bel-XL antibody staining was with 

Cy5 (red) to visualize Bcl-xl protein. Staining for Bcl-xl is observed in the cytoplasm of 

oocytes and granulosa cells in some but not all primordial, small and large primary and 

secondary follicles. (Oil immersion, X 40 magnification). 



Bcl-xL Protein 

. · -: .. ·· . . . 



151 

Figure 6.11: Immunonegative staining ofBax .. ad Bcl-sL ProteiD iD Mouse Ovarian 

Follicles. Ovaries were collected from treated mice after the final 15m daily dose and were 

processed and visualized by confocal microscopy as dc.;cribed in methods. Genomic DNA 

in cells was stained with YOY0-1 (green) to visualize all cell nuclei. lmmunonegative 

controls show green YOY0-1 and Cy-5 staining without (A) Anti-Bax or (B) Anti-Bcl-xL 

antibody (red). Genomic DNA in cells from ovaries of mice treated with 3-MC (0.15 

mglkg) was also stained with cy-5 (red) and (C) Anti-Bax or (D) Anti-Bcl-xL to visualize the 

protein distribution. Over half of the secondary follicles examined from ovaries stained with 

Bcl-xL displayed Bcl-xL staining in the acellular zona pellucida. (Oil immersion. X 40 

magnification). 
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DISCUSSION 

P AHs are environmental carcinogens. Because alterations in the expression of the 

genes controlling cell fate, bel-xu box and p53 can occur during apoptosis, these genes can be 

measured in PAHs-induced ovotoxicity. DMBA increased box mRNA expression, while 

decreasing bcl-xL and increased the ratio of baxlbcl-xL. 3-MC also increased box mRNA 

expression, b•.1t induced no change in bcl-xL mRNA expression. VCD had no effect in 

altering either box or bcl-xL mRNA expression in mice. Confocal microscopy supported the 

mRNA changes seen with DMBA, Bax and Bcl-xL protein distribution increased and 

decreased respectively, with an increase in the ratio ofBax/Bcl-xL. Since DMBA appears to 

be the most potent P AH in mice (Chapter 5) this may have been more readily measured than 

with 3-MC or VCD. This could also go along with 3-MC being more toxic than VCD and 

seeing the effects more readily. 

Interestingly BCL-2 and BCL-XL do not function independently. Each has been 

found to heterodimerizes with another member of the bc/-2 family, BAX (Oitavi et al., 

1993). The homology between human BAX and BCL-2 is 43.2%. The amino acid sequence 

has been found to contain two highly conserved regions, the BCL-2 homologue 1 (BH 1) and 

2 (BH2), both required for dimerization between BAX and BCL-2. Any stimulus that 

disrupts the heterodimer formation will induce cell death (Yin et al., 1994). It is though~ in 
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fact, that the intracellular ratio ofBAX to BCL-2 or BCL-XL proteins actually provide!l :~e 

critical determinant of cell fate. A relative increase in levels ofBAX or decrease ofBCL-2 

or BCL-XL is associated with accelerated cell death~ whereas, a relative elevation ofBCL-2~ 

BCL-XL or decrease of BAX favors extended survival of cells (Oltavi, 1993). Therefore, a 

primary association with cell death in many cell types may be the overexpression of box or 

bcl-x. mRNA (Hockenberry et al., 1993; Hush et al., 1994). 

The fundamental role of BCL-2 and related proteins has become apparent in 

regulatory gene knock out studies. Ovaries of box-deficient female mice demonstrated 

relatively normal oocyte development and follicular formation, but also contained unusual 

atretic follicles with excess granulosa cells (Ratts, 1994). In comparison, ovaries of mice 

lacking a functional BCL-2 protein have reduced numbers of primordial follicles relative to 

their wild type sister littermates (Ratts, 1995). These observations support that Bax may be 

required for increased atresia and Bcl-2 for decreased atresia or follicle survival. In addition 

to phenotypic changes seen in BAX-deficientcontrol mice, animalsexposedtoovotoxicants 

were also seen to be resistant to apoptosis (Perez et al., 1997~b; reviewed by Tilly et al., 

1997). The ovaries of mice overexpressing the cell survival gene BCL-2 contained 

decreased follicular apoptosis and increased folliculogenesis (Hsu et al, 1996). 

In the present studies, the increase in the levels of box mRNA caused by DMBA and 
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3-MC dosing and a decrease in the levels of bcl-xL mRNA caused by DMBA dosing was 

only observed in fraction l follicles. Because the ratio of bax!bcl-xL is the critical determinant 

of cell fate, this ratio was investigated. In DMBA treated fraction 1 follicles this ratio 

significantly increased to 281 % of control. 3-MC and VCD did not change the ratio in 

fraction 1 follicles. These results together }..;ad to the conclusion that in the mouse, DMBA is 

possibly working through the bax/bcl-xLpathway, but 3-MC and VCD are not. Instead they 

may be working through a different apoptotic pathway that involves bax but not bcl-xL. 

Interestingly, in view of the increased bax seen in isolated follicles from VCD-treated rats 

(Springer et al., 1996b) the reason for the discrepancy seen in mice is not understood and 

requires further investigations. It could be that ovotoxicity in rats and mice are via different 

mechanisms. Alternatively, the effects on gene expression may be morereadilymeasuredin 

rats than in mice in response to VCD treatment. mRNA expression levels in rats treated with 

P AHs needs to be investigated. 

p53 is a nuclear DNA binding protein that is a transcriptional activator that through 

specific genes exerts transcriptional expression or repression. Triggers ofp53 activation 

include DNA damage, oncogene activation, cytokines, and hypoxia and heat shock. p53 

regulates the expression of bax and bc/-2 in apoptosis. In studies presented here, there was 

no change in the mRNA expression ofp53. Regulation ofp53 responses can be triggered 

without changes in protein or mRNA concentrations. 
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In addition to increased expression, the activity of p53 can be altered by 

phosphorylation. A number of phosphorylation sites on p53 have been identified (Bischoff 

et al., 1990). Phosphorylation of p53 can occur by the MAPK protein kinases (ERKI and 

ERK2) to enhance its DNA repair activity, or p53 can be phosphorylated by DNA protein 

kinases to help induce cell cycle arrest (Fiscella et al., 1993; Milne et al., 1994; Heckeret al., 

1996). Moreover, hyperphosphorylation ofp53 inhibits its transcriptional activation of hax 

(Hecker et al., 1996). In summary, dephosphorylation of p53 may stimulate apoptosis, 

whereas phosphorylation ofp53 may stimulate DNA repair. Since there were no observable 

differences withp53 mRNA expression the state of phosphorylation of the p53 protein will 

be investigated in future studies. 

By confocal staining Bax and Bcl-xL proteins were more concentrated in the 

granulosa cell cytoplasm than in the oocyte cytoplasm of small and large primary and 

secondary follicles. Therefore, granulosa cells in large primary and secondary follicles may 

be the determinant of the fate of the follicle, ovulation (survival) or toward death (atresia). 

In summary, there is evidence that an altered hax/bcl-xL ratio may be involved in 

DMBA-mediated ovotoxicity. This may be because DMBA is the most ovotoxic of the 
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PAHs tested in mice in the present studies. Alternatively, DMBA has been shown to be 

different from 3-MC in other studies (Davila et al., 1996). A significant decrease in T cell 

proliferation and human T lymphocyte was blocked with a-napthoflavone(ANF) in response 

to BaP and DMBA, but not 3-MC, thereby preventing activation (Davila et al., 1996). This 

suggests the three PAHs work via different pathways. Thus,ourdatasupportthatovotoxicity 

is via different pathways. These two possibilities need to be distinguished in future studies 

comparing expression of the hc/-2 family of genes in rats and mice and investigate 

alternative intracellular pathways that may be involved. Also whether atresia in mice is also 

via hc/-2 mediated apoptosis needs to be determined. 



CHAPTER 7 

SUMMARY AND CONCLUSIONS 

158 

The overall purpose of these studies was to better understand ovarian toxicity 

produced by VCD in mice and rats and to compare it with that caused by polycyclic aromatic 

hydrocarbons (P AHs ). The effect of a single dose ofVCD was evaluated in rats and found to 

be protective against the normal rate of atresia (Chapter 4 ). The minimally effective dose of 

three P AHs (contaminants in cigarette smoke) for the induction of ovotoxicity in mice and 

rats was determined along with the earliest time following the onset of daily dosing with 

PAHs that cell death can be morphologically detected (Chapter 5). Finally, whether VCD 

and P AHs alter the expression of three members of the bcl-2 family ofproto-oncogenes,bc/

xL, bax, and p53, in mice was also investigated (Chapter 6). 

A single dose of VCD was found to protect against follicular destruction in rats 

(Chapter 4). An initial exposure to the ovarian toxicant, VCD, protected against atresia in 

large primary follicles, whereas ovotoxicity following repeated exposure ( 1 5d) resulted from 

an accelerated rate of normal atresia in primordial, and primary (stages 1 and 2) follicles. In 

support of this observation, expression of the cell death enhancer. box, was decreased in 

isolated small pre-antral follicles following a single dose ofVCD. 
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The minimally effective dose of the P AHs for the induction of ovotoxicity was 

determined in mice and rats (Chapter 5). This study compared differences in ovotoxicity 

produced by VCD with low dose P AHs. It was determined that the ovotoxic dose ofDMBA 

was much lower than that of3-MC, BaP or VCD for follicle destruction. In addition, since 

primordial follicles were the most susceptible in mice, pre-mature ovarian failure might 

result in that species, whereas, a disruption in cyclicity in rats might be more likely to occur. 

The earliest time following the onset of daily dosing with P AHs that cell death can be 

morphologically detected was also determined (Chapter 5). The duration of exposure 

required for initial damage (decrease in % healthy follicles) was shorter for VCD than for the 

P AHs, although this occurred at much higher concentrations. Ovotoxic indices were 

calculated from these results and with the information from a single high dose were seen to 

be more potent than single high doses. This new information should raise the concern for 

human exposure to P AHs in the environment and workplace and demonstrate the usefulness 

of using the 01 to predict potential risk. 

Dosing of the PAH altered the expression of bc/-xL, box, andp53 (Chapter 6). There 

was an increase in the levels of box mRNA in fraction 1 follicles from mice dosed with 

DMBA and 3-MC. A decrease in the levels of bc/-xL mRNA was also measured in fraction 1 

follicles from DMBA-treated mice. Since the ratio of baxlbc/-xL is thought to be a critical 

determinant of cell fate, this ratio was also investigated. In DMBA treated fraction l 
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follicles this ratio was significantly higher (281 % of control) than in control animals. 

Interestingly, 3-MC did not change the baxlbcl-xL ratio. Confocal microscopy supported the 

mRNA data in terms of which follicles are targeted. Specifically, DMBA targets (increased 

Bax and decreased Bcl-xJ the cytoplasm of primordial and small primary granulosa cells, 

but the oocyte cytoplasm of small and large primary and secondary follicles. Whereas, VCD 

and 3-MC target (increased Bax, no change Bcl-xJ the cytoplasm of primordial, small and 

large primary follicles. Taken together, all the data indicate DMBA as the most potent 

ovotoxic chemical and it is associated with alterations in Bax and Bcl-xL when measuring 

mRNA or visualizing protein distribution. 

It appears that DMBA is working through a different mechanism than 3-MC, VCD or 

BaP. VCD and 3-MC may act in a similar manner in the mouse. Additionally, DMBA, 3-

MC and VCD may also be working differently between mice and rats. In rats the three 

P AHs tested targeted secondary follicles, 3-MC and BaP did not target primordial and 

primary follicles, whereas DMBA targeted those populations. However, DMBA was more 

potent than 3-MC or VCD, thus significant differences in mRNA and protein between 

control and DMBA may be more readily measured. In the mouse, only DMBA targeted 

secondary follicles, therefore, rat secondary follicles are more sensitive than in the mouse, 

whereas in the mouse primordial and primary follicles are more sensitive than in the rat. 
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Table 7.1 and Figure 7 .I summarize the relative comparison of all of the 

morphological and functional studies from mice dosed with VCD, DMBA or 3-MC. 

FUTURE DIRECTIONS: 

Following these studies, it would be interesting to examine if PAHs induce a 

protective effect in ovarian follicles as seen with VCD. In addition, the bc/-2 family of genes 

and the bax/bcl-xL ratios for DMBA, VCD, 3-MC and BaP in fraction I and 2 follicles in rats 

should be evaluated. Future studies should be aimed at understanding why such varied 

species and chemical differences are seen on target sites of destruction. in addition to better 

elucidating the role of the bc/-2 family in these toxicants. Future directions should include 

determining the most ovotoxic form ofDMBA, 3-MC and BaP between species. The parent 

compounds were used in the present study, but it is known that if metabolism is blocked to 

the more reactive metabolite then no ovotoxicity occurs (Mattison et al., 1983 ). The species 

differences seen in the present study are possibly due to differences in metabolism between 

mice and rats and further investigations could give insight into human susceptibility. As 

previously seen, mice are capable of bioactivating VCH into its more reactive metabolite 

VCD whereas rats cannot. In addition demonstrating the effects of long term, chronic 

exposure or a combination of chemicals to predict the synergistic impact on ovaries is 

important for today' s women exposed to several chemicals in the workplace and 

environment. Therefore, the differences seen in mouse and rat P AH toxicity may be related 
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to the ability of the mice to metabolize the P AHs to their more reactive metabolites or the 

ability of rats to detoxify the chemicals before damage can be done. 
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Table 7.1: Summary of functional studies in mice. 

Mouse Follitle Tu~e Targeted RPA mRNA Ex~ression RP A mRNA Ex~ression 
follicle Most first follicle (relative to primordial and primary controls) (relative to secondary controls) 

Chemical Damaged Damaged 

VCD Primordial/ Primordial 
(80 mg/kg) Primary d8 

(01=8.6) 

DMBA Primordial Secondary 
(0.7 mg/kg) (01=0.00 12) diO 

J-MC Primordial Primordial/ 
(0.15 mglkg) (01=0.003) Primary dl2 

RaP Primordial Primary 
(3mg/kg) (01=0.18) diO 

• significantly different from control 
t = increase compared with control ( 1.0) 
.!- = decrease compared with control ( 1.0) 
- = no changed when compared with control 

p53 bax bcl-x1~ bax/bcl-x~, 

~ - # # 

- t• ~· t• 

- t• t 

# # # 

# = not determined in this study, will be determined in future experiments 

p53 bax bcl-x~, baxlbcl-xL 

# # # # 

- - ~ t 

~ t ~ t 

# # # # 
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Figure 7.1: Model of Follicle Toxicity Targets in Mouse Ovarian Follicles (25-lOOJ.lm). The 

arrows indicate site of greatest toxicity (highest expressionofBax.lowestexpressionofBcl-xJ with 

DMBA, 3-MC or VCD in the cytoplasm of the oocyte or granulosa cells. 
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APPENDIX A: 

Body and Organ Weights for DMBA, 3-MC and HaP in Mice and Rats 
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Appendix Al: Average Body Weights in Mice and Rats after 15 Daily Low Doses of 

PAHs. Mice (a) and rats (b) were dosed daily for 15 days with vehicle control, DMBA 

(mice, 0.7 mglkg; 0.003 mmolelkg; rats, 7 mg/kg; 0.03 mmolelkg), 3-MC (mice, 0.15 mglkg; 

0.0006 mmole/kg; rats, 0.75 mglkg; 0.003 mmolelkg) or BaP (mice, 7.5 mglkg; 0.03 

mmole/kg; rats, 15 mglkg; 0.06 mmolelkg) n=6-7 animals/treatment. There were no 

differences among any treatment group for mice. Rats, on the other hand demonstrated 

significant (p<0.05) weight loss with each PAH. 
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Appendix Al: Average Organ Weights in Mice after IS Dally Low Doles ofDMBA. 

Mice were dosed daily for IS days with vehicle control or DMBA (0.007- 0.7 m&']cg; 

0.00003-0.003 mmolelkg), n=6-7 animals/treatment. There was significant (p<O.OS) 

loss in uterus, kidney, adrenal and liver weiRhts as %of body weight with 0. 7 m&'kg DMBA 
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Appeadix AJ: Average Orpa Weights ia Mice after 15 Daily Low Doses ofl-MC. 

Mice were dosed daily for l S days with vehicle control or 3-MC (0.007 - 0. 75 mglkg~ 

0.00003-0.003 mmolelkg)~ n=6-7 animalsltn:atment. There was no significant loss in any 

organ for any dose. 
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Appeadh A4: Averaae Orgaa Weights ia Mice after 15 Daily Low Doles ofBaP. 

Mice were dosed daily for 15 days with vehicle control or BaP (0.075- IS mglkg; 

0.0003 - 0.06 mmolelkg), n=6-7 animals/treaunent. There was significant (p<O.OS) 

loss in uterus and adrenal weights as% of body weight with 7.S mglkg BaP. 
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Appendix AS: Average Liver Weights ia Rats after 15 Daily Low Doles of PAlls. 

A representative sample of liver weights expressed as% of total animal body weights. Rats 

were dosed daily for 15 days with vehicle control, DMBA (A, 0.35- 7 mgllcg; 0.001 -0.03 

mmolelkg), 3-MC (B. 0.15- 15 mglkg; 0.0006-0.06 mmolelkg) or BaP (C. 0.75- 15 

mglkg; 0.0003·-0.004 mmolelkg) n=6-7 animals/treatment. There was only a significant 

(p<0.05) loss in liver weights as% of body weight with 3.5 and 7 mglkg DMBA. For both 

3-MC and BaP there was an increase (p<O.OS) in liver weight as %of body weight. 
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APPENDIXB: 

% Healthy Follicles for DMBA, 3-MC and BaP in Mice and Rats. 
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Appendix Bl: Efl'eet on % Healthy Follicles in Mice ud Rats after 15 Daily I..Gw Doses 

of DMBA. Animals were dosed daily for l 5 days with vehicle c~ntrol or DMBA 

(mice, 0.007- 3.5 mglkg; 0.00003 - 0.02 rnmolelkg; rats, 0.35 - 7.0 mg'kg; 0.002- 0.03 

mmolelkg), n=6-7 animals/treatment. There was a significant decrease (p<0.05) for 

primordial, primary and secondary (growing) in the both the mouse and rat. 
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Appendix B2: Effect on o/o Healthy Follicles in Mice and Rats after 15 Daily Low Doses 

of 3-MC. Animals were dosed daily for 15 days with vehicle control or 3-MC 

(mice, 0.015-0.75 mg/kg; 0.00006- 0.003 mmolelkg; rats, 0.15-60 mglkg; 0.0006-0.2 

mmole/kg), n=6-7 animals/treatment. There was a significant decrease (p<0.05) for 

primordial and primary in the both the mouse and rat. 
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Appendix B3: Effect on o/o Healthy Follicles in Mice and Rats after 15 Daily Low Doses 

of BaP. Animals were dosed daily for 15 days with vehicle control (sesame oil or 

hydroxypropalmethyl cellulose- HPMC) or BaP (mice, 0.075- 15 mg/kg; 0.0003- 0.06 

mmole/kg; rats, 0.075- 60 mg/kg; 0.0003- 0.2 mmole/kg), n=6-7 animals/treatment. There 

was a significant decrease (p<0.05) for primordial in the rat and primordial, primary and 

secondary (growing) in the mouse. 
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Appendix B4: HPMC vs. Sesame Oil Controls for BaP. Animals were dosed daily for 15 

days with vehicle control sesame oil or hydroxypropalmethyl cellulose - HPMC) n=6-7 

animals/treatment. There was a significant decrease (p<0.05) between sesame oil control 

and HPMC for all three follicle types in both the rat and mouse. Therefore, all subsequent 

experiments used sesame oil as a control for BaP since there is no difference between 

sesame oil control animals and non-dosed animals follicle loss. 
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Appendix B5: Effect on Large Primary Follicles in Mice and Rats. Animals were dosed 

daily for 15 days with vehicle control, DMBA, 3-MC or BaP, n=6-7 animals/treatment. 

There was more of a loss in number of large primary than total large primary in the both the 

mouse and rat. Although, not significant there was a dose dependent trend of follicle loss. 
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APPENDIXC: 

A Single High Dose of PADs (DMBA, 3·MC and BaP) Toxicity 
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Appendix Cl: A Single High Dose of PAHs Toxicity. Ovaries were removed in Fischer 344 rats 

15d following a single dose of either 60 mglkg (0.23 mmolelkg) or 100 mglkg (0.39 mmolelkg) of 

DMBA, 3-MC or BaP i.p., n=6-7 animals/treatment. Surprisingly, primary follicles were the only 

follicle type significantly lost (*p<0.05). This could have been to the chemicals not completely 

dissolved in vehicle control. 



APPENDIXD: 

RT -PCR and Quantitative PCR 
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Appendix Dl: RT-PCR Conditions- PCR Cycle Number. Total RNA from 25-lOOJ..Lm 

follicles was reverse transcribed and subjected to 20. 25. 30, 35. 40 and 45 cycles ofPCR 

amplification using oligonucleotide primer pairs for the cell death gene bax mouse (open 

triangles) and rat (closed triangles) and a regulator of bax, p53, in both mouse and rat p53 

(closed circles) and ribosomal protein Ll9 (Ll9, open squares). There was an exponential 

increase in the mRNA signal. and therefore subsequent experiments were performed using 

32 cycles of PCR amplification for rat bax. 42 cycles for mouse bax and 30 cycles for p53. 
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Appendix 02: Autoradiogram of the mRNA Expression of Mouse bu in Fraction 1 

Follicles, from rats treated with VCD (V, 80 mglkg), Compared with Control (C). 

One 1-11 (0.75 !-lg) of total RNA from follicles were reverse transcribed and then subjected 

to 32 cycles ofPCR amplification with oligonucleotide primer pairs for bax and Ll9. The 

similar PCR product sizes for bax and L 19 require a separate bax and L 19 PCR reaction 

for each sample. PCR products were resolved by agarose gel electrophoresis and 

quantitative data were normalized to L 19 mRNA levels. An autoradiogram illustrating a 

representative experiment illustrating decreased bax mRNA expression in VCD-treated 

mice. In 25-1 001-1m follicles following daily administration of sesame oil or VCD for 15 

days (numbers represent size ofPCR products). 
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Appendix 03: Autoradiogram of the mRNA Expression of Mouse pSJ in Fraction 1 Follicles 

from mice treated with DMBA (D, 0.7mglkg), 3-MC (MC, 0.15 mglkg) or VCD (V, 80 mglkg), 

Compared with Control(C). One J,ll (0.75 J,lg)oftotalRNAfrom follicleswerereversetranscribed 

and then subjected to 30 cycles ofPCR amplification with oligonucleotide primer pairs for p53 and 

L19. The similar PCR product sizes for p53 and L19 require a separatep53 and L19 PCR reaction 

for each sample. PCR products were resolved by agarose gel electrophoresis and quantitative data 

were normalized to L 19 mRNA levels. An autoradiogram illustrating a representative experiment 

illustrating p 53 mRN A expression. In 25-1 OOJ.lm follicles following daily administration ofDMBA. 

3-MC or VCD for 15 days (numbers represent size of PCR products). 



bax 316 bp-. 

1 
a b 

1:2 
a b 

1:4 1:8 
a b a b 

.. ..._ .. 
1:16 
a b 

1:32 
a b 

tSO 

• I 
• 

Appendix 04: Quantitative PCR in Fraction 1 Follicle (lS -100 J.lm) from mice treated with 

sesame oil. To determine 

the relative abundance of hax mRNA per unit of total RNA from different experiment groups, 

using quantitative PCR. equal aliquots of the eDNA from the RT reactions were serially diluted 

in 2 fold steps (up to I :64). Equal volumes (3ul) of each dilution were amplified for an identical 

number of cycles (rat. 32 cycles for bax). In the exponential range of amplification. the amount 

ofPCR product was directly proportional to the concentration oftarget mRNA in the sample 

(Koos. 1995). In the initial trials of this method. visual comparison of the photographic negatives 

of ethidium bromide-stained gels (exposed for equal times) identified the point in each dilution 

series at which the product was undetectable yielded comparable quantitative results. however 

large amounts of tissue were required. 
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APPENDIXE: 

Techniques Acquired During My Graduate Research 

Small rodent dosing with ovarian toxicants, tissue removal (ovary, uterus, liver, kidney, adrenal, 
brain), mouth pipeting, ovarian pre-antral follicle isolation, oocyte counting, and 
morphological evaluation of ovaries 

Molecular analyses: RNA extraction, Reverse Transcription- Polymerase Chain Reaction (RT
PCR). quantitative PCR. and gel electrophoresis. Ribonuclease Protection Assay 

Histological analyses: immunocytochemistry, histochemistry, and ovarian evaluation using light 
and confocal microscopy 
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