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ABSTRACT 

4-vinylcyclohexene diepoxide (VCD) is an environmental xenobiotic formed as a 

by-product in the manufacture of rubber and therefore potential human exposure is 

likely. VCD destroys half of the small pre-antral (25-100 |j.m) follicles in ovaries of 

rats following 15 days of dosing. The overall goal of this research, was to determine 

the mode and earliest time for identification of follicular destruction and examine the 

specificity of the response for 25-100 )j.m follicles. The particular involvement of 

protein synthesis and gene expression in this ovotoxic response was also examined. 

After daily dosing with VCD (80 mg/kg), the rate of protein synthesis in 25-100 p.m 

follicles was inhibited following 3, 6, and 10 hr of in vitro incubation with VCD; 

whereas, the inhibition in the rate of protein synthesis at 3 hr in 25-100 ^m follicles 

from untreated animals was reversed at 6 and 10 hr. Furthermore, follicular viability 

was compromised to a greater extent in 25-100 ^im follicles from dosed versus 

untreated animals. Following 10 days of daily dosing with VCD, there was an 

increase in raxidom DNA fragmentation in 25-100 pjn follicles; however, there was not 

a reduction in the numbers of primordial and primary (25-100 |im) follicles. 

Morphological analysis showed changes characteristic of an apoptotic-like form of 

cell death in oocytes and granulosa cells of primordial and primary follicles 4 hr 

following 10 days of daily dosing. There was an increase in levels of mRNA for box, 

manganese superoxide dismutase (MnSOD) and microsomal epoxide hydrolase 

(mEH) in 25-l(X) nm follicles following 10 days dosing with VCD, but the increase 

was not observed in large pre-antral (100-250 ^im) follicles or liver. However, 

decreases in levels of mRNA for box in liver and mEH in 100-250 |im follicles were 
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observed. These results suggest that repeated dosing makes 25-100 pjn follicles more 

susceptible to VCD-induced cellular changes and that VCD-induces an apoptotic-Iike 

form of cell death which is mediated through changes in levels of expression of genes 

associated with death of the follicular cells. 
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Chapter 1 

INTRODUCTION 

Normal reproductive function in females involves the interaction of the central 

nervous system, ovaries, oviducts, uterus, cervix and mammary glands. The ovary is 

particularly important in this process because it is responsible for the development of 

the female gametes (oocytes) and the secretion of steroids that are involved in 

maintenance of normal reproductive function (Mattison and Schulman, 1980; Hoyer 

and Sipes, 1996). Both of these functions are accomplished within the ovarian 

follicle, the functional unit of the ovary. At birth, the ovary contains a finite number 

of immature (primordial) follicles which develop and differentiate into mature pre

ovulatory follicles that are capable of ovulating an ovum for potential fertilization. 

This process involves development of a selected group (cohort) of primordial follicles 

throughout the life of the female. These selected primordial follicles then become 

primary follicles, growing follicles and ultimately reach the mature pre-ovulatory 

stage. If normal development of the follicles is disrupted, this can have dramatic 

repercussions on the fertility of the species (Mattison and Schulman, 1980). 

Ovarian Follicle Development 

Formation of primordial follicles 

During the embryonic period, cell populations are established that will later be 

involved in the formation of ovarian follicles (Hirshfield, 1991a). Primordial germ 

cells (PGC), which will eventually become the oocytes, originate outside of the 
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embryo proper and are motile and invasive (Byskov, 1986; Hirshfield, 1991a; 

Anderson and Hirshfield, 1992). As early as 8 days after fertilization, in the mouse, 

PGC are seen outside the embryo proper in the yolk sac. By 11-12 days post 

fertilization, the PGCs migrate to the genital ridge and colonize the indifferent gonad, 

a mass of mesoderm on the dorsal body wall (Hirshfield, 1991a; Anderson and 

Hirshfield, 1992). 

The somatic components of the follicle (granulosa, theca, supporting connective 

tissue) are derived from the indifferent gonad which contains mesenchyme and 

regressing mesonephric kidney and is covered by coelomic epithelium (Hirshfield, 

1991a). The degenerating primitive kidney will eventually develop into the ovarian 

rete m the female. 

When the PGC (oogonia) arrive at the indifferent gonad, they along with the 

somatic cells undergo extensive and rapid proliferation. Prior to birth, the mitotically 

active oogonia stop dividing and are termed oocytes as they enter meiosis. Coincident 

with the entry into meiosis many oogonia undergo a degenerative process known as 

atresia (Hirshfield, 1991a). The cessation of germ cell mitosis and entry into meiosis 

is fairly synchronized and is thought to be due to intracellular bridges that form 

between germ cells and thus allow cytoplasmic continuity (Gondos, 1970; Hirshfield, 

1991a). The oocytes progress through various stages of meiotic prophase (leptotene, 

zygotene, pachytene and diplotene) which allow chromosome pairing and genetic 

recombination (Bakken and McClanahan, 1978; Hirshfield, 1991a). However, the 

oocytes then become arrested in the diplotene stage of meiosis and remain in this stage 

until they are signaled to undergo meiotic maturation following the mid-cycle surge of 

luteinizing hormone (LH) at puberty. 
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The exact timing of follicle formation relative to entry of oocytes into meiosis is 

not well understood; however, in most species prior to birth and shortly following 

cessation of oogonia mitosis, the proliferating somatic granulosa cells begin to 

envelope individual oocytes and form the functional unit of the ovary, the primordial 

-follicle (Byskov, 1986; Hirshfield, 199 la). At birth, therefore, the ovary consists of a 

finite niunber of primordial follicles which contain an oocyte arrested in the diplotene 

stage of meiosis surrounded by a single layer (not always complete) of fusiform "pre-

granulosa" cells, a basement membrane, possibly theca cells; however, no independent 

blood supply (Bassett, 1943; Pederson and Peters, 1968; Erickson, 1978; Hirshfield, 

1991a,b; Hirshfield and Schmidt, 1987). Initiation in the development of a selected 

cohort of primordial follicles will occur at different times throughout the life of the 

female and therefore, the emergence of individual follicles from the primordial pool 

varies. 

Very little is known about the biochemical function of primordial follicles because 

they are difficult to isolate and separate from the rest of the ovary (Bakken and 

McClanahan, 1978; Bachvarova, 1985). Although, the oocytes within these follicles 

appear to be quiescent, it is known, that they are active in RNA and protein synthesis; 

however, these rates appear to be lower in primordial oocytes compared with that of 

pre-diplotene prophase oocytes and growing oocytes (Bakken and McClanahan, 1978; 

Peters, 1979; Bachvarova, 1985). Furthermore, although the primordial follicles may 

contain enzymes necessary for steroid production, they appear incapable of producing 

steroids de novo (Byskov, 1986). The primordial granulosa cells appear to express 

stem cell factor (steel factor; SCF)) which is the ligand for the c-kit receptor present 

on the oocytes (Pesce et al., 1993; Richards, 1994). The function of this protein has 

not been identified but it is thought that SCF may be involved in follicle maturation 
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and that It may have chemotaxic elements which are important for the migration of the 

PGC to the indifferent gonad (Richards, 1994). Furthermore, SCF has been reported 

to enhance survival of murine primordial germ cells in vitro (Pesce et al., 1993). Even 

though little is known regarding the cellular and molecular composition of these small 

follicles, they provide the building block for all subsequent maturation stages and 

therefore, they are critical for normal reproductive function. 

Primordial to Primary Follicles 

Throughout the life of the female, primordial follicles are signaled to begin their 

maturation process. As stated earlier, it is typical for a cohort (group) of primordial 

follicles to begin to grow; however, it is unknown what signals primordial follicles to 

enter the maturation pathway. The fact that the rate of primordial follicles entering the 

growing pool decreases with age suggests that control of primordial follicle growth 

may be dependent upon the number of primordial follicles present within the ovary 

(Pederson, 1969; Erickson, 1978; Peters, 1979; Richards, 1980; Hirshfield, 1994). 

Furthermore, it appears that those follicles that are formed first will be the first 

follicles to enter the growing pool (Hirshfield, 1992). Coincident with the initiation 

and continuation of primordial follicle growth and development, several individual 

follicles, within the cohort, undergo attrition through a process known as atresia 

(Hsuehetal., 1994). 

Some of the early signs of the onset of growth of ovarian follicles are the 

resumption of cell proliferation by the fusiform granulosa cells, coupled with a change 

in shape of these cells to cuboidal as they begin to proliferate, and an increase in size 

of the oocyte caused by increases in RNA and protein synthesis (Erickson, 1978; 

Lintem-Moore and Moore, 1979; Hirshfield, 1991a). A recent study reported that 
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proliferating cell nuclear antigen, a cell cycle regulator, was inununoreactive in rat 

'pre-granulosa' cells beginning to proliferate in early primary follicles; whereas, no 

staining was visible in the primordial oocyte or non-proliferating 'pre-granulosa' cells 

(Oktay et al., 1995). Therefore, proliferating cell nuclear antigen may be another cell 

associated factor involved in signaling the entry of the primordial follicle into the 

maturation pathway. 

There are several other structural changes that occur in the transition from a 

primordial to primary follicle such as the development of the zona pellucida (Kang, 

1974). The zona pellucida is a glycoprotein matrix that surrounds the oocyte and is 

thought to be formed from secretions by the oocyte (Hirshfield, 1991a; Richards, 

1994). This matrix provides attachment for the specialized inner layer of granulosa 

cells known as the cumulus cells, as well as provides protection for the oocyte 

(Richards, 1994). In the rat, another layer of specialized somatic cells are found on 

the outside of the basement membrane at this stage of development. These are called 

the theca interna cells and will provide two important fianctions for the follicle: 1) the 

secretion of progestins and androgens to regulate follicle maturation and 2) provide 

attachments for a number of arterioles for the development of an independent vascular 

supply (Bassett, 1943; Hirshfield, 1991a). In several other species such as the hamster 

the development of the theca cells occurs much later in follicle development (Roy and 

Greenwald, 1985; Hirshfield, 1991a). The primary follicle may also contain receptors 

for follicle stimulating hormone (FSH) on the granulosa cells (Richards, 1994). 

Primary to Growing Follicles 

As the follicle continues its growth, the number of granulosa cells surrounding the 

oocyte proliferate rapidly to form several layers of granulosa cells (Erickson, 1978; 
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EQrshfield and Schmidt, 1987; Hirshfield, 1991a). The granulosa cell layers contain 

numerous gap junctions which are important in transporting nutrients and metabolites 

to the oocyte (Erickson, 1978; Buccione et al., 1990). In the rat, the theca interna is 

further developed by acquiring a more intricate blood supply which enhances the 

delivery of nutrients and hormones to the avascular granulosa cells (Bassett, 1943). 

The theca extema, fibroblast-like cells, are also developed (Hirshfield, 1991a). At this 

stage, the follicle begins to develop the pathways necessary for synthesis and secretion 

of estrogens, progestins and androgens which will be important in the final maturation 

of the follicle (Richards, 1980; Richards, et al., 1987; Richards, 1994). It is also felt at 

this time that the theca cells acquire LH receptors which will also serve an important 

role in the final stage of follicular maturation (Richards, 1994). 

The pathways for synthesis of steroids in the follicles utilize both the granulosa 

cells and the theca cells. The theca cells in the growing foUicle secrete progestins and 

androgens (Richards, et al., 1987; Richards, 1994). The androgens are then 

transported from the theca to the granulosa cells where they are converted to estrogens 

via the aromatase enzyme which is only present in the granulosa cells (Richards et al., 

1987; Richards, 1994). Having acquired the necessary cellular components to regulate 

ovulation, the follicle begins to fine-tune its response mechanisms in the penultimate 

stage of follicle development. 

Growing to Pre-ovulatory follicles 

The number of follicles that are selected to grow to the pre-ovulatory stage is small 

compared to the number of follicles that begin maturation from the primordial pool 

(Hirshfield, 1991a). For example, in ±e human, only one follicle is selected as the 

dominant follicle and will develop all the characteristics necessary for successful 
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ovulation (Erickson, 1978). The rest of the follicles in the growing stage will undergo 

atresia (Pederson, 1970; Erickson, 1978; Hage et al., 1978; Hirshfield and Schmidt, 

1987; Hirshfield, 1991a). The growing follicles are more susceptible to atresia than 

other stages of development; however, the reason for this is unknown. One hypothesis 

is that the outer layers of granulosa cells in the growing follicles utilize most of the 

oxygen from the micro circulation of the theca cells. The inability of oxygen to 

diffuse far distances, results in hypoxia in the innermost granulosa cell layers and thus 

the follicle cannot survive (Hirshfield, 1991a). 

As the follicle develops to the pre-ovulatory stage, there is an increase in the rate 

of granulosa cell proliferation compared with smaller growing follicles as determined 

by ^H-thymidine uptake (Pederson, 1970; Hage et al., 1978; Hirshfield and Schmidt, 

1987; Hirshfield, 1991a). Fluid-filled spaces appear between the granulosa cells 

which eventually coalesce into a single, large fluid filled space called the antrum 

(Erickson, 1978; Hirshfield, 1991a). The antrum contains follicular fluid which has a 

different nutrient and hormone composition than the plasma (Hirshfield, 1991a). As a 

result of antrum formation, two populations of granulosa cells form (Erickson, 1978; 

Richards, 1994). The granulosa cells that remain adherent to the ovum are referred to 

as the cumulus granulosa cells and those that are associated with the basement 

membrane are called the membrana granulosa. The granulosa cells adjacent to the 

basement membrane exhibit a decrease in ^H-thymidine uptake as these granulosa 

cells withdraw from the cell cycle (Hirshfield, 1991a). The cumulus granulosa cells; 

however, continue to proliferate following antrum formation. These cell types are 

thought to have very different characteristics and functions (Richards, 1994). 

The most prominent biochemical alteration in the development of the pre

ovulatory follicle occurs along the pathway for estradiol synthesis in the granulosa 
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cells. Although, growing and small antral follicles are secreting progestins and 

estrogens, it is not until the final period of maturation that the follicles become highly 

sensitive to the gonadotropins, FSH and LH. In the follicle, it is the theca cells that 

possess the LH receptors and the granulosa cells that possess the FSH receptors; 

however, at this stage of development granulosa cells also acquire LH receptors 

(Richards, 1980; Richards et al., 1987; Hirshfield, 1991a; Richards, 1994). Until this 

stage, follicle development has occurred in the presence of basal levels of 

gonadotropins, FSH and LH (Richards, 1994). The pre-ovulatory follicle, however, is 

able increase its response to LH by increasing the production of androgens 

(testosterone) which travel to the granulosa cells and increase the conversion of 

testosterone to estradiol by increasing aromatase activity (Richards, 1980; Richards, 

1994). FSH and estradiol synergize to increase the mRNA and protein levels for the 

aromatase enzyme, as well as increase the mRNA levels, and numbers of LH 

receptors, not only on the theca cells but on the granulosa cells as well (Richards, 

1980; Richards, 1994). Collectively, these changes enhance the sensitivity of the pre

ovulatory follicles to LH and cause ovulation (Richards et al., 1980; Richards et al., 

1987; Richards, 1994). Following the LH surge and prior to ovulation, the oocyte is 

signaled to continue meiotic progression through, metaphase, anaphase, telophase and 

is again arrested in metaphase of the second meiotic division. After fertilization, the 

second meiotic division is completed (Biggers, 1973). In summary, the development 

of a growing follicle to the pre-ovulatory stage occurs in very few follicles and is 

critical for eventual ovulation of a mature owmi. 
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Toxic Compounds that Destroy Ovarian Follicles 

Exposure to Toxicants 

In the twentieth century, our society has made exceptional contributions to the 

industrial and technological advancement of the human race. Along with this 

advancement, however, has been the creation of an excessive number of 

environmental pollutants, toxicants and xenobiotics (Gorospe and Reinhard, 1995). 

Exposure of humans to these various contaminants has been associated with 

detrimental effects on the reproductive system (Mattison and Thorgeirsson, 1979; 

Mattison, 1979; Mattison and Schulman, 1980; Bengtsson and Rydstrom, 1983; 

Jenkins-Sumner and Fennell, 1994; Gorospe and Reinhard, 1995). The female 

reproductive system is very complex involving interactions of the gonadotropins, FSH 

and LH, with the ovary to produce steroids such as estrogen and progesterone which 

regulate folliculogenesis and oogenesis, ovulation, fertilization, implantation, 

pregnancy, parturition and lactation (Richards et al., 1987; Hirshfield, 1991a; 

Anderson and Hirshfield, 1992). Therefore, the sites and actions of toxicants in this 

reproductive cascade are numerous and cause a plethora of chemically induced 

injuries such as genetic mutations and carcinogenesis (Mattison and Thorgeirsson, 

1979; Mattison, 1979; Mattison and Schulman, 1980; Bengtsson and Rydstrom, 1983; 

Jenkins-Sunmer and Fennell, 1994; Gorospe and Reinhard, 1995). 

Target Site-The Ovary 

The mechanisms by which various chemicals elicit their toxic effects on the ovary 

have not been well characterized. In general, however, it is known that a toxicant 

must first be absorbed (by various possible routes) and transported into the lungs or 
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blood and lymph for distribution to a target site (Gorospe and Reinhold, 1995). It is 

also known that toxic compounds with a similar structure to endogenous compounds 

or that are inherently chemically reactive will act directly at the target site to cause 

detrimental effects, whereas, toxicants which require metabolic activation into a 

chemically reactive metabolite to generate adverse effects, are referred to as indirect 

toxicants (Mattison and Thorgeirsson, 1978; Shiromizu and Mattison, 1984; Smith et 

al., 1990a,b; Hoyer and Sipes, 1996; Gorospe and Reinhold, 1995). 

Some compounds can interact at the level of the hypothalamus and pituitary which 

can have indirect effects by interfering with gonadotropin action and therefore causing 

disruption in ovarian steroid synthesis and cyclicity (Gorospe and Reinhold, 1995; 

Hoyer and Sipes, 1996). One of the primary target sites for reproductive toxicants is 

the ovary. The mammalian ovary has two primary functions: it supports the 

development of the oocyte, the female gamete, and produces hormones such as 

progesterone and estrogen which regulate the menstrual cycle in humans and the 

estrous cycle in other mammalian species (Mattison and Schulman, 1980; Hoyer and 

Sipes, 1996). Of particular interest, however, are those xenobiotic compounds which 

target oocytes because it is the oocyte which contains the DNA or genetic information 

that is critical to the propagation of a species. The oocyte is contained within the basic 

functional unit of the ovary, the follicle (Hirshfield 1991a; Gorospe and Reinhold 

1995). The severity of xenobiotic damage to the reproductive system depends upon 

the stage of follicle development at the time of the insult. For example, compounds 

which target oocytes within antral and pre-ovulatory follicles will cause immediate 

cessation in ovulation (fertility). However, when there is no longer exposure to the 

toxicant, follicles from the growing pre-antral pool will be allowed to develop 

normally into pre-ovulatory follicles and ovulation will resume (Mattison and 
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Schulman, 1980). On the other hand, xenobiotic compounds which destroy oocytes 

contained within primordial follicles that cannot be regenerated, leads to infertility and 

pre-mature menopause (Hirshfield, 1991a; Hoyer and Sipes, 1996). Furthermore, 

destruction will not be detected immediately because the growing pool of follicles will 

continue to develop normally for many years following exposure to ovotoxins 

(Mattison, 1979; Hoyer and Sipes, 1996). 

Some Toxic Compounds which Cause Ovarian Damage 

Several different classes of compounds have been shown to induce ovotoxicity in 

laboratory animals. One class of compounds are the polycyclic aromatic 

hydrocarbons (PAH) which elicit several ovotoxic effects and are also ovarian 

carcinogens (Mattison and Thorgeirsson, 1978). Many different PAHs are found in 

cigarette smoke and, in humans, a relationship between smoking and early onset of 

menopause in women has been established (Jick et al., 1977). In laboratory animals, 

exposure of pregnant mice to cigarette smoke resulted in a decreased number of 

ovarian primordial follicles in female offspring (Vahakangas et al., 1985). In addition, 

in utero exposure of mice by oral dosing with the PAH, benzo(a)pyrene (BP), caused 

complete sterility in female offspring (Mackenzie et al, 1981). In addition to the in 

utero effects of BP on numbers of primordial oocytes, several other investigators have 

examined the effects of dosing with BP as well as two other PAHs, 3-

methylcholanthrene (MC) and 7, l2-dimethylbenz(a)anthracene (DMBA), on oocyte 

numbers in immature and adult mice and rats. Following exposure of mice to 

(DMBA), oocyte numbers were depleted and ovarian tumors were produced (Krarup, 

1970). Furthermore, MC and BP have also been shown to destroy primordial oocytes 

in Sprague-Dawley rats as well as C57BL/6N (B6) and DBA/2N (D2) mice following 
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a single ip. injection (Mattison and Thorgeirsson, 1978; Mattison and Thorgeirsson, 

1979; Mattison, 1979; Dobson and Felton, 1983; Shiromizu and Mattison, 1984). The 

effect of these various PAHs on mice and rats is strain, species, compound and dose 

dependent. That is, mice are more susceptible to oocyte destruction by all of these 

PAHs compared to rats. Furthermore, B6 mice are more susceptible to oocyte 

destruction by PAH than D2 mice. DMBA was a more effective ovotoxin (10 fold) 

compared to MC and BP (Mattison, 1979). Collectively, these results illustrate the 

ovotoxic effects of PAH and the species specificity of these effects. 

It has been determined that the ability of PAH to act as an ovotoxicant and/or 

carcinogen is dependent upon metabolic activation of the parent compound to a 

dihydrodiol epoxide by cytochrome P-450-dependent monooxygenases such as P-

450inA (Mattison and Thorgeirsson, 1979). A cytochrome P-450-dependent 

monooxygenase, aryl hydrocarbon hydroxylase (AHH), has been identified in the 

gonads (ovaries and testis) of rats and mice and has been localized to the granulosa 

cells (Mattison and Thorgeirsson, 1978; Bengtsson et al., 1992). Other enzymes are 

involved in the detoxification of active (PAH) metabolites such as microsomal 

epoxide hydrolase (mEH) and glutathione S-transferases (GST), which are present in 

the ovary (Oesch, 1987; Mukhtar et al., 1978; Mattison, 1979; Awasthi et al., 1993). 

It has been hypothesized that the strain and species differences with respect to 

primordial oocyte destruction in rats and mice are due to the fact that AHH activity is 

induced in the ovary and liver following PAH treatment in B6 mice; however, no 

similar increase is seen in D2 mice. This increase in AHH activity caused an increase 

in the metabolism of the parent compound to its reactive metabolite and led to oocyte 

destruction (Mattison and Thorgeirsson, 1978; Mattison and Thorgeirsson, 1979; 

Mattison, 1979; Mattison et al., 1983). However, an increase in AHH activity was 
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also seen in rats following treatment with PAH and rats have a much greater tolerance 

to PAH oocyte destruction than mice, therefore, an increase in AHH activity alone 

does not completely explain the differences in susceptibility of the species to PAH 

(Mattison, 1979; Mattison et al., 1983). The rate of detoxification of reactive 

metabolites by mEH and GST may, therefore, play a critical role in determining the 

susceptibility of various species to PAH-induced oocyte destruction; however, little 

information is available regarding the detoxification of PAH. One study examined the 

metabolism of the BP, MC and DMBA in the rat ovary compared with liver and 

adrenal cells and determined that MC stimulates the eniyme activity levels of GST in 

the liver but not the adrenals or ovary and that mEH activity was not stimulated 

following MC or DMBA treatment in any of the organs (Bengtsson et al., 1983). 

Taken together, the reasons for species specificity with regard to PAH oocyte 

destruction are still not well characterized. 

Cyclophosphamide, one of the most commonly used chemotherapeutic agents, has 

been associated with ovarian and testicular damage (Ataya et al., 1989). Men treated 

with cyclophosphamide for more than four months developed oligospermia and 

azospermia and in women this drug causes amenorrhea, infertility and ovarian failure 

(Ataya et al., 1989). Furthermore, cyclophosphamide results in ovarian toxicity in rats 

and mice (Jarrell et al., 1987; Ataya et al., 1989; Plowchalk and Mattison, 1992). For 

example, a single injection of various doses (50, 100, 150 mg/kg) of 

cyclophosphamide caused destruction of oocytes contained in primordial and antral 

follicles in a time and dose dependent manner; however, oocytes in growing follicles 

were only reduced following a high dose (500 mg/kg) of cyclophosphamide 

(Plowchalk and Mattison, 1992). Another study reported no decrease in the numbers 

of oocytes in primordial and growing follicles; whereas a significant decrease in 
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oocytes from antral follicles was observed, accompanied by a decrease in the diameter 

of the antral follicles (Jarrell, et al., 1987). In a number of studies, estradiol levels 

were decreased significantly following oocyte destruction; however, the negative 

feedback effect of steroid hormones on gonadotropin secretion from the pituitary was 

not effected because no increases in serum gonadotropin levels were reported (Jarrell 

et al., 1987; Ataya et al., 1989; Plowchalk and Mattison, 1992). The effects of 

cyclophosphamide on events preceding oocyte destruction have also been examined. 

For example in the rat, there were significant decreases in ovarian weight and numbers 

of granulosa cells in ovaries following a single injection of cyclophosphamide, 

suggesting that the granulosa cells maybe the target for cyclophosphamide (Jarrell et 

al., 1987; Ataya et al., 1989). It has recently been determined that a metabolite of 

cyclophosphamide metabolism (phosphoramide) was more potent in destroying 

oocytes contained in primordial and antral follicles than cyclophosphamide 

(Plowchalk and Mattison, 1992). Collectively, these data illustrate cyclophosphamide 

dependent destruction of oocytes in a variety of different follicle types and suggest 

that cyclophosphamide may be acting at the level of the granulosa cells. 

Irradiation has been associated with destruction of oocytes in primordial follicles 

and sterility in women undergoing therapeutic exposure; however, humans appear to 

require a relatively high level of radiation exposure in order to elicit this effect 

(Chapman, 1983). In other mammalian species; much more data is available with 

regard to ovarian damage caused by irradiation. In utero exposure of rhesus monkeys 

to very low doses of radiation caused a complete destruction of oocytes in primordial 

follicles. Furthermore, in rats and mice there was specific destruction of oocytes in 

primordial follicles following irradiation exposure (Dobson and Felton, 1983). One 

study has examined the combined effects of ionizing radiation and cyclophosphamide 
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on ovarian damage in the rat. The results of this study reported a dose dependent 

decrease in ovarian and uterine weight as well as significant decreases in the number 

of oocytes in primordial, pre-antral and antral follicles. Furthermore, reductions in 

estradiol and progesterone levels accompanied by increased gonadotropin levels were 

reported (Jarrell et al., 1987). These data indicate the ovotoxic effect of irradiation is 

mediated by destruction of oocytes in a variety of follicle types. 

Several alkylating agents such as I,4-di(methanesulfonoxy)butane (Myleran), 

triethylenemelamin (TEM) and isopropyl methanesulfonate (ISM), have been reported 

to reduce fertility in mice which was caused by destruction of oocytes following a 

single injection of the compound (Generoso et al., 1971). Furthermore, it has been 

demonstrated that agents with alkylating abilities generated cytogenetic and 

mutagenetic effects in various cell types (Turchi et al., 1981). Therefore, the 

mutagenetic nature of alkylating compounds combined with destruction of oocytes 

could lead to the development of malignancies (Generoso et al., 1971). Other 

compounds such as 1,3-butadiene and styrene, which are generated in the manufacture 

of plastics, polymers and resins; nitrofurantoin, a urinary antibiotic; and nitrofiirazone, 

a topical antibiotic, have also been shown to cause reproductive damage. Some of the 

damage reported includes: destruction of oocytes, ovarian atrophy and generation of 

ovarian neoplastic lesions (Maronpot, 1987; Jenkins-Sumner and Fennell, 1994). 

Taken together, there are several examples of compounds which elicit their ovotoxic 

effects through destruction of oocytes in ovarian follicles. Although, the mechanisms 

by which these compounds destroy follicles is not well characterized, the universal 

outcome of follicle destruction appears to be the development of ovarian carcinomas. 
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4-vinylcyclohexene (VCH) and 4-vinylcylohexene diepoxide (VCD) 

Another recently studied class of toxic compounds which have been shown to 

disrupt normal ovarian function is VCH and its epoxide metabolites: 4-

vinylcylohexene 1,2 epoxide (VCH 1,2 epoxide), 4-vinylcylohexene 7,8 epoxide 

(VCH 7, 8 epoxide) and 4-vinylcyclohexene diepoxide (VCD, Figure 1.1). These 

compounds are environmental contaminants. VCH is produced as a gaseous by

product in the manufacture of rubber, plastics and polymers and VCD is a reactive 

diluent used in the production of epoxy resins. Therefore, occupational exposure to 

VCH is primarily by inhalation while exposure to VCD is either by inhalation or 

dermal exposure (NTP, 1986; Maronpot, 1987; NTP, 1989). An air sampling study 

done at a rubber curing plant in the 1970s, reported the presence of VCH at average air 

concentrations of 82 parts per billion (ppb) in the tire curing room (Rappaport and 

Eraser, 1977). The National Toxicology Program (NTP) study reported a skin 

threshold limit value for VCD at 10 parts per million (ppm). To date, no 

epidemiological studies have been conducted to examine the chronic effects of VCH 

or VCD exposure in humans; however, industrial workers, exposed to average air 

concentrations of VCH, have complained of acute effects such as nasal irritation and 

headaches, VCD was shown to be a minor to moderate skin irritant in humans (NTP, 

1986; Chhabra et al., 1990b). Eventhough the degree of human exposure to these 

compounds has not been reported, results from early studies examining the effects of 

VCH and VCD on laboratory animals demonstrated the importance of investigating 

the toxic effects of this compound (NTP, 1986; NTP, 1989). 
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Figure 1.1. In vivo metabolism and detoxification of VCH. 
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In an early study examining the effects of VCH metabolites, it was reported that 

the diepoxide VCD has a much greater alkylating ability and was both cytogenetic in 

Chinese hamster cells (CHO) and mutagenetic in bacteria when compared to the 

monoepoxides, VCH 1,2 epoxide and VCH 7,8 epoxide (Figure 1.1; Turchi et al., 

1981). The NTP conducted a study in rats and mice to examine the ovotoxic and 

carcinogenic nature of VCH and VCD (NTP, 1986; NTP, 1989). Following two years 

of dosing by gavage (5 days/week) with VCH, female B6C3F1 mice developed benign 

mixed ovarian tumors and rare ovarian neoplasms (granulosa cell tumors) and by 13 

weeks of dosing, there was a decrease in the number of oocytes in mice (Collins et al., 

1987; NTP, 1986). Interestingly, none of these ovotoxic effects were observed in rats 

nor were generalized toxic effects reported in mice and rats (NTP, 1986). Dermal and 

oral exposure of rats and mice to VCD for two years resulted in the production of 

basal and squamous cell carcinomas in mice and rats; however, only mice 

demonstrated ovarian atrophy at 13 weeks and development of ovarian neoplasms at 

two years (NTP, 1986; Chhabra et al., 1990a,b). Collectively, these studies 

demonstrated that VCH and VCD were ovotoxic and carcinogenic and that the effects 

appear to be species specific. Although the NTP studies with VCH and VCD 

demonstrated carcinogenicity of these compounds, these smdies were not designed to 

examine events that occur in the ovary prior to the development of ovarian neoplasms 

or to examine the reasons for differences in the response of rats and mice to these 

compounds. Therefore, the focus of subsequent research was to examine these early 

ovarian changes and to investigate the differences in response of rats and mice to VCH 

and VCD. 

The disposition (distribution and clearance) of VCH has been investigated in 

immarnre mice and rats in order to determine if there was a species difference which 



31 

could contribute to the variable long term effects demonstrated by these compounds in 

mice and rats. Radiolabeled VCH was administered to mice by gavage and the tissue 

distribution, excretion, and formation of the VCH 1,2 epoxide in vivo and in vitro was 

measured (Smith et al., 1990a). By 24 hr at least 90% of the administered dose was 

eliminated and about 50 - 60% was eliminated in the urine and 33% by exhalation in 

both species. No preferential accumulation of VCH was seen in the ovaries of rats or 

mice. It was determined, however, that the rate of 1,2 VCH epoxide metabolite 

formation in vivo and in vitro, measured in hepatic microsomes, was significantly 

greater in mice than rats (Smith et al., 1990a). An accompanying study demonstrated 

the significance of the above results by examining the effects of ip injection of VCH, 

VCH 1,2 epoxide, VCH 7,8 epoxide and VCD for 30 days on immature rats and mice. 

This study reported a dose and time dependent decrease in the number of oocytes in 

primordial follicles following injection with VCH 1,2 epoxide, VCH 7,8 epoxide and 

VCD in mice and rats; however, the VCH-induced decrease in oocytes of primordial 

follicles was specific for mice and not seen in rats. Furthermore, the effects of the 

monoepoxides (VCH 1,2 epoxide, VCH 7,8 epoxide) and VCD were 5-10 fold greater 

than VCH in both species (Smith et al., 1990b). Therefore, if mice can metabolize 

VCH to the more reactive VCH 1,2 epoxide at a greater rate than rats, this may, in 

part, explain the increased susceptibility of mice to these compounds. To further 

examine this possibility, a smdy was conducted that investigated the biochemical basis 

for the species differences in VCH epoxidation (Smith et al., 1990c). VCH, like the 

various PAHs discussed earlier, is initially metabolized by cytochrome P450-

dependent monooxygenases (Smith et al., 1990c). This initial reaction forms the 

monoepoxides, VCH 1,2 epoxide and VCH 7,8 epoxide (Figure 1.1). Therefore, this 

study examined the potential differences in types of cytochrome P450 enzymes 
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present in mice compared to rats. It was determined that mice deficient in cytochrome 

P450IIB demonstrated a decrease in hepatic microsomal metabolism of VCH to VCH 

1,2 epoxide and that antibodies to cytochrome P450IIA and P450IIB caused a 

reduction in the hepatic metabolism of VCH to VCH 1,2 epoxide in mice (Smith et al., 

1990c). These results suggested that cytochrome P450nA and HB could be primarily 

responsible for initial VCH metabolism. Furthermore, the presence of cytochrome 

P450IIA and P450IIB enzymes was demonstrated in mice by immunoblotting 

experiments; whereas, rats had very low levels of these enzymes which suggested a 

reason(s) for species differences in ovotoxicity of VCH in mice and rats. 

Interestingly, following phenobarbital treatment (inducer of cytochrome P450IIB), no 

increase in VCH 1,2 epoxide was measured in VCH treated rats. Therefore, an 

increase in VCH metabolism to VCH 1,2 epoxide is not singularly responsible for this 

species difference, rather an increase in the rate of degradation of VCH 1,2 epoxide 

may also protect rats from VCH-induced ovarian toxicity and carcinogenicity (Smith 

et al., 1990c). 

The epoxide metabolites of VCH (VCH 1,2 epoxide, VCH 7,8 epoxide, VCD) are 

all substrates for detoxification systems in the cell which are catalyzed by microsomal 

epoxide hydrolyze (mEH) and glutathione S-ttansferases (GST) enzymes (Figure 1.1). 

mEH metabolizes VCD to its diol (inactive tetrol) form and GST is an enzyme that 

catalyzes the formation of glutathione conjugates (glutathione + reactive metabolite) 

which are excreted from the body (Mukhtar et al., 1978). In hepatic microsomes, it 

has been determined that rats can detoxify VCH 1,2 epoxide (presumably by mEH) at 

a 2-fold greater rate compared to mice (Smith and Sipes, 1991). Therefore, it may be 

a combination of an increased ability to metabolically activate VCH and a decreased 
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ability to detoxify reactive metabolites such as VCH 1,2 epoxide that explains the 

greater susceptibility of mice to VCH-induced compared to rats. 

As mentioned earlier, VCD, was shown to have a greater effect than VCH on the 

destruction of oocytes in primordial follicles of mice and rats (Smith et al., 1990a,b,c). 

Several other studies have supported structure-activity relationships of epoxide 

metabolites with respect to oocyte destruction. For example, it has been reported that 

oocyte loss in small follicles of mice is detected with compounds that form diepoxides 

but not with monoepoxide compounds following 30 days of administration of the 

compounds (Hooser et al., 1993; Doerr et al., 1995). 

A pathway for the development of ovarian neoplasms by several ovotoxic agents 

has been proposed. In general, it is felt that the destruction of oocytes and/or follicles 

decreases the production of estradiol which is critical in supporting normal 

reproductive function. Due to the low levels of estradiol and/or progesterone in the 

ovary, the negative feedback effect of these hormones on the hypothalamic-pimitary 

regulation of gonadotropins secretion is lost and systemic concentrations of FSH and 

LH are expected to rise dramatically (Mattison and Schulman, 1980; Jarrell et al., 

1987). It is thought that chronic elevation of gonadotropins aids in the formation of 

ovarian neoplastic lesions. A long term (360 days) study with VCH was conducted to 

examine the relationship between oocyte destruction, gonadotropin levels (FSH), 

ovarian function, and the potential development of ovarian neoplasms (Hooser et al., 

1994). It was determined that there was a decrease in ovarian weight and numbers of 

oocytes in small and growing follicles at 30, 60, 120, 240 and 360 days following an 

initial 30 day dosing period (Hooser et al., 1994). FSH levels were not significantly 

increased until 240 days following onset of 30 days dosing and by 360 days of dosing 

there were signs of ovarian failure and pre-neoplastic lesions in the ovaries (Hooser et 
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al., 1994). Therefore, even though FSH levels were not increased until 240 days after 

onset of dosing, elevation of FSH levels may precede evidence of ovarian neoplasms. 

Other effects of VCH and VCD have been noted. One smdy examined the ability 

of human hepatic microsomes to metabolize VCH to VCH 1,2 epoxide compared with 

mouse and rat hepatic microsomes (Smith and Sipes, 1991). It was determined that 

human and rat hepatic microsomes had lower rates of VCH 1,2 epoxide formation 

compared to mice. It was also concluded that based on the similar rates of VCH 

metabolism in rat and human microsomes, humans like rats may be less susceptible to 

VCH damage. As a result, rats may be a more appropriate model for predicting 

potential ovotoxic effects of these compounds in humans (Smith and Sipes, 1991). In 

utero exposure of mice to VCH was reported following dosing of the mother for 12 

days. These results indicated reduced body weights in the fetuses and fewer oocytes 

from small and medium follicles in the female offspring (Hoyer et al., 1994). Another 

study examined the effects of VCH dosing on reproductive performance and fertility 

of female mice and found that even though there was a significant reduction in the 

numbers of oocytes from primordial, growing and antral follicles, there was no effect 

on fertility or reproductive performance (Grizzle, et al., 1994). It appears as if age of 

the animal does not dictate their susceptibility to VCD-dependent ovotoxicity. One 

study has reported a similar decrease in the number of oocytes in primordial and 

primary follicles in adult rats compared to immature rats following 30 days of VCD 

administration (Flaws et al., 1994b). 

Unlike the primordial oocytes in the female, the spermatogonia are capable of 

undergoing mitotic division after birth and therefore sperm can be regenerated if 

depletion of sperm numbers occurs (Hoyer and Sipes, 1996). VCD treatment for 30 

days has been shown to decrease testicular weight and sperm production; however. 



35 

following a recovery period of 60 days, testicular weight and spermatogenesis 

returned to control levels (Hooser et al., 1995). Another study reported that in utero 

exposure of male mice to VCH produced a slightly reduced spermatid count; however, 

no effect on fertility was observed (Grizzle et al., 1994). Therefore, to date, no 

significant irreversible effects of VCH or VCD on the male reproductive system have 

been reported. 

The studies presented above clearly demonstrate the destruction of oocytes in 

ovarian follicles by VCH and its epoxide metabolites in mice and rats. Of particular 

interest; however, is that these compounds appear to target oocytes contained in very 

small ovarian follicles. As stated before, the importance of oocyte destruction is 

explained by the fact that once germ cells are destroyed in the female they caimot be 

regenerated and therefore infertility can result. Recently, our laboratory has developed 

a method for isolating primordial and primary follicles from rat ovaries to more 

closely examine the potential mechanisms by which VCD induces oocyte destruction 

in these small pre-antral follicles (Flaws et al., 1994a). In vitro studies have 

determined that membrane integrity of small pre-antral follicles incubated with VCD 

is affected much sooner than larger pre-antral follicles and that small follicles have a 

reduced capacity to convert VCD to the inactive tetrol (presumably by mEH) 

compared with larger follicles, adrenal cells and hepatocytes (Flaws et al., 1994a). 

Furthermore, adult rats have a much greater ability than immature rats to metabolize 

VCD to the inactive tetrol in all tissues examined (Flaws et al., 1994a). These results 

provide strong evidence of an important role for microsomal epoxide hydrolyze 

(mEH) in the ovarian detoxification of VCD since it is mEH that is responsible for the 

metabolism of VCD to the inactive tetrol. Furthermore, the reduced ability of small 

pre-antral follicles to metabolize VCD, in vitro, may contribute to their increased 
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susceptibility to VCD and strongly supports a role for the ovary in the detoxification 

of VCD. 

In summary, it is clear that ovotoxic, mutagenetic and carcinogenic effects of 

VCH, in mice, and VCD in mice and rats (immature and mature) was observed. For 

example, VCH and its metabolites caused a significant decrease in the number of 

oocytes in primordial and primary follicles in mice; whereas, VCH 1,2 epoxide and 

VCD caused a significant decrease in the number of oocytes in primordial and primary 

follicles in mice and rats. Furthermore, it was the diepoxide VCD which had the most 

profound effects in both species. The greater susceptibility of mice to VCH may be 

explained by the increase in metaboUsm of VCH to VCH 1,2 epoxide as well as the 

decreased detoxification of VCH 1,2 epoxide by microsomal epoxide hydrolase or 

glutathione S-transferases, enzymes found in the liver and ovary (Oesch, 1987; 

Mukhtar et al., 1978; Mattison, 1979; Awasthi et al., 1993). The increase in 

susceptibility of small pre-antral follicles to VCD in the rat may be explained by the 

decreased ability of these follicles to metabolize VCD to the inactive tetrol, in vitro, 

when compared to larger pre-antral follicles, adrenal cells and liver. Finally VCH and 

VCD have been shown to have effects in utero in female offspring and elicit reversible 

effects on testicular function in males. 

Cell Death 

Cell death plays a critical role in the maintenance of normal tissue growth and 

development. In recent years, many investigators have studied the incidence of cell 

death in a variety of experimental systems in an effort to further understand the 

regulatory mechanisms and importance of cell death in tissue homeostasis. In order to 
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begin to understand the significance of cell death in physiology, it is necessary to first 

discuss the identification and characterization of different types of cell death. 

Apoptosis vj. Necrosis 

To date, at least two distinct forms of cell death have been identified and 

characterized. Apoptosis is an active (physiological) form of cell death that was 

originally described by its morphological characteristics (Kerr et al., 1972). The 

earliest definitive changes of a cell undergoing apoptosis is the compaction of 

chromatin into dense masses (margination) along the nuclear membrane (which 

sometimes appears in a 'crescent' formation), condensation of the cytoplasm, and 

reduction in nuclear size (Kerr et al., 1972; Wyllie et al., 1980; Searle et al., 1982; 

Arends et al., 1990; Cotter et al., 1990; Kerr and Harmon, 1991; Compton, 1992; Buja 

et al., 1993; Cohen, 1993). Shrinkage of the total cellular volume leads to an increase 

in cell density and compaction of cytoplasmic organelles which retain their membrane 

integrity (Wyllie, et al., 1980; Arends et al., 1990; Kerr and Harmon, 1991). As 

condensation continues, the nuclear and plasma membranes become convoluted and 

begin to separate into multiple, small, membrane-bound apoptotic bodies in a process 

commonly referred to as 'nuclear and cytoplasmic budding' (Wyllie et al., 1980; 

Arends et al., 1990; Compton, 1992; Buja et al., 1993; Cohen, 1993). Apoptotic 

bodies contain densely packed organelles and may contain nuclear fragments with 

condensed chromatin (Arends, et al., 1990; Kerr and Harmon, 1991). Following their 

release from the dying cell, these apoptotic bodies are quickly phagocytosed by 

healthy neighboring cells and subsequently degenerate. It is estimated that 

phagocytosis and digestion of apoptotic bodies occurs within a few hours (Wyllie et 

al., 1980; Kerr and Harmon, 1991; Compton, 1992; Corcoran et al., 1994). Deletion 
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of cells by apoptosis is accomplished without changing the architecture of the normal 

tissue and no inflammation occurs (Kerr and Harmon, 1991). On the other hand, 

necrosis (pathological cell death) is a passive form of cell death that results following 

exposure of cells to noxious stimuli such as pH changes or temperature extremes 

(Wyllie et al., 1980; Kerr and Harmon, 1991). Cells dying by necrosis also exhibit 

some condensation of chromatin; however, the density of the chromatin masses is less 

uniform than in apoptosis (Kerr and Harmon, 1991). In contrast to the shrinkage 

characteristics of apoptosis, necrosis involves organelle and cytoplasmic swelling 

caused by a destruction of plasma membrane integrity (Buja et al., 1993). Necrosis 

leads to the release of lysosomal enzymes which accelerate membrane disintegration 

and lead to an inflammatory response. At later stages of necrosis the nuclear 

chromatin disappears in an event known as karyolysis (Wyllie et al., 1980; Searle et 

al., 1982; Cotter et al., 1990; Kerr and Harmon, 1991). 

Apoptosis and necrosis can also be distinguished by certain biochemical feamres 

which are resolved by ethidium bromide staining or radioactive labeling of DNA 

followed by agarose gel electrophoresis (Wyllie et al., 1980; Searle et al., 1982; 

Arends et al., 1990; Kerr and Harmon et al., 1991; Buja et al., 1993; Cohen, 1993; 

Tilly and Hsueh, 1993). Traditionally, apoptosis has been associated with double 

strand cleavage of DNA at the linker regions between nucleosomes (intemucleosomal) 

to produce fragments that are multiples of approximately 185 base pairs (bp) and 

appear on an agarose gel in a characteristic "ladder" formation (Wyllie et al., 1980; 

Searle et al., 1982; Arends et al., 1990; Kerr and Harmon, 1991; Murgia et al., 1992). 

In contrast, DNA cleavage during necrosis is random and therefore, a diffuse smear of 

DNA appears on the gel (Wyllie et al., 1980; Searle et al., 1982; Kerr and Harmon, 

1991). Taken together, the unequivocal morphological and biochemical features of 
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apoptosis and necrosis demonstrate the significant differences in these two forms of 

cell death. 

Apoptosis or Not Apoptosis? 

Although intemucleosomal cleavage of DNA has been used in many smdies to 

identify apoptosis, recent investigations suggest that the appearance of a DNA ladder 

may not always be demonstrated during apoptosis (Tomei, 1991; Schwartz et al., 

1993; Payne et al., 1995). There are five levels of DNA folding in the chromosomes 

which can result in DNA cleavage into fragments that are much larger than the 

multiples of 185 bp usually associated with apoptotic DNA cleavage (Filipski et al., 

1990). Larger fragments of DNA cannot be visualized by agarose gel electrophoresis; 

therefore, another method called pulsed field gel electrophoresis is used to resolve 

these fragments (Filipski et al., 1990; Cohen et al., 1992; Brown et al., 1993; 

Oberhammer et al., 1993b; Walker et al., 1994). Cleavage of DNA to 300 and/or 50 

kilobase (kb) fragments has been demonstrated in epithelial cells, rat fibroblast cells 

and rat and mouse thymocytes induced to die by a variety of stimuli (Cohen et al., 

1992; Oberhammer et al., 1993b; Walker et al., 1994). In rat thymocytes and some 

epithelial cell lines, intemucleosomal cleavage of DNA was observed at a later time 

point; however, in epithelial cells from a prostatic cell line, no ladders were ever 

observed (Oberhammer et al., 1993b; Walker et al., 1994; Cain et al., 1995). 

Interestingly, regardless of whether intemucleosomal DNA cleavage was observed, 

morphological examination of these epithelial cells showed margination of chromatin 

along the nuclear membrane, condensation of the cytoplasm and organelles, and the 

formation of apoptotic bodies (Cohen et al., 1992; Oberhammer et al., 1993b; Walker 

et al., 1994). Other investigators reported the appearance of low molecular weight 
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smearing of DNA, a biochemical characteristic associated with necrosis; however, 

morphologically the cells exhibited apoptotic changes (Sellins and Cohen, 1991; 

Asher et al., 1995). Collectively these data suggest that DNA, in some cell types, may 

be initially cleaved into large fragments and subsequently broken down into multiples 

of 185 bp following induction of apoptosis by a variety of stimuli. Furthermore, 

interaucleosomal cleavage of DNA may not be definitive identification of apoptosis in 

certain experimental systems, illustrating the importance of using a combination of 

biochemical and morphological criteria for evaluating cell death (Payne et al., 1995). 

In addition to the variations in the biochemical appearance of apoptosis with 

certain experimental treatments, there are several examples of cells that display 

apoptotic-like morphological characteristics that have been described as "para-

apoptosis" (Asher et al., 1995; Payne et al., 1995). For example, ^H-thymidine can 

induce cell death in Epstein-Barr Virus transformed lymphocytes. Biochemically, 

these cells show low molecular weight smearing of DNA; however, upon closer 

examination, it was determined that the DNA was not cleaved in a random pattern but 

that specific octamer-sized fragments were generated during DNA fragmentation 

(Asher et al., 1995). Morphologically the cells were shrunken with condensed 

chromatin; however, the pattern of chromatin condensation was unlike that of classical 

apoptosis. Furthermore, no apoptotic bodies were visualized (Asher et al., 1995). 

Interestingly, when lymphocytes were treated with the bile salt, sodium deoxycholate, 

all the biochemical and morphological features of classical apoptosis were exhibited 

(Samaha et al., 1995). Another study reported diat treatment of human T-cell derived 

lymphoblastoid (CEM) cells, with the etoposide, VP-16, topoisomerase n inhibitor, 

did not cause intemucleosomal DNA cleavage nor were apoptotic bodies observed; 

however, membrane integrity was maintained (Catchpoole and Stewart, 1993). 
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Several other variations of apoptotic morphology have been reported in the 

literature such as type B "dark" cells (Kerr et al., 1987). Nuclei of type B "dark" cells 

lack margination of chromatin and the condensed cells are squeezed out amongst 

adjacent cells rather than budding as in classical apoptosis (Kerr et al., 1987; Asher et 

al., 1995). Type B "dark" cells are not easy to distinguish from apoptotic bodies. Cell 

cycle perturbation with micronuclei formation and mitotic arrest have also been 

identified as morphological forms of cell death (Payne et al., 1995). The significance 

of various morphological types of cell death is not well understood nor is their 

relationship to classical apoptosis. However, the documentation of various cellular 

and chromatin morphology that are apoptotic-like in nature suggests that the 

identification of type of cell death needs to be carefully considered (Payne et al., 

1995). 

Intracellular Regulation of Apoptosis 

Little is known regarding the intracellular mechanisms which regulate DNA 

cleavage and subsequent cell death during apoptosis. DNA cleavage has been 

traditionally associated with activation of an endogenous endonuclease (Wyllie et al., 

1980; Kerr et al., 1987; Arends et al., 1990; Pietsch et al., 1993). Although no such 

endonuclease has been purified and fully characterized, a candidate enzyme has been 

found in thymocyte nuclei which is dependent upon calcium and magnesium (Cohen 

and Duke, 1984). Thymocytes undergoing apoptosis, induced by a variety of stimuli, 

exhibited a rapid increase in intracellular calcium levels which may be responsible for 

activating a Ca2+/Mg2+ dependent endonuclease to initiate DNA cleavage (Kerr and 

Harmon, 1991; Trump and Berezesky, 1992; Schwartzman and Cidlowski, 1993). 

Evidence for this relationship is exhibited by the fact that treatment with calcium 
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ionophores, such as A23187, to artificially raise intracellular calcium levels stimulated 

apoptosis in thymocytes and hepatocytes as well as a variety of other cell types 

(Trump and Berezesky, 1992). Furthermore, treatment with agents that block calcium 

channels or chelate intracellular calcium inhibited apoptosis possibly by preventing 

activation of the endonuclease (Kerr and Harmon, 1991). Increased intracellular 

calcium levels may also play a role in rearrangement of cytoskeletal proteins such as 

F-actin and therefore, may play a role in the formation of cytoplasmic buds commonly 

associated with apoptosis (Trump and Berezesky, 1992). A more direct relationship 

between the putative Ca2+/Mg2+ dependent endonuclease and apoptosis has been 

established by illustrating a positive correlation between total nuclease activity and 

intemucleosomal DNA fragmentation following incubation of liver extracts with 

increasing concentrations of calcium (Giannakis et al., 1991). Furthermore, when 

nuclease activity was stimulated in thymocyte nuclei, morphological changes 

indicative of apoptosis were observed suggesting the involvement of a nuclease in 

apoptotic cell death (Arends et al., 1990). 

Some studies have suggested that the putative Ca2+/Mg2+ dependent endonuclease 

is DNase I. Evidence of a role for DNase I as an apoptotic endonuclease, include the 

fact that DNase I activity was optimal in the presence of calcium and magnesium, an 

antibody to DNase I decreased nuclease activity in thymocyte nuclear extracts, and 

purified DNase I mimicked intemucleosomal DNA fragmentation patterns when 

incubated with nuclear extracts (Peitsch et al., 1993). It is interesting to note, 

however, that when purified DNase I was added in the absence of nuclear extracts, 

intemucleosomal DNA cleavage was not observed suggesting that other nuclear 

factors, in addition to endonuclease activity, may be responsible for cleavage of DNA 

(Pietsch et al., 1993). In contrast, other studies have not been able to establish a direct 
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relationship between increased intracellular calcium concentrations, activation of a 

Ca2+/Mg2+ dependent endonuclease, DNA cleavage and cell death. For example, it 

has been reported that stimulation of protein kinase C, which results in an elevation of 

intracellular calcium levels failed to induce cell death even in the presence of 

ionophores (Compton, 1992). Furthermore, addition of calcium ionophores prevented 

DNA fragmentation m interleukin-3 (IL-3) dependent murine bone marrow progenitor 

cells (BAF-3 cells) deprived of IL-3 (Compton, 1992). Collectively, these data do not 

definitively support a role for a ubiquitous Ca^+ZMg^^ dependent endonuclease in 

apoptotic DNA cleavage. 

The induction of endonuclease activity in apoptotic cell death, in some cell 

systems, suggests that exogenous stimuli may trigger the de novo synthesis of proteins 

involved in mediating apoptosis (Gerschenson and Rotello, 1991). Several 

investigations using inhibitors of RNA (actinomycin D) and protein synthesis 

(cycloheximide) have shown that these agents inhibit apoptosis in a variety of 

experimental systems (Kerr and Harmon, 1991). However, cycloheximide cannot 

suppress apoptosis in all circumstances and in fact, has been shown to induce 

apoptosis in rapidly proliferating cell populations such as intestinal crypts (Kerr and 

Harmon, 1991). It is interesting to note, that the putative endonuclease, presumably 

activated during apoptosis, is found in non-apoptotic cells, suggesting that the 

presence of the endonuclease is constimtive (Kerr and Harmon, 1991; Giannakis et al., 

1991; Ucker et al., 1992; Cain et al., 1995). Therefore, the role of de novo RNA and 

protein synthesis in apoptosis is still unclear. 

Although the exact role of calcium, endonuclease activity, and RNA and protein 

synthesis in apoptotic DNA fragmentation have not been well established, it is clear 

that the pathways to activate apoptosis are different in various cells (Cohen, 1993). 
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Furthennore, it appears that the pathway of activation in a single cell type may depend 

upon the stimuli used to elicit apoptosis (Cohen, 1993). With this in mind, it is 

possible to predict that one or a combination of these various intracellular signals may 

be involved in regulating apoptotic cell death; however, the possibility that other 

factors may regulate cell death are also likely. 

Incidence of Apoptotic Cell Death in Ovary 

Apoptosis has been described in several experimental systems including 

development of the nematode, Caenorhabditis elegans (Ellis and Horvitz, 1986), 

development of intersegmental muscles of the tobacco hawk moth, Manduca Sexta 

(Schwartz et al., 1993); in thymocytes (Wyllie et al., 1980; Arends et al., 1990); in 

lymphoblastoid cell lines (Catchpoole and Stewart, 1993); and more recently in the 

ovary (Tilly, 1993; Hsueh et al., 1994). Apoptosis has been strongly associated with 

atresia in large pre-ovulatory follicles from avian, porcine, rat and human ovaries 

following demonstration of intemucleosomal DNA cleavage (Tilly et al., 1991; Tilly 

et al., 1992a,b; Hsueh et al., 1994; Piquette et al., 1994). Furthermore, FSH and 

various growth factors such as epidermal growth factor, transforming growth factor-6, 

basic fibroblast growth factor, and insulin-like growth factor I have all been shown to 

inhibit apoptosis in cultured rat granulosa cells and follicles in a dose dependent 

manner (Tilly et al., 1992a; Chun et al., 1994; Hseuh et al., 1994). These data suggest 

an important role for intraovarian endocrine/paracrine factors in the regulation of 

atresia in most mammalian species (Hsueh et al., 1994). 

Another ovarian structure, the corpus luteum, is formed from the remaining 

cellular components of the post-ovulatory follicle and provides a source of 

progesterone production which is important for the maintenance of pregnancy in many 
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species (Dharmarajan et al., 1994). If pregnancy does not ensue, the corpus luteum 

regresses by apoptosis in a process called luteolysis (O'Shea et al., 1977; Tilly et al., 

1991; Dharmarajan et al., 1994). It is interesting to note that Ca2+/Mg2+ dependent 

endonuclease activity has been identified in the nuclei of luteal cells isolated from rat 

ovaries. Furthermore, the activity of this endonuclease appears to be related to the 

onset of luteolysis and therefore may be involved in apoptotic death of the corpus 

luteum (Zeleznik et al., 1989). 

The pre-ovulatory follicle and the corpus luteum are considered mature ovarian 

structures; however, atresia occurs in all stages of follicular development including the 

embryonic primordial germ cells (Hsueh et al., 1994). Very recently apoptosis has 

been identified, by morphological and flow cytometric analyses, as the type of cell 

death associated with atresia in primordial germ cells (Coucouvanis et al., 1993; Pesce 

et al., 1993; Pesce and DeFelici, 1994). Furthermore, apoptosis is prevented in 

primordial germ cells following, incubation with the trophic hormone, stem cell factor, 

(Pesce et al., 1993). To date, the regulation of apoptosis and/or atresia in primordial 

follicles has not been evaluated. 

A Link Between Toxicity and Apoptosis 

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

death following treatment with toxic compounds (Corcoran et al., 1994). For 

example, it is now well documented, following biochemical and morphological 

evaluations, that hepatotoxins such as thioacetamide, acetaminophen, and 

dimethylnitrosamine induce apoptosis in hepatocytes in vivo and in vitro (Hirata et 

al., 1989; Pritchard and Butler, 1989; Ray et al., 1990; Shen et al., 1991; Faa et al., 

1992). Furthermore, there is a positive correlation between intracellular calcium 
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concentrations and DNA fragmentation in acetaminophen induced apoptosis 

suggesting that calcium activation of an endonuclease may be one mechanism of cell 

death elicited by hepatoxins (Ray et al., 1990; Shen et al., 1991; Corcoran et al., 

1994). Tetrachlorodibenzo-p-dioxin (TCDD), a halogenated aromatic hydrocarbon, 

can induce apoptosis in immature thymocytes through the activation of a Ca^+Alg^^ 

endonuclease (McConkey et al., 1988a). Another compound, 7,12-

dimethylbenz[a]anthracene (DMBA) is a cytotoxic and immunosuppresive polycyclic 

aromatic hydrocarbon (PAH) which can induce intemucleosomal cleavage in cells 

obtained from mouse thymus and spleen (Burchiel et al., 1992). DMBA was also 

reported to increase intracellular calcium levels in the spleen at higher doses of the 

compound (Burchiel et al., 1992) 

It is interesting to note that very little is known about the types of cell death 

induced by reproductive toxicants in the ovary. One study has examined the effects 

the ovotoxic polycyclic aromatic hydrocarbons, DMBA, benzo[a]pyrene and 3-

methylcholanthrene, on mouse ovaries (Mattison, 1980). As mentioned earlier these 

compounds destroyed primordial ovarian follicles following a single dose (Mattison 

and Schulman, 1980). In this study, morphological changes in the primordial follicles 

associated with PAH treatment were assessed. Benzo[a]pyrene and 3-

methylcholanthrene caused condensation of chromatin; however, nuclear and 

cytoplasmic swelling were also reported. DMBA, the most potent PAH, induced 

dramatic changes in ovarian architecture by destroying large and small follicles. 

Therefore, these doses of PAH did not induce morphological changes characteristic of 

apoptosis, but rather the morphological changes were consistent with necrosis 

(Mattison, 1980). 
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There appears to be a relationship between the dose of a particular compound, the 

duration of the treatment and the type of cell death that follows. For example, low 

doses of acetaminophen, ethanol, and the calcium ionophore A23187 induce apoptosis 

in and HL-60 cells; however, high doses of these compounds induce necrosis (Ray et 

al., 1990; Collins et al., 1992). Therefore, it is possible that if lower doses of DMB A, 

benzo[a]pyrene and 3-methylcholanthrene had been used in the previous study, 

apoptosis may have been induced in ovarian follicles. Furthermore, a temporal 

relationship between apoptosis and necrosis has been reported. That is, following a 

single dose of the hepatotoxin dimethylnitrosamine, apoptosis was induced very 

quickly (within 1-7 h) whereas, necrosis was reported at a later time period (12-24 h, 

Pritchard and Butler, 1989; Hirata et al., 1989). These results suggests that mild 

damage allows signaling networks and ATP levels to be maintained in the cell in order 

to implement the energy dependent death program, apoptosis. However, when more 

severe damage has occurred, there is a loss in cell signaling pathways and membrane 

integrity and therefore necrosis occurs (Corcoran et al., 1994). 

Genes Associated with Apoptosis 

Cell Death Genes of the Nematode, Caenorhabditis elegans 

The existence of apoptosis in physiological situations such as growth 

development, normal mmover of cells, the destruction of thymocytes that contain 

abnormal chromosome configurations and destruction of virally infected cells, 

illustrates the role of apoptosis is maintenance of normal tissue homeostasis (Kerr et 

al., 1972). The important physiological role of apoptosis has lead to the examination 
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of its genetic regulation. Some of the initial studies on the gene regulation involved in 

apoptosis were performed with the nematode, Caenorhabditis elegans (C. elegans, 

Ellis and Horvitz, 1986; Hengartoer et al., 1992). During the development of the C. 

elegans, the generation of 959 somatic nuclei is accompanied by the subsequent 

apoptotic death of 131 cells (Ellis and Horvitz, 1986). A number of mutations have 

been identified that directly affect this process of developmental cell death. These 

mutations are referred to as cell death abnormal (ced) and nuclease deficient (nuc) 

mutations. Specifically, mutations which inactivate ced-3 and ced-4 genes, are 

responsible for the prevention of cell death; whereas, mutations which inactivate ced-9 

cause cell death (Ellis and Horvitz, 1986; Hengartoer et al., 1992). Therefore, the 

activation of ced-3 and ced-4 genes are responsible for initiating cell death and the 

activation of ced-9 is responsible for preventing cell death (Ellis and Horvitz, 1986; 

Hengartner et al., 1992). Furthermore, it appears as if ced-9 acts as a negative 

regulator of ced-3 and ced-4 in C. elegans. Another gene, nuc-1, has also been 

associated with apoptosis in C. elegans. Activation of nuc-1 is required for 

degradation of the nuclear chromatin in apoptotic cells and therefore, a mutation in 

nuc-l prevents nuclear DNA degradation (Ellis and Horvitz, 1986). The identification 

of specific genes directly related to cell death during development of C. elegans, 

prompted a number of investigators to search for genes involved in the genetic 

regulation of cell death in mammalian tissues (Alison and Sarraf, 1992; Owens and 

Cohen, 1992; Williams and Smith, 1993; Vaux et al., 1994). 

bcl-2 Protooncogene Family 

One family of genes in mammalian cells that is associated with apoptosis 

(physiological) cell death is the bcl-2 family of protooncogenes. Bcl-2 was first 
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discovered because of its involvement in malignancies. For example, chromosome 

abnormalities have been reported to activate bcl-2 in the majority of non-Hodgkin's B-

cell lymphomas which results in deregulation and overproduction of bcl-2 mRNA and 

BCL-2 protein (Reed, 1994). BCL-2 is not restricted, however, to malignant cells and 

has been identified in many normal cell populations (Reed, 1994). The BCL-2 protein 

has been localized to the inner mitochondrial membrane, endoplasmic reticulum and 

nuclear membrane (Hockenberry et al., 1993). As suggested by its role in 

malignancies, BCL-2 prolongs cell survival (Vaux et al., 1992; Hockenberry et al., 

1993). This was first reported in immature pre-B-cells that are dependent upon the 

lymphokine interleukin-3 (IL-3) for survival (Vaux et al., 1988). Following transfer 

of bcl-2 expression vectors, the pre-B cells were permitted to survive, in the absence 

of IL-3 (Vaux et al., 1988). Since, IL-3 was known to maintain hemopoeitic cell 

survival by preventing apoptosis, this suggested that BCL-2 was capable of blocking 

apoptosis (Reed, 1994). Subsequent studies have demonstrated that apoptosis induced 

by a variety of stimuli such as radiation, growth factor withdrawal, glucocorticoids, 

many classes of chemotherapeutic agents and oxidative stress, is inhibited by BCL-2 

in many in vitro and in vivo experimental systems (Hockenberry et al., 1993; 

Miyashita et al., 1994; Yin et al., 1994; Miyashita and Reed, 1995). 

Interestingly, even though BCL-2 can prevent apoptosis in a number of situations 

such as following IL-3 deprivation, it is unable to prevent apoptosis in other cell lines 

following IL-2 or IL-6 deprivation (Boise et al., 1993). This suggests the existence of 

many intracellular pathways of apoptosis, some which require BCL-2 for survival and 

others that do not. This hypothesis is supported by the fact that several tissues such as 

the liver, lack BCL-2 expression yet are subject to regulation by apoptosis (Reed, 

1994). Taken together, the BCL-2 protein is important in the regulation of cell 
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survival in some experimental systems; however, it is clear that other apoptotic 

regulatory pathways exist in certain cell types. 

Another member of the bcl-2 family, BAX (BCL-2-associated X protein), was 

identified as a BCL-2-associated protein following co-immunoprecipitation (Oltavi et 

al., 1993). There is a 43.2% similarity in human BAX and BCL-2 amino acid 

sequences. The homology and physical interaction between BAX and BCL-2 

suggested that it may also be involved in cell death. When the BAX protein was 

transfected and overexpressed in the IL-3 dependent human B-cell line, FL5,12, 

apoptotic cell death was accelerated (Oltavi et al., 1993). Furthermore, it was 

discovered that BAX can form homodimers as well as heterodimerize with BCL-2. It 

was also determined that the ratio of BCL-2/BAX affected the rate of apoptosis in 

FL5.12 cells. Site-specific mutagenesis has recently determined that two highly 

conserved domains, the BCL-2 homolog 1 (BHl) and 2 (BH2) regions, are required 

for BCL-2 interactions with BAX. This interaction must occur in order to exert the 

death repressor effects of BCL-2. Therefore, any stimulus that disrupts BCL-2/BAX 

heterodimer formation will induce cell death (Yin et al., 1994). Box mRNA 

expression has been identified in a variety of tissues including liver, kidney, uterus, 

testis and ovary (Oltavi et al., 1993; Tilly et al., 1995a). 

Several recent studies have illustrated the importance of the ratio of BCL-2/B AX 

in the regulation of cell death and have identified possible transcriptional regulators of 

box gene expression (Miyashita et al., 1994; Selvakumaran et al., 1994; Miyashita and 

Reed, 1995). One of these potential regulatory molecules is p53, a tumor suppresser. 

p53 is known to antagonize tumor growth by arresting cell proliferation and inducing 

cell death by apoptosis (Miyashita et al., 1994). The loss of p53 is associated with 

many treatment failures in cancer patients by making malignant cells more resistant to 
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apoptosis by cytotoxic chemotherapeutic drugs. Furthermore, in some cases p53 is 

required for the induction of apoptosis (Miyashita et al., 1994). BCL-2 has been 

shown to inhibit p53 induced apoptosis and therefore, they may act through a common 

pathway for regulation of cell death (Miyashita et al., 1994). In support of this idea, 

p53 induced apoptosis in a murine myeloblastic leukemia p53-deficient (Ml) cell line, 

caused a down-regulation of bcl-2 mRNA and BCX-2 protein and up-regulation of box 

mRNA and BAX protein (Miyashita et al., 1994; Selvakumaran et al., 1994). 

Furthermore, the bax gene sequence contains at least 4 potential p53 binding sites 

(Miyashita and Reed, 1995). Cotransfection of a p53 deficient human tumor cell line 

with bax-CAT (chloramphenicol acetyltransferase reporter gene) and a plasmid 

containing a p53 wild type resulted in activation of transcription of CAT compared to 

plasmid encoding mutant p53 (Miyashita and Reed, 1995). Therefore, p53 may be a 

transcriptional activator for the bax gene. Another sequence has been identified in the 

promoter region of bax which binds a ubiquitously expressed transcription factor 

called USF (upstream stimulatory factor). This transcription factor is regulated by 

redox state of the cell and therefore may be activated during oxidative stress 

(Pognonec et al., 1992). In summary, bax is a member of the bcl-2 gene family and 

expression of its mRNA or protein has been implicated in accelerating cell death in 

several experimental systems. The recent identification of the BHl and BH2 

conserved domains along with the identification of several enhancer regions on the 

bax gene suggests potential pathways for regulation of this gene during apoptosis. 

Two other members of the bcl-2 gene family have also been identified and are 

derived from a gene that is distinct from bcl-2 (Boise et al., 1993). These genes arise 

from differential usage of two 5' splice sites within the first coding exon and are 

referred to as bcl-X[j(long) and fcc/-xs(short). BCL-Xl contain 233 amino acids and 
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acts in a similar manner to BCL-2 by promoting cell survival. BCL-Xs contains 170 

amino acids and can inhibit Bcl-2 induced cell survival in IL-3 dependent FL5.12 cells 

(Boise et al., 1993). Therefore, in cellular pathways that are not dependent upon BCL-

2 and BAX, BCL-XL and BCL-Xs may play a role in cell death regulation. It is 

interesting to note that the expression of BAX or BCL-Xs itself does not induce cell 

death but rather makes cells more susceptible to apoptotic stimuli. Therefore, the 

overexpression of box or bcl-xs mRNA may be one of the primary signals that 

accelerates death in a variety of cell types (Boise et al., 1993; Hockenberry et al., 

1993; Oltavi et al., 1993). 

bcl-2 Protooncogenes in the Ovary 

To date, few studies have examined the role of the bcl-2 family of protooncogenes 

in the ovary (Tilly et al., 1995a; Ratts et al., 1995). As stated earlier, atresia in large 

pre-ovulatory follicles occurs by apoptosis. Furthermore, ovarian apoptosis is 

inhibited by gonadotropin treatment (Hughes and Gorospe, 1991; Tilly, 1993). One 

investigation examined changes in the bcl-2 family of protooncogenes in relation to 

the onset of atresia/apoptosis in whole ovary and large pre-ovulatory follicles (Tilly et 

al., 1995a). In whole ovary, levels of bcl-2 mRNA and bcl-x mRNA did not change 

following gonadotropin treatment; however, levels of box mRNA were significantly 

decreased following gonadotropin treatment (Tilly et al., 1995a). Furthermore, 

following induction of apoptosis, by serum withdrawal, isolated pre-ovulatory follicles 

showed significant increases in mRNA levels for box, decreased mRNA levels for bcl-

X and no change in levels of bcl-2 mRNA. Although the levels of mRNA for bcl-x 

were reduced, the ratio of bcl-x^ to bcl-xs was not changed. These results, suggested 

that bcl-2 and bcl-x are unaffected by gonadottopins and that direct regulation of box 
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mRNA levels may provide a primary signal for cell survival (low box) or cell death 

(high box) in large antral follicles (Knudson et al., 1995; Tilly et al., 1995a). 

Oxidative Stress and Apoptosis 

Although there are a variety of signals and subsequent metabolic changes that 

induce apoptosis in various cell types, the morphological changes associated with 

apoptosis are highly conserved (Wyllie et al., 1980; Buttke and Sandstrom, 1994). 

This implies that there may be multiple signaling pathways which converge upstream 

of the conmion sequence of events involved in apoptosis (Buttke and Sandstrom, 

1994). In recent years several studies have examined the role of reactive oxygen 

intermediates in apoptotic cell death (McConkey et al., 1988b; Wong and Goeddel, 

1988; Hockenberry et al., 1993; Hirose et al., 1993; Buttke and Sandstrom, 1994; 

Ratan et al., 1994; Payne et al., 1995; Tilly and Tilly, 1995). 

Aerobic organisms require oxygen for metabolism (Yu, 1994). A number of 

reactive oxygen intermediates are normally generated during the reduction 

(metabolism) of oxygen and include the superoxide radical (Oa"*), hydrogen peroxide 

(H2O2) and hydroxyl radical (OH*). Superoxide radical is the first intermediate 

formed in the sequential single electron reduction of oxygen that leads to the 

formation of water (Fridovich, 1975; Yu, 1994). Hydrogen peroxide is produced from 

the spontaneous dismutation of two superoxide radicals and is not a very reactive 

oxygen intermediate. The biological importance of H2O2 formation has to do with its 

ability to generate the very reactive hydroxyl radical (OH*) by interacting with iron, 

copper or superoxide radical through the Fenton or Haber-Weiss reactions (Boobis et 

al., 1989; Yu, 1994). The biological sources of reactive oxygen intermediates include 

the electron transport chains in the mitochondrial, microsomal, and nuclear 
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membranes, as well as several catalytic cytosolic enzyme systems such as those 

involved in phagocytic activity (Yu, 1994). 

The cell has developed many defenses to counteract the generation of metabolic 

reactive oxygen species. These include several natural antioxidants such as a-

tocopherol (vitamin E), ascorbic acid (vitamin C) and carotenoids (vitamin A, Yu, 

1994). In addition, several antioxidant scavenging enzymes are present in the cell: 

superoxide dismutase (SOD) of which there are three forms, the mitochondrial, 

manganese SOD (MnSOD), the cytosolic copper/zinc SOD(Cu/ZnSOD) and secreted 

SOD (secSOD); glutathione peroxidase (GSHPx); and catalase (CT). Superoxide 

dismutase is responsible for the conversion of superoxide radical to hydrogen peroxide 

and oxygen; whereas, glutathione peroxidase and catalase are responsible for the 

conversion of hydrogen peroxide to water (Yu, 1994). When there is a disruption in 

the balance between generation and inactivation of reactive oxygen intermediates, the 

excess oxygen species can elicit lethal effects on the cell by interacting with proteins 

to produce alterations in enzymatic function, lipids which lead to disturbances in the 

plasma membrane, and DNA which causes strand breaks and mutations (Yu, 1994). 

Many of the treatments which are known to induce apoptosis such as tumor 

necrosis factor-a, 2,4-dinitrophenol, ionizing radiation, and glutamate induced 

glutathione depletion are known to induce reactive oxygen species by disrupting 

calcium homeostasis or causing uncoupling of the mitochondrial electron transport 

chain (Dryer et al., 1980; Larrick and Wright, 1990; Ratan et al., 1994). Furthermore, 

the induction of certain antioxidant enzymes can completely inhibit apoptosis in these 

experimental systems, suggesting a direct role for reactive oxygen species in apoptotic 

cell death (Wong and Goeddel, 1988; Wong et al., 1989; Hirose et al., 1993). For 

example, glutamate-induced glutathione depletion can cause apoptosis in immature 
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embryonic cortical neurons which is partially prevented by treatment with antioxidants 

(Ratan et al., 1994). Tumor necrosis factor-a (TNF-a) is a cytotoxic compound that 

binds to a cell surface receptor and is able to induce apoptosis. The mechanism for 

induction of cell death is not fully characterized but may involve the accumulation of 

reactive oxygen species (Larrick and Wright, 1990). This has lead to several 

investigations into the role of antioxidant enzymes in the regulation of TNF-a induced 

apoptosis. Interestingly, TNF-a has been reported to selectively increase mRNA 

levels for MnSOD in human A549 lung carcinoma cell lines; whereas no changes in 

mRNA levels for Cu/ZnSOD, catalase or glutathione peroxidase were reported (Wong 

and Goeddel, 1988). Furthermore, overexpression of MnSOD is sufficient to increase 

resistance of human 239 embryonic kidney cell lines and human A375 melanoma cell 

lines to TNF-a, interleukin-1 and ionizing radiation induced apoptosis (Wong et al., 

1989; Hirose et al., 1993). In contrast, cells that were transfected with antisense 

MnSOD were more susceptible to apoptosis induced by these various agents. The 

importance of MnSOD has also been demonstrated in a yeast mutant which lacked 

MnSOD activity. In the presence of increasing levels of oxygen, the mutant yeast 

became hypersensitive to oxygen toxicity (van Loon et al., 1986). Specific induction 

of MnSOD has also been demonstrated following treatment of glomerular cells with 

glucocorticoids by increasing MnSOD transcription and in liver following treatment of 

rats in vivo with the hepatotoxin, 2, 4-dinitrophenol by increasing MnSOD activity 

(Dryer et al., 1980; Yoshiyoka et al., 1994). Taken together these results suggest that 

antioxidant enzymes, specifically MnSOD, may be one of the primary enzymes 

involved in cell homeostasis and that maintenance of normal levels of reactive oxygen 

species may be critical in preventing apoptosis. 
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Oxidative stress has also been associated with apoptosis in many other ways. 

First, treatment of rat hepatocytes with menadione, a redox-active compound, was 

found to increase the activity of the putative Ca2+/Mg2+ endonuclease thought to be 

involved in apoptotic intemucleosomal DNA cleavage (McConkey et al., 1988a). 

Secondly, as previously explained, the BCL-2 protein has been localized to the 

mitochondrial membrane suggesting that it may play a role in the regulation of redox 

reactions. In accordance with this hypothesis, BCL-2 has been found to inhibit 

apoptosis induced by hydrogen peroxide and menadione in FL5.12 cell line, an IL-3-

dependent murine lymphocyte cell line suggesting that BCL-2 may act as an 

antioxidant or free radical scavenger (Hockenberry et al., 1993). Thirdly, there have 

been several redox dependent transcriptional factors that have been reported (Payne et 

al., 1995). These include p53, upstream stimulatory factor (USF), AP-1 and NK-KB. 

To date, there are reported DNA binding sequences for p53 and USF in the promoter 

region of the bax gene. Therefore, redox changes within the cell may activate these 

transcription factors to interact with the DNA and increase transcription of the bax 

gene during apoptosis. TNF-a has been shown to induce NK-kB which may induce 

genes such as MnSOD for protection against apoptosis (Larrick and Wright, 1990). 

Another transcriptional factor, AP-1, may be activated by a similar mechanism during 

apoptosis. Lastly, there are several common morphological and biochemical features 

of oxidative stress and apoptosis such as DNA strand breaks and membrane budding 

(Tilly and Tilly, 1995; Payne et al., 1995). In conclusion, oxidative stress may be a 

mediator of apoptosis in certain experimental and physiological situations. 
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Toxicants and Oxidative Stress 

Other defense mechanisms exist within the ceil to readily eliminate several types 

of reactive oxygen intermediates. One of the most important is glutathione (GSH, 

Boobis et al., 1989). Glutathione is composed of the amino acids glutamate, glycine, 

and L-cysteine, which is the limiting amino acid (Boobis et al., 1989). Most cells 

contain very high levels of glutathione in the reduced form (GSH). Following the 

oxidation of glutathione to GSSG, there is rapid reduction of glutathione back to the 

GSH form by NADPH-dependent GSSG-reductase (Boobis et al., 1989). When the 

rate of glutathione oxidation to GSSG exceeds the capacity of the NADPH-dependent 

GSSG-reductase enzyme to form glutathione (GSH), GSSG is actively transported out 

of the cell (Boobis et al, 1989). Several reactive compounds interact with proteins in 

the cell. One potential site for interaction are the sulphhydryl groups such as those on 

the glutathione molecule (Fawthrop et al., 1991). Glutathione depletion caused by 

reactive compounds, therefore, may occur by direct oxidation of glutathione to GSSG, 

formation of mixed disulfides with protein SH groups and non-enzymatic conjugation 

with glutathione (Boobis et al., 1989). This reduction in glutathione levels makes the 

cell highly susceptible to further oxidative stress and can lead to cell death. Several 

compounds such as the redox-active agent, menadione, as well as compounds that 

contain electrophilic reaction sites (epoxides like 4-vinylcyclohexene diepoxide), have 

been shown to significantly decrease intracellular glutathione levels (Presetera et al., 

1993; Salyers et al., 1993). As a result, cell death induced by such compounds may be 

mediated through the oxidative stress pathway. 
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Oxidative Stress in the Ovary 

To date, one study has examined the role of oxidative stress in the rat ovary 

following the inhibition of apoptosis by gonadotropin treatment. Specifically, this 

study examined the alterations in mRNA levels for the three forms of SOD, 

glutathione peroxidase and catalase in the gonadotropin primed versus unprimed rat 

(Tilly and Tilly, 1995). It was reported that gonadotropin treatment significantly 

enhanced the mRNA levels for secSOD and MnSOD but had no effect on Cu/ZnSOD, 

glutathione peroxidase or catalase mRNA levels (Tilly and Tilly, 1995). These results 

suggested that MnSOD was also important in protecting ovarian follicles from atresia 

in addition to the documented extragonadal role of this enzyme. In summary, it 

appears as if mRNA levels of antioxidant enzymes are altered following the induction 

of granulosa cell apoptosis in large antral follicles which suggests that oxidative stress 

may be involved in granulosa cell apoptosis during atresia by decreasing the mRNA 

levels for antioxidant enzymes. 

Microsomal Epoxide Hydrolase 

The major enzymatic pathways for xenobiotic epoxide detoxification are 

conjugation with glutathione which is catalyzed by glutathione S-transferase (GST) 

and hydration to the corresponding diol by microsomal epoxide hydrolase (mEH). 

These enzymatic reactions occur in many tissues including the liver, testis and ovary 

(Mukhtar et al., 1978; Heinrichs and Juchau, 1980). Although it is known that very 

high concentrations of epoxide hydrolase enzyme exist in the testis and ovary (second 

and third to the liver), most studies investigating the regulation of mEH mRNA levels 

following treatment with various xenobiotics have been performed utilizing a variety 

of hepatotoxins (Sheehan et al., 1991; Kim et al., 1994; Kim et al., 1995). One group 
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of hepatotoxicants are the imidazole anti fungal agents. It has been reported that 

treatment of rats with a variety of imidazole compounds can induce mEH mRNA 

levels in the liver 2 to 22-fold depending upon the type of imidazole agent used (Kim 

et al., 1994). Furthermore, it has been reported that the rate of mEH gene transcription 

was increased at a time coincident with the highest levels of mEH mRNA suggesting 

possible transcriptional regulation of mEH (Kim, 1992; Kim et al., 1994). Increases in 

mEH protein levels were also reported following treatment with the imidazole 

compounds that increased mRNA levels (Kim et al., 1994). In another study, 

intraperitoneal injection of lead acetate to male rats resulted in tissue-specific 

increases in mEH mRNA levels in the kidney (15 fold) while no change in mEH 

mRNA levels were reported in liver, heart, spleen, lung or testis (Sheehan et al., 

1991). Immunohistochemical analysis illustrated a significant increase in staining for 

mEH protein in the kidney following treatment with lead acetate (Sheehan et al., 

1991). Another study has examined the effects of several environmentally 

encountered epoxides on levels of glutathione S-transferase (GST) and mEH (Moody 

et al., 1991). Although mEH or GST mRNA levels were not investigated, consistent 

induction of enzyme activities following intraperitoneal injection of a variety of 

pesticides and industrial/synthetic epoxides was reported (Moody et al., 1991). This 

increase in the level of mEH and GST enzymes has subsequently been shown with a 

variety of compounds including diphenols, isothiocyanates, hydrogen peroxide and 

several metals, and has been referred to as the "electrophilic counterattack" (Prestera 

et al., 1993). 

Although the mechanism for induction of mEH mRNA, protein and activity levels 

is not known, several lines of evidence suggest that there is molecular regulation of 

the "electrophilic counterattack". For example, a 350 bp fragment of the mEH 
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promoter region was found to contain enough information to express the mEH gene in 

hepatocytes. Furthermore, two cis-acting transcriptional factors, epoxide hydrolase 

proximal element 1 (EHPl) and 2 (EHP2) have been identified; however, these may 

be liver-specific transcription factors (Kondo et al., 1994). Another study has 

identified two unique regions which may be involved in repression of the mEH gene. 

One is an 18 bp repeating sequence and the other is an AT-rich sequence. It appears 

as if both of these regions are necessary to cause suppression of mEH transcription 

and therefore are referred to as a bipartite suppresser (Kondo et al., 1992). Therefore, 

it appears as if the mEH gene, like all other genes, is regulated by complex 

interactions of several inducer and repressor elements. It is interesting to note, that the 

upstream regions of the mouse and rat liver glutathione s-transferase genes contain 

similar enhancer sequences. In the mouse, the enhancer is called the "electrophilic 

responsive element', and in the rat, the 'antioxidant responsive element' (Prestera et al., 

1993). These regions contain sequences that suggest interaction with the redox-active 

transcriptional factor, AP-1 (Prestera et al., 1993). It is possible that since both mEH 

and glutathione s-transferase are involved in detoxification of many xenobiotic 

compounds and their enzymatic activities increase following xenobiotic insult, that 

mEH may contain similar response elements to GST. Furthermore, the fact that an 

AP-1 DNA binding region has been identified (in the glutathione s-transferase gene) 

suggests that if the redox state of the cell is affected by a xenobiotic compound, AP-1 

may play a role in stimulating transcription of glutathione s-transferase and 

microsomal epoxide hydrolase to counteract the oxidative stress response. 
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Chapter 2 

STATEMENT OF THE PROBLEM AND SPECMC AIMS 

The previous chapter has reviewed follicular development; the effects of 

xenobiotic compounds, such as VCD, on ovarian function; apoptosis; and genetic 

regulation of apoptosis. Although much is being learned regarding the mechanisms of 

apoptosis in several extragonadal experimental systems, very little information is 

available regarding the regulation of cell death in the ovary. Furthermore, virtually no 

information is available about the mechanisms of xenobiotic-induced cellular 

destruction in many tissues, including the ovary. The effects of environmental 

xenobiotics on ovarian function is very important for several reasons. First, 

ovotoxicants that destroy irreplaceable primordial follicles can lead to premature 

menopause and infertility, and secondly chronic exposure to ovotoxicants lead to 

ovarian neoplasms. These concerns are very real when one considers that according to 

the National Cancer Society, approximately half of all cancers in the United States 

originate in endocrine dependent tissues which include the ovary and testis. 

Furthermore, the incidence of ovarian cancer is highest in women that live in 

industrialized countries such as the United States and has increased three fold from 

1940-1980 (Heinrichs and Juchau, 1980). 

4-vinylcyclohexene diepoxide (VCD) is an important xenobiotic because it has 

been shown to destroy primordial oocytes in rats and mice and to induce granulosa 

cell tumors following chronic exposure of laboratory animals to the compound. Since 

this compound is encountered by humans as a by-product in the manufacture of 

rubber, the mechanisms of VCD-induced oocyte destruction are important to 
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elucidate. Therefore, the goal of this study was to better describe at the cellular and 

molecular level, the mechanism(s) by which VCD destroys small pre-antral follicles in 

rats. The overall hypothesis was that follicular destruction caused by VCD results 

from repeated dosing and occurs by physiological cell death (apoptosis). 

To address the overall hypothesis, the following specific aims were developed: 

1. To investigate the effect of repeated dosing on general function of small pre-

antral follicles (Chapters 3 and 4). 

2. To determine the earliest time point of follicular destruction (Chapter 4). 

3. To determine the type of cell death induced by VCD (Chapters 4 and 5). 

4. To investigate why VCD is specific for small pre-antral follicles (Chapter 6). 
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Chapter 3 

CELLULAR INVESTIGATION OF MECHANISMS OF VCD-INDUCED 

OVOTOXICITY IN RATS 

Abstract 

The mechanism of 4-vinylcyclohexene diepoxide (VCD)-induced oocyte 

destruction in small pre-antral follicles of rats and mice has not been elucidated. This 

study examined the effects of daily dosing of female rats with VCD on protein 

synthesis and membrane integrity of follicles. An investigation of granulosa cells as a 

target for VCD was also made. Small pre-antral follicles (25-100 ^im) isolated from 

untreated immature rats (day 28) as well as from rats injected daily for 10 days with 

VCD (0.57 mmol/kg, ip.) or vehicle control (sesame oil) were incubated for 3, 6 or 10 

hr in vitro with or without VCD. Membrane integrity (trypan blue dye exclusion) or 

protein synthesis (^H-leucine incorporation) in follicles was measured. Large pre-antral 

follicles (l(X)-250 |im), isolated oocytes or granulosa cells from 25-100 |j.m follicles, 

hepatocytes and adrenal cells served as controls. Membrane integrity was not 

compromised in 25-100 |im follicles isolated from untreated or VCD-injected rats. 

However, following in vitro incubation of small, pre-antral follicles with VCD, there 

was a significant decrease in membrane integrity by 6 hr (p<0.05). This loss in 

membrane integrity was observed in granulosa cells and was even greater (p<0.05) in 

25-100 ^im follicles from dosed as compared with untreated animals. The various cell 

types were incubated in vitro with or without VCD for 3 hr and the rate of protein 

synthesis was measured by ^H-leucine incorporation during the last hour of incubation. 
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Incubation of 25-100 (im follicles from untreated animals with VCD for 3 hr produced 

significant inhibition (pcO.OS) in the rate of protein synthesis. This effect was reversed, 

and significantly stimulated (p<0.05) after 6 and 10 hr of in vitro incubation with VCD. 

Follicles (25-100 ^im) from animals that had been dosed daily with VCD for 10 days, 

demonstrated similar inhibition of protein synthesis following 3 hr in vitro incubation 

with VCD; however, unlike those from untreated rats, 25-100 ^im follicles from dosed 

rats did not recover from this inhibition after 6 or 10 hr of in vitro incubation with 

VCD. In vitro incubation with VCD stimulated the rate of protein synthesis in 100-250 

|xm follicles; however, had no effect on the rate of protein synthesis in isolated oocytes 

and granulosa cells, hepatocytes or adrenal cells. These observations suggest that VCD 

affects membrane integrity in 25-100 pn follicles via an effect on granulosa cells and 

that daily dosing of rats with VCD makes 25-100 ^m follicles more susceptible to 

ovotoxicity by VCD. 

Introductioii 

Little is known regarding the cellular mechanisms of chemical toxins that destroy 

oocytes in primordial and primary follicles. Furthermore, little is known about the 

ability of germ cells to directly metabolize or to respond to cellular damage caused by 

chemical toxins (Gorospe and Reinhold, 1995). Oocytes in the prophase stage of 

meiosis (primordial follicles) are known to be transcriptionally and translationally active 

throughout most of this meiotic period; yet little information is available regarding the 

basic aspects of protein synthesis in those small pre-antral follicles (Bachvarova, 1985). 

Ovotoxicants such as VCD may elicit an effect on oocytes by altering generalized 
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protein synthesis. This response could be one way VCD causes destruction of small 

oocytes. 

A greater understanding of specific mechanisms by which environmental and 

industrial compounds produce reproductive disorders is critical for evaluating the 

potential risk to humans. Therefore, the purpose of this study was to compare the in 

vitro effects of VCD on membrane integrity and generalized protein synthesis in 25-100 

jim follicles collected from rats dosed daily with VCD versus untreated rats. 

Materials and Methods 

Reagents 

Medium 199 (Ml99) was purchased from Gibco, Inc. (Grand Island, NY, lot 

#13N6432) and VCD was purchased from Pfaltz and Bauer, Inc. (99% pure, 

Waterbury, CT, lot #035873). Collagenase (Clostridium Histolytic Type I, lot 

#110H0389), DNase (Type n from bovine pancreas, lot #100H9640), bovine serum 

albumin (BSA, lot #48F-0034), trypan blue (lot #43F-0127), single reagent system for 

determination of lactate dehydrogenase levels (LDH, lot #123H6185) and sesame oil 

were purchased from Sigma Chemical, Company (St. Louis, MO). ^H-Ieucine was 

obtained from New England Nuclear (Boston, MA, lot #2950-175). 

Animals 

Immature (21-28 days) female Fisher 344 rats were purchased from Harlan 

Laboratories (Indianapolis, IN), housed in plastic cages, 4-5 animals per cage, and 

maintained on 12 hr light/12 hr dark cycles in a controlled temperature of 22°C ± 2°C. 
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The animals were provided food (Purina rat chow) and water ad libitum. All 

experiments using animals were approved by the University's Institutional Animal Care 

and Use Committee. 

Untreated animals 

Immature (21-28 days) rats were euthanized with CO2, their ovaries removed, and 

follicles collected as described below. 

VCD-dosed animals 

Immature rats (28 days, 3 rats/treatment) were weighed and administered either 

sesame oil (control) or VCD dissolved in sesame oil (80 mg/kg; 0.57 mmol/kg) for 10 

days by intraperitoneal (ip.) injection. Four hours following the tenth day of dosing 

(Springer et al., 1995a), animals were euthanized with CO2, their ovaries removed, and 

follicles collected as described below. 

Tissue preparation for in vitro studies 

Ovaries were removed from untreated or dosed rats and placed in ice-cold Ml99. 

Excess fat was trimmed and the remaining ovarian tissue was minced using 261/2G 

syringe needles. Minced tissue was dissociated (20 min in a shaking 37°C H2O bath) 

in 2.5 ml M199 containing collagenase (4800 units; 0.018 g/ml), DNase (1910 units; 

0.8 mg/ml), and 1% BSA. The dissociate was washed three times with M199 and 

passed through a nylon filter with 250 pm pores (Small Parts CMN-250). All excluded 

structures (follicles >250 |im in diameter and corpora lutea) were discarded. The 

remaining pre-antral follicles were placed in Hank's medium (0.1 % BSA, 10 mM 

HEPES, pH 7.2) and separated by mouth pipeting into two distinct fractions (small, 25-
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ICX) |im; and large, 100-250 ^im) using siliconized glass micropipets. The 25-100 |im 

fraction contained primordial and primary follicles and the 100-250 ^m fraction 

contained growing pre-antral follicles (Flaws et al., 1994a). Ovarian interstitial cells 

were collected, after follicle isolation, from the ovarian dissociate. Isolated granulosa 

cells and oocytes were prepared from the 25-100 jim follicle fraction by incubation (90 

min, 37 °C) of these follicles in Ca2+-free Hank's medium (0.1% BSA, 10 mM 

HEPES, pH 7.2) as described by Eppig (1976). Liver and adrenal tissue was collected 

and dissociated into single cells with collagenase as described above (Flaws et al., 

1994a). 

Tissue Incubations 

Small pre-antral (25-100 ^im) follicles were collected from untreated immarnre (21-

28 days) rats as well as from animals that had been dosed (10 d) with VCD (80 mg/kg-

day, ip.) or vehicle control (sesame oU). These follicles were further incubated in vitro 

in Hank's medium (control) or Hank's plus VCD (76 jiM) for 3, 6 or 10 hr. Isolated 

oocytes, granulosa cells, liver cells, adrenal cells and interstitial cells from untreated rats 

were incubated in vitro in 300 |xl of Hank's (control). Hank's plus VCD (76 |iM), or 

Hank's plus cycloheximide (10 mM) for 3 hours. In all experiments, 25 small pre-

antral follicles (Fraction 1,25-100^m), 10 large pre-antral follicles (Fraction 2, 100-250 

pm), or 1.2 X 10^ non-foUicular cells were incubated per tube. These numbers of 

follicles and cells were chosen since they were determined to contain similar amounts of 

protein (data not shown). 
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Measurement of protein synthesis 

Time for incubation of tissues varied in different experiments (see figure legends), 

however, the rate of protein synthesis was always measured during the final hour of in 

vitro incubation following the addition of ^H-leucine (2 |iCi, 144 Ci/mmol) to the 

medium (the relatively low amino acid composition of Hank's medium facilitated the 

uptake of ^H-leucine into all cell types). Following incubation, proteins were 

precipitated with 20% trichloroacetic acid (TCA) at 4°C for 4 hr, washed with 10% 

TCA, and redissolved in IN NaOH, as described by Suter and Niswender (1983). 

Incorporation of ^H-Ieucine into proteins was quantified by liquid scintillation counting. 

Assessment of Membrane Integrity in Follicles 

Membrane integrity in 25-100 )xm follicles from VCD-dosed or untreated animals, 

was microscopically assessed by trypan blue dye exclusion at 0,4, or 6 hr following in 

vitro incubation in control medium or medium containing VCD (76 ^iM) as previously 

described (Flaws et al., 1994a). In each experiment, 20 follicles per treatment were 

assessed. For purposes of uniformity, absence of membrane integrity was recorded 

when more than two cells incorporated dye. All incubations were performed with 

preparations that contained at least 99% viable follicles at the start of incubation. 

Data Analyses 

The in vitro effect of VCD on follicular membrane integrity was determined by a 

one-way analysis of variance. Fisher multiple range testing was then used to determine 

differences between treatment groups when a significant F-value was obtained. Due to 

the high variability of ^H-leucine incorporation (cpm) into proteins between 

experiments, differences caused by VCD were determined by comparing the 
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VCD/CON • 100 (% control) values with control (100%) using a one sample t-test 

analysis (Stat View). Furthermore, the % control values for untreated and dosed were 

compared to one another using a one sample t-test analysis. Mean values of ^H-leucine 

incorporation rates for 25-100 follicles incubated in control medium are provided in 

figure legend 3.4 (finol ^H-leucine/follicle/hr). For all statistical analyses, significance 

was assigned at the 0.05 level. 

Results 

/. Establishing In Vitro Conditions 

To determine the time course and dose range of VCD to be used for in vitro follicle 

incubations, the following experiments were performed on 25-100 jim follicles 

collected from untreated rats. Figure 3.1 shows the percentage of small pre-antral 

follicles (25-100 ^m) which retained their membrane integrity following in vitro 

incubation (3 hr) with control medium or medium containing VCD (38, 76 and 152 

|iM). Following 6 hr in vitro incubation with all concentrations of VCD, a significant 

decrease in follicular membrane integrity was seen, as evidenced by significant uptake 

of trypan blue in the granulosa cells surrounding the oocyte. Furthermore, follicular 

membrane integrity was compromised at 4 hr of in vitro incubation with 152 fiM VCD. 

Figure 3.2 shows the effect of in vitro incubation of 25-100 ^m follicles with VCD 

on the rate of ^H-leucine incorporation into proteins. The lowest concentrations of VCD 

(19 and 38 |xM) had no effect on protein synthesis; however, 76 ^ and 152 |xM VCD 

inhibited the rate of protein synthesis to 78.8 ± 3.9 % of control and 52.6 ± 9.3 % of 

control, respectively (76 |lM, p<0.01; 152 pM, p<0.05). Due to the observation that 
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membrane integrity was significantly compromised with 152 |iM VCD at 4 hr in vitro 

incubation, subsequent in vitro protein synthesis incubations were performed with 76 

^iM VCD. 

II. Membrane Integrity in Follicles 

Figure 3.3 compares membrane integrity of 25-100 ^m follicles from untreated 

animals and animals dosed daily with VCD for 10 d. Following isolation, the follicles 

were incubated {in vitro) in control medium or medium containing VCD (76 ^M) for 4 

or 6 hr. Membrane integrity was not compromised in follicles, from either group of 

animals, following incubation, in vitro, with control medium. However, when these 

follicles were incubated with VCD, membrane integrity was significantly reduced 

(p<0.05) by 6 hr when compared with control. Moreover, this loss of membrane 

integrity was greater (p<0.05) in follicles from VCD-dosed compared with untreated 

animals. Interestingly, trypan blue dye was taken up by the granulosa cells which 

surround the oocyte and not the oocyte itself. 

III. Protein Synthesis 

To further investigate the effects of daily dosing, we compared ^H-leucine 

incorporation into proteins during the last hour following 3, 6 or 10 hr incubation with 

VCD in 25-100 jim follicles collected from untreated or VCD-dosed rats. This method 

provides an estimate of the rate of protein synthesis following different lengths of in 

vitro exposure to VCD. There was no difference in rate of ^H-leucine incorporation into 

proteins in 25-100 p.m follicles from untreated animals as compared with VCD-dosed 

when follicles were incubated in vitro in control medium (data not shown). However, 

there was an inhibition of ^H-leucine incorporation in 25-100 nm follicles from 
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untreated (78.8 ± 3.92 % control, p<0.01) or dosed (78.3 ± 7.2 % control) rats 

incubated in vitro with VCD for 3 hr (76 ^iM, Figure 3.4). Interestingly, the rate of 

leucine incorporation in 25-100 follicles from untreated rats was significantly 

stimulated at 6 hr (122.5 ± 18.2 % control, p<0.01) and 10 hr (117 ± 5.3 % control, 

p<0.05) of in vitro incubation with VCD. In contrast, 25-100 ^m follicles from dosed 

animals were unable to recover from the initial inhibition (at 3 hr) in the rate of protein 

synthesis following 6 hr (65.5 ± 5.3 % control, p<0.05) or 10 hr (79 ± 4.5 % control, 

p<0.05) of incubation with VCD (Figure 3.4). 

To examine the effects of VCD on protein synthesis in various tissues, growing 

pre-antral follicles (100-250 ^im) as well as interstitial, adrenal, and liver cells were 

collected from untreated rats and ^H-leucine incorporation into protein was measured 

following 3 hr in vitro incubation with VCD (Figure 3.5). As before, incorporation of 

^H-leucine into proteins was significantly inhibited (p<0.01) in 25-100 ^im follicles. 

This inhibition was also observed in ovarian interstitial cells (83.9 ±2.8 % control; 

p<0.05). On the other hand, ^H-leucine incorporation in 100-250 |im follicles was 

significantly increased at 3 hr (113 ± 3.2 % control, p<0.05) compared to control. 

Adrenal and liver cells were unaffected by incubation with VCD. Cycloheximide (a 

non-specific inhibitor of translation) completely inhibited ^H-leucine incorporation in all 

tissues (p<0.05). 

To further examine cellular specificity of VCD in 25-100 |im follicles from 

untreated rats, ^H-leucine incorporation was measured in granulosa cells and oocytes 

isolated from these follicles (Figure 3.6). As expected, in vitro incubation with VCD 

(76 |lM) inhibited the rate of ^H-leucine incorporation into proteins in intact 25-100 jim 

follicles (as shown earlier, p<0.01); however, there was no effect of this in vitro 

incubation with VCD on the rate of protein synthesis in isolated granulosa cells or 
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Figure 3.1. Effect of VCD, in vitro, on trypan blue dye exclusion in incubated follicles. 

25-100 |lm follicles from iimnature rats were incubated at 37 °C with 38, 76 or 152 |xM 

VCD for 2,4, or 6 hr. Membrane integrity was evaluated by trypan blue dye exclusion 

as described in methods. Absence of membrane integrity was designated when more 

than 2 cells incorporated the dye. (mean ± SEM; • different from control; n=4; 

p<0.05). 
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Figure 3.2. Effect of various concentrations of VCD in vitro on the rate of protein 

synthesis in 25-100 fdm follicles. 25-100 jlm follicles were incubated with various 

concentrations of VCD (19, 38, 76, and 152 nM) for 3 hr. Protein synthesis was 

measured in the final hour by addition of ^H-leucine (2 jxCi, 144 Ci/mmol). Following 

incubation, the amount of incorporation of ^H-Ieucine in proteins was determined as 

described in methods (mean ± SEM of % control values; • different from control; n=3 

for 19, 38 and 152 |iM, n=12 for 76 jiM; p<0.05). 
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Figure 3.3. Effect of VCD in vitro on trypan blue dye exclusion of follicles from VCD-

dosed and untreated animals. 25-100 |im follicles were isolated from rats that received 

daily injections of vehicle or VCD (10 days; circles), or untreated animals (triangles). 

Follicles were collected and incubated in control medium (open symbols) or with VCD 

(76 |xM; closed symbols) for 4 or 6 hr. Membrane integrity was assessed by trypan 

blue dye exclusion as described in methods (mean ± SEM; • different from control; a, 

b, c represent differences from one another; n=3; pcO.OS). 
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oocytes. 

Discussion 

Membrane integrity of follicles, assessed by trypan blue dye exclusion, was not 

affected when 25-100 |xm follicles collected from rats (untreated or dosed) were 

incubated in vitro in control medium. However, when incubated with VCD, membrane 

integrity was significantly compromised (p<0.05) following 6 hr. Membrane integrity 

was compromised to a greater (p<0.05) extent in 25-100 fim follicles from VCD-dosed 

compared to untreated rats. Therefore, there maybe a more pronounced effect of in 

vitro VCD exposure in 25-100 |im follicles if animals have been dosed daily with 

VCD. Since the rate of protein synthesis in follicles from untreated animals was 

stimulated at 6 and 10 hr of in vitro incubation with VCD, the increased uptake of 

trypan blue does not likely reflect overall cellular toxicity. 

Generalized protein synthesis was examined as a potential mechanism of VCD-

induced oocyte destruction in 25-100 (xm follicles. There was a significant (p<0.05) 

inhibition in the rate of protein synthesis in 25-100 ^m follicles from untreated rats 

following in vitro incubation with VCD for 3 hr compared with follicles incubated in 

control medium. The effect of VCD appears to be specific for 25-100 |i.m follicles, 

since there was no effect of VCD in 100-250 ^im follicles, adrenal, or liver cells. These 

observations are consistent with previous reports of specific destruction of oocytes 

contained in primordial and primary (25-100 fim) follicles in the rat (Smith et al., 

1990b; Flaws et al., 1994b; Springer et al., 1995b). Interestingly, VCD, in vitro, also 

produced a small but significant inhibition of ^H-leucine incorporation into proteins in 

ovarian interstitial cells. The "interstitial" cell fraction in this preparation is 
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heterogeneous and likely contains cells derived from follicles at all stages of 

development. Therefore, the importance of this inhibition cannot be easily interpreted. 

Incubation with VCD had no effect on generalized protein synthesis in isolated 

oocytes or granulosa cells collected from 25-100 nm follicles. This suggests that the 

effect observed in 25-100 |im follicles requires intact associations between granulosa 

cells and oocytes. Since the inhibition in the rate of protein synthesis was not greater 

than ~40 % (at 152 nm VOD), this effect does not appear to be generalized toxicity. An 

inability to demonstrate complete inhibition of protein synthesis by VCD in our 

incubations might be due to some 100-250 [im follicles which have contaminated the 

fraction of 25-100 pjn follicles. Alternatively, only a select cohort of proteins might be 

affected in these 25-100 |im follicles. These two possibilities cannot be distinguished in 

this study and will be the subject of future studies. 

The effect of in vitro incubation with VCD in 25-100 ^m follicles from untreated 

animals and animals dosed daily with VCD (10 days) was compared. Since, all 

experiments involved measurements of ^H-leucine incorporation during the last hr of 

incubation, these values provide an estimate of the effects of VCD incubation on the rate 

of protein synthesis. The small, but significant (p<0.01) inhibition of ^H-leucine 

incorporation into proteins measured after 3 hr incubation with VCD in 25-100 (im 

follicles from untreated rats was reversed by 6 and 10 hr (where a significant 

stimulation in the rate was observed). This was in contrast to ^H-leucine incorporation 

in 25-100 ^m follicles from VCD-dosed animals in which inhibition of the rate of ^H-

leucine incorporation was maintained at 3, 6 and 10 hr following in vitro incubation 

with VCD. Therefore, it appears that daily dosing with VCD for 10 days produced a 

greater sensitivity in 25-100 ^m follicles to further in vitro exposure to VCD, compared 

to follicles from animals never exposed in vivo to the ovotoxicant. This is further 
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Figure 3.4. Effect of VCD in vitro on the rate of Protein Synthesis in Follicles from 

VCD-dosed and untreated Animals. 25-100 |im follicles were isolated from rats that 

received daily injections of VCD for 10 days (VCD-dosed, hatched bars) and untreated 

animals (solid bars). Follicles were collected and incubated in Hank's medium without 

or with VCD (76 ^M) for 3,6 or 10 hr. Protein synthesis was measured by ^H-leucine 

incorporation into proteins as described in methods (mean ± SEM of % control values); 

* different from incubation in control medium (open bars); a,b = different (p<0.05) 

from one another. Untreated rats: 3hr, n=12; 6hr, n=13; lOhr, n=7. Dosed rats: n=3, 

all time points. (^H-leucine incorporation: untreated rats: control, 6hr - 0.81 

fmol/follicle/hr; lOhr - 0.84 fmol/follicle/hr dosed rats: control, 6hr - 1.0 

finol/follicle/hr, lOhr- l.Ofimol/follicle/hr). 
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Figure 3.5. Effect of VCD in vitro on the rate of protein synthesis in pre-antral follicles 

and non-follicular tissues. Interstitial cells, hepatocytes, adrenal cells, and 25-100 pn 

or 100-250 ^im follicles were incubated with VCD (76 jiM) or cycloheximide (100 pM) 

for 3 hr. Protein synthesis was measured by ^H-Ieucine incorporation into proteins as 

described in methods (mean ± SEM of % control values; * different from control; liver 

and interstitial, n=3; 25-100 pm follicles, n=12; 100-250 |im follicles and adrenal cells, 

n=5, p<0.05). 
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supported by the greater reduction in follicular membrane integrity at 6 hr incubation 

with VCD in 25-100 ^im follicles from VCD-dosed as compared with untreated rats. 

The in vivo effect of VCD on ovarian follicles has been measured as a reduction in 

numbers of oocytes contained in primordial and primary (25-100 ^im) follicles (Flaws 

et al., 1994b). However, it is unknown whether VCD affects granulosa cells as well. 

Compromised granulosa cell function caused by VCD could indirectly lead to 

destruction of oocytes in the rat, since granulosa cells are required for maintenance 

ofoocyte viability in follicles at all stages of development (Buccione et al., 1990). 

Although this question was not primary in our study, we have demonstrated an 

increased uptake of trypan blue dye in granulosa cells in 25-100 ^m follicles in response 

to VCD incubation. Even though, no uptake of trypan blue dye was observed in 

oocytes, a direct effect of VCD cannot be ruled out since the membrane surrounding the 

oocyte may be relatively more impervious to trypan blue uptake compared to granulosa 

cells. 

Since VCD did not affect protein synthesis in isolated granulosa cells or oocytes, 

this suggests a requirement for intact granulosa cell-oocyte interactions to observe the 

inhibition measured in intact 25-100 (xm follicles. Therefore, the apparent necessity of 

oocyte and granulosa cell interactions, suggests that both the oocyte and granulosa cells 

are affected by VCD, even though uptake of tr3^an blue was visualized only in the 

granulosa cells. This conclusion is fiirther supported by previously reported histological 

observations of changes in chromatin patterns within nuclei of both the oocyte and 

granulosa cells in primordial and primary (25-100 ^m) follicles in ovarian sections 

from rats following daily dosing with VCD for 10 days. Ten days represents the 

earliest time following the onset of daily dosing when VCD-specific follicular 

destruction has been observed (Springer et al., 1995b). Taken together, these -
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Figure 3.6. Effect of VCD in vitro on the rate of protein synthesis in isolated oocytes 

and granulosa cells from 25-100 jjm follicles. Granulosa cells and oocytes were 

isolated from 25-100 |im follicles and incubated in separate tubes for 3 hr with VCD 

(76 |lM). Protein synthesis was measured by ^H-leucine incorporation as described in 

methods (mean ± SEM of % control values; • different from control; oocytes, n=4; 

granulosa cells n=7; 25-100 |Jin follicles, n=12; p<0.05). 
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observations provide evidence that granulosa cells are involved in mediating VCD 

induced ovotoxicity in rats. 

Another important finding in these studies is the specificity of VQD for 25-100 |im 

follicles. In the present study, the rate of protein synthesis was inhibited after 3 hr 

incubation with VCD in 25-100 ^im follicles, but was stimulated in 100-250 ^im 

follicles. It is not known why VCD stimulates the rate of protein synthesis at 3 hr in 

larger follicles, but may involve selective effects of VCD on expression of specific 

genes in the two populations of follicles. The exact reasons for these selective effects on 

follicles, are yet to be determined. It may be that oocytes in 100-250 ^m follicles are 

protected to a greater degree by increased layers of granulosa cells that surround the 

oocyte. Furthermore, 100-250 |im follicles may not be as readily affected by VCD 

because they have been shown to have an increased capacity to detoxify VCD compared 

to 25-100 njn follicles (Flaws et al., 1994a). Future mechanistic smdies will address 

these differences. 

VCD also inhibited the rate of protein synthesis in isolated interstitial cells which are 

known to surround the granulosa cells of all follicles in the ovary. Incubation with 

VCD did not reduce membrane integrity in interstitial cells; however, as with 25-100 

|im follicles, the inability to detoxify VCD in vitro was markedly reduced when 

compared with 100-250 pm follicles or liver cells (Flaws et al., 1994a), Reduced ability 

of surrounding interstitial cells to detoxify VCD, would further expose oocytes and 

granulosa cells contained in the 25-100 jim follicles to higher concentrations of the 

ovotoxicant. It is important to note; however, that the interstitial cell fraction contains a 

heterogeneity of cells such as some 25-100 (im follicles, vascular endothelial, and theca 

and granulosa cells from 100-250 |i.m as well as antral follicles which could have 
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influenced these results. No effects on rate of protein synthesis were observed in 

hepatocytes or adrenal ceils. 

In summary, VCD-induced effects are enhanced in animals that have been dosed 

daily (10 days) with VCD. The mechanism may involve inhibition in the rate of 

generalized protein synthesis in 25-100 ^im follicles, since it was initially reversible (6 

and 10 hr in vitro incubation with VCD), but following daily dosing, became 

irreversible. In addition, our data also suggest that VCD affects granulosa cells that 

surround the oocytes in 25-100 |im follicles. Since granulosa cells are critical for 

normal development and maintenance of viability of the oocyte (Buccione et al., 1990) 

disruption of their function may lead to reduced viability and ultimately destruction of 

the oocyte. As with other observed effects of VCD, the inhibition of protein synthesis 

was selective for 25-100 |im follicles (and the surrounding interstitial cells). The 

specific mechanism of VCD-mduced oocyte destmction in 25-100 fim follicles remains 

to be elucidated; although, alterations in protein synthesis are likely involved. In view of 

the small degree of inhibition of generalized protein synthesis observed (under all 

circumstances) VCD likely affects expression of specific genes encoding a small cohort 

of proteins in those follicles. 
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Chapter 4 

CELL DEATH IN 4-VINYLCYCLOHEXENE DffiPOXIDE- INDUCED 

O VOTOXICITY IN RATS 

Abstract 

Previous studies have determined, by histological counting of oocytes that 4-

vinylcyclohexene diepoxide (VCD) causes specific destruction of oocytes contained in 

small pre-antral (25-100 nm) ovarian follicles of rats following 30 days of daily 

dosing with VCD. The purposes of this study were to identify the type of VCD-

induced cell death occurring in 25-100 ^im follicles and to determine the earliest time 

following the onset of dosing when cell death in the oocyte-containing follicles could 

be detected. Initial experiments demonstrated a significant decrease (p<0.05) in the 

number of oocytes contained in primordial and primary (25-100 |im) follicles after 15 

but not 6 days of daily dosing (ip.) of rats with VCD (SOmg/kg). Therefore, rats were 

dosed daily (ip.) for 6, 8, 10, 12 or 14 days, and ovaries were removed 1, 4 or 24 hr 

after the final dose. Ovaries were gently dissociated with collagenase and small pre-

antral follicles (25-100 |im) were isolated using micropipets. Nuclear DNA from 25-

100 fim follicles was isolated, radiolabeled with [a-32p]-dideoxy ATP, separated by 

agarose gel electrophoresis and visualized by autoradiography for DNA integrity. 

Random degradation of DNA from 25-100 |xm follicles was confirmed by liquid 

scintillation counting of the low molecular weight regions (<5 kbp) of the gels. DNA 

fragmentation was significantly increased (p<0.05) 4 hr following VCD administration 

on days 10 and 12, but not on days 6 or 8 of dosing. At no time was specific 
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interaucleosomal DNA fragmentation (multiples of 185 bp; biochemical evidence of 

apoptosis) observed on gels. There was not a significant decrease in numbers of 

oocyte-containing primordial and primary (25-100 Jim) follicles in VCD-treated 

animals 4 hr after the dose administered on day 10. However, histological evaluation 

of these same follicles demonstrated margination of chromatin along the nuclear 

membrane and condensation of the cytoplasm in granulosa cells and oocytes. 

Furthermore, there was no evidence of ruptured membranes or an inflammatory 

response, characteristic of pathological cell death, in granulosa cells or oocytes. These 

results demonstrated that the destruction of oocytes contained within 25-100 ^m 

follicles is first visualized following 10 days of daily dosing with VCD. Although 

DNA laddering was not observed, morphological evaluation indicated that granulosa 

cells and oocytes in primordial and primary (25-100 ^im) follicles are destroyed via a 

type of physiological cell death. 

Introduction 

Mechanisms involved in cell death by xenobiotic compounds have gained 

considerable attention in recent years. Necrosis and apoptosis have been reported to 

occur following treatment of a variety of cell types with cytotoxic drugs (Mattison 

1980; Eastman, 1993; Corcoran et al., 1994). Previous studies have demonstrated 

follicular destruction in rats dosed daily with VCD. Yet, these studies have not 

characterized the type of cell death involved in VCD-induced oocyte destruction in 

primordial and primary (25-100 pm) follicles in rats. Therefore, the purpose of this 

study was to extend the earlier studies with an examination of the type of cell death 
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induced by VCD in small oocyte-containing ovarian follicles and to identify the 

earliest time following the onset of daily dosing this cell death could be detected. 

Materials and Methods 

Reagents 

Medium 199 (M199) was purchased from Gibco, Inc. (Grand Island, NY, lot 

#13N6432) and 4-vinylcyclohexene diepoxide (VCD) was purchased from Pfaltz and 

Bauer, Inc. (Waterbury, CT, lot #035873). CoUagenase (Clostridium Histolytic Type 

I, lot #110H0389), DNase (Type n from bovine pancreas, lot #100H9640), bovine 

serum albumin (BSA, lot #48F-(X)34), Trypan Blue (lot #43F-0127), Ribonucleic acid 

transfer RNA (tRNA, type X-SA from Bakers Yeast, lot # 112H9545), lambda DNA 

Bste n digest (lot #72H6732), and sesame oil were purchased from Sigma Chemical 

Company (St. Louis, MO). Dideoxyadenosine 5'-[a-32p]tripjiosphate (a-ddATP), 

triethylammonium salt was purchased from Amersham Corporation (cat # PB 10233, 

Arlington Heights, IL). Terminal deoxynucleotidyl transferase (Tdt), 5X Tdt enzyme 

reaction buffer (1 M potassium cacodylate, 125 mM Tris-HCl, 1.25 mg/ml bovine 

serum albumin, pH 6.6), CoC12, DNase-free RNase (lot # 1119-915), and 2'-

deoxyadenosine-5'-triphosphate (dATP) were purchased from Boehringer Mannheim 

Biochemicals (Indianapolis, IN). 

Animals 

Immature (21 days of age) female Fisher 344 rats were purchased from Harlan 

Laboratories (Indianapolis, IN), housed in plastic cages, maintained on 12 hr light/12 
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hr dark cycles in a controlled temperature of 22®C ± 2°C and allowed to acclimate to 

the animal facilities for 1 week prior to initiation of experiments. Animals were 

provided food (Purina rat chow) and water ad libitum. All experiments using animal?; 

were approved by the University's Institutional Animal Care and Use Conmiittee. 

In vivo treatment with VCD 

Immature rats (28 days of age) were weighed and given daily intraperitoneal (ip.) 

doses (2.5 ml/kg) of either sesame oil (vehicle) or VCD dissolved in sesame oil (80 

mg/kg; 0.57 mmol/kg) for 6, 8, 9, 10, 12, or 14 days. This dose of VCD was chosen 

based on the investigations by Smith et al. (1990b). In that study, rats were dosed 

with 0.07,0.29 and 0.57 mmol/kg and the ED 50 value was 0.4 mmol/kg. The highest 

dose, 0.57 mmol/kg, was found to produce the maximum oocyte destruction (95% of 

control) following 30 days of daily dosing. One, four or 24 hr following the final 

dosing on each of these days, animals were euthanized by CO2 inhalation, and both 

ovaries were removed. Small pre-antral follicles (25 -100 ^m) were prepared by 

gentle dissociation of ovaries and sorting with micropipets as previously described in 

chapter 3 (Flaws et al., 1994a). Typically, a total of 300 follicles were collected from 

both ovaries of 3 rats in each experiment. Follicles were frozen in liquid nitrogen and 

stored at -70 °C for DNA isolation. Additional animals received a lower dose of VCD 

(40 mg/kg; 0.29 mmol/kg, ip.) for 10 days and were euthanized 4 hr following the 

final dose. Experiments in which follicle preparations were made utilized both ovaries 

from 3 rats/treatment- observation; 9 rats/treatment day (n=3 experiments). 

Histological evaluation was performed on individual animals. The number of 

observations (n) is indicated in figure legends. 
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DNA extraction from follicles 

DNA was extracted from 25-100 ^im follicles using a procedure previously 

described (Tilly and Hsueh, 1993) with some minor modifications. Follicles were 

homogenized in 0.5 ml buffer [O.IM NaCl, 0.0 IM EDTA (pH 8.0), 0.3M Tris-HCl 

(pH 8.0), 0.2M sucrose] for 30 sec at low speed with a Polytron (Brinkmann 

Instruments, Westburg, NY). Homogenates were transferred to 1.5 ml sterile 

microcentrifuge tubes containing 32 |il of 10% SDS, mixed and incubated at 65 °C for 

30 min. Following incubation, 88 (xl of 8M potassium acetate was added to each tube 

and incubated on ice for 60 min. Samples were centrifuged at 5,000 x g (Eppendorf 

Microcentrifuge, 5415-C; Brinkmann Instruments, Westbury, NY) for 10 min at 4 °C. 

The supernatant was divided into two tubes and incubated at 37 °C for 60 min with 6 

^1 of DNase-free RNase. Following incubation, the supernatant was extracted with an 

equal volume of phenol:chloroform:isoamyl alcohol (25:24:1, v:v:v) then re-extracted 

with chloroform:isoamyl alcohol (24:1, v:v). The upper aqueous phase was collected 

and precipitated with 0.1 X volume of 3 M sodium acetate and 2.5 X volume of ice-

cold 100% ethanol (overnight at - 70 "C). 

The next day, DNA was collected by centrifugation at 14,000 x g for 30 min at 

4°C, washed with 0.18 ml ice-cold 80% ethanol and dried under vacuum in a Speed 

Vac Concentrator (Savant Instruments, Farmingdale NY) for 10 min. Pellets were 

resuspended in 25 jil of sterile water, quantified by absorbance at 260 nm, and stored 

at -20 °C until further analysis. 

3' end-labeling of DNA 

DNA from 25-100 ^im follicles was labeled as previously described (Tilly and 

Hsueh, 1993). Briefly, the reaction mixture contained 500 ng of sample DNA (based 
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on 260 nin value) and sterile water to a final volume of 29 jil, 10 nJ of 5X reaction 

buffer, 5 ^1 CoC12 , 5 ^il [3^]a-ddATP (1:4; v:v dilution with equal molar ddATP 

diluent), and 1 pi (25 U) terminal transferase. The reaction was incubated at 37 °C for 

60 min, terminated by addition of 5 |il 0.5M EDTA (pH 8.0), and purified by 

precipitating twice at -70 °C for 60 min with 10 M ammonium acetate and ice-cold 

100% ethanol. The labeled nucleic acid was resuspended in 40 ^il of TE (10 mM Tris-

HCl, 10 mM EDTA, pH 8.0) buffer and stored at -20 °C. 

Gel electrophoresis and autoradiography 

Labeled DNA from 25-100 ^m follicles (200 ng) was separated by electrophoresis 

(1.8 % agarose gel) for 2.5 hr at 75 V using IX TAE solution (40 nM Tris-acetate, 1 

mM EDTA) as rurming buffer. The gel was dried (2h with 15 min, heating) on a piece 

of 3 mm Whatmann filter paper in a slab-gel drier (Model SE 540, Hoeffer, 

Instruments, San Francisco, CA). The dried gel was wrapped in plastic wrap and 

exposed to Kodak X-Omat film (Eastman Kodak, Rochester, NY) for 20 hr at -20°C. 

Quantitation of Autoradiograms 

Cell death was assumed to be associated with loss of DNA integrity i.e., increased 

low molecular weight degradation of DNA. Following autoradiography, low 

molecular weight DNA regions of migration from each lane (<5,000 bp) were sliced 

from the gel, placed in 10 ml of scintillation fluid, and radioactivity was counted to 

estimate, quantitatively, the amount of small molecular weight DNA fragmentation 

(Tilly and Hsueh, 1993). Values were expressed as the ratio of cpms in samples from 

VCD-treated animals versus that from vehicle control animals (VCD/CON). 



89 

Assessment of Oocyte Numbers 

Immature rats (28 days of age) were treated with vehicle or VCD (ip.) for 8, 10 or 

15 days. Four hr following the final dosing, animals were euthanized by CO2 

inhalation. Ovaries were removed, placed in Bouin's fixative, embedded, serially 

sectioned (7p.m), mounted and stained with hematoxylin and eosin. In every 40th 

section, primordial, primary, and growing follicles were identified and oocytes 

contained within these follicles were counted as previously described (Pederson and 

Peters, 1968; Flaws et al., 1994b). 

Light Microscopy Examination of Ovarian Sections 

Ovarian sections (7 ^im) from vehicle control or VCD-treated animals, dosed for 8 

or 10 days, were prepared, stained in hematoxylin and eosin and examined by light 

microscopy for evidence of cellular destruction such as patterns of chromatin 

condensation, presence of apoptotic bodies, membrane budding and cell swelling, as 

well as appearance of the cytoplasm and shape of oocytes and granulosa cells. 

Furthermore, to investigate cellular swelling, follicular and oocyte diameters were 

measured in primordial and primary follicles from each of two control and two VCD-

treated animals following 8 and 10 days of VCD treatment Primordial and primary 

follicles were photographed on Kodak PIus-X pan film using a Nikon light microscope 

equipped with a 40X water-immersion objective The final magnification was 200X. 

Statistical Analyses 

The effect of VCD treatment on DNA integrity and oocyte number was 

determined by two-way analysis of variance. Fisher PLSD multiple range testing was 
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used to determine differences between treatment groups when a significant F-value 

was obtained. Significance was assigned at the O.OS level. 

Results 

Quantitative Analysis of Follicular DNA Integrity 

Following electrophoresis and autoradiography, DNA degradation into low 

molecular weight fragments in 25-100 ^im follicles were quantified as a function of the 

amount of DNA applied (Figure 4.1). Measurement of incorporation into DNA by 

3' end-labeling illustrated a linear relationship of radioactivity when three different 

concentrations of DNA were examined on the gel. In all subsequent experiments, 200 

ng of DNA was used in order to optimize detection of the labeled DNA by 

autoradiography. 

Animals were treated daily with VCD (80 mg/kg) for 12 or 14 days and the 

ovaries removed 24 hr after the final dosing. DNA from the 25-100 ^im follicles was 

isolated from these ovaries and examined by agarose gel electrophoresis for evidence 

of degradation. DNA was also evaluated on days 8 and 10 (data not shown). There 

was no evidence of DNA degradation in 25-l(X) |xm follicles from either vehicle 

control or VCD-treated rats 24 hr after dosing (Figure 4.2). 

To enhance the probability of observing follicular DNA destruction, ovaries were 

collected one or four hr following the last dose of VCD. DNA from 25-100 ^im 

follicles was isolated from ovaries of rats 1 hr after the final daily dose of VCD on 

days 6, 8, 10, 12 or 14 and evaluated. At this time, there was a non-significant trend 

toward increasing VCD-specific DNA degradation in follicles from day 10, 12 and 14, 
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but not day 6 or 8 (data not shown). However, this response was quite variable 

between experiments. 

Therefore, ovaries were subsequently collected 4 hr after dosing for evaluation of 

follicular DNA. Figure 4.3 (A3) shows an autoradiogram from representative sets of 

experiments, and quantitation of all experiments with follicular DNA from 25-100 ^m 

follicles prepared after daily dosing of rats with VCD for 6, 8, 10, 12 or 14 days. At 

the 4 hr time point, there was a significant increase (p<0.05) in VCD-induced low 

molecular weight follicular DNA fragmentation (<5 kilo base pairs, kbp) on days 10 

and 12. The increase in DNA fragmentation was also seen on day 14, but was not 

significant due to a high level of variability between experiments. This degradation 

was not observed in 25-100 p,m follicles from animals treated for 6 or 8 days. 

Follicles collected 4 hr after the last daily dose on day 9 demonstrated VCD-specific 

low molecular weight DNA fiagmentation; however, the increase was quite variable 

between animals and therefore, not significant (p>0.05; data not shown). 

Previous studies with hepatocytes have suggested that lower doses of some 

compounds can induce specific intemucleosomal cleavage of DNA; whereas, higher 

doses induce random cleavage of DNA (Shen et al., 1991; Hirata et al., 1989; 

Pritchard and Butler, 1989). In order to determine if a lower dose of VCD would 

induce intemucleosomal cleavage, VCD was administered daily to animals for 10 days 

at a dose of 40 mg/kg. No specific intemucleosomal cleavage was observed in DNA 

firom 25-100 ^im follicles with the lower dose of VCD (data not shown). In fact, at no 

time, on any day examined, was apoptotic laddering observed in 25-100 |Jin follicles. 

Counting of Oocytes 

To identify if the changes in DNA integrity were associated with follicular 
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Figure 4.1. Quantification of Low Molecular Weight DNA. DNA from 25-100 pxn 

follicles was isolated from animals treated for 6 or 10 days with vehicle control or 

VCD. Increasing concentrations of follicle DNA (50, 100 and 200 ng) were labeled 

with [a-32p].d(iATP, separated by agarose gel electrophoresis, and low molecular 

weight DNA concentrations (<5 kbp) were quantified as described in methods. 

values were generated by regression analysis. 
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Figure 4.2. Autoradiogram of low molecular weight DNA fragmentation 24 h after 

dosing. Animals (representative of 3 experiments; n=3) were injected for 12 or 14 

days with vehicle or VCD (80 mg/kg) and ovaries were collected 24 hours following 

the last injection. Follicles (25-l(X) |im) were isolated from ovaries, follicular DNA 

was prepared, end-labeled with [a-32p]_ddATP, and DNA integrity was assessed by 

agarose gel electrophoresis as described in methods. BstE n digested lambda DNA 

was used as a molecular weight standard. No DNA fragmentation was detected on 

either day. 
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destruction, oocytes contained in primordial, primary (25-100 |im) and growing (100-

250 p.m) follicles in ovaries from control and VCD-treated animals were counted 

(Figure 4.4). On day 10, the number of primordial follicles was slightly decreased 

compared with control; however, this decrease was not significant. Following 15 days 

of treatment, however, there was a significant decrease in the numbers of oocytes in 

primordial and primary follicles. No decreases in numbers of oocytes in primordial or 

primary follicles were seen on days 6 or 8 following in vivo VCD treatment. 

Furthermore, VCD treatment did not decrease the numbers of oocytes contained in 

growing follicles on any day (Figure 4.4). 

Morphological Assessment of Follicular Cells 

Ovarian sections from control and VCD-treated animals dosed for 8 or 10 days 

were stained and morphologically evaluated. Oocytes and granulosa cells of 

primordial and primary (25-100 pLm) follicles were examined for alterations in nuclear 

chromatin arrangement, appearance of cytoplasm and general cellular shape (Figure 

4.5A-D). Compared with the follicles from ovaries of vehicle control animals, 

oocytes in primordial and primary (25-100 nm) follicles from animals treated daily 

with VCD were irregular in shape and exhibited margination of chromatin along the 

nuclear membrane. Granulosa cells were non-uniformly shaped and arranged in an 

irregular manner around the oocyte. Margination of chromatin along the nuclear 

membrane was also observed in granulosa cells. Apoptotic bodies were never 

observed in primordial and primary VCD affected follicles, although apoptotic bodies 

could be seen in the larger atretic antral follicles of control as well as VCD-treated 

animals (data not shown). Additionally, there was loss of focal contact between 

oocytes and granulosa cells in primordial and primary (25-100 |im) follicles from 
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Figure 4.3 A. Representative Autoradiograms of VCD effects on DNA Integrity 4 h 

after dosing on days 6, 8, 10, 12 and 14. A) Representative autoradiographic 

analysis of DNA extracted from 25-100 |xm follicles prepared 4 hours after final 

injection of animals with control or VCD for 6, 8,10, 12, and 14 days. DNA (200 ng) 

or BstE n digested lambda DNA was 3'-end labeled with [a-32p]-ddATP and 

visualized by agarose gel electrophoresis and autoradiography as described in 

methods. 
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Day of Dosing 

Figure 4.3B. Quantification of VCD effects on DNA Integrity 4 h after dosing on days 

6. 8, 10,12 and 14. B) Quantification by liquid scintillation counting of radiolabeled 

low molecular weight DNA fragments (< 5 kbp) in all experiments as described in 

methods (n=3 experiments, days 8, 10 and 12; n=2 experiments, days 6 and 14; 3 

animals each for control and VCD in each experiment, bars represent mean ± SE). *, 

p<0.05, VCD different fi-om control. 
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Figure 4.4. Effect of Daily dosing with VCD on Numbers of Oocyte-Containing 

Follicles. Animals were treated daily with VCD (80 mg/kg; 0.57 mmol/kg) for 8, 10 

or 15 days. Four hours after the final dosing, ovaries were removed, histologically 

processed, and the number of oocytes contained in primordial, primary, and growing 

follicles were counted as described in methods (*, different from control; n=3 for days 

8 and 10; n=5 for day 15; p<0.05). 
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VCD-treated animals. 

The proportion of follicles that showed characteristics of cell death by 

morphological criteria was also examined. There was an increase in the proportion of 

primordial and primary (25-100 |im) follicles that exhibited apoptotic features 

following treatment with VCD for 10 days compared with follicles from rats treated 

with vehicle for 10 days. Furthermore, there was no change, compared with control, 

in the proportion of primordial and primary (25-100 (im) follicles that showed 

degenerative characteristics following 8 days of dosing with VCD (data not shown). A 

readily identified characteristic of cell death by necrosis at the light level is an increase 

in cellular volume i.e., swelling. There was no visual evidence of follicular cell-

swelling in ovaries of VCD-treated rats on any day. Furthermore, by morphometric 

evaluation of primordial and primary (25-100 p.m) follicles, the ratios of 

follicle/oocyte diameter were not significantly different between control and VCD-

treated animals (d8 or dlO; data not shown). 

Discussion 

Exposure to ovarian toxicants can lead to destruction of oocytes, premature 

ovarian failure, and development of neoplasms (Mattison and Schulman, 1980; 

Mattison, 1985; NTP, 1986; Smith et al., 1990b; Hooser et al., 1994). Many 

observations regarding the mechanisms of cell death produced by exogenous, toxic 

compounds in various cell types have recently been reported (Mattison, 1985; 

Eastman, 1993; Corcoran et al., 1994). 

Previous studies with VCD, the epoxide metabolite of 4-vinylcyclohexene (VCH), 

demonstrated the significant destruction of oocyte-containing primordial follicles 
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Figure 4.5 A,Light Microscope Evaluation of Primordial Follicles from Ovarian 

Tissue Sections. Animals were dosed daily with VCD (80mg/kg; 0.57 mmoiykg) for 

ID days. Four hours after the final injection, ovaries were removed, fixed in Bouin's 

solution for 24 hours and stored in 70% ethanol. Seven micron sections were stained 

with hematoxylin and eosin and examined for morphological characteristics of cell 

death. A) Representative primordial follicle from an animal treated 10 days with 

vehicle control. This follicle displays diffuse chromatin arrangements (DC) as well as 

normal fusiform to ovate cellular appearance in granulosa cells (gc) and a uniform 

circular oocyte (Nucleolus = N). B) Representative primordial follicle from an animal 

dosed daily with VCD 10 days with VCD. Note condensed chromatin along the 

nuclear membrane of the oocyte and granulosa cells (arrows) and the nucleolus (N) is 

still intact. Furthermore, there is an irregular shape of the nuclear membrane within 

the oocyte and granulosa cells compared with control. 
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Figure 4.5C,D: Light Microscope Evaluation of Primary Follicles from Ovarian 

Tissue Sections. C) Representative primary follicle from an animal treated 10 days 

with vehicle control. This follicle displays diffuse chromatin (DC) and circular 

cellular appearance in granulosa cells (gc) and oocytes (O). D) Representative 

primary follicle from an animal 10 days after treatment with VCD showing 

margination of chromatin along the nuclear membrane in the oocyte and granulosa 

cells (arrows). Micrographs were generated with a 40X water immersion objective 

and the final magnification is 2(X)X. NOTE: micron bars (6.5 ^m) are different for 

primordial (A3) versus primary (C,D) follicles. 
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from immature and adult rats following daily injection with VCD for 30 days (Smith 

et al., 1990b; Flaws et al., 1994b). In the present study, the time course and 

mechanism of cell death induced by this ovotoxicant were examined. Rats were 

administered daily doses of VCD and 25-100 jim follicles were isolated in order to 

establish a time course for cellular destruction as evaluated by loss of nuclear DNA 

integrity. Demonstration of a linear relationship between the amount of DNA applied 

and DNA fragmentation established the quantitative validity of DNA fragmentation. 

When follicles from VCD-treated animals were examined for DNA fragmentation 

24 hr after the final dosing, no DNA cleavage was detected on the autoradiogram; 

however, follicles collected one or four hr following the final dosing displayed 

random DNA degradation. These results support that DNA is being damaged by 

VCD, but that cellular debris and degraded DNA produced by follicular destruction is 

cleared from the ovary within 24 hr. This seems logical since, due to the clearance of 

cellular debris by phagocytosis in some forms of cell death such as apoptosis, 

morphological and biochemical evidence of cellular destruction can only be observed 

within 3-9 hr after initiation (Wyllie et al., 1980; Corcoran et al., 1994). 

Closer examination of DNA integrity in 25-100 jxm follicles four hr following 

dosing showed a significant increase in DNA fragmentation on day 10. However, no 

such fragmentation was seen on day 8. Considerable variability in DNA 

fragmentation was observed one hr after the last dose of VCD on all days examined as 

well as at four hr on day 9. This was likely due to temporal differences in response to 

VCD between individual animals and individual follicles as regards to the onset of 

follicular destruction. 

Although, there was not a significant reduction in the number of oocyte-containing 

primordial or primary (25-100 pm) follicles on day 10, there was evidence of early 
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follicular destruction by biochemical and morphological data from this investigation. 

Therefore, the day 10 time point appears to represent the earliest time at which cellular 

damage is induced by VCD, although complete cellular destruction has not yet 

resulted. There was no effect of VCD treatment on growing follicles on any day 

examined. This finding is consistent with an earlier report that daily dosing with VCD 

for 30 days did not affect the population of growing pre-antral follicles (Flaws et al., 

1994b). These results provide further support that the direct effect of VCD is on 

primordial and primary follicles. 

The type of cell death induced by VCD was also examined. Apoptosis 

(physiological cell death) has been biochemically identified in many tissues by 

visualization of intemucleosomal cleavage of DNA into specific multiples of 185-200 

base-pair (bp) fragments or ladders and is an early event in apoptosis (Arends et al., 

1990; Giannakis et al., 1991; Tilly, 1993; Corcoran et al., 1994). According to 

classical biochemical criteria of apoptosis versus necrosis, random DNA 

fragmentation (observed by agarose gel electrophoresis) is characteristic of necrosis 

(Kerr et al., 1972; Wyllie et al., 1980; Searle et al., 1982). However, morphological 

characteristics of cell death are also required as confirmation of the biochemical 

analysis (Kerret al., 1972; Wyllie et al., 1980; Searle et al., 1982; Payne et al., 1995). 

The morphological characteristics of apoptosis include margination of chromatin 

along the nuclear membrane, membrane budding and formation of cytoplasmic 

apoptotic bodies. On the other hand, necrosis is morphologically associated with an 

increase in cell volume, swelling of cellular organelles, loss of membrane integrity, 

and cellular rupture with consequent induction of an inflammatory response (Wyllie et 

al„ 1980; Searle et al., 1982). 
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Random DNA fragmentation was consistently observed in 25-100 ^m follicles 

from VCD-treated animals dosed daily for 10, 12 or 14 days. However, 

morphological evaluation of ovaries from VCD-treated animals (10 days daily dosing) 

showed no evidence of a necrotic response such as rupmre of membranes (nuclear or 

plasma) or cellular swelling in oocytes or granulosa cells. Rather, primordial and 

primary (25-100 ^.m) follicles from VCD-treated rats displayed significant 

margination of chromatin along the nuclear membrane in oocytes and granulosa cells, 

convolution and condensation of oocyte and granulosa cell membranes, and 

detachment of the oocyte from granulosa cells in primordial and primary follicles. 

The morphological changes observed in 25-100 ^im follicles in ovaries from VCD-

treated rats were characteristic of physiological cell death (apoptosis). 

In hepatocytes, it has been shown biochemically and morphologically, that low 

doses of compounds such as acetaminophen, carbon tetrachloride (CCI4) or hydrogen 

peroxide administered in vivo or in vitro produced apoptosis and, at higher doses, 

produced necrosis (Shen et al., 1991; Hirata et al., 1989; Pritchard and Butler, 1989). 

A lower dose of VCD (40 mg/kg) administered to rats for 10 days did not cause any 

fragmentation of DNA in 25-100 ^m follicles. Perhaps, a treatment interval greater 

than 10 days is needed in order to observe an effect of VCD at this lower dose. 

Although biochemical evaluation of DNA integrity did not support an apoptotic 

mechanism of destruction in primordial and primary (25-100 ^im) follicles, 

morphological evaluation did. More importantly, morphological evidence for cell 

death by necrosis was not observed. There is much recent evidence that specific 

intemucleosomal cleavage (laddering) is not always observed in apoptosis or 

physiological cell death. As a result, morphological criteria have been used in those 

cases to confirm the distinction between apoptosis and necrosis (Collins et al., 1992; 
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Cohen et al., 1992; Schwartz et al., 1993; Oberhammer et al., 1993a,b; Walker et al., 

1994). There have been a number of recent reports in extragonadal systems in which 

DNA extracts did not exhibit classical apoptotic laddering, yet examination of cellular 

morphology clearly was consistent with apoptosis. These observations were reported 

in thymocytes (Cohen et al., 1992), as well as serum starved MCF-7 cells in culmre 

(Oberhammer et al., 1993a,b). Furthermore, murine fibroblast/epithelial cells in which 

cell death was induced by cytotoxic T lymphocytes demonstrated random 

fragmentation of DNA visualized as smearing of low molecular mass fragments; yet, 

morphological characteristics were consistent with apoptosis (Sellins and Cohen, 

1991). Fragmentation of DNA in these studies was evaluated by pulsed-field gel 

electrophoresis (PFGE) as well as by conventional agarose gel electrophoresis. 

Evaluation by PFGE allows detection of high molecular weight fragments of DNA. 

Although no intemucleosomal cleavage was detected in thymocytes or MCF-7 cells 

following induction of apoptosis, PFGE indicated that there was initial cleavage of the 

DNA into larger 50- and 300- kb fragments, in the absence of classically observed 

180-200 bp fragments. In the present study, it is possible that VCD may cause initial 

cleavage of DNA, from 25-100 ^im follicles, into large molecular weight DNA 

fragments; however, the methodology used in the present study could not make this 

determination. Therefore, as suggested by others, biochemical evaluation of DNA 

fragmentation should be used in conjunction with morphological evaluation of tissue 

to accurately identify the mechanism of cell death (Schwartz et al., 1993; Cohen et al., 

1992; Tilly, 1993; Corcoran et al., 1994; Payne et al., 1995). 

In addition to the lack of intemucleosomal cleavage of DNA, two morphological 

characteristics of apoptosis, membrane budding and the formation of apoptotic bodies, 

were also not observed in 25-100 |im follicles from vehicle control or VCD-treated 
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rats. These results are similar to another investigation where treatment of MOLT-4 

cells with the etoposide, VP 16, did not cause intemucleosomal fragmentation or 

apoptotic body formation; however, maintenance of membrane integrity during 

apoptosis, another characteristic of apoptosis, was reported (Catchpoole and Stewart 

1993). Interestingly, when CEM cells were treated with VP 16, classical 

intemucleosomal cleavage and apoptotic body formation were observed. Collectively, 

these investigations suggest that apoptosis may occur through a variety of intracellular 

pathways. 

In summary, morphological evidence was presented suggesting that primordial and 

primary (25-100 |im) follicles are destroyed by VCD-induced physiological cell death. 

The earliest evidence of follicular destruction in small pre-antral foUicles can first be 

visualized morphologically and biochemically within 4 hr of the last dose following 

10 days of daily dosing of rats with VCD. However, numbers of oocytes within 

primordial and primary (25-100 jim) follicles are not yet significantly decreased at this 

time. 
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Chapter 5 

INCREASES IN mRNA LEVELS FOR THE CELL DEATH GENE BAX IN 

OVARIAN FOLLICLES DURING 4-VINYLCYCLOHEXENE DIEPOXIDE-

INDUCED OVOTOXICITY IN RATS 

Abstract 

4-Vinylcyclohexene diepoxide (VCD) is an industrial compound that when 

administered daily to rats destroys small pre-antral (25-100 pim) follicles by = 50% on 

day 15 and 75% on day 30. In a previous study, histological examination of ovarian 

sections following 10 days of dosing demonstrated morphological characteristics of 

physiological cell death (apoptosis) in 25-100 |im follicles. In vitro incubations 

demonstrated that microsomal epoxide hydrolase (mEH) catalyzed detoxification of 

VCD in the ovary. The purpose of this study was to examine the effects of dosing with 

VCD on amounts of mRNA for genes involved in apoptosis (box) and metabolism of 

VCD (microsomal epoxide hydrolase, mEH). Furthermore, the potential role of 

oxidative stress as a mediator of VCD-induced cell death was investigated by 

examining mRNA levels for the three forms of the antioxidant enzyme, superoxide 

dismutase (mitochondrial or manganese-containing/MnSOD, cytosolic or copper-zinc-

containing/Cu-ZnSOD, secreted/sec-SOD). Rats were administered daily doses (10 

days) of vehicle control (sesame oil) or VCD (80mg/kg). Four hours after the final 

injection, livers and ovaries were removed. Small (25-100 ^m) and large (100-250 fim) 

pre-antral follicles were isolated by gentle dissociation and mouth pipeting from the 

ovaries. RNA was extracted from all tissues and reverse transcribed into first strand 
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cDNA. Following PGR, the products were resolved by agarose gel electrophoresis and 

mRNA levels for the various genes were quantified and normalized to mRNA levels of 

constitutively-expressed ribosomal protein L19 (RP-L19). There was an increase in 

levels of mRNA for bax (172 ± 20 % control, p<0.05), MnSOD (248 ± 70 % of 

control, p<0.05) and mEH (352 ± 120 % control, p<0.05) in 25-100 fim follicles from 

VCD-treated as compared with control rats. Unlike 25-l(X) [im follicles (the targets of 

ovotoxicity), in 100-250 (xm follicles, which are not destroyed by VCD, there were no 

changes (p>0.05) in mRNA levels for bax or MnSOD in VCD-treated rats; however, 

mRNA levels for mEH were significantly decreased (79 ± 4 % control, p<0.05). In 

liver from VCD-treated rats, no changes in levels of mRNA for mEH were observed. 

Additionally, unlike 25-100 jim follicles, there were significant decreases in mRNA 

levels for bax (31+5% control, p<0.05) and Cu/ZnSOD (56 ± 17 % control, p<0.05). 

These results demonstrate a specific increase in levels of bax mRNA in 25-100 |xm 

follicles from rats dosed with VCD. This may reflect their susceptibility to apoptotic 

cell death at this time. Furthermore, the increase in mRNA for MnSOD suggests that 

regulation of the redox state in 25-lCX) ^im follicles may be affected by VCD, and that 

mRNA levels for MnSOD are initially (10 days) induced to counteract these changes. 

The specific increase in mRNA levels for mEH in 25-100 p,m follicles supports an 

important role of ovarian mEH in the detoxification of VCD. In summary, dosing of 

rats with VCD appears to alter expression of several genes that might be responding 

during the induction of physiological cell death. These alterations are specifically 

observed in 25-100 ^m follicles, known to be physiological targets of ovotoxicity. 
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Introduction 

Despite the mounting evidence that VCD is a potent ovotoxicant in rats and mice, 

VCD-induced changes in gene expression have not been investigated in relation to 

oocyte destruction. Therefore, the purpose of this study was to examine the effects of 

dosing with VCD on mRNA levels for genes encoding proteins involved in the 

initiation of apoptosis {bax), metabolism of VCD microsomal epoxide hydrolase 

(mEH), and the defense against reactive oxygen species superoxide dismutase (SODs) 

following daily dosing with VCD. The specificity of changes in mRNA levels of these 

genes for 25-100 |xm follicles was also investigated. 

Methods 

Reagents 

4-Vinylcyclohexene diepoxide (VCD) was purchased from Pfaltz and Bauer, Inc. 

(Waterbury, CT, 99% purity, lot #035873). Medium 199 (M199) was purchased from 

Gibco, Inc. (Grand Island, NY, Lot# 22P9141). Collagenase {Clostridium histolytium 

Type I, Lot# 15H0486), DNase (Type I from bovine pancreas. Lot# 33H9592), bovine 

serum albumin (BSA, Lot# 99F(K)135), ribonucleic acid transfer RNA (tRNA, type X-

SA from Bakers Yeast, lot # 112H9545), 1 kb DNA ladder (Lot# FER701) and 

sesame oil (Lot# 113H1212) were purchased from Sigma Chemical Co. (St. Louis, 

MO). Reverse transcriptase (RT) kit containing: 25 mM MgCli, lOX RT buffer, 10 

mM dNTP mix, RNasin (2,5(X) units) and avian myeloblastosis virus (AMV) reverse 

transcriptase enzyme (1,500 units) was purchased from Promega (Lot# 54736). 

Random hexamer primers were purchased from Boehringer-Mannheim (250 A260 
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units. Lot# 14404224-52). Cetus GeneAmp kit containing: dATP, dTTP, dGTP and 

dCTP (unlabeled, all lOmM), lOX reaction buffer, 25 mM MgCli and Taq DNA 

polymerase enzyme, was purchased from Perkin Elmer (Norwalk, CT, cat #N808-

(X)09). Specific oligonucleotide primers for box, microsomal epoxide hydrolase, and 

the SODs were obtained from DNA International (Lake Oswego, OR). Radiolabeled 

nucleotides ([a-^^PJ-dATP and -dCTP) were purchased from Amersham Corporation 

(Arlington Heights, IL, Lot # AC9532). 

Animals 

Immature (21 days of age) female Fisher 344 rats were purchased from Harlan 

Laboratories (Indianapolis, IN), housed in plastic cages, maintained on 12 hr light/12 hr 

dark cycles in a controlled temperature of 22°C ± 2°C, and allowed to acclimate to the 

animal facilities for 1 week prior to initiation of the dosing regime. Animals were 

provided food (Purina rat chow) and water ad libitum. All experiments using animals 

were approved by the University's Institutional Animal Care and Use Committee. 

In VIVO dosing with VCD 

Immature rats (28 days of age) were weighed and given daily intraperitoneal (ip.) 

doses (2.5 ml/kg) of either sesame oil (control) or VCD dissolved in sesame oil (80 

mg/kg; 0.57 mmol/kg) for 10 days (Springer et al., 1995a,b). This dose of VCD was 

chosen based on the investigations by Smith et al. (1990a) in which the ED 50 value for 

follicular destruction in rats was 0.4 mmol/kg. 
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Isolation of Small and Large Pre-antral Follicles 

Four hr following the final dosing on day 10, animals were euthanized by CO2 

inhalation, and both ovaries were removed. Small (25-100 ^m) and large (100-250 

^rni) pre-antral follicles were prepared by gentle dissociation of ovaries and sorting with 

micropipets as previously described in chapter 3 (Flaws et al., 1994a). 25-100 p.m 

follicles (total of 2,800) were collected and pooled from ovaries of 12 control (1,400 

follicles) and 12 VCD-treated (1,400 follicles) rats in each experiment. Numbers of 

100-250 ^m follicles varied from 30-100 follicles for each treatment group (control and 

VCD). Follicles were placed in 200 (il of Ml99, frozen in liquid nitrogen and stored at 

-70 °C until RNA isolation. Experiments utilized both ovaries from 12 rats/treatment 

(control or VCD) and the experiments were repeated at least three times (n=3). 

Therefore, at least 36 rats for each group (control and VCD-treated) were utilized to 

generate the quantitative analysis by RT-PCR. 

Collection of Liver Tissue 

A 600 mg piece of liver was removed from at least four control and four VCD-

treated animals. The livers were then cut into 100 mg pieces, frozen at -7Q°C and RNA 

from individual liver samples was isolated and analyzed. 

Total RNA Isolation 

Follicles: Follicle (25-100 p,m and 100-250 |im) RNA was obtained utilizing a 

modification of the Chomczynski and Sacchi (1987) method . In each experiment, 

equal numbers of follicles from control and VCD-treated rats were homogenized in 200 

|i,l of guanidinium isothiocyanate containing 6-mercaptoethanol for 30 seconds in a 1.5 

ml eppendorf tube using a hand held motor with a pellet pestle mixer (eppendorf size. 
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VWR Scientific, Phoenix, Arizona). Following homogenization, 40 pj of 2 M sodium 

acetate, 400 pi phenol, and 80 of chloroform:isoamylalcohol (CHCIsrIAA) were 

added to the homogenate, and the mixture was incubated on ice for 15 min. Samples 

were centrifiiged at 10,000 x g for 25 min at 4°C (Eppendorf Microcentrifuge, 5415-C; 

Brinkmann Instruments, Westbury, NY). The upper aqueous phase was collected and 

the nucleic acid was precipitated with 450 |a1 of cold isopropanol and 100 p,g tRNA (25 

mg/ml stock, -20°C for 60 min). Following precipitation, samples were centrifiiged 

(12,000 X g, 20 min, 4°C) and resuspended in 40 ^il of diethylpyrocarbonate (DEPC)-

treated water followed by one extraction with 40 ^l of phenohCHCls.-IAA (25:24:1) and 

one extraction with 40 ^il of CHCl3:IAA (24:1). liNA was precipitated with 4 pJ 3 M 

sodium acetate and 100 jil ice-cold absolute ethanol, and incubated overnight (-70°C). 

The following day, samples were centrifiiged (16,000 x g, 20 min, 4°C). The pellet 

was washed with 80% ethanol and dried under vacuum in a Speed Vac Concentrator 

(Savant Instruments, Farmingdale, NY). Pellets were resuspended in 20 |il of DEPC-

treated water and stored (-70°C) until RT-PCR analysis. Quantification of follicular 

RNA (by absorbance at 260 nm) was not possible due to addition of tRNA during the 

precipitation in order to maximize retrieval of the low yield of nucleic acid from the 

follicles (unpublished observations). Therefore, aliquots representing equal numbers of 

follicles in each fraction were utilized in each experiment. 

Liver: Total RNA was isolated from liver (100 mg) using the unmodified 

guanidinium thiocyanate-phenol-chloroform extraction procedure (Chomczynski and 

Sacchi, 1987). Pellets were resuspended in 20-50 ^1 of sterile water, quantified by 

absorbance at 260 nm, and stored at -70 °C until RT-PCR analysis. 
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Oligonucleotide Primers for PCR 

Pairs of oligonucleotide primers for all cDNAs were synthesized based on rat 

MnSOD (Ho and Crapo, 1987a), rat Cu/ZnSOD (Ho and Crapo, 1987b), rat secSOD 

(Willems et al., 1993), rat box (Tilly et al., 1995a), rat microsomal epoxide hydrolase 

(Porter et al., 1986) and rat ribosomal protein L19 (RP-L19, internal control; Chan et al., 

1987; Camp et al., 1991) cDNA sequences. All oligonucleotide primer pairs (sense and 

antisense) were 20-22 nucleotides in length and had 40-60% GC content. The expected 

length of PCR products were; MnSOD, 396 basepairs (bp), (sense. 5'-GGAT 

CCACGTGAACAATCTGAACGTCACC-3'; antisense. 5'-AAGCTTAGTAAGCGT 

GCTCCCACACATC-3'); Cu/ZnSOD, 380 bp, (sense. 5'-GGATCCGCGTCATTCA 

CTTCGAGCAGAAG-3'; antisense. 5'AAGCTTGCTTCCAGCATTTCCAGTCTTTG 

-3'); secSOD, 498 bp, (sense. 5'-GGATCCTTCTTGTTCTGCAACCTGCTACTG-3'; 

antisense. 5'-AAGCTTGCCCATTCGATGCTTCCAAAGG-3'); box, 316 bp, (sense. 

5'-AAGAAGCTGAGCGAGTGTCTCA-3'; antisense. 5'-CCACCCTGGTC TTGGA 

TCCA-3'); mEH, 486 bp, (sense. 5'-TGTCCCTCGATTCCTGGCTATG-3'; 

antisense. 5'-TCCATCCTCCAGTTCACGGTAC-3'); and RP-L19, 225 bp, (sense. 5'-

CGTCCTCCGCTGTGGTAAAAAG-3'; antisense. 5'-TTCGCATCCAGGTCACCT 

TCTC-3'). 

RT-PCR analysis of SOD (Mn, Cu/Zn, sec), bax, and mEHmRNA 

In initial experiments, conditions were established for the optimal amount (volume) 

of RNA to be used in the RT reaction, the number of amplification cycles to generate 

PCR products in the linear range of the curve, and the optimum concentration of L19 

primers. The protocol was based on the method of Camp et al. (1991), with minor 

modifications. One pil of total RNA from follicles and 0.75 \ig of total RNA from liver 
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was reverse transcribed at 42°C for 30 min, using random hexamer primers and AMV 

reverse transcriptase in a final reaction volume of 20 ^1. First strand cDNA was 

precipitated with 25 p,g tRNA (25 mg/ml stock), 3 M sodium acetate and 50 ^il cold 

absolute ethanol, and incubated at -70°C overnight. The following day, first strand 

cDNA was centrifuged (16,000 x g, 30 min, 4°C, Eppendorf Microcentrifiige, 5415-C; 

Brinkmann Instruments, Westbury, NY). The pellet was washed with 80% ethanol and 

dried under vacuum. Pellets were resuspended in 20 ^l of DEPC-treated water and 

stored (-20°C). 

The PGR amplification reaction contained one p.1 of first strand cDNA; 

oligonucleotide primer pairs for the gene of interest (50 pmol of each primer for SODs, 

box and mEH, 12.5 pmol of each primer for RP-L19); [a- ^^pj-dCTP and [a- ^^p]. 

dATP (diluted to 15 nM; 25 ^Ci/ml); unlabeled dTTP and dGTP (15 nM); 0.5 mM 

MgCl2; lOX reaction buffer [10 mM Tris (pH 8.3), 50 mM KCl, 1.5 mM MgCh, 

0.01% gelatin]; and Taq DNA polymerase (1.25 U). The amplification was carried out 

for 25 cycles [94°C denaturation (1 min); 50°C annealing (1 min); 72°C synthesis (2 

mm)] with an OmniGene thermal cycler (Hybaid, UK) without oil. In each experiment, 

the PGR reaction was also performed without template (cDNA) to serve as a negative 

control (mix). PGR products were either precipitated (2x, 10 (jJ lOM anmionium 

acetate, 50 |i,l of cold absolute ethanol; 1 hr; -70°C) or concentrated by centrifugation 

through a microcon 30 filter (20 min; 4°G; Amicon, Inc., Beverly, MA) to remove 

unincorporated radiolabeled nucleotides. Products were resuspended in TE buffer (20 

|il; 10 mM Tris (pH 8.0), 1 mM EDTA) and separated by electrophoresis (2% agarose 

gel). A 1 kb ladder molecular weight standard, stained with ethidium bromide, was 

used to estimate the size of the PGR product. The gel was dried in a slab-gel drier (90 

min on 3 mm Whatmann filter paper; Model SB 540, Hoeffer, Instruments, San 
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Francisco, CA) and visualized by autoradiography. The gel was analyzed using a 

Molecular Dynamics Phosphoimager equipped with ImageQuant version 3.0 software 

(Molecular Dynamics, Sunnyvale, CA). Individual mRNA signals were quantified in 

arbitrary units and normalized to RP-L19 in each sample, as described by Camp et al. 

(1991) and Orly et al. (1994). 

Oligonucleotide primer pairs for the SODs and mEH were amplified in the same 

tube as RP-L19; however, oligonucleotide primer pairs for bax and RP-L19 were 

amplified in separate PCR reaction tubes due to similar migration of PCR products (316 

bp, bax', 225 bp, RP-L19). Therefore, in each experiment, bax and RP-L19 PCR 

reactions were amplified in duplicate and averaged for greater accuracy. 

Genomic DNA Contamination 

As a control for genomic DNA contamination in each tissue preparation (follicles 

and liver), RNA was also amplified in the presence of 1 |il of DNase-free RNase. A 

lack of genomic DNA contamination was confirmed in all tissue preparations by the 

absence of specific PCR products (data not shown). 

Verification of PCR Products 

Total RNA (18 pJ) from 25-100 |im follicles from untreated rats was reverse 

transcribed and 3 nl of cDNA was amplified (30 cycles) with oligonucleotide primers 

pairs for MnSOD, bax, mEH or RP-L19 and one ^il of each unlabeled nucleotide (10 

mM stock), as described earlier. PCR products were then resolved by ethidium 

bromide staining on a 2% agarose gel, isolated and purified (GeneClean; Bio 101, La 

Jolla, CA) for sequence analysis. 
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Data Analysis 

All experiments were repeated with separate groups of animals, at least three times 

(n=3). A representative autoradiogram is presented where appropriate; whereas, results 

from quantitative analysis represent combined data from all experiments. Arbitrary 

phosphoimager units for the specific genes were normalized to RP-L19 (Gene/RP-L19) 

for control and VCD-treated tissues. Due to the wide variability in phosphoimager 

units between experiments, the normalized value for each treatment observation was 

then expressed as a ratio (VCD/CON x 100) to express relative changes in mRNA 

levels as % control. Differences caused by VCD dosing were calculated using a one 

sample t-test analysis (Stat View). Although the ratio of each gene to RP-L19 was 

variable between experiments, the RP-L19 value between control and VCD treatments 

within each individual experiment was quite consistent. For all statistical analyses 

significance was assigned at the 0.05 level. 

Results 

Optimal RT-PCR Conditions 

Initial experiments were performed to establish the range of linearity for total RNA 

added and number of PCR cycles. Figure 5.1 A shows the effect of increasing PGR 

cycle number on the mEH and RP-L19 gene products. For all subsequent experiments, 

25 PCR cycles were used because this was within the linear range (Camp et al., 1991). 

Figure 5. IB shows a linear increase in the amount of PCR product for mEH and bax 

with increasing amount of RNA used in the RT reaction. For all subsequent 
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experiments, one ^1 of total RNA from follicles and 0.75 jig of total RNA from liver 

(data not shown) were added to the RT. 

Effect of VCD Treatment on box mRNA Expression 

To determine the effect of VCD on levels of mRNA for box (316 base pairs, bp), 

total RNA was extracted from 25-100 pjn follicles, 100-250 |xm follicles, and liver of 

rats dosed daily for 10 days with vehicle control or VCD and was analyzed by PCR 

(Springer, et al., 1995a). There was a significant increase in the amount of box mRNA 

in the 25-100 ^m follicles from VCD-dosed rats relative to control (172 ± 20 % control. 

Figures 5.2A and B, p<0.05). However, 100-250 jim follicles (non-target tissues for 

VCD), showed no change in the levels of bax mRNA levels (p>0.05. Figure 5.2C). 

Furthermore, in liver (also a non-target tissue), there was a decrease in levels of mRNA 

for bax to 31 ± 5 % control (Figures 5.2D and E, p<0.05). 

Effect of VCD Treatment on MnSOD, Cu/ZnSOD and secSOD mRNA Levels 

The effect of VCD on mRNA levels for the three forms of SOD was also 

determined in follicles and liver of dosed rats. There was an increase in MnSOD 

mRNA levels in 25-100 ^m follicles (248 ±10 % control; Figures 5.3A and B; 

p<0.05). Conversely, 100-250 ^m follicles and liver showed no change in MnSOD 

mRNA levels following VCD treatment (Figures 5.3C and D; p>0.05). There was no 

change (p>0.05) in mRNA levels for Cu/ZnSOD (Figures 5.4A and B) in either size 

foUicle (25-100 jxm or 100-250 ^im); however, following VCD dosing for 10 days, 

there was a decrease in mRNA levels for Cu/ZnSOD in liver (56 ± 17 % control; 

Figures 5.4C and D; p<0.05). No changes were observed in secSOD mRNA levels in 

25-100 |jjn follicles or 100-250 |xm follicles (Figures 5.5A and B; p>0.05). 
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Figure 5.1 A: PCR Conditions-PCR Cycle Number. Total RNA from 25-100 |im 

follicles was reverse transcribed and subjected to 10, 15, 20, 25, 30 or 35 cycles of 

PCR amplification using oligonucleotide primer pairs for microsomal epoxide 

hydrolase (mEH, open circles) and ribosomal protein L19 (RP-L19, closed squares). 

There was an exponential increase in the mRNA signal up to 30 cycles, and therefore 

subsequent experiments were performed using 25 cycles of PCR amplification 

(arrow). 



118 

B. 

700001 

60000 
w 

I 50000 

g, 40000 
CO 
E 
o 30000 
sz Q. 

o 20000 

10000-

bax 
mEH 

8 1 0  

M-l of Input RNA 

Figure 5. IB: PCR Conditions-Amount of RNA in RT Reaction. Increasing volumes 

(0.5, 1, 2, 4, and 8 |il) of total RNA from 25-100 |xm follicles were reversed 

transcribed and subjected to 25 cycles of PCR amplification. There was an increase in 

signal using 0.5-2 |ll total RNA for mEH (closed squares) and bax (open squares). 

Therefore, 1 pJ of total RNA was reverse transcribed for all subsequent experiments 

(arrow). 
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Figure 5.2A, B, C: Effect of VCD on box mRNA Levels in Follicles. One |Ji of total 

RNA from follicles were reverse transcribed and then subjected to 25 cycles of PGR 

amplification with oligonucleotide primer pairs for box and RP-L19. The similar PGR 

product size for box and RP-L19 requires a separate box and RP-L19 PGR reaction for 

each sample. PGR products were resolved by agarose gel electrophoresis and 

quantitative data were normalized to RP-L19 mRNA levels. A) Representative 

autoradiogram illustrating an increase in box mRNA expression in 25-100 [im follicles 

following daily administration of VGD for 10 days (numbers represent size of PGR 

products; G=control; V=VCD). B,C) Quantitative analyses of changes in box mRNA 

levels in 25-100 pm follicles (B, n=4, • p<0.05): and box mRNA levels in 100-250 (im 

follicles (G, n=3, p>0.05). Data are expressed as % control (VGD/GON x 100). 
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Figure 5.2D, E: Effect of VCD on box mRNA Levels in Liver. From liver, 0.75 ^.g of 

total RNA were reverse transcribed and then subjected to 25 cycles of PGR 

amplification. The similar PGR product size for box and RP-L19 requires a separate 

bax and RP-L19 PGR reaction for each sample. PGR products were resolved by 

agarose gel electrophoresis and quantitative data were normalized to RP-L19 mRNA 

levels. D) Representative autoradiogram illustrating a decrease in bax mRNA in liver 

following daily administration of VGD for 10 days (numbers represent size of PGR 

products; G=control; V=VGD). E) Quantitative analyses of changes in box mRNA 

levels in liver (n=4; • p<0.05). Data are expressed as % control (VGD/GON x 100). 
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Figure 5.3 A, B: Effect of VCD on MnSOD mRNA Levels in 25-100 ftm Follicles. One 

(il of total RNA from follicles was reverse transcribed and subjected to 25 cycles of 

PGR amplification with oligonucleotide primer pairs for MnSOD and RP-L19 in the 

same PGR reaction tube. PGR products were resolved by agarose gel electrophoresis 

and quantitative data were normalized to RP-L19 mRNA levels. A) A representative 

autoradiogram illustrating an increase in MnSOD mRNA expression in 25-100 ^im 

follicles following daily administration of VGD for 10 days (numbers represent size of 

PGR products; G=control; V=VCD). B) Quantitative analyses of changes in MnSOD 

mRNA levels in 25-100 jim follicles (n=3; * p<0.05). Data are expressed as % control 

(VGD/GON X 100). 
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Figure 5.3C, D: Effect of VCD on MnSOD mRNA Levels in 100-250 jmi Follicles and 

Liver. One (jJ of total RNA from follicles and 0.75 |lg of total RNA from liver were 

reverse transcribed and subjected to 25 cycles of PGR amplification with 

oligonucleotide primer pairs for MnSOD and RP-L19 in the same PGR reaction mbe. 

PGR products were resolved by agarose gel electrophoresis and quantitative data were 

normalized to RP-L19 mRNA levels. G,D) Quantitative analyses of changes in 

MnSOD mRNA levels in 100-250 (im follicles (G; n=3; p>0.05) and liver (D; n=3; 

p>0.05). Data are expressed as % control (VGD/GON x 100). 
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Figure 5.4A, B: Ejfect of VCD on Cu/ZnSOD mRNA Levels in Follicles. One ^ll of 

total RNA from follicles was reverse transcribed and subjected to 25 cycles of PGR 

amplification with oligonucleotide primer pairs for Cu/ZnSOD and RP-L19 in the 

same PGR reaction tube. PGR products were resolved by agarose gel electrophoresis 

and quantitative data were normalized to RP-L19 mRNA levels. A,B) Quantitative 

analyses of changes in Gu/ZnSOD mRNA levels in 25-100 ^im follicles (A; n=3; 

p>0.05), and 100-250 |im follicles (B; n=3; p>0.05). Data are expressed as % control 

(VGD/GON X 100). 
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Figure 5.4C, D: Effect of VCD on Cu/ZnSOD mRNA Levels in Liver. From liver, 0.75 

^ig of total RNA was reverse transcribed and subjected to 25 cycles of PGR 

amplification with oligonucleotide primer pairs for CuTZnSOD and RP-L19 in the 

same PGR reaction tube. PGR products were resolved by agarose gel electrophoresis 

and quantitative data were normalized to RP-L19 mRNA levels. G) A representative 

autoradiogram illustrating decrease in Gu/ZnSOD mRNA expression in liver 

following daily administration of VGD for 10 days (numbers represent size of PGR 

products; G=control; V=VGD). D) Quantitative analyses of changes in Gu/ZnSOD 

mRNA levels in liver (D; n=4; • p<0.05). Data are expressed as % control 

(VGD/GON X 100). 
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Figure 5.5: Effect of VCD on secSOD mRNA Levels in Follicles. One of total RNA 

from follicles was reverse transcribed and subjected to 25 cycles of PCR amplification 

with oligonucleotide primer pairs for secSOD and RP-L19 in the same PCR reaction 

tube. PCR products were resolved by agarose gel electrophoresis and quantitative 

data were normalized to RP-L19 mRNA levels. A,B) Quantitative analyses of 

changes in secSOD mRNA levels in 25-100 |im follicles (A; n=3; p>0.05) and 100-

250 |im follicles (B; n=3; p>0.05). Data are expressed as % control (VCD/CON x 

100). 
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Effect of VCD Treatment on Microsomal Epoxide Hydrolase (mEH) mRNA 

Expression 

Following 10 days of daily dosing of rats with VCD, there was an increase in levels 

of mRNA for mEH in 25-100 ^im follicles to 352 ± 120 % control (Figures 5.6A and 

B; p<0.05). In contrast, there was a decrease in mRNA levels for mEH in 100-250 p.m 

follicles (79 ± 4 % control; Figure 5.6C; p<0.05). No changes were observed in mEH 

mRNA levels in liver (Figure 5.6D; p>0.05). 

Discussion 

This laboratory has recently reported that treatment of rats with the ovotoxicant 

VCD, induced a form of physiological cell death in the small pre-antral follicles and 

therefore, VCD-induced changes in gene expression are likely. The present study 

provides the first evidence of toxin-induced changes in cell death gene expression in 

small ovarian follicles utilizing the ovotoxicant VCD. Furthermore, this study provides 

additional evidence that ovarian mEH may play a role in ovarian metabolism of VCD. 

Results from the present smdy demonstrated a significant increase in box mRNA levels 

in the 25-100 ^im follicles. Levels of mRNA for box were not altered in 100-250 ^im 

follicles, which have been shown to not be targets for VCD ovotoxicity (Flaws et al., 

1994a,b,c; Springer etal., 1995a). 

Changes in expression of mRNA for members of the Z;c/-2-family (6c/-2, box, bcl-

x) have been studied in a variety of experimental systems, including the ovary, 

following the induction of apoptosis by a variety of stimuli (Ratts et al., 1995; Tilly et 

al., 1995a). Box is a member of the bcl-2 gene family and when overexpressed in 

FL5.12 cells, (Interleukin-3 dependent human B-cell line) can accelerate cell death 
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Figure 5.6 A, B: Effect of VCD on mEH mRNA Levels in 25-100 Follicles. One |Ji 

of total RNA from follicles was reverse transcribed and subjected to 25 cycles of PGR 

amplification with oligonucleotide primer pairs for mEH and RP-L19 in the same 

PGR reaction tube. PGR products were resolved by agarose gel electrophoresis and 

quantitative data were normalized to RP-L19 mRNA levels. A) A representative 

autoradiogram illustrating an increase in mEH mRNA expression in 25-100 |im 

follicles following daily administration of VGD for 10 days (numbers represent size of 

PGR products; G=control; V=VGD. B) Quantitative analyses of changes in mEH 

mRNA levels in 25-100 ^m follicles (B; n=5; • p<0.05). Data are expressed as % 

control (VGD/GON x 100). 
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100-250 fim Follicles 

Figure 5.6C, D: Effect of VCD on mEH mRNA Levels in 100-250 fjun Follicles and 

Liver. One |Jj of total RNA from follicles and 0.75 |ig of total RNA from liver was 

reverse transcribed and subjected to 25 cycles of PGR amplification with 

oligonucleotide primer pairs for mEH and RP-L19 in the same PGR reaction mbe. 

PGR products were resolved by agarose gel electrophoresis and quantitative data were 

normalized to RP-L19 mRNA levels. G,D) Quantitative analyses of changes in mEH 

mRNA levels in 100-250 (im follicles (G; n=3; * p<0.05) and liver (D; n=4; p>0.05). 

Data are expressed as % control (VGD/GON x 100). 
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(Oltavi et al., 1993). Increased expression of the box gene has been associated with 

apoptosis in the ovary, specifically in granulosa cells of large atretic antral rat follicles 

and regressing bovine corpora lutea (Tilly et al., 1995a). These data have recently been 

supported by gene "knock-out" experiments which revealed that ablation of the bax 

gene results in an impaired capacity of follicular granulosa cells to initiate apoptosis in 

follicles destined for atresia (Knudson, et al., 1995). Therefore, coincident with the 

apoptotic morphological changes in primordial and primary (25-lt)0 ^m) follicles, that 

have been previously reported following VCD dosing of rats for 10 days (Springer et 

al., 1995a), the results presented here provide additional evidence that VCD-dependent 

oocyte destruction in the 25-100 nm follicles is due to physiological cell death or 

apoptosis. Increased expression of the bax gene does not induce cell death, rather 

alterations in the BCX-2/BAX (protein) ratio appear to cause a cell to become more 

susceptible to apoptotic death such as that induced by VCD (Oltavi et al., 1993). 

Therefore, even though bax may not be directly responsible for inducing VCD-

mediated cell death in 25-100 |xm follicles, the specific changes in bax mRNA levels in 

25-l(X) |jm follicles suggests an involvement. 

The reason(s) for the relatively small increase in mRNA levels for bax (172 % 

control, <2-fold) in the 25-l(X) ^m follicles is not clear. These results, however, are 

similar to the approximate two-fold increase in bax mRNA levels reported in apoptotic 

granulosa cells of large antral follicles entering attesia (Tilly et al., 1995a). In addition, 

since apoptosis occurs in an asynchronous manner, mRNA levels measured in these 

experiments reflect a combination of some healthy and some dying follicles. Therefore, 

an underestimation of bax mRNA levels in the dying follicles is possible. In addition, 

these experiments have used a time point in which there are the earliest detectable stages 

of destruction in 25-100 (im follicles (Springer et al., 1995a). Therefore, these levels of 
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box mRNA may also represent an initial response to VCD-induced ovotoxicity which 

may further increase with the advancement of follicle destruction. It is also possible that 

the 25-100 |im follicles fraction contain some small growing follicles (which are not 

targets for VCD). Taken together, the small but significant response in box mRNA 

levels probably reflects a combination of these considerations. 

In this study, there was also a specific increase in mRNA levels for MnSOD in 25-

100 nm follicles following 10 days of daily dosing with VCD; whereas, no changes in 

mRNA levels for Cu/ZnSOD or secSOD were observed. Since the VCD molecule 

contains two reactive epoxide groups, it has the potential to interact with nucleophilic 

sites in the cell, such as those located on the glutathione molecule. The interaction of 

VCD with glutathione leads to glutathione depletion in the cell thus making the follicles 

particularly susceptible to death (Boobis et al., 1989). In the present study, the increase 

in mRNA levels of MnSOD in 25-100 |im follicles, following VCD treatment, may be 

related to an early attempt by the small follicles to counteract glutathione depletion by 

increasing the levels of this important antioxidant enzyme. Alternatively, since 

apoptosis is induced in an asynchronous manner, it is possible that our experiments 

have measured increased mRNA levels for MnSOD in those follicles attempting to 

survive VCD exposure as compared with the population of follicles that are dying. 

Future studies using in situ hybridization or immunocytochemistry in individual 

follicles following dosing with VCD would be useful in resolving this latter question. 

Specific increases in levels of mRNA for MnSOD have been reported in human 

A549 lung carcinoma cells exposed to tumor necrosis factor-a and hepatocytes exposed 

to 2,4-dinitrophenol (Dryer et al., 1980; Wong and Goeddel, 1988; Wong et al., 1989). 

As with the follicles, the initial increase in mRNA levels for MnSOD, may reflect early 

protective mechanisms in these cells. 
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The specificity of VCD for 25-l(K) jim follicles is again illustrated by the fact that 

mRNA levels for the SODs in 100-250 (im follicles are not changed. 

Microsomal epoxide hydrolase (mEH) catalyzes the conversion of many types of 

epoxides to their corresponding diols (Heinrichs and Juchau, 1980; Flaws et al., 1994a). 

Several studies have demonstrated that a route of detoxification of VCD in isolated 25-

100 nm follicles is through mEH (Flaws et al., 1994a). In the present smdy, following 

dosing of rats with VCD for 10 days, there was an increase in mRNA levels for mEH 

in 25-100 nm follicles. This increase of mEH mRNA levels was not observed in 100-

250 |im follicles, rather the 100-250 p,m follicles demonstrated a decrease in mEH 

mRNA levels which again illustrates the specificity of VCD for the 25-100 jxm follicles. 

Similar increases in mRNA levels for mEH have been reported in liver following 

treatment of rats with a variety of imidazole antifungal agents, which are known to 

cause liver toxicity (Kim, 1992; Kim et al., 1994) and kidney following intraperitoneal 

injection of lead acetate (Sheehan et al., 1991). Furthermore, phenobarbital and 

nitrosodiethylamine have been shown to induce mEH mRNA levels (4 and 5 fold, 

respectively) within 24 hr after dosing (Hardwick et al., 1983; Suzuki et al., 1994). 

Although changes in mRNA levels for mEH have not been investigated in relation to 

treatment with environmental epoxides, a few studies have demonstrated an increase in 

enzyme activities of glutathione S-transferase (GST) and mEH following intraperitoneal 

injection with a variety of pesticides, industrial/synthetic epoxides, diphenols, 

isothiocyanates, hydrogen peroxide and several metals (Moody et al., 1991; Prestera et 

al., 1993). Since an increase in mRNA levels and enzyme activity has been reported for 

such a wide variety of toxicants, it is thought that this is a ubiquitous response and 

therefore has been called "electrophilic counterattack" (Prestera et al., 1993). Since this 
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is an early time point in VCD-induced follicle destruction, it is highly possible that the 

25-100 Jim follicles are responding to VCD by activating the counterattack mechanism. 

An increase in the expression of mEH in small follicles would likely predict an 

increased ability of these cells to detoxify VCD. Therefore, how this response might be 

consistent with increased death of these cells is curious. However, as with MnSOD 

expression, this increase might reflect an attempt of these cells to respond to toxic 

damage. As mentioned earlier, apoptosis occurs in an asynchronous manner and 

therefore, the increase in mRNA levels for mEH be contributed to by those follicles that 

are still surviving. 

Following dosing for 10 days, there was a significant reduction in mRNA levels for 

box in liver of VCD-dosed animals. The liver has not been shown to be a target for 

VCD; however, it may play a role in its detoxification. Therefore, the lack of increase in 

mRNA levels for box suggests that no cytotoxic effects are produced at this time in the 

liver. Additionally, it is tempting to speculate that the reduction in bax mRNA levels 

may insure that apoptotic death of liver cells does not result. In the liver, there was also 

a reduction in mRNA levels for Cu/ZnSOD mRNA. Even though the liver has not 

been demonstrated to be a target site for VCD, there maybe some responses since liver 

is an active site of metabolism for many xenobiotic chemicals (Heinrichs and Juchau, 

1980). There was no change in mRNA levels for mEH in the liver suggesting that 

VCD elicits a tissue-specific induction of mEH mRNA levels in 25-100 ^im follicles. 

The exact role of the liver in the metabolism of VCD is still not known. 

All of the changes in mRNA levels in primordial and primary follicles in response 

to VCD-dosing, reported in this investigation, differed dramatically from changes in 

large pre-antral follicles or liver. Specific susceptibility to apoptosis (follicle 

destruction) in 25-100 follicles may be explained by the significant increase in bax 
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mRNA levels after 10 days of dosing with VCD. These data are consistent with the 

reported role of increased box in apoptosis of rat granulosa cells of large antral follicles 

entering atresia (Tilly et al., 1995a), and findings recently confirmed in box gene knock

out experiments in mice (Knudson et al., 1995). In general, very little is known about 

the biochemical and molecular regulation of primordial and primary (25-100 ^m) 

follicles (Bachvarova, 1985; Hirshfield and Schmidt, 1987). However, this study 

provides evidence that cells in 25-100 pm ovarian follicles, express the genes for mEH 

and the three forms of SOD as well as cell death genes. Furthermore, repeated dosing 

with VCD appears to affect alterations in expression of these genes in a tissue-specific 

manner because following a single dose with VCD, 25-100 p.m follicles do not 

demonstrate an increase in mRNA levels for box (unpublished observations). 

In summary, these results provide strong support for the previously identified 

mechanism of apoptotic cell death induced in 25-100 ^m follicles by dosing of rats with 

VCD. We suggest that prolonged exposure to VCD (lOd) ultimately leads to elevated 

amounts of box mRNA, a gene involved in apoptosis. Furthermore, initial cellular 

responses of VCD-induced apoptosis in some follicles (25-100 ^m) may involve 

increased mRNA levels for enzymes (mEH and SOD). This increase might be 

involved in an attempt to compensate for the VCD insult, although ultimately such an 

effort is futile, in view of the extensive destruction of these follicles following 30 days 

of dosing (Smith et al., 1990b; Flaws et al., 1994b). Our results also provide a further 

illustration of the specificity of VCD effects for the 25-100 ^im follicles, since similar 

induction of mRNA for these genes was not observed in 100-250 |im follicles or liver. 

In conclusion, to our knowledge, this study presents the first evidence for gene-directed 

cell death in small ovarian follicles induced by a xenobiotic chemical. 
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Chapter 6 

SPECinCITY OF VCD FOR 25-100 ^iM FOLLICLES 

Previous studies have suggested that VCD affects are specific for 25-100 |xm 

follicles (Flaws et al., I994a,b). The results presented in these investigations further 

confirm the specificity of VCD for the 25-100 nm follicles. In chapter 3, the rate of 

generalized protein synthesis was measured in 25-100 |xm, follicles, 100-250 p.m 

follicles, interstitial cells, adrenal cells and hepatocytes following 3 hr of in vitro 

incubation with VCD. The rate of protein synthesis was specifically inhibited in 25-

100 urn follicles following in vitro incubation with VCD; whereas, the rate of protein 

synthesis was increased in 100-250 |im follicles. Adrenal cells and hepatocytes did 

not exhibit any changes. A significant decrease in the rate of protein synthesis was 

seen when interstitial cells were incubated in vitro with VCD for 3 hr. Although, the 

reason for this effect of VCD on protein synthesis in interstitial cells is not clear, the 

interstitial fraction contains a variety of cells that surround the follicles at all stages of 

development. Therefore these results suggest that VCD may also effect the cells that 

are directly adjacent to the follicle. The proximity of the smallest follicles to the 

interstitial cells, compared with follicles that contain several layers of granulosa cells, 

may therefore, in part, explain their increased susceptibility to VCD. 

Following daily dosing with VCD for 15 days (Chapter 3 and 4), there was a 

specific reduction in the number of oocytes contained in 25-100 pm follicles. There 

was no effect of VCD on numbers of growing (100-250 |im) follicles at this time 

point. 
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In chapter 4, there was an mcrease in DNA fragmentation following 10 days of 

daily dosing with VCD in 25-100 jxm follicles. DNA fragmentation was accompanied 

by specific morphological changes in 25-100 ^m follicles (oocytes and granulosa 

cells) that were consistent with physiological cell death. No morphological changes 

associated with physiological cell death were seen in 100-250 |im follicles following 

10 days of dosing with VCD. 

The specificity of VCD for 25-100 jim follicles was also demonstrated by an 

increase in mRNA levels for bax, MnSOD and mEH compared to 100-250 (xm 

follicles and liver. The specific increases in the level of bax mRNA may explain why 

there is increased susceptibility of the 25-100 (im follicles to apoptosis. Although, the 

exact significance of increases in MnSOD and mEH mRNA levels in the 25-100 (im 

follicles is not clear, these results demonstrate a selective response when compared 

with 100-250 Jim follicles and liver. These observations suggest that other cellular 

changes may also participate in the ovotoxic affects produced by VCD in the 25-100 

jxm follicles. 

In conclusion, these data report VCD-induced changes in rate of protein synthesis, 

the number of oocytes, morphology associated with cell death in oocytes and 

granulosa cells, and mRNA levels for genes involved in cell death which were specific 

for 25-100 Jim (primordial and primary) follicles. The specificity of these combined 

VCD-dependent changes in 25-100 jim follicles may be related to the reason(s) this 

follicle population is susceptible to VCD-induced ovotoxicity. 
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Chapter 7 

SUMMARY AND CONCLUSIONS 

The overall purpose of these studies was to better describe at the cellular and 

moleciilar level, the mechanism(s) of VCD-induced ovotoxicity in rats by evaluating 

the effect of repeated dosing on general function of follicles (Chapter 3 and 4); 

determining the earliest time point of follicular destruction (Chapter 4); determining 

the type of cell death (Chapters 4 and 5); and investigating the specificity of VCD for 

small pre-antral follicles (Chapter 6). 

The effects of repeated dosing with VCD were evaluated by examining the rate of 

protein synthesis and membrane integrity in dosed and untreated rats (Specific Aim 1, 

Chapters 3 and 4). Small pre-antral follicles (25-100 fan) from VCD-dosed animals 

were more susceptible to a VCD-dependent reduction in the rate of protein synthesis 

following 6 and 10 hr, in vitro incubation with VCD compared with follicles from 

untreated animals. Although membrane integrity was compromised in 25-100 p-m 

follicles from dosed and untreated animals following in vitro incubation with VCD for 

6 hr, membrane integrity was affected to a much greater extent in follicles from VCD-

dosed animals. Furthermore, trypan blue dye uptake was seen in the granulosa cells 

but not the oocytes of small pre-antral follicles from dosed and untreated animals. 

These results suggested that repeated administration of VCD caused the small pre-

antral follicles to be more susceptible to further toxic insult and that granulosa cells, as 

well as the oocytes in those follicles, may be affected by VCD. 

A time course of VCD dosing was conducted in order to evaluate the earliest time 

point for VCD-induced follicular destruction (Specific Aim 2, chapter 4). There was a 
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significant increase in random DNA fragmentation in 25-100 |im follicles following 

10 days of daily dosing with VCD which was not present following 6 or 8 days of 

daily dosing. The visualization of DNA fragmentation was optimal 4 hr after the final 

dose on day 10 because by 24 hr after the final dose, all cellular debris (DNA 

fragments) had been cleared by the ovary and therefore could not be detected. The 

increase in fragmentation was observed qualitatively by agarose gel electrophoresis 

and confirmed by quantitative analysis of 32p-incorporation of low molecular weight 

fragments (<5,000 base pairs). Early follicular destruction in ovaries of VCD-dosed 

rats versus control was also examined histologically. Following 10 days of daily 

dosing with VCD, there was an increase, compared with control, in the proportion of 

follicles exhibiting margination of chromatin, a sign of cellular destruction. Although 

there were initial indications of follicular destruction, at this time, there was not yet a 

decrease in the numbers of 25-100 jim follicles suggesting that this is a time during 

VCD dosiDg, prior to death of the follicles. These data have, therefore, identified 4 hr 

after the final VCD injection on day 10, as a very early time point in VCD-induced 

follicular destruction. 

Identification of the type of cell death induced by VCD in 25-100 ^m follicles was 

evaluated morphologically and by examination of changes in genes associated with 

cell death (Specific Aim 3, Chapter 4 and 5). Morphological assessment of 25-100 |im 

follicles, following 10 days of daily VCD treatment showed margination of chromatin 

along the nuclear membranes in oocytes and granulosa cells. Furthermore, no 

indications of swelling in the oocyte or granulosa cells were observed. These 

morphological changes are characteristic of apoptosis, a form of physiological cell 

death. The apoptotic or physiological nature of VCD-induced cell death was 

confirmed following evaluation of relative changes in mRNA levels for box., a gene 
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associated witii apoptosis in many other cell types including granulosa cells of large 

atretic antral follicles. Following 10 days of dosing with VCD, there was an increase 

in mRNA levels for box in 25-100 pm follicles suggesting that box may be involved in 

the apoptotic response of these follicles to VCD-induced toxicity. There were also 

increases in mRNA levels for the manganese form of superoxide dismutase (MnSOD) 

suggesting that VCD may initiate an oxidative stress response in 25-100 jxm follicles. 

Increases in mRNA levels of microsomal epoxide hydrolase (mEH) were also 

observed suggesting that the ovary may play an important role in detoxification of 

VCD. 

A consistent observation following the evaluation of all parameters presented in 

this dissertation, is the specificity of VCD for 25-100 ^m follicles (Specific Aim 4, 

Chapter 6). The rate of protein synthesis was specifically affected in 25-100 p.m 

follicles compared to large pre-antral (100-250 |im) follicles, hepatocytes and adrenal 

cells. Furthermore, morphological changes observed following 10 days of daily 

dosing were specific for 25-100 nm (primordial and primary) follicles as compared 

with 100-250 |im follicles. Increases in mRNA levels fox box were specific for 25-100 

^im follicles because no such increases in mRNA levels were seen in 100-250 p,m 

follicles or liver. 

Interestingly, there were significant decreases in the mRNA levels for box in the 

liver and decreases in mRNA levels for microsomal epoxide hydrolase in the l(X)-250 

pm follicles. The reason(s) for the decreases in box mRNA levels in the liver are not 

clear but may be due to a protective mechanism in liver which down regulates genes 

associated with cell death. The reason for the reduction in mEH mRNA levels in 100-

250 follicles is also not known; however, it is possible that because VCD does not 

affect these follicles directly, expression of mRNA for enzymes involved in the 
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detoxification of VCD is not-maintained. In conclusion, these studies have 

demonstrated that VCD induces apoptosis which is specific for 25-100 follicles, 

that general follicular function is affected by VCD and that 25-100 ^im follicles are 

more susceptible to VCD following 10 days of daily dosing. 

Figure 7.1 is a model representing VCD affects on 25-100 ^im follicles. It is not 

known how VCD initially enters the cell nor how VCD activates the death pathway; 

however three possibilities exist. Firstly, VCD may interact at the plasma membrane 

level with sphingomyelin. An enzymatic reaction leads to the generation of a second 

messenger molecule called ceramide which in tum causes phosphorolation of protein 

kinase C and initiation of transcription (1; Figure 7,1; Hannun and Obeid, 1995). 

Secondly, since it has been reported that other toxic compounds (2,3,7,8-

tetrachlorodibenzo-p-dioxin, TCDD; 3-methylcholanthrene) interact with a 

cytoplasmic receptor (arylhydrocarbon or Ah receptor) to exert cytotoxicity, it is 

possible that VCD may also interact with a similar type of receptor in the cytoplasm 

and then translocate to the nucleus to enhance transcription (2; Figure 7.1; Poland and 

Glover, 1980). Lastly, VCD may interact with and directly damage DNA (3; Figure 

7.1; Corcoran et al., 1994). Following the initial VCD-cell interaction, there is an 

increase in the mRNA levels for box, MnSOD, and mEH which is seen only after 10 

days of dosing (solid arrows, Figure 7.1). The increase in transcription of these genes 

in the nucleus, represents a potential increase in their protein levels (A, B, C; dashed 

arrows. Figure 7.1). 

Future studies could expand upon these findings by investigating more details 

about the role of box in VCD-induced follicular destruction including: the affect of 10 

days of dosing with VCD on mRNA levels for bcl-2 to determine changes in the 
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bax/bcl-2 ratio; the time when the largest increase in box mRNA levels are observed 

(1 hr after the final dose on day 10 or on day 15). 

A further examination of the roles for SODs and mEH in VCD-induced 

ovotoxicity would also be interesting. For example, are levels of mRNA for these 

genes increased or decreased following 8 days of VCD treatment a time when no 

evidence of follicular destruction is observed. It would also be interesting to examine 

whether similar changes in levels of mRNA for SODs and mEH are seen following a 

single dose of VCD. 

As mentioned earlier in the chapters 1 and 5, several redox-dependent 

transcriptional activators such as p53 have been identified; therefore, it would be 

interesting to examine if similar increases in mRNA levels for p53, as reported for 

box, can be observed following 10 days of daily dosing with VCD. Furthermore, it 

would be interesting to examine the temporal relationship between mRNA levels for 

pS3 and box.. 

VCD treatment may also alter the expression of other genes such as steel factor 

and c-kit, the receptor for steel factor. There is mounting evidence that this signaling 

system may play a role in the viability of the oocyte. In addition, VCD-induced 

changes in mRNA levels for glutathione S-transferase (GST) in 25-100 pn follicles 

should also be examined to evaluate the role of GST in ovarian detoxification of VCD. 

Following these studies, it would be interesting to ultimately examine the protein 

levels for these various genes in order to establish if the increases in mRNA levels in 

25-100 ^m follicles are correlated with increases in functional protein levels (Figure 

7.1). However, such an investigation is not feasible due to the small amount of tissue 

that is available for analysis. 
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Figure 7.1. Model of VCD-Induced Physiological Cell Death in 25-100 fm Follicles. 

This model illustrates early molecular changes during VCD-induced physiological cell 

death in 25-100 |xm follicles. Following 10 days of daily dosing, VCD may exert it 

affects on the follicle by interacting with the plasma membrane (I), a cytoplasmic 

receptor (2), or directly with DNA (3, see text). The affect of the initial VCD-cell 

interaction leads to DNA fragmentation and an increase in mRNA levels for bax, 

MnSOD and mEH that have been previously described (solid arrow, Chapter 4 and 5). 

An increase in mRNA levels for these genes represents potential VCD-induced 

increases in bax (A), MnSOD (B) and mEH (C) gene products (dashed arrows). 
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