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In mammals, female fertility declines with age due in part to a progressive loss 

of ovarian follicles. The ovarian toxicant 4-vinylcyclohexene diepoxide (VCD) 

accelerates follicle depletion and, therefore, fertility. In this dissertation VCD served 

as a valuable tool to investigate ovarian follicle depletion in three inter-related studies. 

Study 1: Seasonal ovarian quiescence is associated with physiological changes 

that decelerate reproductive aging and may influence susceptibility to the ovotoxic 

effects of VCD. To determine if VCD destroys follicles in reproductively quiescent 

Siberian hamsters (Phodopus sungorus), they were treated with VCD during short, 

winter-like day lengths. Follicle numbers and fertility were compared with 

reproductively active females that were treated in long day lengths. Follicle numbers 

were significantly reduced by VCD under both day lengths, and VCD-treated hamsters 

weaned substantially fewer offspring than controls. These outcomes did not differ by 

day length, and the results suggest that VCD destroys follicles of female hamsters in 

both their reproductively active and quiescent states. 

Study 2: Serum AMH correlates with ovarian follicle numbers and is often 

used to predict the outcome of assisted reproductive techniques. However, little is 

known about its predictive value for mating outcomes. VCD was used to assess the 

value of anti-Müllerian hormone (AMH) as a predictor of mating outcome in the 



 

context of reproductive aging. Prior to pairing experimental females with males, serum 

AMH was measured in 9-month-old Siberian hamsters, an age at which there are 

substantial declines in fertility and fecundity, prior to breeding. AMH was also 

measured in 5-month-old females treated with VCD. Vehicle-treated 5-month-old 

females served as controls. On average, both young and old hamsters that littered had 

higher AMH concentrations than females that did not. However, some females with 

relatively high AMH concentrations failed to litter, whereas several with low or even 

undetectable AMH succeeded. Many of the hamsters with low or undetectable AMH 

concentrations had been treated with VCD. These data suggest that mean AMH 

concentration might help to predict mating outcomes on a group level, but on an 

individual basis, a single AMH determination is less informative. 

Study 3: Young female Syrian hamsters (Mesocricetus auratus) generally 

prefer dominant over subordinate males as mating partners. A previous study indicated 

that old female Syrian hamsters have reduced preference for dominant males. To test 

the hypothesis that decreased reproductive quality due to ovarian aging reduces mate 

preference, reproductive and chronological age were decoupled by treating young 

female hamsters with VCD. VCD-treated and control females were allowed to choose 

between a dominant and a subordinate male in a Y maze on the day of proestrus. Both 

groups demonstrated preference for the dominant male by leaving a greater proportion 

of vaginal scent marks near him, and there was no effect of treatment. The results 

suggest that accelerated follicle depletion does not reduce mate preference in young 

female hamsters. 

Collectively, these results highlight the value of VCD as a tool in ovarian 



 

aging research. The compound was useful in determining that seasonal anestrus does 

not influence sensitivity of hamsters to VCD, that mean AMH predicts mating 

outcome on a group level, and that the size of the ovarian follicle reserve does not 

influence female mate choice in female hamsters. 
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CHAPTER 1 

Introduction 

Aging is associated with a progressive deterioration of physiological function 

which ultimately leads to morbidity and mortality. In natural environments, animals 

rarely survive into old age and therefore do not usually experience significant effects 

of aging. However, because of extensive advances in medicine, humans are living 

longer than ever before [1] and are more likely to experience the consequences of 

aging.  

Aging is a complex physiological process that likely involves several elements. 

DNA damage is one factor thought to cause aging. As cells divide, telomeres at the 

ends of chromosomes become shorter with each cell division, resulting in an overall 

loss of DNA material. Eventually the cells enter a senescent state and undergo 

apoptosis [2]. Accumulation of DNA damage such as oxidation, base deletions, or 

double strand breaks can also cause cellular senescence and apoptosis [3]. The free 

radical or oxidative stress theory of aging suggests that with age there is an 

accumulation of oxidative damage to nearly all cellular components (e.g. protein, 

lipid, nucleic acid) that results in loss of function [4]. Finally, there is the ‘inflamm-

aging’ theory which postulates that a decrease in the ability to react to normal stressors 

leads to an increase in inflammation and ultimately to aging [5].  

In female mammals, the reproductive system is one of the first to show signs 

of age-related declines in function [6], and this is often attributed to ovarian aging. 

The ovary is subjected to the same stresses that cause aging in other tissues, and 

therefore may be expected to age in a similar manner and rate. However, ovarian 
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aging occurs earlier and more rapidly than other systems due to the irreplaceable 

nature of the female germ cells.  Recently, controversies about the existence of germ-

line (oogonial) stem cells in mammals have appeared in the literature [7-12], however, 

a comprehensive review of this issue is beyond the scope of this chapter. Nevertheless, 

there is general agreement in the literature that if oogonial stem cells exist at all in the 

ovaries of adult mammals their numbers are insufficient to counteract the age-

associated decline oocytes and to substantially delay reproductive senescence under 

natural conditions [12-14]. 

 

1.1 Aging and female fertility 

The ovarian reserve and folliculogenesis  

In the mammalian ovary each of the germ cells, or oocytes, are contained 

within aggregations of somatic cells (i.e. the granulosa and theca cells), forming an 

ovarian follicle. Historically, the supply of follicles is thought to be finite and 

decreases exponentially throughout life [15]. In many mammalian species, complete 

or near exhaustion of this follicular reserve is associated with impaired fertility and 

reproductive senescence [16].  

The size of the follicular reserve is measured by the number of healthy non-

growing, primordial follicles. These follicles are characterized by an oocyte, arrested 

in prophase I of meiosis, surrounded by a single layer of flattened granulosa cells [17]. 

The timing of primordial follicle formation is species specific. In humans they are 

formed before birth [18], and in rodents they are assembled a few days after birth [19, 

20]. The follicles are gradually activated from the primordial follicle pool to undergo 
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development, or folliculogenesis. The specific mechanisms for primordial follicle 

activation are not completely understood, but several factors are thought to be 

important in the process (e.g. forkhead box O3 (Foxo3) transcription factor [21] and 

KIT signaling between the oocyte and granulosa cells [22]) Development into the 

primary follicle stage is associated with a change in the granulosa cells surrounding 

the oocyte from flattened squamous cells to cuboidal in shape [17]. A basal lamina 

also forms around the follicle to separate it from the surrounding stromal tissue [23]. 

The cuboidal granulosa cells proliferate and a second layer develops around the 

oocyte, forming the secondary follicle [17]. After continued proliferation of the 

granulosa cells (2-3 layers in rodents), stromal cells align along the basal lamina of the 

follicle to form the theca layer [23, 24]. Finally, a fluid-filled antral cavity forms in the 

granulosa cell compartment of the follicle [17]. Early antral follicles are responsive to 

the gonadotropins luteinizing hormone (LH) and follicle stimulating hormone (FSH) 

and are capable of steroidogenesis [25]. Antral follicles that develop to the 

prevoulatory stage have the potential to ovulate and for the oocyte to resume meiosis. 

 In humans, folliculogenesis from the primordial to preovulatory stage occurs 

over 5-6 months [23]. In mice and Siberian hamsters (Phodopus sungorus), the 

process requires about 20 days [26, 27]. In the golden Syrian hamster (Mesocricetus 

auratus) a secondary follicle completes folliculogenesis in about 20 days [28].  

 

Age-associated depletion of the ovarian reserve 

Beginning shortly after primordial follicle formation there is a constant 

depletion of ovarian follicles that continues until reproductive senescence (Figure 1.1) 
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[15, 29]. In adulthood, a small proportion of the follicles are ovulated, however, the 

vast majority of follicles will go through the process of atresia, or apoptotic follicle 

death [30]. In humans it is estimated that only 1/20,000 of the initial supply of oocytes 

is ovulated, and the rest undergo atresia [31]. In some species (e.g. rodents) the rate of 

follicle decline is fairly constant throughout reproductive life [29, 32], while in others 

(e.g. humans) follicle atresia accelerates as females approach reproductive senescence 

[33]. The age-related decline in ovarian reserve is associated with irregular ovarian 

cycles in both women and rodents [34, 35]. Eventually the cycles cease altogether, 

culminating in menopause in women and estropause in rodents. In addition to 

declining oocyte numbers, oocyte quality also decreases with age. There is a higher 

incidence of degenerated oocytes [36], DNA fragmentation [37], and aneuploidy [38, 

39] in old age which impairs fertility. 

 

 

 
Figure 1.1: An example of the exponential age-related depletion of ovarian reserve 

in women, based on Faddy et al [32]. The rate of follicle attrition is constant until 

about the age of 35, when it begins to accelerate. 
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Beyond the ovary 

While this dissertation research focuses primarily on aging and the ovarian 

reserve, it is not the sole source of reproductive senescence in many mammals. An 

age-associated decline in hypothalamic-pituitary (H-P) axis function also contributes 

to reproductive aging. This may manifest as attenuated gonadotropin secretion from 

the anterior pituitary or impaired feedback mechanisms in the pituitary or 

hypothalamus [reviewed in 40]. Advanced maternal age is also associated with an 

increased incidence of stillbirth [41-43]. Studies in mice suggest that this is due to 

uterine dysfunction, as embryos from old mice implanted into young surrogates 

develop normally and those from young mice transferred to old surrogates have 

reduced survival [44].  

The relative contributions of ovarian and H-P axis aging to reproductive 

senescence appear to be species specific. Rats [32, 45] and some strains of mice [29] 

retain a relatively large supply of ovarian follicles at the time of reproductive 

senescence, suggesting that H-P axis dysfunction is primarily responsible for age-

related infertility [46]. In humans, it is thought that there is near or complete 

exhaustion of the follicular pool by the age of menopause [47] and that aging of the H-

P axis may play a secondary role in reproductive senescence [48]. Similarly, in dwarf 

hamsters (Phodopus campbelli) declines in both the ovarian follicular reserves and H-

P axis function are thought to be responsible for reproductive senescence [49].  
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1.2 Anti-Müllerian hormone, aging, and fertility 

Predictors of fertility and biomarkers of ovarian aging have become 

particularly important in human medicine as women delay pregnancy later into 

reproductive life [50]. Predictive biomarkers are also helpful in the management of 

threatened or endangered species and important breeds of agricultural animals. It is 

often difficult to predict the extent of ovarian follicle depletion in any given animal, 

because the rate of decline is variable among individuals [51, 52]. Ovarian aging may 

be accelerated by environmental factors such as exposure to radiation or ovarian 

toxicants [53], or genetic predispositions such as mutations in the FSH receptor 

[reviewed in 51].  

A number of hormones have been evaluated to monitor or gauge a woman’s 

ovarian age. Inhibin, which is produced by granulosa cells of healthy ovarian follicles 

[54] and inhibits FSH release from the anterior pituitary [55], decreases in circulation 

as females approach reproductive senescence [56]. The release of negative feedback 

on the anterior pituitary allows for the increase in circulating FSH during the early part 

of the ovarian cycle that is characteristic of impending reproductive failure [52, 57]. 

Both of these changes are commonly used in predicting fertility and estimating the 

extent of ovarian aging in women [58]. The concentration of each of these biomarkers, 

however, is highly dependent on the stage of the menstrual cycle, and their use 

requires careful timing [59, 60]. There is room, therefore, to improve predictors of 

female fertility with more stable, reliable biomarkers. Anti-Müllerian hormone (AMH) 

is an attractive candidate. 
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Anti-Müllerian hormone in ovarian physiology 

Also known as Müllerian inhibiting substance, AMH is a dimeric glycoprotein 

[61] of the transforming growth factor (TGF) β family of growth factors [62]. It was 

first noted for its role in fetal development, where it is produced in high amounts by 

the Sertoli cells of the testes at the onset of testicular development [63. At this time it 

induces regression of the Müllerian (paramesonephric) ducts, which would develop 

into the oviduct, uterus, and upper vagina in the absence of AMH [63].   

Anti-Müllerian hormone is produced by the granulosa cells of growing ovarian 

follicles after development of the Müllerian ducts is complete [64]. AMH expression 

is dependent on the stage of folliculogenesis (Figure 1.2), as it is not found in naked 

oocytes or primordial follicles, but is first detected at the primary follicle stage [64, 

65]. Expression increases throughout folliculogenesis, with the greatest amounts found 

in preantral and small antral follicles [64]. AMH accumulates in the follicular fluid 

[66, 67] and serum, and it is present in measurable amounts in the circulation from 

birth to the end of reproductive life [68]. The protein is not present in the largest antral 

follicles [64, 69] or in corpora lutea [64]. Atretic follicles generally do not express 

AMH [65], but a notable exception is the Siberian hamster during short-day induced 

reproductive quiescence [70].  
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It is not known how AMH synthesis is stimulated during the transition from 

primordial to primary follicle. However, there is evidence that AMH expression may 

be driven by the oocyte [71].  Studies of preantral follicles suggest that the bone 

morphogenetic proteins (BMPs) 4 and 6 stimulate AMH synthesis in cultured 

granulosa cells (Table 1.1) [72-75]. Like AMH, the BMPs are also members of the 

TGFβ family [76]. In the ovary, BMP4 is produced by the theca and BMP6 is 

produced by the oocyte and granulosa cells [77]. Conversely, vitamin D appears to be 

a negative regulator of AMH production. In women serum vitamin D concentrations 

were inversely related to both follicular [78] and serum [79] AMH concentrations, and 

vitamin D added to cultured human granulosa cells reduced AMH signaling [78]. The 

role, if any, of FSH in AMH regulation is not as clear, as recent findings are not in 

agreement. In granulosa cell cultures from cows, it was a negative regulator [74], in 

humans and mice it had a positive effect [80], and in ewes it had no effect [73]. 

Further research will be required to fully understand the significance of these potential 

regulators in ovarian AMH production.  
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 Model Effect on granulosa cell AMH  Ref. 

BMP4 Cow 

Ewe 

Increased mRNA  

Increased mRNA 

Increased protein 

Stimulated AMH promoter  

[73] 

[72, 74] 

[72] 

[72] 

 

BMP6 Cow 

Hen 

 

Increased protein  

Increased mRNA 

[73] 

[75] 

Vitamin D 

 

 

FSH 

Human 

Hen 

 

Cow 

 

Ewe 

Human 

Mouse 

Inhibited AMH-induced SMAD activation 

Decreased mRNA 

 

Decreased protein  

Decreased mRNA 

No change in mRNA 

Increased mRNA 

Stimulated AMH promoter  

[78] 

[81] 

 

[73, 74] 

[74] 

[74] 

[80] 

[80] 

    

 

As a member of the TGFβ family, AMH signaling requires two receptors, a 

type I and II receptor [62]. AMH activates the membrane-bound type II (AMHRII) 

receptor which forms a complex with and activates the type I receptor to initiate a 

SMAD signaling pathway [62]. In the adult ovary, AMH type II receptors are located 

in the granulosa cells of preantral and small antral follicles [64]. The receptor is also 

expressed in prepubertal rat ovaries, but it does not localize to specific cell types [64]. 

Studies on AMH knockout mice revealed its role in primordial follicle 

activation. In AMH null mice primordial follicles were rapidly recruited into the 

growing pool of follicles and the ovarian reserve was prematurely exhausted [82]. 

These data suggest that AMH has an important role in regulating the rate of primordial 

Table 1.1: Effects of BMP4, BMP6, FSH, and vitamin D on AMH expression and 

signaling in granulosa cell cultures. 
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follicle activation. This hypothesis was confirmed by treating neonatal wild type 

mouse ovaries with AMH in vitro, where AMH suppressed primordial follicle 

activation [65].   

The mechanism by which AMH regulates the rate of primordial follicle 

activation is not fully understood. However, there is some evidence that AMH may 

influence the expression and activity of growth factors involved in the primordial to 

primary follicle transition. When recombinant AMH was added to 4-day-old rat 

ovaries in culture the stimulatory effects of basic fibroblast growth factor, KIT ligand, 

and keratinocyte growth factor on primordial follicle activation were reduced [83]. 

Microarray analysis revealed that AMH altered transcript expression of several genes 

important for the primordial to primary follicle transition (e.g. activin receptors I and 

II and BMP receptors I and II) [83]. In a separate study, KIT ligand mRNA and 

protein were downregulated in human granulosa cells treated with AMH in vitro [84]. 

KIT signaling is known to stimulate the primordial to primary follicle transition [22]. 

AMH also reduces the sensitivity of preantral follicles to FSH, which supports 

follicular growth and maturation [85]. The stimulatory effects of FSH on preantral 

follicle growth was attenuated by AMH treatment in mouse follicles in vitro [86]. This 

was confirmed in vivo with AMH knockout mice, which had greater preantral follicle 

development after FSH treatment as compared to wild type mice [86]. 

 

AMH as a predictor of fertility 

Ovarian AMH is secreted into the circulation at concentrations that are 

measurable by commercially-available assays. The largest source of AMH in the 
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circulation is likely well-vascularized early antral follicles [87] (Figure 1.2). Serum 

AMH concentration is highly correlated with the number of primordial follicles 

counted in histological sections [88, 89] and with the number of growing follicles [88, 

90]. A notable exception is Siberian hamsters, wherein short days (SD) are associated 

with a greater number of primordial follicles than in age-matched females held in long 

days (LD), and yet serum AMH concentrations are lower in SD than in LD females. 

This is likely due to a paucity of early antral follicles in SD females owing to the 

suppression of gonadotropins in SD [69]. 

AMH may be a good biomarker of fertility because serum concentrations are 

relatively stable throughout the estrous and menstrual cycles, unlike FSH and inhibin 

[91, 92]. Furthermore, it is thought that decreases in serum AMH may occur earlier in 

the process of reproductive aging than the increase in FSH, which occurs just before 

ovarian failure [55, 93]. In healthy women, serum AMH concentration is predictive of 

the time to menopause [94]. It is also useful to predict a woman’s response to ovarian 

stimulation for the purposes of assisted reproductive technologies (ART). Women 

with very low concentrations may be considered least likely to respond to 

gonadotropin stimulation [95], while women with very high concentrations may be at 

risk for ovarian hyperstimulation syndrome [96]. Serum AMH concentration can also 

be useful in predicting the success of ovarian stimulation [97] and embryo retrieval 

[98, 99] in agricultural species.  

While there is a consensus that AMH has predictive value in ART outcomes, 

the value of AMH as a predictor of spontaneous pregnancy is less clear. There are 

only a few reports on this topic to date, and all are on humans, save for the report 
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herein on Siberian hamsters (Chapter 3, [100]). Some results suggest that serum AMH 

concentration is predictive of spontaneous pregnancy [101], while others have 

described cases in which women with extremely low or even non-detectable serum 

AMH have conceived spontaneously [102-104]. Given the attractive characteristics of 

AMH as a biomarker of fertility, it is necessary to carefully evaluate the predictive 

value of AMH in mating outcome, particularly in non-human species.  

 

1.3 The ovarian toxicant 4-vinylcyclohexene diepoxide (VCD): a tool to study 

ovarian aging 

The industrial chemical 4-vinylcyclohexene diepoxide (VCD) is a reactive 

diluent for diepoxides and epoxy resins [105]. Toxicity testing in mice revealed that 

while VCD was systemically toxic after long-term exposure (2 years), it had striking 

effects on the ovary after only a short period of exposure (13 weeks) at a dose of 10 

mg/mouse/day. These effects included atrophy of the ovarian tissue, and the absence 

of follicles and corpora lutea [106], which prompted interest in the ability of VCD to 

destroy ovarian follicles and reduce female fertility. 

4-vinylcyclohexene diepoxide specifically destroys primordial and primary 

follicles in rodents after repeated daily injections (80-160 mg/kg/day) [107-109]. VCD 

accelerates follicular atresia [107] by disrupting the KIT and PI3 kinase (PI3K) 

signaling pathways [110, 111], which are important for follicle development [22, 112] 

and survival [113, 114] (Figure 1.3). After a short-term dosing regimen, mice treated 

with VCD (240 mg/kg per day) for 5 days by i.p. injection were nearly deplete of 

primordial follicles 10 days after treatment [115]. Primary follicles were exhausted 30 
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days after treatment [115]. Ovulation of the later-stage non-target follicles may occur 

shortly after VCD administration [116], but ovaries eventually become depleted of all 

follicles as the non-target follicles undergo atresia or ovulate [109].  

 

The off-target effects of VCD have been extensively studied, and it has limited 

toxicity to peripheral tissues at doses that accelerate follicular atresia. In mice and rats, 

VCD administered at doses that significantly reduced ovarian follicle numbers (i.e. 80 

and 240 mg/kg/day) did not affect liver or renal function [115, 117], nor did it induce 

inflammation beyond the site of injection [117]. Furthermore, VCD did not affect 

hematopoietic function in rats [109]. Survival was only decreased when rats were 

treated with high doses (160 mg/kg) for the longest treatment periods (25 days) [109]. 

 

VCD as a model for reproductive aging  

VCD can be used to generate an ovary-intact model of ovarian aging. VCD-

treated rodents have proved to be useful models for studying changes in behavior 

 
Figure 1.3: VCD inhibits the KIT signaling pathway in primordial and primary 

follicles to accelerate atresia.   
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[118-120], neurobiology [119], bone health [121], and cardiovascular function [120, 

122] associated with female reproductive senescence. Rats treated with VCD may be 

used to model human perimenopause, as treatment with VCD for 25 days results in 

follicle and hormonal profiles similar to women at this stage of reproductive life. The 

destruction of ovarian follicles is accompanied by a prolonged elevation of serum FSH 

concentration and irregular concentrations of circulating estradiol [109]. Mice respond 

to VCD treatment somewhat differently than rats, which is due to differences in VCD 

metabolism [123] and in the natural reproductive aging processes in these species 

[109]. Mice treated with VCD become deplete of ovarian follicles more rapidly than 

rats and quickly enter an estrogen deplete state [123, 124], which more closely models 

human menopause. Moreover, the ovaries of mice treated with VCD produce 

androgens which results in an androgen-enriched hormonal profile [124] and mimics 

postmenopausal ovarian androgen production in women [125, 126]. This is in contrast 

to the ovariectomy method more traditionally used to model reproductive senescence, 

where removal of the ovarian tissue results in a significant decrease in circulating 

androgens [126]. Therefore, the intact aging model generated by VCD may be more 

appropriate than the ovariectomy method because the ovarian tissue and its hormonal 

contributions are retained. 

 

VCD for rodent pest control  

There is interest in using the VCD-induced reduction in female fertility to 

manage mammalian pest populations, as an alternative to traditional lethal methods. 

Repeated oral administration in bait form (500 mg/kg/day) significantly reduces 
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follicle numbers and fertility in female rodents [127]. This is an attractive strategy for 

pest management because of the limited off-target effects and because VCD is rapidly 

converted into a non-toxic metabolite which decreases the risk of secondary toxicity of 

predators [108, 115, 128]. 

 

1.4 Studies on ovarian aging with 4-vinylcyclohexene diepoxide in two hamster 

species 

The following chapters describe research in which VCD was used as a tool to 

study ovarian aging in two hamster species. The Siberian hamster (Phodopus 

sungorus) is a seasonally breeding dwarf hamster species. As a long-day breeder, 

exposure to short days is associated with inhibited follicle development and ovulation, 

decreased gonadotropin secretion, and low concentrations of ovarian steroids [129]. In 

the research described in Chapter 2, the Siberian hamster was used to determine if 

seasonal inhibition of ovarian function influences sensitivity to VCD. Many of the 

characteristics of females in short days may influence ovarian toxicity (e.g. increased 

ovarian AMH [70], altered ovarian gene expression and histology [130], and increased 

circulating melatonin [131]). This work is particularly important for the pest control 

applications of VCD in seasonal pests. In Chapter 3, the Siberian hamster was used as 

a model to evaluate the predictive value of a single serum AMH measurement for 

mating outcome. Here, VCD was used as a tool to increase variability in ovarian age 

and reproductive potential to better evaluate the predictive value of AMH.  

The research described in Chapter 4 used the golden Syrian hamster 

(Mesocricetus auratus) as the model species. The Syrian hamster is also a seasonal 
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breeder, but for this work it was used because of the wealth of information available 

on its mating behaviors and its regular, easy to track estrous cycles [132]. These 

characteristics made it an ideal model to study the contribution of ovarian age to 

female mating behavior and preferences. In this study, VCD was used to accelerate 

ovarian aging in young adult females in order to decouple ovarian and biological age 

and to determine if ovarian age influences female mate preference.  
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Abstract 

The industrial compound 4-vinylcyclohexene diepoxide (VCD) destroys ovarian 

follicles and reduces fertility in rodents, but to date VCD has not been tested in species 

that experience seasonal anestrus. To determine if VCD destroys follicles when 

administered during reproductive quiescence, Siberian hamsters were treated with 

VCD (240 mg/kg i.p. daily for 10 days) during short days, and outcomes were 

compared with reproductively active females that were maintained and treated in long 

days. Primordial follicle numbers were significantly reduced by VCD under both day 

lengths, and reproductive quiescence in short days did not appear to render the ovaries 

less susceptible to VCD-induced follicle depletion. Independent of day length and 

reproductive state, VCD-treated hamsters weaned substantially fewer offspring than 

controls. These results suggest that time of year may not be an important consideration 

for optimizing use of VCD in the field when the target pest species is a seasonally 

breeding rodent. 

http://dx.doi.org/10.1016/j.reprotox.2014.12.003
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2.1 Introduction 

Rodent pests damage valuable food crops and are potential carriers of zoonotic 

diseases [1, 2]. Conventional population management strategies rely on lethal methods 

which include poisons, trapping, and hunting [3]. Each of these approaches has gained 

the attention of animal welfare activists, and there are safety concerns about the use of 

poisons in particular. These include environmental contamination, adverse effects on 

non-target species or humans, and rodenticide resistance [4, 5]. Moreover, rodent pest 

species are highly fecund and produce several litters per year. Therefore the effects of 

lethal population control can be quickly reversed. Consequently, it is a challenge to 

control rodent pest populations in a way that is safe, effective, economically feasible, 

and humane.  

Fertility management has the potential to be a safe and effective alternative to 

lethal pest control. Female mammals are endowed with a finite pool of oocytes which 

is gradually depleted with age, and this contributes to age-associated declines in 

fertility and fecundity [6].  One approach to controlling female fertility is to accelerate 

the loss of healthy oocytes. The industrial chemical 4-vinylcyclohexene diepoxide 

(VCD) selectively destroys the ovarian reserve of oocytes and leads to premature 

ovarian failure and infertility [7].  The chemical interferes with the c-kit follicle 

survival pathway, which results in premature follicle death [8, 9]. Although VCD 

requires repeated exposure to significantly reduce fertility, it is an attractive strategy 

for pest management because it is ingestible, toxic to the ovary at doses that do not 

produce generalized toxicity or decreased survival, and it is rapidly metabolized into a 
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non-toxic compound which decreases the risk of secondary toxicity of predators [7, 

10, 11]. 

Several potential VCD targets, such as voles, rabbits, and certain rat and mouse 

species, are seasonal breeders, and female reproductive function is profoundly 

influenced by day length in these species [2, 12-17]. Seasonally breeding small 

mammals are generally long day breeders, and exposure to long photoperiods during 

spring and summer promotes reproductive activity. Conversely, due to extended 

melatonin production and a resulting reduction in gonadotropin secretion during 

decreased or decreasing photoperiod during fall and winter [18], reproductive 

quiescence is induced, such that breeding is avoided when resources are limited.  

However, the effect of VCD when administered during different reproductive states in 

seasonal breeders has not been previously investigated.  

Reproductive quiescence in short days is characterized by several 

physiological changes that could affect the ability of VCD to induce ovarian follicle 

loss and decrease fertility. The Siberian hamster (Phodopus sungorus) was selected as 

the model for this study because reproductive quiescence has been well documented in 

this species. Ovarian quiescence in short days is the result of a profound decrease in 

gonadotropin (luteinizing hormone, follicle stimulating hormone) secretion from the 

anterior pituitary which inhibits ovarian follicle development and prevents ovulation 

[18]. Moreover, exposure to short days delays the age-associated decline in the 

ovarian follicular reserve and fertility [19-21]. Female hamsters held in short days 

have significantly more primordial follicles and retain greater fertility into old age as 

compared to hamsters maintained in long days [19].  A possible explanation for the 
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greater number of primordial follicles in short days is that anti-Müllerian hormone 

(AMH) is two-fold higher in ovaries from short day females than in ovaries from long 

day females [22]. Anti-Müllerian hormone modulates the rate of ovarian follicle 

depletion by inhibiting the transition from non-growing primordial follicles to the 

growing state [23].  Therefore, high levels of AMH in the ovary may slow ovarian 

follicle depletion when hamsters are held in short days. Additionally, ovarian mass is 

reduced by short days, and ovarian histology and gene expression are also 

substantially different than in long day hamsters [24]. The combined effects of day 

length on the ovarian milieu could potentially affect the ability of VCD to destroy 

follicles when animals are treated under short day conditions.   

Beyond the ovary, photoperiod modulates other physiological processes that 

might alter the effectiveness of VCD. For example, serum melatonin concentration 

and duration of secretion are increased in hamsters exposed to short days as compared 

to long days [25]. Melatonin regulates several elements of xenobiotic metabolism, 

including glutathione (GSH) levels [26]. Conjugation of VCD to GSH is one of the 

principal detoxification pathways in the ovary and liver, in addition to inactivation by 

microsomal epoxide hydrolase [27]. Changes to GSH availability as a result of 

seasonal melatonin patterns could affect VCD toxicity. Hamsters held in short days 

also reduce food intake. Voluntary calorie restriction might contribute to delayed 

ovarian aging in terms of follicle reserves, as has been reported in mice and rats [28, 

29]. Calorie restriction in rats attenuated the follicle depleting effects of the chemical 

cyclophosphamide [30]. Therefore, the effects of VCD may be attenuated in hamsters 

during short days due to the downstream effects of voluntary calorie restriction.  
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Because the planting and harvesting of many food crops is highly seasonal, the 

logistics of farming these crops might suggest that the best time of year to bait fields 

with VCD would be in the autumn or winter. Applying VCD during the pest’s non-

breeding season might also be optimal because VCD requires up to 30 days of 

continuous exposure to significantly reduce fertility in rodents [7]. Given the rapid rate 

of reproduction in most rodent pest species, this 30-day delay might render the spring 

application of VCD ineffective. Therefore, it is imperative to ascertain if seasonally 

breeding target rodents are susceptible to the effects of VCD during the non-breeding 

season. To that end, we assessed the effects of VCD on ovarian follicle depletion and 

fertility in Siberian hamsters when VCD was administered during their reproductively 

active and quiescent states. 

 

2.2 Methods 

 Animals 

Siberian hamsters from our colony (14 h light/day) were paired in long days 

(16 hours light/day) and short days (8 hours light/day) to generate experimental 

animals for this study. Experimental females were weaned on postnatal day (PD) 18 

and placed individually in polypropylene cages. Body mass and vaginal patency were 

assessed and recorded weekly from weaning until the conclusion of each experiment. 

Individuals in short days found to have an open vagina before 10 weeks of age were 

considered to be non-responsive to short days and were removed from the study (n = 4 

of 20), because their reproductive physiology is essentially identical to that of 

hamsters held in long days [31]. At 10 weeks of age, hamsters in each photoperiod 
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were assigned to receive either VCD or vehicle injections (groups designated as long 

day-VCD, long day-veh, short day-VCD, and short day-veh).  Females from the same 

litter were assigned to opposite treatment groups. The time of lights-off was 

synchronized for all animals to 18:00 Eastern Standard Time (EST). Ambient 

temperature and relative humidity were held constant at 21±5 °C and 50±10% 

respectively. Food (Teklad 8626, Madison, WI) and water were available ad libitum.  

Experimental procedures were approved by Cornell University's Institutional Animal 

Care and Use Committee.  

VCD treatment 

Hamsters were treated once daily with 240 mg/kg VCD (Sigma Aldrich, St. 

Louis, MO) i.p. for 10 days beginning at 10 weeks of age. The VCD solution was 

prepared in a 1:1 mixture of 0.9% saline and DMSO. The VCD dosage was based on 

previous studies in mice [7] and in hamsters [unpublished] in which substantial 

reductions in ovarian follicle numbers were observed. Control animals received 

vehicle injections at an equivalent volume. All injections were given during the light 

phase of the light-dark cycle between 10:00 and 12:00 EST. One week following the 

final injection, animals were either euthanized to harvest ovaries for the follicle counts 

(Experiment 1) or remained in the study to evaluate their fertility (Experiment 2).  

Experiment 1: Ovarian histology and follicle counts 

Each animal included in the follicle count experiment (n = 10/group) was 

euthanized by CO2 inhalation one week after the final injection. The right ovary was 

removed, dissected free of fat and connective tissue and fixed in 10% buffered 

formalin overnight. The uterus was also removed and its mass was recorded to 
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confirm the appropriate response to the different day lengths (i.e., > 50 mg in long 

days, < 20 mg in short days). The ovaries were serially dehydrated to 70% ethanol and 

embedded in paraffin. Each ovary was sectioned at 6 m and every 10th section was 

placed on glass slides and stained with hematoxylin and eosin. Ovary sections were 

viewed under 400x magnification and follicles were classified as primordial, primary, 

or secondary and then counted.  Primordial follicles were characterized by an oocyte 

surrounded by a single layer of flattened granulosa cells.  Primary follicles had a 

single layer of cuboidal granulosa cells, and secondary follicles had more than one 

layer of cuboidal granulosa cells. Only follicles in which a healthy oocyte nucleus 

could be visualized were counted [20]. Antral follicles and corpora lutea were not 

counted because females raised in short days rarely have antral follicles and they do 

not ovulate.  

Experiment 2: Fertility assessments 

The remaining animals in each treatment group were evaluated for fertility (n = 

18-20/group). One week after the last VCD injection females that were housed in short 

days were transferred to long days for 8 weeks to induce sexual maturity. Animals that 

were reared and treated in long days remained in this photoperiod for 8 weeks. At the 

end of this 8-week period, each female was transferred to a clean cage and paired with 

an adult long day male for 15 days. Each female was inspected daily for the presence 

of a postcopulatory vaginal plug. After separation from the male, litter checks were 

performed twice daily. Total pup litter mass and the number of pups were recorded on 

the date of birth (DOB). Live pups were returned to the mother’s cage, and the body 

mass and sex of each pup was recorded on PD 18. Pups were examined for gross 
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abnormalities on the DOB and on PD 18. The dams were euthanized by CO2 

inhalation on PD 18. The uterus was removed, examined for fetoplacental tissue, and 

stained for implantation sites with ammonium sulfide and potassium hexacyanoferrate 

[32]. Females that failed to produce pups 20 days after separation from the male were 

also euthanized at this time and the uterus was inspected and stained as mentioned 

above. 

Statistical analysis 

Data were analyzed with JMP Pro statistical software (Version 9.0.2, SAS 

Institute, Cary, NC). The mean numbers of ovarian follicles were compared by two-

factor analysis of variance (ANOVA), with treatment and photoperiod as the main 

effects, followed by Tukey’s honestly significant difference post hoc test. Log 

transformation was required for counts of all follicle classes in order to carry out 

parametric analyses. Uterus and paired ovary weights were compared by two-factor 

ANOVA. Percentages of females that mated and of mated females that demonstrated 

reproductive success (i.e. had at least one live pup at weaning on PD 18) were 

analyzed by Pearson Chi Square followed by correspondence analysis. Mean number 

of live pups on the DOB and on PD 18 were found to follow a Poisson distribution 

and were analyzed by a generalized linear model. Body mass data were analyzed by 

repeated measures ANOVA, and one-factor ANOVA was used to determine at which 

ages body weight significantly differed between treatment groups sharing the same 

photoperiod, i.e., long day-VCD vs. long day-veh, and short day-VCD vs. short day-

veh. The time of vaginal opening in animals reared in short days after transfer to long 
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days was analyzed by a t-test. All statistical tests were two tailed, and p<0.05 was 

considered significant.  

2.3 Results 

Experiment 1: Ovarian follicle counts 

VCD treatment significantly decreased primordial, primary, and secondary 

follicle numbers as compared to vehicle treatment in females reared in both long days 

and short days (Figure 2.1). Following VCD treatment, hamsters in short days had 

57% more primordial follicles than long day females, and this result likely reflects the 

main effect of photoperiod on primordial follicle number.  Paired ovarian weight was 

significantly greater in long day vehicle-treated females as compared to short day 

controls (p = 0.0006). Paired ovarian weight was negatively affected by VCD 

treatment in long day females only (p = 0.03). Uterine weight was affected by day 

length (long day = 101.2 ±10.0 mg and short day = 10.4 ±0.7 mg, p < 0.0001), but not 

by VCD treatment (p = 0.70). 
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Experiment 2: Fertility assessments 

All females reared in long days that were paired with a male showed signs of 

mating, as indicated by the presence of a post-copulatory plug and/or uterine 

implantation sites. However, two short day-reared females in each of the treatment 

groups failed to show signs of having mated (Table 2.1), and VCD treatment had no 

significant effect on the percentage of females that showed signs of mating. VCD 

significantly reduced the number of pups weaned (Table 2.1) and the percent of 

females that demonstrated reproductive success in both long and short days (Figure 

 

 
 

Figure 2.1: Mean (+SEM) number of follicles counted in every 10th section of the 

right ovary of VCD and vehicle treated female hamsters in long days and short 

days. For each follicle type, bars with different symbols are significantly different 

from each other (p < 0.05). Sample sizes were 10-12 females per group. 
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2.2). There was no effect of photoperiod on the percent of vehicle- or VCD-treated 

females that became pregnant, produced live pups on the DOB or had surviving 

offspring at weaning on PD 18 (Figure 2.2). The mean numbers of live pups and 

weanlings per litter were significantly reduced by VCD treatment in both photoperiods 

(Figure 2.3). However, photoperiod did not have an effect on the mean number of 

offspring produced by VCD-treated females (Figure 2.3). No significant differences in 

mean body mass of pups at weaning were noted among the four groups (Table 2.2). In 

utero and post-natal losses were evident in all experimental groups, and the mean 

number of offspring lost did not statistically differ among the four groups (Table 2.2). 

No gross abnormalities were noted in pups from mothers of any treatment group on 

the DOB or at weaning.  

 

 

 

Table 2.1: Numbers of virgin females that were paired after treatment with VCD 

or vehicle in long days and short days, and the numbers and percentages of paired 

females that showed signs of mating. Total number of weanlings produced per 

dam and per treatment group.* denotes values that are significantly different from 

vehicle-treated control within each day length. 

 Long day-veh Long day-VCD Short day-veh Short day-VCD 

# Paired 19 19 20 18 

# Mated 19 (100%) 19 (100%) 18 (90%) 16 (88.9%) 

Mean  weanlings 

per dam (±SEM) 5.41 (0.39) 3.50 (0.54)* 5.93 (0.33) 3.36 (0.69)* 

Total # weanlings 92 42 89 37 
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Figure 2.2: Reproductive success (%) of vehicle- and VCD-treated females that 

were reared in long days or short days. Outcomes are expressed as percentage of 

females with signs of mating 8 weeks post treatment and that had at least one pup 

surviving to PD 18. Bars with different symbols are significantly different. Sample 

sizes were 16-19 dams per group. 

 
Figure 2.3: Mean (+ SEM) live litter size at birth and at weaning (PD 18) of long 

day and short day females treated with vehicle or VCD that had at least one live 

pup on the date of birth and at weaning. For each of the outcomes at birth and 

weaning, bars with different symbols are significantly different. Sample sizes were 

13-18 dams per group.  
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As is typical for Siberian hamsters, body mass of animals reared in short days 

was initially lower than females reared in long days, which included the time of 

VCD/vehicle treatment (Figure 2.4). After transfer to long days, short day females 

rapidly gained weight, which is also typical for this species [19, 21]. VCD treatment 

significantly reduced body mass of females raised in long days, but not in short days 

(Figure 2.4). From one week after the start of VCD treatment until 5 weeks after the 

first dose, the mean body mass in long day-VCD females was lower than in long day 

controls. Body mass in the long day-VCD females was comparable to vehicle treated 

controls from 5 weeks after the first dose until the time of pairing.  In short days, both 

the VCD and vehicle-treated females gained body mass after transfer to long days. 

However, the increase in body mass in VCD treated animals was slower than in the 

vehicle treated animals (Figure 2.4).  Sexual maturity, as determined by vaginal 

Table 2.2: Weanling body mass and the number of in utero and post-natal losses 

to dams that had been treated with VCD or vehicle in long days and short days. 

 

 Long day-

veh 

Long day-

VCD 

Short day-

veh 

Short day-

VCD 
     

Mean weanling mass (g, ± 

SEM) 
13.35 (± 

0.5) 

13.82 (± 

0.2) 

13.19 (± 

0.4) 

14.02 (± 

0.2) 
     

Total # of fetuses lost in 

utero, ± SEM (# of pregnant 

females)  

1.21 ± 0.34 

(19) 
1.67 ± 0.42 

(15) 
0.53 ± 0.24 

(15) 
1.27 ± 0.51 

(11) 

     

Total # of post-natal 

losses, ± SEM (# of females 

with at least one live birth) 

0.39 ± 0.12 

(18) 
0.38 ± 0.14 

(13) 
0.47 ± 0.17 

(15) 
0.22 ± 0.15  

(9) 
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opening, was reached 27.3 ± 2.8 days after transfer to long days in vehicle-treated 

short day animals and after 35 ± 2.1 days in VCD-treated females (p = 0.06). 

 

 

 

 

 
Figure 2.4: Body masses of vehicle- and VCD-treated long day and short day 

females from weaning to pairing (Expt. 2). Ten days of VCD treatment began at 

10 weeks of age and striped horizontal bars indicate the duration of treatment 

(VCD or vehicle), *denotes short day-VCD significantly different than short 

day-veh, # denotes long day-VCD significantly different than long day-veh. 

Sample sizes were 20 females per group. 
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2.4 Discussion 

 

The goal of this study was to evaluate the effect of photoperiod, and the 

corresponding status of the female reproductive system, on the ability of VCD to 

decrease fertility in a seasonally breeding rodent. Seasonal breeders experience 

significant changes to the reproductive system when day length changes, and this may 

influence the ability of VCD to destroy ovarian follicles. To our knowledge, this is the 

first report on the administration of VCD to a rodent that breeds seasonally. Our 

findings have practical relevance because many rodent pest species are seasonal 

breeders and are potential targets of VCD-based pest management strategies. For 

example, VCD could be used to manage vole populations in agricultural settings. 

These seasonal breeders cause costly damage to fruit orchards, and traditional 

rodenticides have not been particularly successful as a control strategy [33].  

 VCD accelerates ovarian aging, and it was initially developed as a tool to 

generate an ovary-intact mouse model of menopause because it safely depletes the 

ovary’s reserve of primordial and primary follicles [34]. Short days induce a suite of 

physiological changes in Siberian hamsters that appear to decelerate ovarian aging and 

follicle depletion (e.g., increased ovarian AMH), and yet VCD treatment under short 

day conditions was equally effective in reducing female fertility as in long days. VCD-

treated female hamsters in both long days and short days had fewer primordial, 

primary, and secondary follicles than controls. 

 Based on a previous study in mice [7], VCD-induced follicle depletion in 

hamsters was less than expected. Eleven days after mice had been treated with 240 
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mg/kg of VCD i.p. for 5 days, they had a 96% reduction in primordial follicles as 

compared to controls. Based on our pilot study in hamsters, which yielded a 47% 

reduction in primordial follicles after five days of VCD, we increased the duration to 

10 days. As a result, in the present study primordial follicles in hamsters were reduced 

by 80% in long days and 70% in short days. The reduced effect of VCD on hamster 

ovarian follicles as compared to mice may be due to differences in VCD metabolism 

and detoxification, but this remains to be determined.  

After VCD treatment, short day females had a significantly larger ovarian 

reserve (more primordial follicles) than long day females, which is often observed in 

untreated Siberian hamsters [19, 20]. However, the short day advantage in follicle 

number after VCD did not result in better fertility or fecundity. In both day lengths, 

fewer VCD-treated females successfully weaned at least one pup, and the number of 

weanlings produced per female and per group was significantly reduced compared to 

controls. Post fertilization failures were similar among all VCD treated groups and 

controls. This finding is consistent with the main effect of VCD to accelerate ovarian 

aging by reducing the number of ovarian follicles. Less likely explanations for 

decreased fertility and fecundity are a reduction in the quality of oocytes remaining 

after VCD treatment or uterine dysfunction.  

 The present study did not follow hamsters to complete reproductive senescence 

following VCD treatment. The 10-day course of VCD did result in reduced fertility, 

which was evaluated after only one round of breeding. Because females treated with 

VCD in short days had a larger ovarian reserve than long day-treated hamsters, it is 

possible that short day-treated females would maintain fertility to an older age than 
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hamsters treated in long days. This warrants further investigation to rule out the 

possibility that VCD treatment under short day conditions does not result in prolonged 

fertility, albeit at reduced levels. 

Generalizations of our results are somewhat limited, owing to the i.p. route of 

VCD administration. VCD is meant to be delivered as an ingestible bait in the field, 

which requires a longer duration of treatment (30 days) to reduce follicle numbers by a 

magnitude similar to that observed in the present study [35]. Hamsters and other 

seasonal rodents exposed to short days voluntarily reduce food intake, which might 

reduce the amount of VCD ingested [36, 37]. Alternatively, reduced food availability 

in the wild during autumn and winter might entice animals to consume the palatable 

VCD bait, potentially increasing the effectiveness of VCD during these times of year.  

 A modest number of short day females (control and VCD-treated) showed no 

signs of mating during the 15-day cohabitation with a male (Table 2.1), and it is 

possible that these females were not cycling after 8 weeks in long days. However, the 

duration of long days was likely sufficient to promote sexual maturation based on 

previous reports [19, 21]. We did not track estrous cycles, because unlike Syrian 

hamsters [38], Siberian hamsters lack a cyclic vaginal discharge and vaginal cytology 

is not a reliable means to monitor their estrous cycles [39]; pers. obs.]. Even if the 

failure to mate in some short day females was explained by absent or irregular estrous 

cycles, the effect cannot be attributed to VCD, because treatment did not have a 

differential effect on this outcome. 

 Treating dams with VCD did not affect the health of pups that survived to 

weaning. Mean body mass at weaning was not statistically different among the four 
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treatment groups, and no gross abnormalities were noted at weaning. This is in 

agreement with a previous report in mice [40]. However, VCD did have a significant 

effect on the body mass of dams, which was first noted one week after treatment 

began. In long days, mean body mass was reduced for 4 weeks after the first dose. We 

expected females reared in short days to rapidly gain weight after transfer to long days 

[19], and this occurred in both vehicle and VCD treated females. However VCD-

treated short day females lost weight initially and then increased body mass more 

slowly after photostimulation than controls. By the time short day females were paired 

with males, which was 9 weeks after the final VCD injection and after 8 weeks in long 

days, body mass was no longer statistically different in short day-VCD and short day-

veh females. An effect of VCD on body mass was not expected in hamsters because 

this outcome was not observed in mice when given 240 mg/kg/day for 5 days [10].  

Additionally, in our preliminary studies we found no effect of this dose and duration 

on the body mass of adult Siberian hamsters in long days [unpublished]. Our results in 

hamsters treated for 10 days are more similar to what Hass et al. [40] observed in 

mice, wherein weight gain was inhibited when young adults were treated with 160 

mg/kg/day VCD for 17 days. Similar to the present study in hamsters, post treatment 

body mass in mice eventually matched that of controls [40]. The likelihood of VCD 

affecting body mass appears to increase with the duration of exposure. Decreased 

appetite due to VCD treatment was cited as the cause for slow weight gain in mice 

[40]. We did not evaluate food intake in this study, but it is possible that VCD had a 

similar effect on appetite in Siberian hamsters. If true, the effectiveness of VCD in the 
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field could be compromised if appetite for the VCD-containing bait is reduced before 

an adequate dose is consumed.  

Differences in the body mass of VCD-treated and control females is unlikely to 

explain the reduced fertility and fecundity in VCD-treated hamsters in both long and 

short days. By the time that females were paired with males the body mass of VCD-

treated dams was similar to controls within each day length. Additionally, it is 

unlikely that there were any direct lingering effects of VCD on animal health that 

could have affected fertility, because the 9-week interval between treatment and 

pairing gave dams plenty of time to metabolize and eliminate the chemical [11].  

 VCD selectively targets ovarian follicles in the earliest stages of development 

(i.e. primordial and primary follicles), and healthy follicles at later developmental 

stages will remain in the ovary after treatment until they are naturally depleted by the 

process of atresia or ovulation. Therefore, there still remains a possibility of pregnancy 

and the production of normal sized litters for some time after VCD treatment. This 

concern has led other investigators to combine VCD with other drugs that rapidly 

destroy later-stage ovarian follicles whilst VCD depletes the primordial and primary 

follicle pool [41]. The results of the present study suggest that when the target species 

is a seasonally breeding rodent, the lag time between VCD treatment and significant 

reduction in fertility might not be a major concern. VCD could be administered during 

autumn and winter when animals are reproductively quiescent and follicle 

development is stalled. This results in a situation in which VCD can elicit the wanted 

effect whilst the female is physiologically unable to reproduce. Administering bait 

laced with VCD during autumn or winter potentially provides sufficient time for VCD 
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to destroy ovarian follicles and cause infertility before crops are planted in the spring 

and the breeding season begins in the target species.   

2.5 Conclusions 

Our data suggest that the physiological responses to short days in a seasonally 

breeding rodent did not influence the ability of VCD to reduce female fertility. Short-

day seasons may be the most desirable times of year to bait crop fields with VCD, 

because rodent pests that breed in long days are in a state of reproductive quiescence, 

giving VCD ample time to have the desired effect before onset of the breeding season. 

Because some rodent species reduce food intake and body mass in decreasing 

photoperiod, additional studies are needed to evaluate the efficacy of VCD in its oral 

bait form under short day conditions.   
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Abstract 

In mammals, female fertility declines with age due in part to a progressive loss 

of ovarian follicles. The rate of follicle decline varies among individuals making it 

difficult to predict the age of onset of reproductive senescence. Serum anti-Müllerian 

hormone (AMH) concentrations correlate with the numbers of ovarian follicles, and 

therefore, AMH could be a useful predictor of female fertility. In women and some 

production animals, AMH is used to identify which individuals will respond best to 

ovarian stimulation for assisted reproductive technologies. However, few studies have 

evaluated AMH’s predictive value in unassisted reproduction, and they have yielded 

conflicting results. To assess the predictive value of AMH in the context of 

reproductive aging, we prospectively measured serum AMH in 9-month-old Siberian 

hamsters shortly before breeding them. Female Siberian hamsters experience 

substantial declines in fertility and fecundity by 9 months of age. We also measured 

serum AMH in 5-month-old females treated with 4-vinylcyclohexene diepoxide 

(VCD), which selectively destroys ovarian follicles and functionally accelerates 

http://dx.doi.org/10.1016/j.ygcen.2015.03.007
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ovarian aging. Vehicle-treated 5-month-old females served as controls. AMH 

concentrations were significantly reduced in VCD-treated females yet many females 

with low AMH reproduced successfully. On average, both young and old hamsters 

that littered had higher AMH concentrations than females that did not. However, some 

females with relatively high AMH concentrations failed to litter, whereas several with 

low AMH succeeded. Our results suggest that mean AMH concentration can predict 

mating outcomes on a population or group level, but on an individual basis, a single 

AMH determination is less informative. 

 

3.1 Introduction 

Female fertility declines with age due in part to a progressive decrease in the 

number of ovarian follicles and the quality of oocytes therein [1, 2]. The rate of 

ovarian senescence is variable among individuals because of the many environmental 

and genetic factors that can influence the process [3]. Consequently, in many instances 

chronological age alone is a poor predictor of female reproductive potential [3], and 

biomarkers that can accurately and reliably predict the likelihood that a female will 

reproduce are needed. Because serum concentrations of anti-Müllerian hormone 

(AMH) correlate with the size of the ovarian follicular reserve in several mammalian 

species [4-6], AMH has the potential to be a good biomarker of female fertility.   

Anti-Müllerian hormone is a homodimeric glycoprotein of the transforming 

growth factor β family [7]. First recognized for its role in regression of the Müllerian 

ducts during male fetal development [8], AMH was originally named Müllerian 

inhibitory substance. AMH was subsequently identified in adult ovaries [9, 10], where 
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it is produced by the granulosa cells of pre-antral and small antral follicles [10, 11]. 

AMH regulates the rate at which primordial (non-growing) follicles leave the resting 

state and initiate growth, which in turn affects the rate of follicle depletion and ovarian 

senescence [12]. AMH is detected in blood serum, and its concentration correlates 

well with the numbers of antral follicles [13] and primordial follicles (i.e. the ovarian 

reserve) [4-6]. Serum concentrations decline with age in adulthood, which reflects a 

progressive decline in the number of ovarian follicles [6]. AMH also declines in the 

circulation of female cancer patients after treatment with chemotherapeutic agents that 

are toxic to oocytes and follicles [14]. 

Anti-Müllerian hormone is a promising predictor of female reproductive 

potential in several situations, and it has been studied most extensively in women. It 

can be helpful in estimating the time to menopause in women [5, 6], and it has been 

extensively used to determine how individual women will respond to ovarian 

stimulation for the purposes of assisted reproductive technologies [15, 16]. Generally, 

women with low AMH levels are least likely to respond to gonadotropin treatment 

[17], whereas those with very high levels may be at risk for ovarian hyperstimulation 

syndrome [18]. Similarly, serum AMH concentration can predict the success of 

ovarian stimulation and embryo retrieval in some production animals, e.g., ovine, 

caprine, and bovine [19-21]. AMH might also be useful in estimating the extent of 

ovarian damage after exposure to radiation, chemotherapy, or other ovarian toxicants 

[22]. However, few studies have investigated the ability of AMH to predict 

spontaneous pregnancy in healthy, aging females. The utility of AMH as a predictor of 

mating outcomes has only been studied in humans to date, and the value of AMH for 
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this purpose remains controversial [15, 23-25]. This is because some women with 

extremely low or even non-detectable AMH values have conceived spontaneously [23, 

25, 26]. 

The goal of this study was to determine the predictive value of AMH for 

spontaneous mating outcomes in the context of ovarian aging in a non-human species. 

To that end, we measured serum AMH in female Siberian hamsters (Phodopus 

sungorus) that had experienced either natural or accelerated ovarian aging prior to 

breeding. In our first experiment we measured serum AMH in 9-month-old Siberian 

hamsters, an age at which females of this species demonstrate significantly reduced 

fertility and fecundity [27, 28]. In the second experiment we measured AMH in young 

females during the prime of their reproductive lifespan [29] following treatment with 

the ovarian toxicant 4-vinylcyclohexene diepoxide (VCD) or vehicle. VCD selectively 

accelerates the natural process of follicle death in primordial and primary ovarian 

follicles [30], which reduces follicle numbers and fertility in hamsters after repeated 

daily exposure [31]. VCD has this effect on the ovary at dosages that do not cause 

generalized toxicity or accelerated somatic aging [32]. Collectively, the two 

experiments were meant to test the hypothesis that a determination of serum AMH 

concentration can predict the outcome of spontaneous matings in hamsters that have 

undergone natural or chemically-accelerated reproductive (ovarian) aging. 
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3.2 Methods 

Animal procedures 

Experimental procedures were approved by Cornell University's Institutional 

Animal Care and Use Committee. Food (Teklad 8626, Madison, WI) and water were 

available ad libitum. Ambient temperature and relative humidity were held constant at 

21±5 °C and 50±10% respectively. The time of lights off was synchronized for all 

animals to 1800 Eastern Standard Time (EST). Hamsters from our breeding colony 

were originally derived from wild-bred stock obtained from Dr. K. Wynne-Edwards, 

Queens University (Kingston, Ontario, Canada). 

Experiment 1: AMH as a predictor of mating outcomes in naturally-aged females 

Twenty-eight virgin female hamsters were held in 14 hours light/day from 

birth to 9 months of age. For each female, a small blood sample (~ 100 l) was 

collected from the retro-orbital sinus under isoflurane anesthesia two weeks before she 

was paired with an adult male. Pairings were maintained for 10 days, which allowed 

for at least two estrous cycles. Females were inspected daily for the presence of a 

postcopulatory vaginal plug. After separation from the male, litter checks were 

performed twice daily. The number of live pups was recorded on the date of birth 

(DOB) and at weaning on postnatal day 18 (PD18). Mass of each live weanling was 

also recorded on PD18, and each dam was sacrificed by CO2 inhalation at this time. 

The uterus was removed, examined for fetoplacental tissue, and stained for 

implantation sites with ammonium sulfide and potassium hexacyanoferrate [33]. 

Because gestation length is 18 days, hamsters that failed to litter 20 days after 
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separation from the male were sacrificed at this time and the uterus was inspected and 

stained as described above. 

Experiment 2: AMH as a predictor of mating outcomes after accelerated ovarian 

aging 

As part of a larger study to evaluate the toxic effects of VCD under long and 

short photoperiodic conditions [31], separate cohorts of hamsters from our colony 

were paired in long days (16 hours light/day) or short days (8 hours light/day) (n = 20 

per photoperiod) to generate experimental females that would be mated at five months 

of age. Experimental females were weaned on PD18 and placed individually in 

polypropylene cages. Females were maintained in their natal photoperiod and assigned 

to control and VCD-treated groups at 10 weeks of age. At this age, 240 mg/kg/d 

intraperitoneal VCD (Sigma Aldrich, St. Louis, MO) or vehicle (1:1 mixture of 0.9% 

saline and DMSO) injections were administered over 10 days. The VCD dosage was 

based on previous studies in mice [32] and a pilot study in hamsters in which 

substantial reductions in ovarian follicle numbers were observed. All injections were 

given during the light phase of the light-dark cycle between 10:00 and 12:00 EST.  

Sexual maturity is delayed when female hamsters are reared in short days [34]; 

therefore animals in short photoperiod were transferred to long days one week 

following the final injection to induce sexual maturation. After 7 weeks in long days, 

blood was collected from the retro-orbital sinus for serum AMH determination. After 

8 weeks, each virgin female was transferred to a clean cage and paired with an adult 

male for 15 days. Animals that were reared and treated in long days remained in this 

photoperiod, and the timing of blood collection and male pairing were identical to that 
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of females previously held in short days. After pairing, the experimental procedures 

were the same as those described in Experiment 1. Because photoperiod did not 

modulate VCD ovarian toxicity [31], the long- and short-day groups were combined 

for the assessments of AMH as a predictor of mating outcomes. 

Serum AMH measurements 

Whole blood was clotted on ice for one hour, and serum was removed after 

centrifugation (1000 g) and frozen at -80°C until assayed. AMH was measured by a 

commercially available enzyme-linked immunosorbant assay kit (Ansh Labs, Webster, 

TX) that we had validated for Siberian hamsters. Each sample was run in duplicate, 

according to the manufacturer’s instructions. Serial dilutions of pooled Siberian 

hamster serum samples yielded concentrations parallel to the standard curve. The 

intra-assay coefficient of variation (CV) was 5.1%, and the inter-assay CV was 15.7%. 

For statistical and graphing purposes, samples with AMH concentrations below the 

detection limit of the assay (0.23 ng/mL) were assigned this value. 

Statistical analysis 

Data were analyzed with JMP Pro statistical software (Version 9.0.2, SAS 

Institute, Cary, NC). For graphing of AMH results, failed mating outcomes were 

divided into two subgroups, females that had no uterine implantation sites and females 

with implantation sites but no viable pups on the DOB. For statistical analysis of 

AMH results, these subgroups were combined as ‘failures’ and compared to females 

that were reproductive ‘successes’. In both experiments, data were not normally 

distributed and could not be transformed to fit the normal distribution, therefore non-
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parametric procedures were used. In Experiment 1, mean AMH concentrations in the 

successful and failure groups of females were analyzed by Wilcoxon rank sum.  

In Experiment 2 the effect of photoperiod and VCD treatment on AMH 

concentration was analyzed by Friedman’s two-way non-parametric analysis of 

variance. There was no significant effect of day length on AMH concentration, or an 

interaction effect of day length x VCD. Therefore, the data from the long- and short-

day groups were pooled for all further analysis. Proportions of VCD treated and 

control females that produced pups were analyzed by chi square. Wilcoxon rank sum 

was used to compare females with successful and failed mating outcomes with regard 

to mean AMH concentrations. Numbers of implantation sites, live pups at birth and at 

weaning, and ratios of live pups to implantations sites were compared among VCD-

treated females with detectable and non-detectable AMH concentrations, as well as 

vehicle-treated, controls by the Kruskal-Wallis test. All statistical tests were two 

tailed, and P<0.05 was considered significant.  

3.3 Results 

Experiment 1: AMH as a predictor of mating outcomes in naturally-aged females 

Twenty-six of 28 females paired at nine months of age showed signs of mating 

(i.e., postcopulatory vaginal plug and/or uterine implantation sites). The two females 

that lacked signs of mating were excluded from further analysis. Of the 26 females 

that mated, 10 (38.5%) produced live offspring.  

Serum AMH concentrations ranged from 0.23 to 40.95 ng/mL in 9-month-old 

females. Mean serum AMH concentration was higher in the group of females that 

successfully produced live offspring as compared to the group of females that failed 
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(Figure 3.1, p = 0.04). Of the females that successfully produced at least one live pup, 

all of them had an AMH concentration greater than 7.98 ng/mL. However, of the 

females that failed to produce live pups, 68% of them had a serum AMH concentration 

greater than 7.98 ng/mL.   

 

Experiment 2: AMH as a predictor of mating outcome after accelerated ovarian aging 

At 5 months of age, 37 of the 39 vehicle-treated females (94.9%) showed signs 

of mating, and 34 of 37 (91.9%) successfully produced live pups. Thirty-five of 38 

VCD-treated females showed signs of mating (92.1%), and of this group 22 (62.9%) 

successfully produced offspring. The five individuals without signs of mating were 

 
Figure 3.1: Individual and mean (±SEM) serum AMH concentrations of mated 

9-month-old female hamsters grouped by reproductive outcome. *Denotes 

significant difference. 
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excluded from further statistical analysis. A lower proportion (62.9%) of VCD-treated 

females produced pups than age-matched controls (91.9%; p = 0.009).  

AMH concentrations ranged from 7.18 ng/mL to 32.86 ng/mL in 5-month-old 

vehicle-treated females, whereas the range of AMH concentrations of VCD-treated 

females was <0.23-12.23 ng/mL. Overall, VCD resulted in a significant reduction in 

mean AMH concentration than in age-matched controls (Figure 3.2; p < 0.0001). 

Mean serum AMH concentration was greater in the group of females that successfully 

produced offspring than in those that failed (Figure 3.3; p = 0.01). However, several 

females with non-detectable AMH concentrations successfully produced pups, and all 

of these individuals had been treated with VCD. Additionally, relatively high 

 
Figure 3.2: Individual and mean (±SEM) AMH concentrations of mated 5-

month-old female hamsters treated with VCD or vehicle. *Denotes 

significantly different from vehicle-treated. 
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concentrations were detected in three vehicle-treated females that failed to produce 

offspring.  

 

 After dividing the VCD-treated females into subgroups with detectable and 

non-detectable AMH, we found no significant differences between the subgroups in 

terms of mean numbers of implantation sites, pups, or weanlings (Table 3.1). 

Conversely, vehicle-treated females had significantly greater mean numbers of 

implantation sites and pups as compared to VCD-treated females with either 

detectable or non-detectable AMH concentrations (Table 3.1).  

 
Figure 3.3: Individual and mean (±SEM) serum AMH concentrations of 5-month-

old female hamsters grouped by reproductive outcome. Closed diamonds represent 

control females and open diamonds represent VCD-treated females. Of the 

females without implantation sites 9 of 12 were treated with VCD, 4 of 5 females 

with implantation sites but no pups were treated with VCD, and 22 of 55 females 

that produced at least one live pup were treated with VCD. *Denotes significant 

difference. 
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3.4 Discussion 

The purpose of this study was to evaluate the value of circulating AMH 

concentration as a predictor of mating outcomes in female Siberian hamsters of 

advanced reproductive age. The data suggest that AMH does not reliably predict 

mating outcomes in individual females, including both naturally-aged hamsters and 

hamsters with chemically-accelerated ovarian aging. These findings are in agreement 

with the results of several studies in women; particularly those that indicated very low 

levels of AMH were not always correlated with negative reproductive outcomes [25, 

26].  

In the present study, the relationship between serum AMH concentration and 

fertility was first assessed in naturally-aged female hamsters. These females were 

evaluated at 9 months old, an age at which Siberian hamsters show signs of 

significant reproductive decline (i.e., smaller ovarian reserve [35] and reduced 

reproductive success and litter size [29]). At this age, mean AMH concentration was 

greater in the group of females that successfully produced at least one live pup as 

compared to females that failed to do so. However, on an individual basis, AMH was 

less informative of reproductive outcome, particularly for females with the lowest 

concentrations. Whereas many females with the lowest AMH concentrations failed to 

litter, several females with low concentrations successfully produced pups. Therefore, 

a low AMH concentration is not informative in predicting mating outcomes in 

chronologically old female hamsters.  
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 The predictive value of AMH for fertility was also evaluated in young females 

treated with VCD, which accelerated ovarian aging. In a prior study involving mice, 

serum AMH concentration was decreased after VCD treatment, and it was highly 

correlated with the number of remaining ovarian follicles [32]. This suggested that 

AMH might be a good measure of ovarian age after VCD treatment. In the present 

study on hamsters, VCD treatment also resulted in lower AMH concentrations as 

compared to vehicle-treated controls. Given that growing follicles are the chief 

source of circulating AMH [36], decreased serum concentrations are consistent with 

the destruction of ovarian follicles after VCD treatment [31].  

 In 5-month-old hamsters, mean AMH concentration was greater in successful 

females as compared to hamsters that failed to produce pups, as was observed in the 

experiment involving 9-month-old females. This reiterates the potential that AMH 

has to predict mating outcomes at the group level. However, when AMH 

concentrations were evaluated on an individual basis, the predictive value of AMH 

was markedly reduced. Several females with very low or non-detectable (<0.23 

ng/mL) AMH concentrations mated successfully. All of these females had been 

treated with VCD several weeks before mating, and based on the correlation between 

follicle numbers and AMH after VCD treatment [32, 35], these females should have 

had a very limited ovarian reserve. Nevertheless, many of them littered successfully.  

Live births have also occurred in women with extremely low or non-detectable 

AMH concentrations [25, 26, 37], and this is a source of controversy surrounding the 

use of AMH as a predictor of natural fertility. Likewise, spontaneous pregnancy has 
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been observed in women with very low post-exposure AMH concentrations after 

treatment with chemotherapeutic drugs that are ovarian toxicants [38, 39].  

We analyzed the reproductive outcomes of VCD-treated hamsters with non-

detectable AMH concentrations to determine if these individuals were subfertile 

relative to VCD-treated females with detectable AMH concentrations. Regardless of 

whether AMH was detectable or not, VCD-treated females were subfertile relative to 

controls. Many VCD-treated females with non-detectable AMH apparently retained 

enough growing follicles to produce live pups, but numbers of follicles were 

insufficient to yield measureable amounts of AMH in the circulation. Similar 

observations have been made in mice, wherein AMH immunoreactive follicles were 

present in ovaries after VCD treatment, and yet AMH could not be detected in serum 

[32]. Given the high proportion of VCD-treated hamsters that littered successfully 

despite non-detectable AMH, this hormone may be an especially poor predictor of 

fertility in situations of accelerated ovarian aging in relatively young females. 

 In contrast to females with low AMH concentrations, some females with 

relatively high concentrations (>20 ng/mL) also failed to conceive or litter. These 

females may not have experienced estrus during the cohabitation period with the 

male. Vaginal cytology is not a reliable means to track estrous cycles in the Siberian 

hamster [40], therefore we did not attempt to verify that all females were indeed 

cycling normally prior to pairing with a male. Additionally, some females for which 

no implantation sites were found might not have mated at all, because hamsters 

intermittently produce a vaginal discharge that can be mistaken for a copulatory plug 

(unpublished observation).  
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 Interestingly, many of the VCD-treated females that had non-detectable AMH 

concentrations were successful, whereas untreated 9-month-old females with 

relatively high AMH concentrations failed to produce offspring. Our study evaluated 

the age-related decline in follicle numbers, but other processes contribute to 

reproductive senescence that could be responsible for this observation. The genetic 

and morphological quality of oocytes declines with age [41], and it is likely that the 

oocytes remaining at 9 months of age were of poorer quality than those remaining in 

5-month-old females, even after VCD treatment. Reduced oocyte quality associated 

with aging could have prevented older females from becoming pregnant or caused 

post-implantation failures [3] in the 9-month-old females. Aging and dysfunction of 

the hypothalamic-pituitary (HP) axis also contribute to reproductive senescence in 

hamsters, resulting in estrous cycle irregularities and reduced ability to maintain 

pregnancy with advancing age [42]. At the dosages used to rapidly accelerate ovarian 

aging, VCD is not known to adversely affect the general health of rodents or to 

impair the HP-axis [32].Therefore, VCD-treated 5-month-old females could have had 

a reproductive advantage over untreated 9-month-old females, even though AMH 

was non-detectable in many VCD-treated hamsters.  

3.5 Conclusions 

Our results show that serum AMH concentration in female Siberian hamsters 

may be predictive of mating outcomes at the group level, but not on an individual 

basis. In naturally-aged hamsters, relatively high AMH concentrations may be 

somewhat informative of reproductive potential. Conversely, AMH was not 

predictive of mating outcomes in young hamsters with chemically-accelerated 
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ovarian aging following VCD treatment. This study highlights the importance of 

evaluating AMH and mating outcomes on an individual basis, because group means 

alone could lead to the false conclusion that serum AMH concentration is a good 

predictor of pregnancy success following spontaneous matings. 
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CHAPTER 4 

 

Mate preference for dominant vs. subordinate males in young female Syrian 

hamsters (Mesocricetus auratus) following chemically-accelerated ovarian follicle 

depletion 

 

Kristen A. Roosa and Ned J. Place 
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Cornell University 

Ithaca, NY 14853 USA 

Abstract 

Life history theory predicts that selectivity for mates generally declines as females 

age. We previously demonstrated this phenomenon in Syrian hamsters (Mesocricetus 

auratus), in that older females showed reduced preference for dominant over 

subordinate males. To test the hypothesis that decreased reproductive quality due to 

aging reduces mate preference, we decoupled reproductive and chronological age by 

treating young female hamsters with 4-vinylcyclohexene diepoxide (VCD), which 

destroys ovarian follicles and functionally accelerates ovarian aging without 

compromising the general health of rodents. In this study, VCD effectively reduced 

follicle numbers in young Syrian hamsters. VCD-treated and control females were 

allowed to choose between a dominant and a subordinate male in a Y-maze on the day 

of proestrus. Both VCD-treated and control females demonstrated preference for the 

dominant male by leaving a greater proportion of vaginal scent marks near him, which 

is a behavior females display when soliciting prospective mates. However, there was 

no effect of treatment on the proportion of vaginal scent marks left for the dominant 

male. Furthermore, ovarian follicle numbers were not significantly correlated with any 
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behaviors in either group. We conclude that accelerated ovarian aging does not reduce 

mate preference in young female hamsters.  

4.1 Introduction 

In mate selection, females must weigh the benefits of being choosy (e.g. 

fertility and genetic quality of mate) against the costs (e.g. time, energy, predation 

risk). Life history theory predicts that females of advanced age should be less choosy 

than younger females, given the age-associated decline in fertility/fecundity and 

increased cost of remaining selective. Indeed, old age is associated with reduced 

selectivity [1-4] and greater variability in mate preference in several species (e.g. 

guppy, cricket, cockroach, and moth) [1, 4]. While studies on age and mate choice in 

mammals are limited, recent evidence suggests that old (15 months old) female Syrian 

hamsters (Mesocricetus auratus) have reduced preference for dominant males as 

compared to young females [5]. Young females of this species generally show strong 

preference for dominant over subordinate males [6-9]. 

There are several physiological factors that might explain why older females 

demonstrate reduced mate selectivity, including the age-related decline in reproductive 

potential. Moore and Moore [2] found that older female cockroaches (Nauphoeta 

cinerea) are less choosy than young females, and they indicated that this decrease in 

choosiness was correlated with the age-related decline in reproductive quality, as 

determined by the number of offspring produced. However, the relative importance of 

reproductive age in female mate choice has yet to be explicitly tested. Like the 

cockroach, the age at which female hamsters show reduced mate preference (15 

months) is also an age at which fertility has significantly declined [10]. Reproductive 
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aging in female mammals occurs at a more rapid rate than other physiological 

systems, and it is due in part to a progressive decrease in the size and quality of the 

ovarian follicular pool [11]. Additionally, the rate of ovarian senescence is variable 

among individual females depending on their life history (i.e. season of birth, parity) 

[12] and genetic background [13]. Therefore, reproductive aging can vary among 

individuals and it is not always correlated with chronological age.  

The purpose of this study was to determine if ovarian follicle depletion 

contributes to reduced female mate preference and selectivity for a mate, as we 

previously observed in chronologically old Syrian hamsters [5]. In the previous study 

we compared mate preferences of 6- and 15-month-old female hamsters, and we found 

young females left a significant proportion of vaginal scent marks in the vicinity of the 

dominant male, whereas 15-month-old females did not. For the present study, we 

decoupled ovarian and chronological age by treating young (8-week-old) female 

hamsters with 4-vinylcyclohexene diepoxide (VCD), a toxicant that accelerates 

ovarian follicle loss. VCD is specifically lethal to preantral follicles in rodents, which 

accelerates ovarian senescence [14] without compromising brain function [15] or other 

body systems [16, 17]. Accordingly, VCD is often used in rodents as a tool to study 

the transition period and physiological consequences of age-related reproductive 

failure in females [18-20], and it is increasingly used to study female behavior 

associated with ovarian senescence [15, 16, 21, 22]. To determine if ovarian age 

influences selectivity for potential mates, VCD-treated females were allowed to 

choose between a dominant and subordinate male on the day of proestrus. We inferred 

mate preferences from scent marking behavior and the amount of time females spent 
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near each prospective mate [5], and compared the behaviors of VCD- and vehicle-

treated females.  

4.2 Methods 

Animals 

Eight-week-old Syrian hamsters were purchased from Charles River 

Laboratories (Wilmington, MA). Upon arrival at our facility, animals were housed 

individually in polycarbonate cages. Food (Prolab 1000, Syracuse, NY) and water 

were available ad libitum.  Hamsters were maintained on 14 h of light/day with lights 

on between 20:00 and 10:00 EST. Ambient temperature and relative humidity were 

held constant at 21±5 °C and 50±10% respectively. Males and females were housed in 

one room, and individuals were transported to a separate empty room for behavioral 

observation. Ovaries from five 15-month-old female hamsters were obtained from a 

breeding colony maintained at Cornell University. All experimental procedures were 

approved by Cornell University's Institutional Animal Care and Use Committee. 

VCD treatment 

Eight-week-old female hamsters were treated with 400 mg/kg VCD (Sigma 

Aldrich, St. Louis, MO) once daily for 10 days by i.p. injection. This dose was based 

on a pilot experiment in which 8-week-old hamsters treated with 400 mg/kg had 

follicle numbers comparable to those counted in the ovaries of 15-month-old females 

(Figure 4.1). Control females were given daily vehicle (1:1 mixture of 0.9% saline and 

DMSO) injections. Injections were administered under isoflurane anesthesia (3%) 

during the light phase of the light-dark cycle (between 08:00 and 10:00 EST). 
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Behavioral tests and observations 

Behavioral testing was conducted at least one week after the final injection, 

over a period of three days. This included the metestrous, diestrous, and proestrous 

phases of the 4-day estrous cycle. Mate preference was observed on the day of 

proestrus, a time at which females actively solicit mates [23]. Females were tested in 

pairs, which included one VCD-treated and one control female of the same age with 

synchronous estrous cycles. Behavioral observations were made between 10:15 and 

12:00 under dim white light to facilitate video recording. No more than two pairs of 

females were tested per week. The day before testing began each female was 

confirmed to be in estrus by placing a tester male into the cage and monitoring for 

lordosis; the arching of back and tail up posture characteristic of receptive females in 

estrus [23]. The same tester male was used throughout the experiment, and he was not 

 
Figure 4.1: Mean (±SEM) number of follicles counted in every 10th section of the 

right ovary of VCD-treated (240, 320, and 400 mg/kg per day for 10 days), 15-

month-old, and vehicle-treated hamsters (n = 5/group). For each follicle type, bars 

with different symbols are significantly different from each other (p < 0.05). Data 

were analyzed by ANOVA and Dunnet’s test to determine if follicle numbers 

were different from 15-month-old females. 
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allowed to mount the females. All animals were sexually naïve at the time of 

behavioral testing.  

Days 1 and 2 (metestrus and diestrus): Establishment of male dominance 

relationships 

The first day of testing occurred on the day of metestrus. Females observed the 

formation of a dominant-subordinate relationship between two unrelated males in a 

three-compartment Plexiglas arena, as described previously (Figure 4.2) [5]. Males 

within a dyad were of the same age (mean age across all dyads: 18.5 ± 0.7 wk) and 

were matched for body mass (<7.5% difference within a dyad). Test females (one 

VCD-treated and one control) were placed in separate enclosures (50 cm x 23 cm x 31 

cm) at opposite ends of the arena. Males were placed in the central enclosure (50 cm x 

44 cm x 31 cm), where they were separated from the females by coarse wire mesh 

framed with Plexiglas. Each male was marked by placing a small piece of green or 

yellow tape on the dorsum. Males were placed in the central compartment of the arena 

one by one and covered with an open-ended Plexiglas container to isolate them from 

each other and the females before the observations began. The isolation containers 

were removed and the males were observed for 5 minutes.  

The males were monitored for signs that a dominant-subordinate relationship 

had been established. Males of this species enter into rolling fights and bite and kick 

until one has established dominance [8]. Subordinance is easily recognized when a 

male displays the tail up posture following one of these rolling fights [8, 23].  

The first observation period was immediately followed by a 10-minute rest 

period in which the males were returned to their home cages. Females remained in 
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their enclosures in the arena. The first day of observation concluded with a second 5-

minute observation period identical to the first. The tape was removed from each male, 

and all animals were returned to their home cages. The same procedure was conducted 

on day two of testing (diestrus). The side of the arena in which the VCD-treated 

female was placed was alternated with each pair of females tested. The arena was 

cleaned with 50% ethanol between groups. 

Twelve pairs of females were tested. Mean age at the time of behavioral testing 

was 16.7 ± 0.5 wk. Eleven individual females were exposed to more than one dyad of 

males because eight dyads failed to establish a clear dominant-subordinate relationship 

during the first two days of observation. These trials were terminated at the end of 

testing on day 2. Six females were exposed to a second dyad on the next consecutive 

estrous cycle. The dominant-subordinate relationships remained stable over the four-

day testing period in all dyads that formed such a relationship. Males from dyads that 

failed to establish a dominant-subordinate relationship on the first two days of testing 

were re-paired with another male for future testing with a different pair of VCD- and 

vehicle-treated females. 

 

 
Figure 4.2: Arena and Y maze used for behavioral testing 
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Day 3 (proestrus): Y-maze tests 

The third day of testing (proestrus) began with a 5-minute observation of the 

male dyad, identical to those performed on days 1 and 2, except that only one of the 

two females (the focal female) was placed in her enclosure in the arena.  Thereafter, 

all three animals were then returned to their home cages for a 10-minute rest period. 

 Female mate preference was observed in a Plexiglas Y maze after the male-

male dyad observation (Figure 4.2B). First, the focal female was allowed to explore 

the empty Y maze for 5 minutes, where she had access to the entire maze except the 

male enclosures at the distal ends of the arms. The female was then placed in an 

enclosure at the base of the Y maze while each male was placed in an enclosure at the 

end of the Y, where they were separated from the female by a coarse wire mesh. The 

female was released from her enclosure and allowed to move freely throughout the Y 

maze for 10 minutes. She was able to interact with the males through the wire mesh. 

The Y-maze test was subject to direct observation and video recording. After 10 

minutes, the animals were returned to their home cages, and the Y maze was 

thoroughly cleaned with 50% ethanol. The males were allowed to rest for 10 minutes, 

and both the male dyad observation and Y maze were repeated with the remaining 

female. The order of females tested on day 3 and the positioning of the dominant and 

subordinate males in the enclosures at the distal ends of the Y maze were alternated 

with each group. 

Day 4 (estrus): Confirmation of estrous cycles 

On the day following the Y-maze tests, both females were confirmed to be in 

estrus by placing the tester male in their cages and monitoring for lordosis. All 
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females displayed lordosis, indicating that a regular 4-day estrous cycle had been 

maintained during the testing period and that the Y maze test occurred on the day of 

proestrus. Each female was then killed by CO2 inhalation. The uterus and both ovaries 

were removed, dissected free of fat and connective tissue, and weighed. The right 

ovary was fixed in 10% buffered formalin overnight.  

Behavior scoring 

An observer, who was unaware of the male dominance relationship and of the 

female treatment, counted the vaginal scent marks the females left in each arm of the 

Y maze as the test was performed. Vaginal scent marking occurs as females press their 

genital area against the floor of the Y maze and move forward to deposit streaks of 

vaginal secretions [23]. This behavior is difficult to detect on video-recordings and 

therefore it was scored live. Vaginal scent marking is a means of sexual advertisement, 

and females often leave a trail of vaginal secretions back to her burrow, and males 

follow this trail [23]. Young females leave more vaginal scent marks near dominant 

males and mate with them more often than subordinate males [5, 24]. 

 A different observer, who was also unaware of the male dominance 

relationship and of the female treatment, scored the number of flank scent marks left 

in each arm of the Y maze on each video recording using EventCoder 1.0b11, a 

program written and provided by Michael Goldstein (Cornell University, Ithaca, NY). 

Flank marking occurs as hamsters rub their dorsal flank along vertical surfaces of the 

Y maze and leave behind sebaceous secretions [23]. This observer also recorded first 

approach and the amount of time that each female spent near each prospective mate, 
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i.e., the amount of time her face and/or front paws were in contact with the coarse wire 

mesh of the male’s enclosure.  

Ovarian follicle counts 

 Formalin-fixed ovaries were serially dehydrated to 70% ethanol and 

embedded in paraffin. Each ovary was sectioned at 6 m and every 10th section was 

placed on glass slides and stained with hematoxylin and eosin. Ovary sections were 

viewed under 400x magnification and follicles were classified as primordial, primary, 

or secondary and then counted.  Primordial follicles were characterized by an oocyte 

surrounded by a single layer of flattened granulosa cells.  Primary follicles had a 

single layer of cuboidal granulosa cells, and secondary follicles had more than one 

layer of cuboidal granulosa cells. Only follicles in which a healthy oocyte nucleus 

could be visualized were counted. 

Statistical analysis 

Data were analyzed with JMP Pro statistical software (Version 11.0, SAS 

Institute, Cary, NC). Pre-treatment and time-of-testing body masses were analyzed by 

t-tests, and paired ovarian mass, and uterine mass were analyzed by Wilcoxon Rank 

Sum. Ovarian follicle numbers were compared across vehicle-treated, 15-month-old, 

and VCD-treated females by Kruskal-Wallis tests followed by Wilcoxon each pair 

post hoc analysis.  

Vaginal scent marks, flank scent marks, and time near the dominant male were 

calculated as proportions (dominant-subordinate/dominant+subordinate). The 

proportions of vaginal scent marks left near the dominant male were analyzed by t-

test, and proportions of flank scent marks and time near the dominant male were 
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analyzed by Wilcoxon rank sum. One sample t-tests or Wilcoxon signed rank tests 

were used to whether determine each of these proportions were significantly different 

from random, which would have a value of zero. A significantly positive result would 

indicate preference for the dominant male. The total time spent near males was 

analyzed by Wilcoxon rank sum. First approach was analyzed by Chi Square. 

Relationships between follicle numbers and each of the behavioral measures were 

analyzed by linear regression. Data are reported as means ± standard error, all 

statistical tests were two-tailed, and p < 0.05 was considered significant.  

4.3 Results 

 Effects of VCD treatment 

VCD-treated females had significantly fewer primordial, primary, and 

secondary follicles than vehicle-treated controls (Figure 4.3, p < 0.0001 all follicle 

types). The number of primordial and secondary ovarian follicles in VCD-treated 

females did not differ from those counted in the ovaries of untreated 15-month-old 

females. VCD-treated females had fewer primary follicles than 15-month-old females. 

The number of ovarian follicles was not correlated with the mate preference behaviors 

of VCD-treated or control females.   

Body, ovarian, and uterine masses of VCD-treated and control females are 

given in Table 4.1. Paired ovarian mass was significantly less in VCD treated females 

as compared to controls. Uterine mass did not differ between the two groups. Mean 

body masses at the start of treatment and at the time of behavioral testing were not 

significantly different.  
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Mate preference behavior 

Scent marking  

The proportion of vaginal scent marks left near the dominant male was 

significantly different from random (zero) and in favor of the dominant male for both 

VCD treated (p = 0.014) and control (p = 0.04) females (Figure 4.4A). There was no 

significant difference between vehicle- and VCD-treated females in the proportion of 

vaginal scent marks left for the dominant male (p = 0.49). The proportion of flank 

Table 4.1: Mean (± SEM) paired ovarian mass, uterine mass, and pre-treatment 

and time-of-testing body masses of vehicle- and VCD-treated female Syrian 

hamsters. 

 

  Vehicle VCD p-value 

Paired ovary mass (mg) 38.36 (±1.8) 27.33 (±1.5) 0.0002 

Uterus mass (mg) 624.18 (±15.7) 598.45 (±13.4) 0.21 

Pre-treatment body mass (g) 135.28 (±3.6) 125.88 (±2.9) 0.054 

 

 
Figure 4.3: Mean (±SEM) number of follicles counted in every 10th section of the 

right ovary of VCD-treated (400 mg/kg), 15-month-old, and vehicle-treated 

hamsters. For each follicle type, bars with different symbols are significantly 

different from each other (p < 0.05).  
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scent marks left in the dominant male’s side of the Y maze was positive in both groups 

of females, but different from random in the VCD-treated females only (Figure 4.4B, 

p = 0.013). The proportion of flank marks left for the dominant male did not differ 

between the two groups (p = 0.23).  

Time near males 

Seventy-five percent of VCD-treated and 66.7% of control females first 

approached the dominant male in the Y maze. VCD treatment did not have a 

significant effect on the proportion of females that first approached the dominant male 

(p = 0.65). The proportion of time spent near the dominant male was not different 

from random in the vehicle-treated (Figure 4.4C, p = 0.23) and the VCD-treated 

groups (p = 0.08), and the groups were not significantly different (p = 0.53) in this 

regard. Both groups of females spent about 45% of the 10-minute trial near the males 

(Figure 4.4D, p = 0.41).  
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4.4 Discussion 

To our knowledge, this is the first study to specifically evaluate the role of 

reproductive age in female mate preference in a mammal. The data suggest that 

ovarian follicle depletion alone does not influence female mate preference in the 

hamster. In rodents, ovarian follicle depletion is rapidly accelerated with VCD 

treatment, which destroys ovarian follicles whereas somatic tissues and longevity are 

not adversely affected [15-17]. In the present study, VCD treatment effectively aged 

the ovaries of Syrian hamsters as shown by the significant decrease in ovarian 

 
Figure 4.4: (A) Proportion of vaginal scent marks left near the dominant male. (B) 

Proportion of flank scent marks left near the dominant male. (C) Proportion of time 

spent near the dominant male. Proportions are graphed as mean ± SEM and * 

denotes proportions that are significantly different from zero. (D) Total time (sec, 

mean ± SEM) spent near the dominant (black bars) and subordinate (white bars) 

male. 
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follicles. In a previous study [5], female Syrian hamsters showed reduced preference 

for dominant males at 15 months of age as compared to younger females (6 months 

old). VCD treatment at 8 weeks of age resulted in follicle numbers comparable to 

those found in 15-month-old animals. Therefore, we effectively decoupled ovarian and 

chronological age.  This allowed us to specifically test the influence of ovarian reserve 

on female mate preference.   

Both VCD and vehicle treated females demonstrated preference for the 

dominant male by leaving proportionally more vaginal scent marks near him. This 

result is expected for young female Syrian hamsters [5, 24]. Vaginal scent marking is 

a behavior used by a female to solicit potential mates and lead them to her nest [24]. 

The frequency of this behavior increases substantially on the day of proestrus as 

females prepare to mate [23], and it is likely the most important indicator of 

preference measured in this study, because vaginal scent marking has been correlated 

with actual mate preference [7]. VCD-treated and control females left the same 

proportion of vaginal scent marks near the dominant male as controls, indicating that 

individuals of advanced ovarian age were no less choosy than controls. In contrast to 

vaginal scent marking, flank scent marking may have a general broadcast and/or 

agonistic defense function [23]. The proportion of flank scent marks left for the 

dominant male was in the positive direction for both VCD-treated and control females. 

Interestingly, VCD-treated but not control females, left a significant (different from 

zero) proportion of flank scent marks near dominant males. However, the proportion 

was no different from controls. 
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The proportion of time spent near the dominant male by both the VCD-treated 

females and controls was not significantly different from random. This is in contrast to 

a previous report in which young, virgin females (6 months old) spent significantly 

more time near the dominant male as compared to the subordinate male in a Y maze 

[5]. Both VCD-treated and control females actively investigated the males for about 

45% of the trial, suggesting that VCD treatment did not affect activity level or overall 

interest in the prospective mates.   

Moore and Moore [2] reported that reduced female choosiness was correlated 

with female age and reproductive quality in the lobster cockroach (Nauphoeta 

cinerea). These conclusions were based on correlations between female age, 

fecundity, and choosiness. It is possible that the same relationship exists in Syrian 

hamsters because reduced mate preference was observed at an age at which fertility is 

reduced [5, 10]. We did not evaluate the fertility of VCD-treated Syrian hamsters in 

this study, but in a previous study involving Siberian hamsters (Phodopus sungorus), 

fertility and fecundity declined following a comparable VCD regime [25].  In the 

present study we specifically tested the influence of reproductive age on mate 

selectivity by manipulating ovarian age and reproductive potential with VCD. We 

found no relationship between ovarian age and choosiness in the Syrian hamster using 

this experimental design.  

There may be several reasons why VCD-treated hamsters were not less 

selective for dominant males than control females. In our model we selectively 

accelerated ovarian age, but aging or dysfunction of the hypothalamic-pituitary (HP) 

axis was unlikely to have been affected by VCD. Natural aging of the HP axis 
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contributes to reproductive aging in many rodents [26, 27], and the hypothalamus (i.e. 

the ventromedial and medial preoptic nuclei) is known to modulate mating behaviors 

in Syrian hamsters [28-31]. Furthermore, a female’s strength of preference in mate 

choice is thought to be a function of body condition. Individuals of better quality are 

expected to be better able to pay the costs of being choosy, and condition declines in 

old age as somatic aging progresses [32]. Aging is also associated with a deterioration 

of sensory ability. This decline may cause females to alter mate preferences or 

decrease choosiness with age because they are either unable to distinguish between 

more and less attractive mates, or their perception of the desirable mate has changed 

[33]. In hamsters this may include visual, olfactory, or auditory function. In female 

cockroaches, old age was significantly associated with an increase in the amount of 

time required for females to respond to the male’s courtship display [2]. It is possible 

that this delay was due to deficits in sensory function. Given the complexity of mate 

choice behavior, and the lack of evidence for an influence of ovarian follicle reserve 

alone, it is likely that multiple aspects of the aging process are involved.  

4.5 Conclusions 

Accelerating ovarian follicle depletion did not influence mate preference of 

young female Syrian hamsters. We conclude that the status of the ovarian follicular 

reserve does not influence mate preference, and therefore somatic aging processes are 

likely to be major contributors to mate preference behavior in aging female hamsters. 

Additional research will be required to determine which aspects of the aging process 

influence female mate preference in mammals.  
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CHAPTER 5 

 

Summary and future directions 

 

The physiological complexity and consequences of female reproductive aging 

lead to diverse research questions. In this dissertation, I demonstrated that the ovarian 

toxicant 4-vinylcyclohexene diepoxide (VCD) is a valuable tool for investigating a 

varied set of questions on reproductive aging with applications ranging from 

predictors of fertility to animal behavior. This work was based on the tenet that female 

reproductive senescence is due to an age-related attrition of the ovarian follicle 

reserve, a process that VCD accelerates.  

In Chapter 2, VCD was used to study ovarian aging as it relates to mammalian 

pest control strategies, specifically in seasonally-breeding rodents. Reduction of 

female fertility with VCD is an attractive method to control pest populations, but 

efficacy had not been evaluated in species that experience seasonal anestrus. The 

results of this study indicated that seasonally-breeding hamsters are sensitive to the 

effects of VCD, regardless of their reproductive condition. Follicular atresia was 

accelerated and fertility was reduced when hamsters were treated in states of both 

ovarian activity (long days) and quiescence (short days). These results are important if 

VCD is to be used to control seasonal mammalian pests such as voles or rabbits. 

Moreover, this information might offer a strategy for the optimal use of VCD in 

seasonal species. VCD could be used while females are in seasonal anestrus and 

physiologically unable to reproduce. This timing may limit population growth while 
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the compound has the time it requires to significantly reduce fertility.  

Future research on the physiological effects of xenobiotics or pharmaceuticals 

could be improved by paying close attention to the timing of exposure or 

administration. This would apply to nearly all xenobiotics, not just those implicated in 

ovarian aging. Although photoperiod did not significantly affect sensitivity to VCD in 

Siberian hamsters, there are other seasonal factors that may influence toxicity. For 

instance, seasonal changes to food availability, metabolism, and temperature may 

affect sensitivity to xenobiotics such as VCD. There may also be seasonal influences 

on toxicity of ovarian toxicants with different mechanisms of action. For example, the 

expression of enzymes (i.e. aldehyde dehydrogenases 1a1 and 3a1), responsible for the 

metabolism of the chemotherapeutic agent cyclophosphamide (CY), another ovarian 

toxicant, are modulated by day length in Siberian hamster ovaries [1, unpublished 

data]. These seasonal rhythms in ovarian gene expression may influence toxicity 

throughout the year.  

Circadian, or daily rhythms should also be carefully considered when 

evaluating the effects of xenobiotics. There is evidence that time of exposure is 

associated with toxicity of multiple xenobiotics, including the ovarian toxicant CY [2-

4]. Extensive studies have revealed that rhythms in the expression of hepatic enzymes 

which modulate xenobiotic metabolism may be responsible [5-9]. Circadian patterns 

in xenobiotic toxicity are especially important for compounds with therapeutic 

benefits. A better understanding of the circadian rhythms involved in xenobiotic 

responses may allow for a chronotherapy approach to therapeutics, or using 

compounds at the time of day that they have the greatest benefit and fewest side 
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effects.  

In laboratory studies when VCD is administered as an injection, it is routinely 

administered to rodents during the day-light portion of the 24-hour cycle. However, 

because most rodent species are nocturnal, the orally ingestible form of VCD will be 

consumed at night. Potential circadian rhythms in VCD toxicity have yet to be studied 

and therefore we do not yet know if there is an optimal time of day to use VCD to 

deplete follicles for the purpose of generating animal models to study reproductive 

aging. This would be an interesting direction for future work because VCD is used as 

a tool in many studies on female aging. There might be a time of day at which VCD is 

most effective in destroying follicles but least likely to cause adverse effects, such as 

weight loss and reduced survival. From a basic science standpoint, this work would 

help advance our general understanding of the role of circadian rhythms in xenobiotic 

sensitivity. Rhythms in toxicity could be studied by quantifying follicle depletion and 

somatic tissue damage after injecting females with VCD daily at specific times during 

a 24-hour cycle, especially during the night when most rodents are active.  

To evaluate rhythms in sensitivity to various toxicants specifically in the 

ovarian tissue, experiments could be conducted in vitro. Many ovarian toxicants, 

including VCD, effectively destroy ovarian follicles in neonatal rodent ovaries in 

culture, which are particularly enriched in primordial and primary follicles [10, 11]. 

This culture system is the basis for many experiments to understand the mechanisms 

of xenobiotic-induced ovarian damage (e.g. CY, VCD, and methoxychlor) [10, 11, 

12], and daily rhythms in sensitivity may be an important factor in the design and 

interpretation of these studies. For example, the effects of a toxicant applied at the 
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middle of the daytime may differ significantly from the effects if it was applied in the 

middle of the night. Circadian rhythms could be evaluated by culturing ovarian pieces 

or individual follicles, which maintain their circadian rhythms in culture for several 

days [13, 14]. After adding toxicants to the culture medium at specific times of the 24-

hour day, toxicity could be assessed by measuring metabolites of the compound that 

are secreted into the culture medium [15, 16], ovarian follicle depletion, and rates of 

apoptosis [10]. If rhythms in toxicity are observed, it will be interesting to quantify 

mRNA and protein expression of enzymes that are responsible for a toxicant’s 

metabolism in the ovary (e.g. microsomal epoxide hydrolase, which reduces the 

toxicity of VCD) throughout the 24-hour cycle to identify the specific mechanisms for 

daily rhythms in toxicity.  

The work described in Chapter 3 demonstrated how VCD can be used as a tool 

to increase variability in ovarian age in a population of age-matched females. Treating 

young female hamsters with VCD increased variability in serum anti-Müllerian 

hormone (AMH) concentrations. When AMH and mating outcomes were analyzed, I 

found mean serum AMH concentration was a good predictor of mating outcomes at 

the group level. However, on an individual female basis AMH was less predictive. 

The same relationship was observed in old female hamsters that were approaching 

reproductive senescence (9 months old). AMH was particularly poor at predicting 

mating outcomes in the females with accelerated ovarian aging (VCD-treated), 

because a substantial number of females in which AMH was undetectable produced 

offspring.  

Future studies may be directed at evaluating the predictive value of AMH in 
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fertility of females exposed to other ovarian toxicants, particularly those with 

significant human or environmental relevance (e.g. chemotherapeutic drugs or 

radiation therapy). There are some data available on AMH as an indicator of follicular 

reserve status after chemotherapy treatment [17]. However, the value of AMH as a 

predictor of spontaneous pregnancy or assisted reproductive technology (ART) 

outcome after exposure to ovarian toxicants other than VCD has yet to be explored.  

It is widely accepted that ovarian AMH production decreases as females age, 

which is attributed to a limited supply of small antral follicles, the major source of 

circulating AMH [18, 19].  However, age was also negatively correlated with levels of 

AMH and AMH RII mRNA expression in granulosa [20] cells and AMH protein in 

follicular fluid [21] in a small sample of human follicles collected for in vitro 

fertilization. The age-related decline in AMH production per follicle has yet to be 

confirmed and a future direction may be to more thoroughly evaluate it in an animal 

model. Expression of AMH and its receptor could be quantified in individual follicles 

from females throughout adulthood, either by manually dissecting individual follicles 

or using laser-capture techniques. As described in Chapter 1, the rate of primordial 

follicle depletion in women accelerates as they approach menopause. It is not clear if 

this acceleration is the result of increased rates of follicular atresia or more rapid 

activation of primordial follicles into the growing pool [22, 23]. If increased follicular 

activation is responsible, AMH may be involved. It has been hypothesized that 

decreased AMH during perimenopause, due to a smaller population of small antral 

follicles, could cause increased primordial follicle activation [19]. Primordial follicle 

activation may be further accelerated if the ovaries of older women also produce less 



 

106 

AMH per follicle.  

In the research described in Chapter 4, I took advantage of VCD’s ability to 

accelerate ovarian follicle depletion without affecting the overall health of female 

hamsters. This facilitated the decoupling of ovarian and biological age in a study on 

mate preference. Chronologically old female Syrian hamsters demonstrated reduced 

preference for dominant males in a previous study [24], and the study described in 

Chapter 4 was designed to investigate ovarian age as a physiological factor that may 

influence female mate preference. The results indicate that reduced ovarian reserve, 

due to VCD-induced accelerated follicular atresia, does not affect mate choice in 

young female hamsters. VCD-treated females and controls both demonstrated 

preference for dominant over subordinate males by leaving a greater proportion of 

vaginal scent marks near the dominant male.  

Future research into the mechanisms for reduced mate preference in old 

females can take several directions. There is evidence that dysfunction of the 

hypothalamic-pituitary (H-P) axis is at least partially responsible for the age-related 

decline in fertility in Syrian hamsters [25], and H-P axis function was not likely 

affected by VCD. Future studies may investigate the contribution of H-P axis 

dysfunction in the mate preferences of aging females. Characterizing the age-related 

changes in H-P axis function in female Syrian hamsters will be an initial step, as data 

are quite limited on this species [26-28]. The hypothalamus is known to be involved in 

female mating behaviors, and characterizing the age-related changes in the areas 

involved in stereotypic female hamster mating behaviors, such as the medial preoptic 

and ventromedial nuclei [29-32], will be important. This may include measuring 
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GnRH release in aged female hamsters. Decreases in GnRH release from the 

hypothalamus and its functional activity have been observed in aging female rats [33, 

34]. Similar processes may occur in aging Syrian hamsters. In rats a decrease in the 

number of GnRH neurons in the hypothalamus is also associated with female aging 

[35, 36], and this may also occur in aging female hamsters Therefore, it will be 

valuable to quantify cell numbers in the hypothalamus throughout the aging process. 

Furthermore, decreased estrogen receptor expression in the hypothalamus has been 

reported in aging female rats [37], and a similar investigation in hamsters is warranted, 

because estrogen influences female behaviors such as vaginal scent marking [38] and 

flank marking [39]. 

To more thoroughly investigate the effects of ovarian age on mate preference, 

ovaries from young donor hamsters could be implanted into an old recipient. This 

would help us to determine if signals from the ovarian tissue itself, such as androgens, 

may influence mate choice in old females. This would manifest as old females with 

transplanted young ovaries resuming their preference for dominant males. 

Furthermore, with improved ovarian signaling, H-P function might be improved in an 

old female when under the influence of a young ovary. The Syrian hamster is an 

excellent model for this sort of experiment, because this species is extremely tolerant 

of heterologous ovarian transplantation, including transplantation of ovaries into the 

cheek pouches [40]. 

 Another important direction will be investigating the role of sensory function 

in mate choice in aging females. Declines in olfactory [41], visual [42], and auditory 

[43] function occur as rodents age. Therefore, limits to sensory function may reduce 
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the ability of old females to distinguish between males of different qualities. This 

hypothesis may be tested with an experimental design similar to that used in Chapter 

4, but instead of manipulating the ovarian age of the females, the sensory stimuli 

provided by the males could be experimentally manipulated. For example, flank scent 

glands release olfactory information about male social rank [44, 45], and the glands 

can be removed or gland secretions can be collected from dominant males and applied 

to subordinate males.  

To conclude, the work described in this dissertation benefited from using the 

ovarian toxicant VCD as a tool to study questions related to female reproductive 

aging. The results demonstrate that VCD effectively destroys ovarian follicles during 

seasonal anestrus, increases variability in ovarian age for the purposes of evaluating 

predictors of fertility, and decouples ovarian and chronological ages for behavioral 

research. Furthermore, the results of this work may lead to interesting studies beyond 

the realm of reproductive physiology and aging.  
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