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ABSTRACT

Menopause is associated with disorders such as osteoporosis and ovarian cancer.
It is unclear whether the postmenopausal ovary retains steroidogenic capacity and how it
can impact the development of these disorders. The present studies used the VCD-treated
follicle-depleted mouse model of menopause to test the hypothesis that residual ovarian
tissue retains steroidogenic capacity following ovarian failure and, thus, affects the
development of these disorders.

Microarray technology was used to evaluate gene

expression in residual ovarian tissue of follicle-depleted mice compared to that in ovaries
from cycling animals. Among the genes identified were those encoding proteins for
synthesis of androgens. Steroidogenic capacity of residual ovarian tissue was further
evaluated by determining the expression of genes and proteins involved in ovarian
steroidogenesis, and by measuring levels of circulating androstenedione and
gonadotropins.

Follicle-depleted ovaries were enriched in mRNAs for androgenic

enzymes, receptors involved in the internalization of cholesterol, and luteinizing hormone
receptor. Increased circulating levels of FSH and LH and detectable androstenedione
were measured throughout the study. Protein for 3β-hydroxysteroid dehydrogenase, 17αhydroxylase/17,20-lyase and luteinizing hormone receptor was detected in follicledepleted ovaries by Western blot analysis and localized by immunofluorescence staining.
The contribution of retaining residual ovarian tissue to accelerated bone loss following
ovarian failure was evaluated by comparing bone mineral density from young and aged
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VCD-treated mice to that in age-matched ovariectomized (OVX) animals. Retaining
residual ovarian tissue resulted in protection against accelerated bone loss in young but
not aged VCD-treated mice. Whether residual ovarian tissue is more susceptible to
development of ovarian neoplasms compared to ovaries from cycling animals was
addressed by combining the VCD-treated mouse with the DMBA model of ovarian
carcinogenesis. VCD-treated follicle-depleted mice that received DMBA developed
Sertoli-Leydig cell tumors while no tumors were observed in cycling animals. Residual
ovarian tissue following ovarian failure appears to have a protective effect against loss of
bone integrity, but a detrimental effect on development of ovarian neoplasms. Findings
from these studies: provided evidence of a physiological role for residual ovarian tissue
following ovarian failure, and furthered the use of the VCD-treated mouse as a relevant
model for menopause and associated disorders.
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CHAPTER 1
INTRODUCTION
Ovarian follicular development and ovulation
Ovarian follicular development (Figure 1.1) begins during embryonic life when
the primordial germ cells migrate into the embryonic gonad (Hirshfield, 1991) where,
together with the somatic cells of the gonad, they will form primordial follicles. Once in
the gonad these primordial germ cells, as well as the somatic cells, undergo several
rounds of mitosis to increase their numbers. Eventually, primordial germ cells stop
dividing and begin to undergo meiosis. After proceeding through the initial stages of
meiosis, primordial germs cells become arrested at diplotene of the first meiotic
prophase. Following the arrest of primordial germ cells, somatic cells surround them and
form individual primordial follicles (Hirshfield, 1997). A primordial follicle consists of
a single primary oocyte surrounded by a layer of somatic cells, known as pre-granulosa
cells, all enclosed within a thin basement membrane (Hirshfield, 1991). Because the
oocyte contained within primordial follicle is arrested in meiosis, new primordial follicles
cannot be generated. However, this dogma of an irreplaceable primordial follicle pool
has been challenged recently (Johnson et al, 2005). The observations from these studies
have lead to controversy (Tilly et al, 2009; Lee et al, 2007; Tilly & Johnson, 2007;
Skaznik-Wikiel et al, 2007; Oktay & Oktem, 2007) in the field of reproductive biology.
Nevertheless, the current consensus in the field seems to be that the dogma will remain as
the accepted observation until further validation of said studies is made. The studies
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described here were developed based on an irreplaceable primordial follicle pool because
that is the most widely accepted knowledge.
At birth, the ovary contains approximately half a million arrested primordial
follicles of which only about 300,000 to 400,000 will remain at puberty and <1% will
become ovulated (Nussey & Whitehead, 2001; Gilbert, 2000). Upon an unknown signal,
primordial follicles become activated and begin a follicular growth phase. Following this
activation the oocyte, still in meiotic arrest, secretes growth differentiation factor 9
(GDF-9) which signals the granulosa cells to proliferate and form concentric layers
around the oocyte (Dong et al, 1996).

In turn, the granulosa cells secrete growth and

differentiation factors that signal the oocyte to grow (Antczak et al, 1997). Both the
oocyte and granulosa cells also begin secretion of the zona pellucida, a glycoprotein
membrane that surrounds the oocyte and aids in the process of fertilization (Nussey &
Whitehead, 2001). Gradually the follicle continues to grow and once it acquires 2-3
layers of granulosa cells surrounding the oocyte it becomes a secondary follicle. It is at
this stage when stroma cells located near the basal lamina align in parallel with each
other and form the theca layer. As the follicle continues to grow, the theca layer stratifies
and differentiates into two parts: the theca externa (outer part) and the theca interna (inner
part). The theca externa consists of cells no different from the undifferentiated theca
cells but the theca interna assume a typical steroid-secreting cell phenotype by expressing
luteinizing hormone receptors (LHR) (Gougeon, 2004). Upon the appearance of theca
layers, secondary follicles are defined as preantral follicles. In turn, the granulosa cells
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acquire receptors for follicle-stimulating hormone (FSH), androgens and estrogens in
order for the follicle to become a functional steroid-producing unit.
Another important event in the development of secondary follicles is the
formation of capillaries in order to increase vascular supply to the forming follicle (Jones
& DeCherney, 2005). As the follicle matures, a fluid-filled cavity known as an antrum
forms and fills with a complex mixture of proteins, hormones, and other molecules
(Gilbert, 2000). Follicles with a fully formed antrum are referred to as antral follicles.
Accumulation of antral fluid and proliferation of granulosa cells and theca interna cells
allows the follicle to progress through subsequent developmental stages until it becomes
a selectable follicle for ovulation (Gougeon, 2004). In humans, usually only one follicle
from the pool of selectable follicles becomes the “dominant follicle” (Hodgen, 1982) and
all others in that pool will die.
Follicular atresia is a natural process by which all non-selected follicles die by
apoptosis (Tilly et al, 2004). The signal that induces atresia in the cycling ovary is not
well understood but studies have implicated the involvement of FSH in the prevention of
apoptosis (Tilly et al, 2004). It is well documented that both oocytes and granulosa cells
(Morita & Tilly, 1999; Markstrom et al, 2002) degenerate via apoptosis once the follicle
enters atresia. Histologically ovarian follicular atresia can be identified by involution of
the oocyte, irregular shape of the follicle and/or the oocyte and nuclear pyknosis of
granulosa cell layers (Gougeon, 2004). The theca interna of atretic follicles do not
undergo apoptosis at the time of oocyte and GC cell death but rather hypertrophy to form
secondary interstitial cells (Erickson et al, 1985; Magoffin, 2001). However, the onset of
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apoptosis in secondary interstitial cells does occur later, but at a slower rate than in
granulosa cells (Tilly et al, 1992; Palumbo & Yeh, 1994; Logothetopoulos et al, 1995;
Foghi et al, 1998).
As mentioned before, in humans usually only one follicle becomes dominant and
will become ovulated. The mechanism by which the dominant follicle is selected over
other growing follicles is not well understood. However, it is thought that estrogenmediated events might be involved in the selection process (Jones & DeCherney, 2005).
As steroidogenesis increases in the dominant follicle, levels of the major estrogen 17βestradiol (E2) rise and signal the anterior pituitary to decrease its secretion of FSH. The
dominant follicle is less dependent on FSH levels than the less dominant follicles because
it already contains more FSH receptors and more aromatase-containing granulosa cells
(Jones & DeCherney, 2005). Because less dominant follicles contain less aromatase,
androstenedione produced by theca cells cannot be converted into E2 at an efficient rate
and thus accumulates leading to atresia within these follicles (Jones & DeCherney, 2005).
Further, the dominant follicle increases its vascular supply potentially to allow for
increased FSH delivery thus obtaining advantage over less dominant follicles that are less
vascularized (Jones & DeCherney, 2005).
Steroidogenesis within the dominant follicle leads to increased levels of E2 in
circulation which exert a positive feedback on the anterior pituitary to bring about the LH
surge. The function of the LH surge is to induce ovulation. In humans, the LH surge is
initiated between 24 and 36 hours after achieving peak E2 levels and ovulation occurs
about 36 hours after the onset of the LH surge. Following the LH surge, the oocyte
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within the dominant follicle exits meiotic arrest and completes the first meiotic division
to form a first polar body and a secondary oocyte. The secondary oocyte begins the
second meiotic division but becomes arrested in metaphase until the time of fertilization.
Under the influence of LH, granulosa cells surrounding the oocyte (corona irradiata)
proliferate and the complex becomes detached from the follicular wall and floats in the
antral fluid. Eventually, the follicular structure expels the oocyte complex which is
picked up by the fimbria of the fallopian tube and awaits fertilization.
Following ovulation, the granulosa and theca cells from the ovulated follicle
differentiate into theca-lutein and granulosa-lutein cells, respectively, and form the
corpus luteum (CL). The corpus luteum is a temporary gland that produces both estrogen
and progesterone. Progesterone acts to inhibit further folliculogenesis and decrease the
effects of estrogen by decreasing estrogen receptor numbers. If pregnancy occurs, human
chorionic gonadotropin (hCG) produced by the conceptus will rescue the corpus luteum
until placental function is completely established. However, if pregnancy does not occur,
luteal cells degenerate and the corpus luteum regresses. As levels of estrogen and
progesterone drop due to regression of the CL, negative feedback on the pituitary is
relieved and levels of FSH begin to increase, and thus a new cycle begins (Jones &
DeCherney, 2005).
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Figure 1.1 – Ovarian follicular development. The primordial follicle, the fundamental
unit of the mammalian ovary, contains an oocyte (yellow) surrounded by a single layer of
squamous granulosa cells (red). Because the oocyte is arrested in meiosis, primordial
follicles once formed cannot be further generated. Primordial follicles become recruited
for follicular development and progress through several stages of growth during which
the oocyte increases in size and acquires several layers of granulosa cells as well as layers
of theca cells (dark green). Only one follicle will become dominant and be ovulated.
However, the vast majority of recruited follicles die by a process of programmed cell
death known as atresia. The theca cells from atretic follicles survive apoptosis and
become secondary interstitial cells (light green) but retain a theca cell’s steroidogenic
phenotype.
Following ovulation, the remaining follicular tissue differentiates
(luteinization) to become the corpus luteum (orange). The corpus luteum, required for
implantation and maintenance of pregnancy, will regress (luteolysis) if pregnancy does
not occur. Once all irreplaceable follicles are lost, the female undergoes ovarian failure
or menopause in women.
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Ovarian steroidogenesis
Ovarian steroidogenesis involves both theca interna and granulosa cells within
pre-ovulatory follicles and has been described as the two-cell, two-gonadotropin theory
of steroidogenesis (Figure 1.2). The precursor for ovarian steroidogenesis is cholesterol.
Cholesterol can be either synthesized de novo by the liver and ovarian cells or can be
internalized via low density lipoprotein (LDL) and high density lipoprotein (HDL)
receptors. The process of ovarian steroidogenesis begins when LH and FSH stimulate the
synthesis of steroidogenic enzymes in theca and granulosa cells, respectively. LH also
stimulates the expression of LDL receptors in theca interna in order to increase the
availability of cholesterol substrate for steroidogenesis.
In the theca cell, steroidogenic acute regulatory protein (STAR) mobilizes
cholesterol into the mitochondria where it is converted to pregnenolone by cholesterol
side chain cleavage enzyme (CYP11A1).

Pregnenolone diffuses into the smooth

endoplasmic reticulum where it is further metabolized by either 17α-hydroxylase/17,20lyase

(CYP17A1)

or

3β-hydroxysteroid

dehydrogenase

(HSD3B)

to

produce

dehydroepiandrosterone (DHEA) or progesterone, respectively. DHEA can be further
converted by HSD3B to androstenedione or by 17β-hydroxysteroid dehydrogenase
(HSD17B) to androstenediol. Androstenedione can be used as a substrate for synthesis of
testosterone by HSD17B or diffuse into the granulosa cell (Jones & DeCherney, 2005).
In the granulosa cell, theca-derived androstenedione can be used as a substrate for
synthesis of estrone by aromatase (CYP19) or, like androstenediol, of testosterone by
HSD17B. Both estrone and testosterone can be converted into 17β-estradiol by HSD17B
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and CYP19A1, respectively. Subsequently, levels of estradiol rise and feedback to the
anterior pituitary to lower secretion of the gonadotropins (LH and FSH) and thus regulate
steroidogenesis (Jones & DeCherney, 2005).
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Theca

Granulosa
Figure 1.2 – Two cell, two-gonadotropin theory of ovarian steroidogenesis. This
theory establishes that ovarian steroids are synthesized from cholesterol through the
cooperative interactions of theca and granulosa cells. Theca cells (green): luteinizing
hormone (LH) binds to luteinizing/chorionic gonadotropin receptor (LH/CGR) on the cell
surface and stimulates the expression of the steroidogenic enzymes necessary for
androgen production. Cholesterol is mobilized into mitochondria by steroidogenic acute
regulatory protein (STAR) where it is converted to pregnenolone by cholesterol sidechain cleavage enzyme (CYP11A1). Pregnenolone diffuses into the smooth endoplasmic
reticulum and is converted to progesterone by 3β-hydroxysteroid dehydrogenase
(HSD3B). Progesterone is then converted to androstenedione by 17α-hydroxylase/17,20desmolase (CYP17A1). Granulosa cells (red): follicle-stimulating hormone (FSH) via
signaling through follicle-stimulating hormone receptor (FSHR) stimulates the expression
of enzymes necessary for estrogen synthesis. Androstenedione produced by theca cells
diffuses into granulosa cells and is converted to testosterone by the enzyme 17βhydroxysteroid dehydrogenase (HSD17B) or to estrone by aromatase (CYP19A1).
CYP19A1 utilizes testosterone to produce 17β-estradiol. However, HSD17B can also
produce 17β-estradiol using estrone as a substrate.
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Menopause and the postmenopausal ovary
Ovarian failure, also known as menopause or the climacteric, is defined as the
permanent cessation of menstrual activity with high circulating levels of FSH (Birken et
al, 2000). It is accompanied by significant physiological changes such as hot flashes,
mood changes and loss of libido (Jones & DeCherney, 2005). Recently, further interest
has been given to the 5 years preceding menopause, perimenopause, due to evidence that
several physiological changes begin to appear as early as this transition.
Despite recent controversy, it is widely accepted that ovarian follicles are
continually lost during each reproductive cycle and that these cannot be further replaced.
Of about 6 to 7 million germ cells that are present within fetal ovaries, at birth only about
1 to 2 million follicles remain. At puberty there are only about 400,000 and virtually none
at the time of menopause. Thus, the increased loss of oocytes over the reproductive life
of a female is due to the rapid, continuous process of follicular atresia (Jones &
DeCherney, 2005).
Menopause is also associated with an enhanced incidence of a number of
disorders including Alzheimer’s disease (Zandi et al, 2002), cardiovascular disease (Liu
et al, 2001), metabolic syndrome (Park et al, 2003), osteoporosis (Compston, 2001) and
ovarian cancer (American Cancer Society, 2003).

In recent years, menopause has

become a more important public health issue because on average women are now living
about 30 years after ovarian failure, which means three decades of increased risk for
those related disorders (National Center for Health Statistics, 2006).

Further, is it

estimated that by the year 2025, there will be approximately 1.1 billion women aged 50
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or over (National Center for Health Statistics, 2006) who will be potentially peri- or
postmenopausal. As a result, understanding the biology of menopause and its associated
disorders is receiving greater attention.
Unlike the ovary of cycling women that contains a heterogeneous mixture of
functional compartments, the postmenopausal ovary lacks ovarian follicles and corpora
lutea. Instead, it is mainly composed of ovarian stroma and secondary interstitial cells
that originate from the theca interna of atretic follicles. It has been hypothesized that the
postmenopausal ovary is steroidogenic and can produce androgens (Adashi, 1994).
Previous studies in human ovaries have found expression of STAR, CYP11A1, HSD3B
and CYP17A1 mRNAs in postmenopausal stroma (Jose et al, 1999; Havelock et al,
2006). Additionally, studies measuring mRNA in cultured human ovarian stromal cells
have identified expression of STAR, CYP11A1 and HSD3B (Jabara et al, 2003). A
previous study measured levels of testosterone (T), androstenedione (A), DHEA, estrone
(E1) and 17β-estradiol (E2) in ovarian venous and peripheral circulation of
postmenopausal women undergoing total hysterectomy and bilateral oophorectomy. In
that study, increased levels of T, A, DHEA, E1 and E2 were observed in samples from
the ovarian vein versus those from peripheral circulation. Further, this increase was still
present in women who had been postmenopausal for greater than 10 years (Fogle et al,
2007). However, the significance of residual steroidogenesis by the postmenopausal
ovary is still controversial. Couzinet and others compared circulating levels of the major
androgens in postmenopausal and ovariectomized women with and without adrenal
insufficiency. In these studies, levels of all hormones were reduced in women with
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adrenal insufficiency when compared to women with normal adrenal function.
Moreover, levels of androgens were also decreased when postmenopausal women with
normal adrenal function were given the adrenal inhibitor dexamethasone. Thus, it was
concluded that postmenopausal androgens are likely the product of adrenal
steroidogenesis rather than residual ovarian steroidogenesis (Couzinet et al, 2001).
Another group (Jabara et al, 2003) compared expression of steroidogenic enzymes and
levels of steroids between stromal cells isolated from postmenopausal ovaries, cultured
human theca cells and dermal fibroblasts.

Expression of steroidogenic enzymes in

ovarian stroma was lower than in theca cells and in some cases comparable to dermal
fibroblasts. Thus, they concluded that stromal cells within the postmenopausal ovary do
not appear to have significant steroidogenic capacity.

More recent studies have

compared mRNA and protein levels of several key steroidogenic enzymes between
isolated pre- and postmenopausal ovarian stromal cells.

Results from these studies

showed similar patterns of steroidogenic enzyme expression in both tissues and supported
the hypothesis that postmenopausal ovarian stroma retains steroidogenic capacity
(Havelock et al, 2006). Meanwhile, this issue is important to resolve because in the face
of declining 17β-estradiol, androgens produced by residual ovarian tissue could impact
postmenopausal health in a positive or negative manner.
Because of its association with increased risk for disorders such as osteoporosis
and ovarian cancer, menopause is important to study and efforts for developing relevant
animal models have increased in recent years. Still, today the most popular model of
ovarian failure is the ovariectomized animal (OVX) which involves the abrupt removal of
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ovarian function. In recent years, results from the Women’s Health Initiative (WHI)
studies showing that some health risks can be prevented or minimized if treated early
have focused a lot of interest on the perimenopausal stage (Writing Group for the
Women’s Health Initiative Investigators, 2002). Unfortunately, the OVX animal cannot
mimic this stage and, therefore, a more relevant model is needed. Other models have
been generated in which specific genes have been deleted in mice, thus, resulting in
premature ovarian failure (Castrillon et al, 2003; Danilovich et al, 2002; Danilovich et al,
2000; Dierich et al 1998).

In 1998, Dierich and co-workers generated mice lacking

the FSHR gene known as FORKO mice. FORKO females are anovulatory, show ovarian
atrophy, decreased production of E2 despite high levels of androgens and are sterile
(Danilovich et al, 2000). This lack of hormonal homeostasis leads to age-related changes
that are similar to those occurring with aging in women (Danilovich et al, 2003a;
Danilovich et al, 2000). Despite the advantage of providing an ovary-intact animal to
conduct studies related to ovarian failure, deletion of FSHR in FORKO mice affects
parameters such as formation of germ cells (Balla et al, 2003). These observations show
that deletion of FSHR may affect embryonic development, thus, FORKO mice are not
ideally relevant in modeling natural menopause in ageing women (Danilovich & Ram
Sairam, 2006). However, this flaw of the model has been improved recently by the
creation of FSHR+/- or FSHR haploinsufficient mice (Danilovich et al, 2002). In contrast
to FORKO mice, FSHR+/- mice reach reproductive maturity such that ovarian function is
not lost early in life but rather lose it after reaching maturity. Further, these studies have
shown increased follicular atresia in FSHR+/- mice and decreased 17β-estradiol despite
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similar levels of gonadotropins when compared to age-matched wild-type mice,
indicating that the FSHR+/- mouse may be a useful model for menopause (Danilovich et
al, 2003).
Another genetically altered mouse model for menopause is the Foxo3a null mouse
(Castrillon et al, 2003). Foxo3a is a member of the forkhead family of mammalian
transcription factors (Brenkman & Burgering, 2003) and has been shown to play an
important role in ovarian follicular activation (Castrillon et al, 2003). Foxo3a null mice
show normal sexual maturation but become sterile by 15 weeks of age. They show
increased follicular activation and atresia which leads to premature ovarian failure with
the expected rise in levels of FSH and LH (Castrillon et al, 2003). However, the question
remains: how accurately can genetically altered animals model menopause in women?

The 4-vinylcyclohexene diepoxide-treated mouse as a model for menopause
4-vinylcyclohexene diepoxide (VCD) is an occupational chemical used as a
reactive diluent for diepoxides and epoxy resins (NTP, 1989). Repeated daily dosing
with VCD selectively destroys primordial and primary follicles (collectively small preantral follicles) in ovaries of mice and rats (Springer et al, 1996; Hu et al, 2001a; Hu et al,
2001b; Takai et al, 2003). Studies have also shown that the mechanism of action of VCD
involves direct effects on the ovary rather than indirect effects via pathways involving the
hypothalamus (Hooser et al, 1994). This information has also been confirmed by studies
in cultured postnatal day 4 ovaries in which VCD also causes follicle death in the absence
of other organ systems (Devine et al, 2002).

However, studies involving full necropsies
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of animals exposed to VCD have shown no direct effects of dosing with the chemical on
any other organ other than the ovary and indirectly the uterus (Wright et al, 2008). The
exact cellular mechanism by which VCD destroys small preantral follicles is not
completely understood but studies have shown that the follicles are being lost by
apoptosis (Springer et al, 1996b; Mayer et al, 2002).
An ovary-intact mouse model of menopause has been developed using VCD
(Mayer et al, 2004; Lohff et al, 2005; Lohff et al, 2006). In this model, animals are dosed
daily with VCD (160 mg/kg) for 15-25 days to cause complete depletion of small preantral follicles. Because VCD does not target larger follicles, the animal continues to
ovulate normally until no more follicles can be recruited (gradual onset of ovarian
failure).

Estrous cyclicity is monitored by vaginal cytology to obtain information

regarding status of cyclicity and onset of ovarian failure (Lohff et al, 2005). As with
women undergoing perimenopause, VCD-treated mice show increased levels of FSH
(Mayer et al, 2004), declining levels of estrogen and irregular estrous cycles (Lohff et al,
2005) as they gradually become follicle-depleted (Figure 1.3). Additionally, following
ovarian failure residual ovarian tissue is retained, thus, making this model ideal for
studying the physiology of the postmenopausal ovary. Further, the VCD-treated mouse
model is not genetically altered from the beginning but allows for development of VCDinduced ovarian failure in genetically altered mice.
Recently, several menopause-related disorders have been modeled and studied
using the VCD-treated mouse model of peri- and postmenopause.

These disorders

include ovarian cancer in rats (Hoyer et al, 2009; Kanter et al, 2006) and Alzheimer’s
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disease (Golub et al, 2008), cardiovascular disease (Mayer et al, 2005), diabetic kidney
disease (Keck et al, 2007), metabolic syndrome in mice (Romero-Aleshire et al, 2009)
and perimenopause in mice (Haas et al, 2007). The model has also been tested in nonhuman primates (Appt et al, 2006). For this reason, the VCD-treated mouse is considered
a relevant animal model for studies related to the perimenopausal and postmenopausal
stages (Williams, 2005) as well as the study of menopause-associated disorders.

30

Figure 1.3 – The VCD-treated mouse model mimics the perimenopausal transition
in women. Similar to women undergoing perimenopause, VCD-treated mice show
increased levels of FSH (follicle-stimulating hormone; Lohff et al, 2005), declining levels
of 17β-estradiol and irregular cycles (Lohff et al, 2006) as they undergo a gradual onset
of ovarian failure (follicular depletion).
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Menopause-associated disorders
Osteoporosis
Osteoporosis (porous bone) has been defined as “a disease characterized by low
bone mass and microarchitectural deterioration of bone tissue, leading to enhanced bone
fragility and consequent increase in fracture risk” (Consensus Development Conference,
1991; Keating et al, 2000).

There are currently an estimated 10 million cases of

osteoporosis in the United States, of which 80% are women. It is estimated that by the
year 2025 costs associated with osteoporotic fractures will rise to $25.3 billion (National
Center for Health Statistics, 2006). Further, approximately 20% of patients who suffer an
osteoporotic hip fracture will die within one year post-fracture. Clinical diagnosis of
osteoporosis is made based on two systems of diagnosis: a low level of bone mineral
density (BMD) as well as the occurrence of fragility fractures. Thus, an individual could
be diagnosed with osteoporosis if BMD is less than 2.5 standard deviations below the
young adult range regardless of whether a fracture had occurred (Keating et al, 2000).
In humans, peak bone mass is reached soon after the end of linear growth and is
determined largely by genetic factors but environmental factors have also been
implicated particularly hormones (reviewed in Keating et al, 2000). Both men and
women experience a decline in bone mass throughout life such that they lose about 0.30.5% of their bone mass every year (Stevenson et al, 1989).

In addition, women

experience even further declines in bone mass following menopause when bone loss is
about 10-fold higher than during their premenopausal years.

The increase in bone
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remodeling caused by estrogen deficiency is thought to be responsible for this accelerated
rate of bone loss in postmenopausal women (Keating et al, 2000).
Bone remodeling is the process by which the adult bone is continuously repaired
and reformed.

There are two types of bone: cortical bone, (~80% of total bone)

predominant in the long bones of the appendicular skeleton; and trabecular bone, (~15%
of total bone) prominent at the end of long bones and within flat bones. About 65% of
bone within the lumbar spine is of the trabecular type. In order to maintain homeostasis,
bone is remodeled at specific sites known as bone remodeling units. It involves the
removal of mineralized bone by osteoclasts (bone removing cells) and its replacement
with new mineralized bone by osteoblasts (bone forming cells). Osteoporosis occurs
when the imbalance between resorption and formation of bone leads to net bone loss
(Keating et al, 2000).
Bone homeostasis is affected by several hormones such as parathyroid hormone
(PTH), 1,25-dihydrovitamin D [1,25(OH)2D3], sex steroids and glucocorticoids. Briefly,
PTH secretion is sensitive to levels of calcium in blood. It acts on the kidney to preserve
calcium and on bone to increase resorption in order to increase circulating calcium. PTH
also stimulates the production of 1,25(OH)2D3 in the kidney. In turn, 1,25(OH)2D3
increases intestinal absorption of calcium to increase circulating calcium as well.
Although PTH and 1,25(OH)2D3 are the principal hormones involved in modulating
calcium homeostasis, and by consequence the bone remodeling process (Barrett &
Barrett, 2005), the studies described here focus on postmenopausal osteoporosis (caused
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by estrogen deficiency). Thus, more attention will be given to estrogen deficiencyinduced effects on bone remodeling following ovarian failure.
In the premenopausal woman, E2 blunts the effects of PTH on bone in order to
prevent excessive resorption of bone.

However, this protection is lost following

menopause when declining levels of E2 lead to an increase in the rate of formation and
resorption. This has been shown by increased levels of the markers of bone turnover
serum alkaline phosphatase and osteocalcin (formation), and urinary hydroxyproline or
pyridinoline cross-links of collagen (resorption) (Kraenzlin et al, 2008). Further, an
increase in the number of osteoclasts in trabecular bone has been observed following the
loss of ovarian activity.

Other studies have suggested that osteoclast aggression is

increased in an estrogen-deficient state which leads to increased resorption (reviewed in
Keating et al, 2000).
Two useful imaging tools often utilized in the screening for osteoporosis are dual
energy x-ray absorptiometry (DXA) to estimate bone density, and micro-computed
tomography (µCT) to assess bone architecture. The measurement of BMD with DXA is
the most widely used method for screening and diagnosis of osteoporosis today (Watts,
2004). The major uses of DXA have been for the diagnosis of osteoporosis before
fracture occurs, for monitoring patients currently being treated for the disease and for
determining if treatment is needed in untreated patients (Watts, 2004). Recently, it has
been realized that BMD alone may not be sensitive enough for the accurate diagnosis of
osteoporosis (Kalpakcioglu, 2008). The observation that individuals with smaller frames
have lower BMD values but do not have higher rates of fractures has drawn attention to
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the limitations of BMD as a screening tool for osteoporosis (Kalpakcioglu, 2008).
Therefore, attention has been given to other non-invasive and non-destructive techniques
such as µCT to provide structural information. The use of µCT allows for the evaluation
of trabecular and cortical bone by assessing tri-dimensional architectural parameters and
modeling the biomechanics of the bone under study (Kalpakcioglu, 2008).
Another useful approach in the study of osteoporosis is the use of biochemical
markers of bone turnover to evaluate the rate of bone remodeling in an individual (Rogers
et al, 2000). These markers are metabolites of the bone remodeling process which can be
measured in serum and urine (Heiss et al, 2004). Although the usefulness of these for the
clinical diagnosis of osteoporosis is not completely elucidated, they have been widely
used for monitoring therapeutic responses in bone diseases.

Several studies have

reported changes in the levels of biochemical markers after menopause (reviewed in
Rogers et al, 2000).
Osteocalcin (OC) is a 49 amino acid protein that comprises 20% of the noncollagenous protein in bone and is synthesized by osteoblasts under the control of 1,25OH2D3 (Rapado et al, 1989). Although the physiological role of OC has not been
completely elucidated, it is believed to have an important role in bone formation (Ureña
& de Vernejoul, 1999). When compared between osteoporotic individuals and nonosteoporotic controls, levels of OC are lower in patients with osteoporosis (Rapado et al,
1989).
Type I collagen comprises 85-90% of the total bone matrix and provides the
mechanical properties of bone tissue. Two types of molecules form cross links with Type
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I collagen thus imparting the tensile strength of collagen fibers, pyridinoline (PYD) and
deoxypyridinoline (DPD) (Prockop et al, 1979; Eyre et al, 1984; Eyre, 1987). During the
process of bone resorption, PYD and DPD are released into circulation and are normally
excreted into urine (reviewed in Ureña & de Vernejoul, 1999). Serum PYD levels have
been found to be increased in osteoporotic women when compared to non-osteoporotic
controls (Heiss et al, 2004).

For this reason, levels of PYD and DPD are commonly

assessed in the study of bone diseases such as osteoporosis (Bettica el, 1996; Kraenzlin et
al, 2008).

Ovarian cancer
Approximately 20,000 women are diagnosed with cancer and about 15,000 die of
the disease each year (Horner et al, 2009). Ovarian cancer ranks fifth in deaths by all
cancers and first of all the cancers of the reproductive system. The survival rate of
ovarian cancer patients improves greatly when the disease is detected early.
Unfortunately, only less than 20% of all ovarian cancers are found at an early stage due
to the lack of reliable screening methods for early detection (American Cancer Society,
2006).
Ovarian neoplasms can be classified as epithelial, sex-cord stromal or germ cell
tumors. Almost 90% of all ovarian cancers are thought to be derived from the ovarian
surface epithelium (OSE), a layer of flat-to-cuboidal epithelial cells that covers the ovary
(Weiss et al, 1977; Nicosia & Johnson, 1984; Colombo et al, 2006). OSE-derived
cancers are positive for staining for the intermediate filament protein cytokeratin 7 (CK7;
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Kummar et al, 2002). All other tumors are thought to be germ cell (~5%) or sex-cord
stromal (<5%) (Kufe et al, 2003).
Germ cell tumors are derived from the primordial germ cells of the ovary and are
typically diagnosed in young women during their early 20’s (Kufe et al, 2003; Downs &
Boente, 2003).

Human chorionic gonadotropin (hCG), α-fetoprotein (AFP), lactate

dehydrogenase (LDH) and/or human placental lactogen (HPL) are secreted by some germ
cell malignancies and thus aid in their diagnosis (Downs & Boente, 2003).
On the other hand, sex-cord stromal tumors are derived from the sex cords and the
ovarian stroma. These tumors are usually composed of combinations of granulosa and
theca cells as well as Sertoli-like and Leydig-like cells (Kufe et al, 2003), and have been
found to secrete sex steroids (estrogens and androgens; Judson & Boente, 2003). Sexcord stromal tumors stain positive for the peptide hormone α-inhibin (McCluggage,
2002) mostly known for its role in negative regulation of FSH secretion (Jones &
DeCherney, 2005). The incidence of sex cord-stromal ovarian cancers in general has
been found to be the highest in women over the age of 50, but has also been observed in
some premenopausal women (Judson & Boente, 2003). Some examples of sex-cord
stromal tumors are granulosa cell and Sertoli-Leydig cell tumors (Burke & Patchefsky,
2003). Granulosa cell tumors are estrogenic and are divided into adult and juvenile types.
Most cases of granulosa cell tumors are in postmenopausal women (Judson & Boente,
2003). On the other hand, Sertoli-Leydig cell (SLCT) tumors are androgenic and are
most common beyond age 20.

Prognosis of SLCTs depends on the degree of
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differentiation with well-differentiated tumors being typically benign and poorlydifferentiated tumors malignant (Judson & Boente, 2003).
Epidemiological studies have evaluated the following as risk factors for ovarian
cancer: age, chronic inflammation, diet, ethnicity, hormone replacement therapy (HRT),
hysterectomy, infertility drug use, nonsteroidal anti-inflammatory drug (NSAID) use,
obesity, oral contraceptive (OCP) use, increased parity, smoking, and talc use/asbestos
exposure (reviewed in McLemore et al, 2009). However, the etiology of ovarian cancer
is still not completely known. Several factors have been associated with the development
of the disease such as incessant ovulation, high levels of gonadotropins (LH and FSH),
steroid hormones (estrogens and androgens), germ cell/follicle depletion, changes in
expression/regulation of oncogenes and tumor suppressor genes, growth factors,
cytokines, and exposure to environmental agents (reviewed in Salehi et al, 2006).
The most popular theory for the occurrence of ovarian cancer is the “incessant
ovulation theory”. This theory establishes that uninterrupted ovulation throughout a
woman’s reproductive life leads to an increased risk of ovarian cancer (Daly, 2003). As
reviewed previously (Daly, 2003), it has been proposed that continuous ovulations
increase the risk for ovarian cancer by: a) repetitive trauma to the OSE which causes cell
proliferation in this layer, b) potential entrapment and transformation of epithelial
inclusion cysts, and c) repetitive exposure of the OSE to steroid-rich follicular fluid or
pituitary gonadotropin that may give rise to malignant transformation. Further, studies on
increased parity and the use of oral contraceptives showed that each factor can reduce the
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risk of ovarian cancer by 30-45% and 30-60% respectively (Hankinson et al, 1992)
presumably by reducing the number of ovulations.
Sex steroids have also been associated with risk for ovarian cancer. Estrogen has
been shown to increase proliferation of the OSE, making cells more prone to genetic
errors that can lead to malignant transformation (Salehi et al, 2006). Previous studies
have found that high levels of androstenedione, DHEA and DHEA-S are associated with
increased risk for ovarian cancer (Danforth et al, 2009). Androgen receptors have been
observed in cells from the surface epithelium. Because androgens can build up within
follicular fluid, this provides a source for exposure of epithelial cells within stromal
inclusion cysts (Daly, 2003).
Cigarette smoking interferes with ovarian function and leads to reproductive
problems (Zenzes, 2000). Several ingredients in cigarette smoke, such as benzo[a]pyrene
and 7,12-dimethylbenz[a]anthracene (DMBA), have been recognized as carcinogens and
have been shown to cause DNA damage via formation of DNA adducts (Hoffmann &
Hoffmann, 1997; Zenzes et al, 1997) than can lead to malignant transformation.
Interestingly some of these ovarian cancer-associated factors such as germ
cell/follicle depletion and levels of estrogens, androgens and gonadotropins occur or
undergo significant changes during and after the menopausal transition (Salehi et al,
2006). Approximately two thirds of ovarian cancer cases are in women over the age of
55, thus, the incidence of ovarian cancer is increased in peri- and post-menopausal
women (Horner et al, 2009). For this reason, ovarian cancer is considered a disease of
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menopause (Kufo et al, 2003) and relevant animal models for research aimed at
furthering our understanding of ovarian cancer would be highly beneficial.

Animal models for ovarian cancer
Previous studies have reported spontaneous ovarian adenocarcinomas in hens
aged 2-7 years (Fredrickson, 1987). Also, there have been reports of spontaneous ovarian
tumors in rodents (Tillman et al, 2000; Walsh & Poteracki, 1994; Beamer et al, 1985;
Gregson et al, 1984; Prejean et al, 1973). Unfortunately, spontaneous tumors do not
occur with great frequency to allow researchers to draw statistically relevant conclusions.
For this reason, much effort has been put into developing relevant animal models for
ovarian cancers.
Several experimental models for studies of ovarian carcinogenesis involve the use
of xenografts of ovarian surface epithelium (OSE) cells that have been transformed in
vitro. In these models, transfection with selected sequences (e.g. Kirsten murine sarcoma
virus, SV40 T antigen and E-cadherin) into cultured human OSE cells lead to formation
of adenocarcinomas when transplanted into immunosupressed rodents (Maeda et al,
2005; Leung et al, 2001; Nitta et al, 2001; Adams & Auersberg, 1981).

Similar

experiments have been conducted using mouse and rat OSE cells that had undergone
spontaneous transformation in culture (Hoffman et al, 1993; Godwin et al, 1992; Adams
& Auersperg, 1985). Although useful, these models lack the ability to provide insight
into the early process of carcinogenesis in these cells (Vanderhyden et al, 2003).

40

Other experiments involve the use of xenografts of actual ovarian cancer cells. In
these studies, ovarian cancer cells are administered to rats and mice subcutaneously,
intra-peritoneally or directly into the intra-bursal space, the space between the ovary and
the sac-like structure that surrounds it. This model is thought to be physiologically more
relevant because cancer cells are injected directly into the area where ovarian tumors are
thought to arise (Vanderhyden et al, 2003).
Other models use carcinogenic chemicals to induce ovarian neoplasia. One such
model is the use of 7,12-dimethylbenz[a]anthracene (DMBA) (Kuwahara, 1967; Krarup,
1969; Stewart et al, 2004; Crist et al, 2005).

DMBA is a polycyclic aromatic

hydrocarbon (PAH) that has been shown to induce mutations by forming DNA adducts
(Daniel & Joyce, 1983) and to cause ovarian tumors in rats when applied by intra-ovarian
suture (Crist et al, 2005). The DMBA model of ovarian carcinogenesis has also been
used to assess other risks factors such as increased ovulation rates stimulated by
treatment with gonadotropins. In these studies, co-treatment with gonadotropins caused
an increase in severity of the lesions, indicating that the gonadotropins favored ovarian
cancer progression (Stewart et al, 2004).
Because ovarian cancer is considered a disease of the postmenopausal stage,
research using relevant animal models of menopause is needed to advance the
understanding of the biology of neoplasms in the post-menopausal ovary.

Recent

studies combined, for the first time, the DMBA model of ovarian carcinogenesis with the
VCD model of menopause to cause ovarian cancer in follicle-depleted F344 rats (Kanter
et al, 2006; Hoyer et al, 2009). As a result of DMBA treatment, 42% of VCD-treated
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follicle-depleted rats showed Sertoli-Leydig cell tumors as early as 3 months following
injection. At 5 months following injection this percentage increased to 57% while no
tumors were observed in any of the control rats with or without DMBA injection (Hoyer
et al, 2009). Because the VCD-treated follicle-depleted rat models both the peri- and
postmenopausal stages, it is considered exceptionally relevant for studies on early
neoplastic changes during the perimenopausal transition as well as the postmenopausal
stage.

Summary
Ovarian follicular development begins during embryonic life and continues
throughout puberty until ovarian follicles are depleted and ovarian failure occurs.
Ovarian failure, known as menopause in women, is accompanied by physiological
changes such as follicular depletion, decreased production of 17β-estradiol and elevated
LH and FSH which lead to increased risk for disorders such as osteoporosis and ovarian
cancer. Osteoporosis and ovarian cancer are diseases that affect many postmenopausal
women each year.

However, highly relevant animal models that mimic both the

perimenopausal and postmenopausal stages are still lacking. The VCD-treated follicledepleted mouse is a relevant model for peri- and postmenopause and has been used to
study several menopause-associated disorders. Because VCD-treated follicle-depleted
mice retain residual ovarian tissue following ovarian failure, this model has been used in
the studies described here that were aimed at understanding the physiology of residual
ovarian tissue and its contribution to the development of menopause-associated disorders.
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Hypothesis
Residual ovarian tissue is steroidogenically active following ovarian failure
and its physiological function affects the development of disorders associated with
ovarian failure.

Specific Aims
1. Characterize gene expression in residual ovarian tissue in VCD-treated
follicle-depleted mice.

Hypothesis – Aim 1:
Residual ovarian tissue of VCD-treated mice expresses genes associated
with physiologically relevant functions.

There is an ongoing controversy related to the role of residual ovarian tissue
in postmenopausal women’s health.

Several studies have presented

conflicting arguments regarding gene expression in residual ovarian tissue of
postmenopausal women.

The VCD-treated follicle-depleted mouse is a

relevant model for studies aimed at understanding the physiology of residual
ovarian tissue. A genomic approach will be used to compare gene expression
in ovaries from follicle-depleted mice to that in cycling and aged (naturally
senescent) mice. (Refer to Chapter 2)
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2. Characterize steroidogenic capacity in residual ovarian tissue of VCDtreated follicle-deplete mice

Hypothesis – Aim 2
Residual ovarian tissue of VCD-treated follicle-depleted mice retains
steroidogenic capacity and produces androgens.

Ovarian failure, or menopause in women, occurs when all ovarian follicles
become depleted.

The postmenopausal ovary has previously been

hypothesized to retain steroidogenic capacity and produce androgens.
However, studies in humans have shown conflicting results. The VCD-treated
follicle-depleted mouse model will be used to evaluate steroidogenic capacity
of residual ovarian tissue by measuring mRNA and protein levels of enzymes
involved in the steroidogenic pathway as well as circulating levels of steroid
hormones. (Refer to Chapter 3)
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3. Determine if residual ovarian tissue impacts accelerated bone loss
associated with ovarian failure.

Hypothesis – Aim 3:
Factors (steroids) produced by residual ovarian tissue protect the
skeleton from accelerated bone loss following ovarian failure.

Bone homeostasis is achieved by a balance between bone formation and
resorption. It is well known that women experience accelerated bone loss
after menopause and that 17β-estradiol plays a role in maintaining bone tissue
homeostasis. Significant research has been conducted using animal models to
understand accelerated bone loss in postmenopausal women.

The vast

majority of women undergo gradual ovarian failure (natural ovarian
senescence) as they enter menopause.

Because current studies use an

ovariectomized rodent model (surgical menopause), studies using an animal
model that retains residual ovarian tissue would be more physiologically
relevant. For this reason, bone mineral density measurements of the lumbar
spine of VCD-treated follicle-depleted and ovariectomized mice will be
compared with cycling controls to determine the contribution of residual
ovarian tissue to bone integrity after ovarian failure. (Refer to Chapter 4)
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4. Determine if ovarian failure affects susceptibility to the development of
ovarian neoplasms.

Hypothesis – Aim 4:
Ovarian failure in the follicle-depleted ovary accelerates the development
of ovarian neoplasms in mice.

Ovarian cancer causes more deaths than any other cancer of the female
reproductive system. Currently accurate screening methods for ovarian cancer
are not available which leads to delayed detection at advanced stages and
decreased survival rates in women. For this reason, animal-based research is
needed to further understand the biology of ovarian cancer. Because the risk
for ovarian cancer is higher in postmenopausal women, research aimed at
understanding the biology of ovarian cancer in this age group requires the use
of a highly relevant follicle-depleted animal model. VCD-treated follicledepleted mice and cycling controls will receive ovarian injections with the
carcinogen DMBA to induce ovarian neoplasms. The incidence of neoplasms
will be compared between both groups and the types of neoplasms classified.
(Refer to Chapter 5)
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CHAPTER 2
GENE EXPRESSION IN RESIDUAL OVARIAN TISSUE OF 4VINYLCYCLOHEXENE DIEPOXIDE-TREATED MICE

Abstract
Because of its association with several health risks such, as osteoporosis,
cardiovascular disease and ovarian cancer, menopause has become an important health
issue. One unresolved question related to residual ovarian tissue in postmenopausal
women is whether it is still a physiologically relevant organ. The purpose of this study
was to characterize global gene expression in residual ovarian tissue of VCD-treated mice
and compare it to that in acyclic aged mice (natural senescence) and cycling controls.
Female B6C3F1 mice (age d28) were dosed daily with VCD (160mg/kg; i.p.) or sesame
oil (vehicle control; i.p.) for 20d to cause ovarian failure. Vehicle-only animals were
used as age-matched cycling controls (CON). Two cDNA microarray experiments were
conducted. First, microarray hybridizations were performed using samples from cycling
control and VCD-treated follicle-depleted mice collected on d181 after the onset of
dosing. The second experiment was designed to address the following questions: 1) how
does residual ovarian tissue in VCD-treated follicle-depleted mice compare to that in a
naturally senescent animal; and 2) what are the potential direct effects of VCD dosing on
gene expression in residual ovarian tissue? Acyclic naïve 2-year old mice were used as
controls for natural ovarian senescence (AGD). In order to adjust for potential direct
effects of VCD exposure, VCD-treated animals were further divided into 3 groups
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(n=10/group) on d105 after the onset of dosing. VCD-treated follicle-depleted mice
received a second exposure to VCD (FD.VCD) or vehicle (FD.oil) daily for 15d (d105 to
d120), or no further treatment (FD).

On d120, ovaries were collected and processed for

cDNA microarray analysis (n=4/group). The first microarray experiment identified 349
genes as associated with ovarian failure as compared with CON, while the second
experiment identified 177 genes. Only 4 genes were associated with exposure to VCD
and only 7 genes were associated with ovarian senescence (aging; FD versus AGD).
Results from both microarray experiments were validated by real-time PCR. Findings
from this study suggest that residual ovarian tissue may retain physiologically relevant
functions such as androgen production, metabolism of lipids and metabolism of
xenobiotics.
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Introduction
Menopause is defined as the permanent cessation of menstrual activity and occurs
on average at age 51 (range 40-58; Erickson, 2000). Because of its relationship with
several health risks such as osteoporosis (Compston, 2001), cardiovascular disease (Liu
et al, 2001) and ovarian cancer (American Cancer Society, 2006), menopause has become
an important health issue. It has been shown that significant physiological changes
related to these disorders can occur as early as 5-10 years preceding menopause, a period
known as perimenopause (Burger, 2000; Reame, 2000).

One unresolved and

controversial question related to residual ovarian tissue in postmenopausal women is
whether the postmenopausal ovary is still a physiologically relevant organ (Couzinet et
al, 2001; Jabara et al, 2003; Havelock et al, 2006; Fogle et al, 2007). Therefore, research
conducted in relevant animal models is needed to further our understanding of the
physiology of the postmenopausal ovary.
In rodents, ovarian failure is the stage analogous to menopause in women. The
tissue remaining following ovarian failure, residual ovarian tissue, is mainly composed of
stromal cells and secondary interstitial cells (Magoffin et al, 1985). The most widely
used model for menopause is the ovariectomized (OVX) rodent. Although the OVX
rodent mimics estrogen deficiency during the postmenopausal stage in women, due to
abrupt removal of the ovaries, animals do not go through a period analogous to
perimenopause in women. This means that the OVX model cannot be used for studies
related to perimenopausal changes that might lead to menopause-associated disorders.
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Further, residual ovarian tissue is not retained in OVX animals, thus, studies aimed at
characterizing physiological functions in this tissue are not possible.
An ovary-intact mouse model for menopause has been developed using the
occupational chemical 4-vinylcyclohexene diepoxide (VCD; Mayer et al, 2004; Lohff et
al, 2005; Lohff et al, 2006). VCD causes gradual ovarian failure in mice by targeting and
accelerating atresia in the small preantral follicle reserve (Springer et al, 1996; Hu et al,
2001a; Hu et al, 2001b; Takai et al, 2003). Because remaining larger follicles are not
directly affected, the animal continues to ovulate until no follicles remain for recruitment.
In this model, progression to follicle depletion (ovarian failure) is gradual and the animal
retains residual ovarian tissue. Therefore, the VCD-treated mouse is a relevant model for
studying residual ovarian tissue and its potential impact on postmenopausal women’s
health.
The purpose of this study was to characterize global gene expression in residual
ovarian tissue of VCD-treated mice and compare to that in acyclic aged mice (natural
senescence) and cycling controls. A genomic approach was used to identify genes
associated with ovarian failure and separate these from genes associated with ovarian
senescence and potential direct effects from exposure of VCD.
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Materials and Methods
Experiment 2.1
Female B6C3F1 mice (age d28; n=8/group) were dosed daily with VCD
(160mg/kg; i.p.) or sesame oil (vehicle control; i.p.) for 20d to cause ovarian failure.
This mouse strain was selected for these studies because the VCD-treated mouse model
for menopause was originally developed using this strain.

Estrous cyclicity was

monitored by vaginal cytology and ovarian failure was assigned when each animal
showed persistent diestrus (>10 days) as previously described (Lohff et al, 2005).
Animals were euthanized by CO2 inhalation on day 181 after the onset of dosing.
Ovaries, uteri, kidneys, adrenals, liver and spleens were collected and weighed. One
ovary from each animal was processed for RNA isolation, and subsequent cDNA
microarray analysis and confirmation of array data by real-time PCR. Each sample of
ovarian cDNA was derived from an individual animal (n=4/group). The contralateral
ovary of each animal was fixed in Bouins solution and used for histological evaluation to
confirm follicle depletion in VCD-treated mice.
Experiment 2.2
Ovarian failure was induced and confirmed as described in Experiment 2.1 using
a separate group of animals. On d105 after the onset of dosing, VCD-treated follicledepleted animals (n=30) were randomly divided into 3 experimental groups (n=10/group)
and were dosed daily for 15 days with: a second exposure to vehicle (FD.oil), VCD
(FD.VCD) or no further treatment (FD). Vehicle-treated cycling controls (n=8) were not
treated during the second dosing. Two-year old acyclic naïve mice (B6C3F1; n=4) were
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used to provide a group of naturally senescent animals in which ovarian failure had
occurred naturally (AGD). Animals were euthanized on d120 relative to the start of the
experiment and ovaries, uteri, kidneys, adrenals, liver and spleen were collected and
weighed. Ovaries were processed for RNA isolation and subsequent cDNA microarray
and real-time PCR analysis (n=4/group). The contralateral ovary of some animals (n=3)
was fixed in Bouins and processed for histological evaluation and confirmation of
ovarian failure.
cDNA samples were hybridized to slides prepared from the NIA cDNA clone set
following the schemes shown in Figure 2.1.

Microarray data in both studies was

analyzed using CARMA, a software package based on the fitting of expression data to an
ANOVA model containing terms for array and dye effects (Greer et al, 2006). Genes
were filtered based on P-value (P<0.05 vs. cycling control) and fold difference (>±1.5
fold vs. cycling control).

Gene expression data obtained from both microarray

experiments were validated by evaluating expression of selected genes by real-time PCR
analysis.



See APPENDIX A for detailed methods.
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Figure 2.1 – Hybridization schemes used to conduct microarray experiments.
Hybridization schemes were adapted from schemes described in Kerr and Churchill, 2001
and Greer et al, 2006. Each arrow represents a single hybridization of two samples.
Each green arrowhead represents the sample that received the green dye while the red end
indicates the sample that received the red dye. Each sample represents cDNA extracted
from the ovary of an individual animal (n=4 ovaries from 4 different animals per group).
Each samples was hybridized once with each dye (“dye swap”) to compensate for dye
effects. (A) Hybridizations involving 2 groups: vehicle-treated cycling control (CON)
and VCD-treated follicle-depleted mice (FD; Experiment 2.1). (B) Hybridizations
involving 5 groups: vehicle-treated cycling control (CON), VCD-treated follicle-depleted
mice with no further treatment (FD), second exposure to VCD (FD.VCD) or vehicle
(FD.oil) and acyclic aged (AGD) mice (Experiment 2.2).
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Results

Experiment 2.1: Gene expression in residual ovarian tissue of VCD-treated mice
Individual whole ovary cDNA samples were prepared from ovaries from VCDtreated follicle-depleted mice and age-matched cycling controls that were collected on
day 181 (d181) after the onset of dosing.

Samples were hybridized following the

hybridization scheme shown in Figure 2.1A. A total of 349 genes had a P<0.05 and a
fold difference ≥ ±1.5-fold in VCD-treated follicle-depleted ovaries compared with
cycling controls (reference group; Table B.1 in Appendix B). A shorter list of 35 genes
was generated based on their physiological relevance to the ovary and is shown in Table
2.1. In order to confirm the results, a group of 11 genes was randomly selected and their
expression evaluated by real-time PCR (Table 2.2). Expression data for all 11 genes
confirmed the pattern of expression observed with the microarray.
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Table 2.1 — List of selected genes: CON vs. VCD-treated follicle-depleted
Gene Description
Fold
Apoptosis
caspase 12
-1.91
Cell Cyle/Proliferation
cyclin A2
-2.74
cyclin B1
-3.40
cyclin D2
4.49
proliferating cell nuclear antigen
-1.50
Energy and Metabolism
aldehyde dehydrogenase 1 family, member B1
1.55
carboxylesterase 3
11.28
cytochrome P450, family 11, subfamily a, polypeptide 1
1.66
cytochrome P450, family 17, subfamily a, polypeptide 1
38.24
epoxide hydrolase 1, microsomal
5.66
fatty acid binding protein 3, muscle and heart
13.22
glutathione peroxidase 3
4.58
glutathione S-transferase, alpha 4
5.00
glutathione S-transferase, mu 1
7.10
glutathione S-transferase, mu 2
4.58
low density lipoprotein receptor
1.93
mevalonate (diphospho) decarboxylase
3.36
Matrix and Structural Proteins
collagen, type I, alpha 1
-3.06
collagen, type III, alpha 1
-3.77
collagen, type IV, alpha 2
-2.50
keratin 18
2.98
Oocyte-Specific
oocyte maturation, beta
-5.73
oocyte specific homeobox 1
-3.46
zona pellucida glycoprotein 3
-4.05
zygote arrest 1
-4.33
Signal Transduction
anti-Mullerian hormone type 2 receptor
1.72
inhibin alpha
3.64
insulin-like growth factor 2 receptor
-1.79
insulin-like growth factor binding protein 4
-3.19
insulin-like growth factor binding protein 5
2.48
phosphatidylinositol 3-kinase, regulatory subunit, polypeptide 1 (p85 alpha)
-3.55
platelet derived growth factor receptor, beta polypeptide
-2.11
platelet-derived growth factor, C polypeptide
-2.53
prolactin family 5, subfamily a, member 1
1.53
prolactin receptor
2.79
This list includes selected genes with a P<0.05 and ≥ ±1.5 fold difference compared
to cycling control (reference group).
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Table 2.2 - Validation of microarray by PCR
Array

PCR

Gene Description

Fold

Fold

SE

Pvalue

carboxylesterase 3
cytochrome P450, family 11, subfamily a, polypeptide 1
cytochrome P450, family 17, subfamily a, polypeptide 1
epoxide hydrolase 1, microsomal
fatty acid binding protein 3, muscle and heart
glutathione S-transferase, alpha 4
inhibin alpha
low density lipoprotein receptor
tumor necrosis factor receptor superfamily, member 19
zona pellucida glycoprotein 3

11.28
1.66
38.24
5.66
13.22
5.00
3.64
1.93
-8.05
-4.05

58.99
2.48
147.7
8.89
38.65
5.98
4.78
5.31
-10.7
-139

0.22
0.25
0.14
0.11
0.10
0.24
0.28
0.09
0.56
0.95

0.001
0.024
0.009
0.003
0.002
0.006
0.006
0.074
0.003
<0.001

zygote arrest 1

-4.33

-110

1.72

0.004

List of genes for which real-time PCR analysis was used to confirm data obtained from
microarray. Real-time PCR data was normalized to expression of β-actin within each
sample. Fold change is relative to expression in cycling control ovaries. P-values were
obtained by comparing PCR expression data in follicle-depleted ovaries to that in cycling
controls.
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Experiment 2.2: Gene expression in residual ovarian tissue of follicle-depleted mice
Because the VCD-treated follicle-depleted mouse is a novel model for
menopause, it is important to understand how gene expression in this model compares to
that in an animal with natural ovarian senescence (natural ovarian failure). Additionally,
because in this model ovarian failure is chemically induced, it is also important to test the
possibility that VCD treatment could have direct effects on gene expression in residual
ovarian tissue. For this reason, a second microarray experiment was conducted in which
gene expression in VCD-treated follicle-depleted ovaries was compared to that in ovaries
from aged acyclic mice (naturally senescent). In order to determine whether there are
direct effects of VCD on gene expression, a group of VCD-treated follicle-depleted
animals received a second exposure to VCD (15 days; daily) before collection of tissues
for microarray.

A separate group of VCD-treated follicle-depleted mice received a

second exposure to sesame oil (vehicle control). Expression data for all follicle-depleted
groups is presented as relative expression compared to the cycling control group. The
experimental design and time line of this experiment is shown in Figure 2.2. Samples
were hybridized according to the hybridization scheme shown in Figure 2.1B.
In order to identify the “ovarian failure genes”, a list of genes that did not differ
(P>0.05) between the follicle-depleted groups (FD, FD.oil, FD.VCD and AGD) but were
different from CON (P<0.05) was generated. Using this approach, a total of 177 genes
was identified as associated with ovarian failure (Table B.2 in Appendix B). A shorter
list of genes selected based on their relevance to ovarian physiology is shown Table 2.3.
Genes potentially affected by VCD and natural senescence were identified by having a
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P<0.05 between the FD.oil and FD.VCD groups. Among the genes with a different
pattern of expression than in CON, only 3 genes were associated with exposure to VCD
(VCD genes; P<0.05 for FD.oil vs. FD.VCD) and 7 genes were associated with ovarian
aging (aging genes; P<0.05 for FD vs. AGD; Table B.3)). The expression data for the
VCD genes, although significantly different in magnitude from that in ovaries without a
second exposure to VCD, displayed the same pattern (negative) in all follicle-depleted
ovaries when compared with CON. Thus, this likely reflects a difference in the extent of
deficiency of the mRNA rather than a real direct effect of VCD dosing. For this reason,
the PCR analysis was made using only CON, FD and AGD. Several genes were selected
for validation of microarray data by real-time PCR analysis (Table 2.4) and results are
shown in Figure 2.4. Expression data for all genes confirmed the pattern of expression
observed with the microarray for all groups. The exception to this was Cyp17a1 mRNA
which, despite showing a significant enrichment compared to CON in the microarray, by
PCR only showed a trend (P=0.06) for increased levels in AGD ovaries compared to
CON.
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Figure 2.2 – Experimental design and time line of experiment. Female B6C3F1 mice
(PND 28) were dosed daily for 20d with sesame oil (vehicle; i.p.) or VCD (160mg/kg;
i.p.). Estrous cyclicity was monitored by vaginal cytology as described in Materials and
Methods. On day 105, VCD-treated follicle-depleted animals were divided into three
groups and received a second exposure to VCD or vehicle control or no treatment. A
group of acyclic aged B6C3F1 mice were used as animals with natural ovarian
senescence (confirmed by vaginal cytology). Ovaries from all VCD-treated follicledepleted mice on d120 after the onset of dosing and the acyclic aged mice were collected
at approximately 2 years of age. Ovaries from vehicle-treated cycling controls were
collected on the first day of proestrus that preceded or followed day 120. Samples were
processed and hybridized to mouse cDNA arrays.
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Table 2.3 – List of selected genes: CON vs. all follicle-depleted ovaries
Gene Description

AGD

FD

Fold
FD.oil

FD.VCD

Cell Cycle/Proliferation
cyclin A2
cyclin B1
cyclin B2
cyclin D2
proliferating cell nuclear antigen
Matrix and Structural Proteins
collagen, type III, alpha 1
Energy and Metabolism
aldehyde dehydrogenase family 1, subfamily A1
apolipoprotein A-IV
branched chain aminotransferase 1, cytosolic
cytochrome b5 reductase 1
epoxide hydrolase 1, microsomal
glutathione S-transferase, alpha 4
glutathione S-transferase, mu 1
glutathione S-transferase, mu 2
glutathione S-transferase, mu 6
metallothionein 1
Oocyte-Specific
growth differentiation factor 9
H1 histone family, member O, oocyte-specific
oocyte maturation, beta
oocyte secreted protein 1
oocyte specific homeobox 1
oogenesin 1
oogenesin 3
zona pellucida glycoprotein 2
zona pellucida glycoprotein 3
zygote arrest 1
Signal Transduction
adrenomedullin
bone morphogenetic protein 1
FGF receptor activating protein 1
forkhead box O1
insulin-like growth factor 2

-2.21
-1.97
-2.65
2.13
-1.59

-2.93
-2.00
-2.29
2.23
-1.55

-2.84
-1.88
-2.58
3.06
-1.84

-2.78
-2.11
-2.92
2.72
-2.06

-2.42

-2.31

-2.37

-2.64

2.00
-8.76
-1.70
1.89
3.01
1.55
3.37
2.84
3.25
1.63

2.93
-5.69
-2.96
3.22
3.75
2.48
3.80
3.24
5.43
1.92

4.83
-6.68
-1.86
2.64
4.83
3.17
4.88
3.50
4.82
2.58

4.61
-6.35
-2.63
2.56
5.95
3.84
4.87
5.24
6.18
2.89

-7.37
-3.88
-10.34
-5.75
-2.88
-3.30
-2.02
-2.49
-11.7
-8.71

-9.49
-4.05
-12.50
-8.58
-4.30
-5.19
-2.33
-2.52
-12.1
-10.9

-10.54
-4.70
-11.33
-8.05
-5.29
-4.08
-2.33
-2.82
-13.19
-11.48

-12.95
-3.93
-18.41
-9.10
-5.28
-4.55
-2.13
-2.16
-13.39
-14.93

2.26
1.55
1.74
-2.72

1.68
1.65
2.01
-3.70

1.78
1.99
2.31
-2.65

1.86
1.95
2.57
-4.06

2.46

1.81

1.67

1.96

Selected genes with a P<0.05 and ≥ ±1.5 fold difference compared to cycling control
(reference group) and common to all follicle-depleted ovaries
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Table 2.4 - Genes selected for validation of Exp 2.2.
microarray
Gene Description

Symbol

acyl-CoA synthetase long-chain family member 4
Bcl2-interacting killer
Bcl2-like 10
bone morphogenetic protein 1
cyclin B1
cyclin D2
cytochrome P450, family 17, subfamily a, polypeptide 1
epoxide hydrolase 1, microsomal
glutathione S-transferase, alpha 4

Acls4
Bik
Bcl2l10
Bmp1
Ccndb1
Ccnd2
Cyp17a1
Ephx1
Gstm

zona pellucida glycoprotein 3

Zp3

List of genes for which real-time PCR analysis was used to confirm
data obtained from microarray.
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A

B

C

Figure 2.3 – Real-time PCR validation of microarray data in Experiment 2.2.
Expression of the genes of interest (Table 2.4) was validated by real-time PCR as
described in Materials and Methods using aliquots from the same samples used in the
microarray experiment. Expression of: (A) microsomal epoxide hydrolase (Ephx1) and
glutathione S-transferase mu (Gstm); (B) 17α-hydroxylase/17,20-lyase (Cyp17a1); and
(C) Bcl2-like 10 (Bcl2l10) and zona pellucida glycoprotein (Zp3). Data are presented as
mean relative expression ± SEM (n=3 ovaries per treatment; *P<0.05 versus cycling
control).
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Discussion
These studies were designed to address the following questions: 1) how does gene
expression in residual ovarian tissue of VCD-treated follicle-depleted mice compare to
that in ovaries of vehicle-treated cycling controls; 2) how does gene expression in
residual ovarian tissue in VCD-treated follicle-depleted mice compare to that in ovaries
of naturally senescent animals; and 3) are there direct effects of VCD dosing on gene
expression in residual ovarian tissue of VCD-treated mice?
Because cycling animals do not undergo ovarian failure when given vehicle
injections, preparations of whole ovarian RNA from their ovaries represent genes
expressed in ovarian follicles (granulosa and theca cells), ovarian stroma (interstitium),
corpus luteum and ovarian surface epithelial cells. In contrast, VCD-treated animals
undergo ovarian failure following VCD treatment, thus, they lack ovarian follicles and
corpora lutea. For this reason, RNA samples from these animals are composed of genes
expressed in ovarian stroma, secondary interstitial cells and ovarian surface epithelium
(OSE). Because OSE represents a smaller fraction of all components of the ovary, the
strongest signal in follicle-depleted ovaries is likely to be from the ovarian stroma and
interstitial cells.
In the first experiment, gene expression in residual ovarian tissue of VCD-treated
follicle-depleted mice was compared to that in ovaries of age-matched cycling controls
(vehicle-treated) using cDNA microarrays. This approach identified 349 genes that had a
greater than ±1.5 fold difference and a P-value of less than 0.05 versus cycling controls,
the reference group. Relative to ovaries of cycling control animals, ovaries from VCD-
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treated follicle-depleted animals were enriched in genes encoding proteins involved in the
ovarian steroidogenic pathway.

Examples of these are the transcripts for the

steroidogenic enzymes cytochrome P450 cholesterol side chain cleavage (Cyp11a1; 1.66fold) and cytochrome P450 17α-hydroxylase/17,20-lyase (Cyp17a1; 38.24-fold).
Cyp11a1 encodes the mitochondrial enzyme responsible for the conversion of cholesterol
into pregnenolone. Cyp17a1 encodes the microsomal enzyme responsible for both of the
two-step

conversions

(hydroxylase

and

lyase

activities)

of

pregnenolone

to

dehydroepiandrosterone or progesterone to androstenedione (Jones & DeCherney, 2005).
Furthermore, transcripts for low density lipoprotein receptor (Ldlr; 1.93-fold) were also
abundant in VCD-treated follicle-depleted ovaries. Abundance of these genes in residual
ovarian tissue of VCD-treated follicle-depleted mice suggests the capacity of this tissue
to internalize cholesterol to be used as a substrate by Cyp11a1 and Cyp17a1 for synthesis
of androstenedione. Therefore, these findings suggest that residual ovarian tissue of
VCD-treated mice may retain steroidogenic capacity and produce androgens. This aspect
of the VCD-treated follicle-depleted ovary will be further investigated (refer to Chapter
3) because studies related to steroidogenic capacity in postmenopausal ovaries have not
been conclusive (Couzinet et al, 2001; Jabara et al, 2003; Havelock et al, 2006; Fogle et
al, 2007) and residual androgen production may impact the development of menopauseassociated disorders (Adashi, 1994).
Increased abundance of carboxylesterase 3 (Ces3; 11.28-fold) and fatty acid
binding protein 3 (Fabp3; 13.22-fold) was also observed in VCD-treated follicle-depleted
ovaries. These genes are involved in the metabolism of fatty acids (Glatz and van der
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Vusse, 1989; Soni et al, 2004; Susuki et al, 2008) and together with the data on
steroidogenic capacity support the idea of residual steroid and lipid metabolism in
follicle-depleted ovaries.
As expected, follicle-depleted ovaries were deficient in oocyte-specific genes
such as zona pellucida glycoprotein 3 (Zp3; -4.05-fold) and zygote arrest 1 (Zar1; -4.33fold). Also, these ovaries were deficient in several genes encoding collagen types I, III
and IV (-3.06, -3.77 and -2.50, respectively). Lack of endogenous estrogen during the
menopausal stage in women has been previously associated with reductions in skin
collagen (Galea & Brincat, 2000). Thus, the decreased expression of transcripts for
collagen isoforms in residual ovarian tissue of VCD-treated mice may be due to their
estrogen deficient state.
One interesting observation was the abundance of transcript for inhibin alpha
(Inha; 3.64-fold).

Inha encodes one of two subunits that form a peptide hormone

involved in the negative regulation of FSH and GnRH secretion (Jones & DeCherney,
2005). Inha has been implicated in favoring tumor suppression (Matzuk et al, 1992) and
increased plasma levels have been used as a tool for estimating the size of granulosa cell
tumors (Robertson & McNeilage, 2004; Khosravi et al, 2004; Robertson et al, 2002a;
Robertson et al, 2002b; Robertson et al, 1999) and positive staining in the classification
of sex-cord stromal tumors (McCluggage, 2002). Because postmenopausal women are at
a higher risk for the development of ovarian cancer and most postmenopausal tumors are
of the sex-cord stromal type (Judson & Boente, 2000), this could be an early indication of
susceptibility to neoplasm development (refer to Chapter 5).
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Genes encoding proteins involved in the metabolism of xenobiotic compounds
were highly abundant in VCD-treated follicle-depleted ovaries.

Examples are

microsomal epoxide hydrolase 1 (Ephx1; 5.66-fold) and the glutathione S-transferase
isoforms alpha 4 and mu 1 and 2 (Gsta4: 5.00-fold; Gstm1: 7.10-fold; Gstm2: 4.58-fold).
Expression of these genes suggests a role for the follicle-depleted ovary in metabolism of
xenobiotics. However, the possibility that these genes had been induced by VCD dosing
(xenobiotic exposure) cannot be ruled out.
A second microarray experiment was conducted in order to investigate how
ovarian gene expression in the VCD model compares to that in naturally senescent
animals and whether there are direct effects of VCD on gene expression in residual
ovarian tissue. This experiment identified 177 statistically significant genes that were
changed (P<0.05; ≥ ±1.5-fold) compared to CON but common to all follicle-depleted
ovaries (AGD, FD, FD.oil and FD.VCD; P>0.05) and only 3 genes that were associated
with VCD dosing (VCD genes; P<0.05 FD.oil vs. FD.VCD). None of the genes with
significant differences between groups encoded proteins involved in metabolism of
xenobiotics. Rather, these xenobiotic metabolism genes were identified among the 177
genes that were common to all follicle-depleted ovaries. Thus, increased abundance of
these transcripts is likely a reflection of gene expression in ovarian stroma rather than an
induction by VCD treatment. Interestingly, abundance of mRNA for VCD genes was
reduced relative to CON in all follicle-depleted ovaries with the only difference being the
magnitude of change in their expression. Thus, these changes do not appear to reflect
changes caused directly by VCD.
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There were 7 genes that were different from CON and that were different between
AGD and FD. These genes are likely associated with ovarian aging and were termed
“aging genes”. As with VCD genes, aging genes also showed a similar pattern of
expression in all follicle-depleted ovaries but the magnitude of the fold relative to cycling
control is the parameter that varied among them. Thus, it is difficult to conclude whether
these genes are associated with aging or with ovarian failure. As previously suggested,
these results could be further clarified if experiments were conducted in which gene
expression in VCD-treated follicle depleted ovaries was directly compared to that in
naturally senescent ovaries.
This study has provided evidence for residual physiological functions in residual
ovarian tissue of follicle-depleted mice (VCD-treated and naturally senescent). Results
from this study suggest that residual ovarian tissue may be involved in synthesis of
androgenic steroids, metabolism of lipids and metabolism of xenobiotic compounds.
Deficiency of oocyte-specific genes confirmed permanent follicular depletion in VCDtreated animals. The present data suggest that there were no significant direct effects of
VCD dosing on residual ovarian tissue based on the observation that all genes identified
as affected by the second VCD dosing showed a similar pattern of expression in all
follicle-depleted groups relative to cycling ovaries. There were no major differences in
gene expression between residual ovarian tissue of VCD-treated mice and that in
naturally senescent animals. This observation further supports the VCD-treated mouse as
a relevant model to study the physiology of the postmenopausal ovary.
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CHAPTER 3

STEROIDOGENIC CAPACITY OF RESIDUAL OVARIAN TISSUE IN 4VINYLCYLOHEXENE DIEPOXIDE-TREATED MICE

Abstract
Menopause is an important public health issue because of its association with a
number of disorders. Androgens produced by residual ovarian tissue after menopause
could impact the development of these disorders. However, it has been unclear whether
the post-menopausal ovary retains steroidogenic capacity. Thus, an ovary-intact mouse
model for menopause which uses the occupational chemical 4-vinylcyclohexene
diepoxide (VCD) was used to characterize the expression of steroidogenic genes in
residual ovarian tissue of follicle-depleted mice. Female B6C3F1 mice (28d and 63d)
were dosed daily with vehicle or VCD (160 mg/kg/day; 17-20d) to induce ovarian failure.
A group of VCD-treated mice received subcutaneous 17β-estradiol (E2) implants starting
on d19 after the onset of dosing. A first group of VCD-treated and cycling control
ovaries were collected on d181 and analyzed for mRNA and protein. Acyclic aged mice
were used as controls for natural ovarian senescence for the d181 time point. Ovaries
from the remaining VCD-treated (VCD) and VCD-treated with E2 replacement
(VCD/E2) were collected on d188 and analyzed for Cyp17a1 mRNA. Blood samples
were collected and circulating levels of steroid hormones and gonadotropins determined.
Relative to cycling controls, expression of mRNA encoding steroidogenic acute
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regulatory protein (Star), cholesterol side chain cleavage (Cyp11a1), 3β-hydroxysteroid
dehydrogenase (Hsd3b), 17α-hydroxylase (Cyp17a1), scavenger receptor class B, type 1
(Scarb1), low density lipoprotein receptor (Ldlr) and luteinizing hormone receptor
(Lhcgr) was enriched in VCD-treated ovaries. In acyclic aged ovaries mRNA for only
Cyp17a1 and Lhcgr was greater than controls. Compared to cycling controls, ovaries
from VCD-treated and aged mice had similar levels of HSD3B, CYP17A1 and LHCGR
protein. The pattern of protein immunofluorescence staining for HSD3B in follicledepleted (VCD-treated) ovaries was homogeneous while that for CYP17A1 was only
seen in residual interstitial cells. Circulating levels of FSH and LH were increased, and
androstenedione levels were detectable following follicle depletion in VCD-treated mice.
In addition, levels of Cyp17a1 mRNA and circulating androstenedione and estrone were
attenuated in VCD/E2 mice. There was no difference in circulating E2 between groups.
These findings support the concept that residual ovarian tissue in VCD-treated mice
retains androgenic capacity.
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Introduction
In mammals, the neonatal ovary contains its full complement of oocytecontaining primordial follicles that will be available throughout life. Because oocytes
cannot be generated after birth, this set number of primordial follicles represents a finite
source of germ cells for ovulation. Throughout life, ovarian follicles are continually lost
by ovulation or a process of programmed cell death known as atresia (Hirshfield, 1991).
Once all follicles are lost the ovary is follicle-depleted and ovarian failure (menopause in
women) occurs.
Menopause is associated with an enhanced incidence of a number of disorders
including Alzheimer’s disease (Zandi et al, 2002), cardiovascular disease (Liu et al,
2001), metabolic syndrome (Park et al, 2003), osteoporosis (Compston, 2001) and
ovarian cancer (American Cancer Society, 2003).

In recent years, menopause has

become a more important public health issue because on average women are now living
about 30 years after ovarian failure which means three decades of increased risk for those
related disorders (National Center for Health Statistics, 2006). As a result, understanding
the biology of menopause and its associated disorders is receiving greater attention.
There has been an ongoing controversy as to whether residual ovarian tissue in
postmenopausal women is steroidogenic. Couzinet and others, compared circulating
levels of the major androgens in postmenopausal and ovariectomized women with and
without adrenal insufficiency. In these studies, levels of all hormones were reduced in
women with adrenal insufficiency when compared to women with normal adrenal
function. Moreover, levels of androgens were also decreased when postmenopausal
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women with normal adrenal function were given the adrenal inhibitor dexamethasone.
Thus, it was concluded that postmenopausal androgens are likely the product of adrenal
steroidogenesis rather than residual ovarian steroidogenisis (Couzinet et al, 2001).
Another group compared expression of steroidogenic enzymes and levels of steroids
between stromal cells isolated from postmenopausal ovaries, cultured human theca cells
and dermal fibroblasts. Expression of steroidogenic enzymes in ovarian stroma was
lower than in theca cells and in some cases comparable to dermal fibroblasts. Thus, they
concluded that stromal cells within the postmenopausal ovary do not appear to have
significant steroidogenic capacity (Jabara et al, 2003).

More recent studies have

compared mRNA and protein levels of several key steroidogenic enzymes between
isolated pre- and postmenopausal ovarian stromal cells.

Results from these studies

showed similar patterns of steroidogenic enzyme expression in both tissues and supported
the hypothesis that postmenopausal ovarian stroma retains steroidogenic capacity
(Havelock et al, 2006). In another study, samples were taken from the ovarian vein of
patients undergoing total hysterectomy with bilateral oophorectomy and androgen levels
compared those in peripheral blood samples before, during and after surgery. Androgen
levels were higher in samples from the ovarian vein when compared to those from
peripheral blood.

Post-operative levels of androgens were lower compared to those

obtained before the surgery.

Thus, it was concluded that postmenopausal ovarian

steroidogenesis significantly impacts levels of circulating levels of androgens in
postmenopausal women (Fogle et a, 2007). Therefore, this controversy is important to
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resolve because, in the face of declining 17β-estradiol, androgens produced by residual
ovarian tissue could impact postmenopausal health in a positive or negative manner.
Animal studies aimed at understanding the biology of the postmenopausal ovary
have previously not been feasible because of a lack of appropriate models in which
ovarian function has been lost but residual ovarian tissue remains. However, recently, an
ovary-intact mouse model of menopause has been developed using the occupational
chemical 4-vinylcyclohexene diepoxide (VCD; Mayer et al, 2004; Lohff et al, 2005;
Lohff et al, 2006). Repeated daily dosing with VCD selectively destroys primordial and
primary follicles in ovaries of mice and rats by accelerating the natural process of
follicular atresia (Springer et al, 1996; Hu et al, 2001a; Hu et al, 2001b; Takai et al,
2003). Because VCD does not target larger follicles, the animal continues to ovulate
normally until no more follicles can be recruited. Thus, ovarian follicular depletion in the
VCD-treated mouse is gradual. As with women undergoing perimenopause, VCD-treated
mice show increased levels of FSH (Mayer et al, 2004), declining levels of estrogen and
irregular estrous cycles (Lohff et al, 2005) as they become follicle-depleted.
Additionally, following ovarian failure residual ovarian tissue is retained.

Thus,

preservation of residual ovarian tissue in the VCD-treated follicle-depleted mouse makes
this model ideal for studying the physiology of the postmenopausal ovary. The VCDtreated follicle-depleted mouse has already been used in the development of models to
study atherosclerotic lesion development (Mayer et al, 2005), diabetic kidney disease
(Keck et al, 2007), osteoporosis (Wright et al, 2008) and metabolic syndrome (Romero-
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Aleshire et al, 2009). Therefore, the VCD-treated mouse is relevant for studies related to
both perimenopausal and postmenopausal stages (Williams, 2005).
A previous study reported that dispersed cells collected from residual ovarian
tissue in VCD-treated mice were capable of producing androstenedione in vitro (Mayer et
al, 2004). However, how that related to cells from age-matched cycling controls was not
investigated. Therefore, this study was designed to characterize steroidogenic capacity in
residual ovarian tissue from VCD-treated mice following ovarian failure by comparing
ovarian mRNA and protein expression of steroidogenic enzymes between follicledepleted and age-matched cycling control animals. In addition, circulating levels of
androstenedione were monitored throughout the study.
Enriched expression of mRNA encoding 17α-hydroxylase/17,20 lyase (Cyp17a1)
has been observed in residual ovarian tissue of VCD-treated follicle-depleted mice when
compared to ovaries from cycling controls (refer to Chapter 2). Following ovarian
failure, levels of circulating LH become elevated due to the loss of negative feedback
from ovarian hormones such as 17β-estradiol which declines due to loss of follicular
granulosa cells (Lobo, 2000). In turn, exposure of residual ovarian tissue to high levels
of LH causes increased expression of androgen-synthesizing enzymes. Recently, it has
been proposed that 17β-estradiol, via estrogen receptor alpha (ESR1, ERα) signaling,
negatively regulates expression of Cyp17a1 mRNA in a local negative feedback loop
(Fuminori et al, 2007). Thus, this loop provides a paracrine feedback regulation that is
superimposed

on

the

endocrine

feedback

loop

involving

the

hypothalamic/pituitary/ovarian axis. To test this hypothesis, levels of Cyp17a1 mRNA
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expression in VCD-treated follicle-depleted mice that received E2 replacements will be
compared to those in ovaries of cycling controls and VCD-treated follicle-depleted (no
treatment) mice. Furthermore, levels of circulating -androstenedione, estrone and 17βestradiol will be determined.
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Materials and Methods
Postnatal day (PND) 28 female B6C3F1 mice were dosed daily for 20 days with
sesame oil (vehicle control; i.p.) or VCD (160mg/kg; i.p.) to induce premature ovarian
failure. Estrous cyclicity was monitored daily by vaginal cytology starting on d29 after
the onset of dosing in the VCD-treated and age-matched cycling control mice, and before
sacrifice in two-year old mice (to confirm acyclicity). Ovaries from cycling control and
VCD-treated mice were collected on d181 after the onset of dosing. One ovary was
saved in RNAlater and stored at -80°C for real-time PCR analysis. The contralateral
ovary was either quick frozen in liquid nitrogen for protein isolation and Western blotting
or fixed in 4% formalin for hematoxylin & eosin or immunofluorescence staining. Blood
samples were collected to determine circulating levels of androstenedione, luteinizing
hormone (LH) and follicle-stimulating hormone (FSH).
In a separate study, PND63 female B6C3F1 were dosed daily for 17 days with
sesame oil (vehicle control, i.p.) or VCD (160 mg/kg; i.p.) to induce premature ovarian
failure. On day 19 after the onset of dosing one group of VCD-treated mice received
subcutaneous 17β-estradiol implants (VCD/E2; 180µg/ml) which were replaced monthly
until d131 after the onset of dosing. Ovaries were collected on d188 and processed for
measuring expression of 17α-hydrolylase/17,20-lyase (Cyp17a1) mRNA by real-time
PCR. Blood samples were collected and processed for measurement of circulating 17βestradiol, androstenedione and estrone.


See APPENDIX A for detailed methods.
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Results
Expression of genes involved in ovarian steroidogenesis
The expression of several genes encoding steroidogenic enzymes was evaluated in
residual ovarian tissue from VCD-treated follicle-depleted mice and acyclic aged mice
(two-year old) and compared to that in ovaries from cycling controls (Figure 3.1).
Relative to age-matched cycling controls, increased (P<0.05) abundance of mRNAs
encoding Star (2.15 ± 0.30 VCD/control), Cyp11a1 (2.48 ± 0.25 VCD/control), Hsd3b1
(2.15 ± 0.18 VCD/control) and Cyp17a1 (147.71 ± 0.14 VCD/control) was observed in
ovaries from VCD-treated animals.

Because mRNA encoding Cyp17a1 (v1) was

substantially greater in follicle-depleted ovaries compared with cycling controls, two
additional primer pairs directed at distinct regions of the gene were used (v2, v3; Table
A.1). Cyp17a1 mRNA was still more highly enriched using the other primer sets (116.4
± 0.14; 237.8 ± 0.67 VCD/control; P<0.05). In order to compare the VCD-treated
follicle-depleted ovary to ovaries that had undergone natural senescence, expression of
mRNA encoding those enzymes was also determined using ovaries from acyclic aged
mice. Relative to cycling controls, there was no difference (P>0.05) in mRNA levels of
Star (0.74 ± 0.37 aged/control), Cyp11a1 (1.17 ± 0.21 aged/control) and Hsd3b1 (0.98 ±
0.29 aged/control) in ovaries of acyclic aged mice. Similar to follicle-depleted (VCDtreated) ovaries, ovaries from acyclic aged mice were enriched (P<0.05) in mRNA for
Cyp17a1 (17.59 ± 0.72 aged/control). Follicle-depleted ovaries from VCD-treated mice,
relative to acyclic aged mice, had higher (P<0.05) expression of all genes tested.
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Figure 3.1 – Expression of mRNA encoding steroidogenic enzymes in follicledepleted ovaries. RNA was obtained from whole ovaries from VCD-treated follicle
depleted mice (d181 after the onset of dosing), age-matched cycling controls and acyclic
aged mice (age 2 yrs). Expression of the genes of interest was determined by real-time
PCR as described in Materials and Methods. (A) Star (steroidogenic acute regulatory),
(B) Cyp11a1 (cholesterol side chain cleavage), (C) Hsd3b1 (3β-hydroxysteroid
dehydrogenase type 1), and (D) Cyp17a1 (17α-hydroxylase/17,20-desmolase). Data are
presented as mean relative expression ± SEM (n=3-4 ovaries per treatment; *P<0.05
versus cycling control; #P<0.05 versus VCD-treated follicle-depleted).
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Expression of proteins involved in ovarian steroidogenesis
Expression of HSD3B and CYP17A1 protein was measured by Western blot in
ovaries of VCD-treated follicle-depleted, cycling controls and acyclic aged mice (Figure
3.2).

Densitometric analysis of the bands from each sample was normalized to

peptidylprolyl isomerase B (PPIB), also known as cyclophilin B and showed similar
(P>0.05) expression of both HSD3B and CYP17A1 protein in VCD-treated and acyclic
aged mice as compared to cycling controls. Interestingly, two of the three follicledepleted (VCD-treated) samples showed a second band slightly shifted above the
expected 57 kDa molecular weight expected for CYP17A1 protein. This second band
was not seen in cycling controls or acyclic aged ovaries. Distribution of HSD3B and
CYP17A1 protein was morphologically evaluated in ovaries of VCD-treated follicledepleted and cycling control animals by immunofluorescence and confocal microscopy
(Figure 3.3). HSD3B protein was present in theca cells, interstitium and corpora lutea
(Figure 3.3A) as well as in pre-ovulatory follicles (data not shown). CYP17A1 protein
was present in theca and interstitial cells in cycling control ovaries (Figure 3.3D) but not
in corpora lutea (data not shown). In follicle-depleted ovaries, staining for HSD3B
(Figure 3.3B) was relatively homogeneous throughout residual ovarian tissue whereas
staining for CYP17A1 protein was more localized to scattered individual cells (Figure
3.3E). There was no staining when either primary antibody was pre-absorbed with
antigen (HSD3B Figure 3.3C; CYP17A1 Figure 3.3F). Follicle depletion and ovarian
atrophy are apparent in ovaries from VCD-treated mice as well as in acyclic aged mice
when compared with cycling controls (Figure 3.3G, 3.3H and 3.3I, respectively).
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Figure 3.2 - Expression levels of HSD3B and CYP17A1 protein in follicle-depleted
ovaries. Ovaries were collected from VCD-treated follicle-depleted mice (d181 after the
onset of dosing), age matched controls, and acyclic aged mice (age 2 yrs) and processed
for Western blot analysis as described in Materials and Methods. (A) Representative
Western blots showing expression of HSD3B and CYP17A1 in d181 cycling control
(lanes 1-3), VCD-treated (4-6) and acyclic aged ovaries (lanes 7-8). Peptidylprolyl
isomerase B (PPIB) binding was used for evaluation of loading efficiency. (B)
Quantification of HSD3B and CYP17A1 protein expression (normalized to expression of
PPIB) in VCD-treated and acyclic aged ovaries compared to that in cycling control
ovaries (n=2-3/group averaged from 2 experiments; ). Data are presented as mean
relative intensity/relative intensity of PPIB ± SEM.
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Figure 3.3 - Morphological evaluation and localization of HSD3B and CYP17A1
protein in follicle-depleted ovaries. Ovaries were collected from VCD-treated follicledepleted mice (d181 after the onset of VCD dosing), age matched cycling controls, and
acyclic aged (age 2 yrs) mice and processed for immunofluorescence or H&E staining as
described in Materials and Methods. Sections were immunostained for HSD3B (red; AB) or CYP17A1 (red; D-E) in cycling control ovaries (A and D, respectively) and
follicle-depleted ovaries (B and E, respectively). Magnification of images in A-C and EF is 20x and in image D is 40x. All sections (A-F) were stained with YOYO-1 (green)
for genomic DNA visualization. Theca cells (Theca), interstitial cells (Inst), follicles (f)
and corpora lutea (CL) are labeled when present. Primary antibody was pre-absorbed
with antigen before staining using sections from cycling control ovaries to evaluate
specificity (HSD3B in C and CYP17A1 in F). Overlapping images of H&E stained
slides were taken at 10x magnification and stitched to show whole ovaries from cycling
(G), VCD-treated follicle-depleted (H) and acyclic aged (I) animals. Bars = 50 µm
(immunofluorescence) and 500 µm (H&E stain).
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Expression of receptors involved in ovarian steroidogenesis
Expression of mRNA encoding receptors involved in ovarian steroidogenesis was
also assessed (Figure 3.4).

Compared to cycling controls, follicle-depleted (VCD-

treated) ovaries contained greater levels (P<0.05) of Scarb1 (Sr-b1; 3.35 ± 0.25
VCD/control) and Ldlr (5.31 ± 0.11 VCD/control). Relative to cycling controls, in
ovaries of acyclic aged mice there was no difference (P>0.05) in the expression of Scarb1
(1.07 ± 0.31 aged/control) and Ldlr (1.43 ± 0.30 aged/control). Follicle-depleted ovaries
from VCD-treated mice, relative to acyclic aged mice, had higher (P<0.05) expression of
Scarb1 and a trend for increased levels of Ldlr mRNA (P=0.06). Expression of mRNAs
encoding the oocyte-specific genes Zar1 (zygote arrest 1) and Zp3 (zona pellucida
glycoprotein 3), used as negative controls, was undetectable in all follicle-depleted
ovaries (data not shown).
Compared to cycling controls, follicle-depleted (VCD-treated) and acyclic aged
ovaries contained greater (P<0.05) levels of Lhcgr (21.31 ± 0.66 VCD/control and 6.41 ±
0.26 aged/control, respectively). Relative to follicle-depleted (VCD-treated), ovaries
from acyclic aged mice showed a non-significant trend for lower (P=0.06) Lhcgr mRNA
levels. As determined by Western blotting, similar to HSD3B and CYP17A1, there was
no difference (P>0.05) in ovarian LHCGR protein between cycling controls, VCDtreated, and acyclic aged mice.
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Figure 3.4 - Relative abundance of Scarb1 and Ldlr and Lhcgr mRNAs and LHCGR
protein in follicle-depleted ovaries. RNA or protein was obtained from whole ovaries
from VCD-treated follicle depleted mice (d181 after the onset of dosing), age-matched
cycling controls and acyclic aged (age 2 yrs) mice. Expression of mRNA and protein
was determined by real-time PCR and Western blotting, respectively as described in
Materials and Methods. (A) Scarb1 (scavenger receptor class B type 1), (B) Ldlr (low
density lipoprotein receptor) and (C) Lhcgr (luteinizing hormone/chorionic gonadotropin
receptor). Real-time PCR data are presented as mean relative expression ± SEM (n=3-4
ovaries per treatment; *P<0.05 versus cycling control; #P<0.05 versus VCD-treated
follicle-depleted). (D) Representative Western blot showing expression of LHCGR in
d181 cycling control (lanes 1-2), VCD-treated (3-4) and acyclic aged ovaries (lanes 5-6).
Peptidylprolyl isomerase B
(PPIB) binding was used for evaluation of loading
efficiency. (E) Quantification of LHCGR protein expression (normalized to expression
of PPIB) in VCD-treated and acyclic aged ovaries compared to that in cycling control
ovaries (n=2/group; *P<0.05).
Western blot data is presented as mean relative
intensity/relative intensity of PPIB ± SEM.
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Circulating levels of FSH and LH and androstenedione in follicle-depleted mice
Circulating levels of FSH were measured (Figure 3.5A). Relative to cycling
controls, VCD-treated mice had increased (37.9 ± 8.8 vs 11.8 ± 2.6 ng/ml; P<0.05) levels
of FSH. FSH was not different (P>0.05) between aged (19.4 ± 4.3) and control (11.8 ±
2.6 ng/ml) or VCD-treated (37.9 ± 8.8 ng/ml) mice.

Although, there was a non-

significant trend for lower (P=0.07) FSH levels in aged relative to VCD-treated mice.
Circulating levels of LH were also determined (Figure 3.5B). There was no
difference (P>0.05) between the three groups. However, there was a trend for increased
levels of LH in VCD-treated mice (8.5 ± 2.0 ng/ml) as compared with cycling controls
(4.6 ± 0.09 ng/ml).
Levels of androstenedione were determined in the circulation of cycling controls
and VCD-treated mice throughout the study (Figure 3.5C). Compared to age-matched
cycling controls, circulating levels of androstenedione were lower (P<0.05) in VCDtreated follicle-depleted mice on d63 and d119 after the onset of dosing. However, at the
other time points throughout the study there were no differences between groups.
Compared to baseline (d35), circulating levels of androstenedione in cycling controls did
not vary on d35-d152, but were reduced (P<0.05) on d181 (age 7 months). Conversely,
compared to baseline (d35) circulating androstenedione was reduced (P<0.05) on d119d181 in follicle-depleted animals.
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Figure 3.5 - Circulating FSH, LH and androstenedione levels in follicle-depleted
animals. Blood samples were collected from cycling controls and VCD-treated mice at
various time points (d181 only for FSH and LH; throughout the study for
androstenedione) or from acyclic aged animals (age 2 yrs., for FSH and LH) at the time
of sacrifice. Levels of FSH (A), LH (B) and androstenedione (C) were determined and
compared as described in Materials and Methods. (*) indicates significantly different
(P<0.05) from cycling controls. (#) indicates significantly different (P<0.05) from its
respective baseline (d35). Each “n” consisted of an individual animal and varied from 38 per treatment group. Data is represented as mean ± SEM.
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Effect of 17β-estradiol on the expression of Cyp17a1 mRNA in VCD-treated mice.
The effect of replacement with 17β-estradiol (E2) on levels of Cyp17a1 was
evaluated by comparing mRNA levels in ovaries from VCD-treated follicle-depleted
mice that received E2 implants (VCD/E2 mice) with ovaries from VCD-treated follicledepleted (no treatment; VCD mice) and cycling controls (Figure 3.6). Animals received
implants starting on d19 after the onset of dosing and on d47, 75, 103 and 131. Levels of
E2 in these mice were monitored on days 25, 40, 110, 124 and 188 after the onset of
dosing. Following the first implant circulating levels of E2 were as high as 102.84 ± 4.15
pg/ml) and declined gradually until 3 weeks after when levels were down to 11.18 ± 2.6
pg/ml. Ovarian samples were collected at the last time point 8 weeks following last
implant (d188 after onset of dosing) when levels of E2 had gradually decreased to 7.52 ±
1.7 pg/ml.

Relative to cycling controls, levels of Cyp17a1 mRNA (8.97 ± 0.14

VCD/control) were elevated (P<0.05) in residual ovarian tissue of VCD mice. Relative
to controls, VCD/E2 mice had greater (P<0.05) levels of Cyp17a1 mRNA. However,
VCD/E2 mice had reduced (P<0.05) levels than those observed in VCD-treated mice.
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Figure 3.6 - Effect of 17β-estradiol replacement on expression of Cyp17a1 mRNA in
residual ovarian tissue of VCD-treated mice. RNA was obtained from whole ovaries
from VCD-treated follicle depleted mice (VCD), VCD-treated follicle-depleted mice that
received E2 replacement (VCD/E2) and age-matched cycling controls (CON) collected
on day 188 after the onset of dosing. Expression of Cyp17a1 mRNA was determined by
real-time PCR as described in Materials and Methods. Data are presented as mean
relative expression ± SEM (n=3 ovaries per treatment; *P<0.05 versus cycling control;
#
P<0.05 versus VCD-treated).
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Effect of 17β-estradiol replacement on steroid hormone production in VCD-treated mice
Circulating levels of androstenedione, estrone and 17β-estradiol were determined
in cycling controls, VCD-treated mice and VCD-treated mice with E2 replacement on
day 188 after the onset of dosing (Figure 3.7). Circulating levels of androstenedione
were 75% lower (P<0.05) in VCD/E2 mice (0.05 ± 0.032 ng/ml) than those observed in
VCD-treated mice (0.428 ± 0.069 ng/ml), and 90% lower (P<0.05) than those in agematched cycling controls (0.504 ± 0.163 ng/ml). Similarly, circulating levels of estrone
were 24% lower (P<0.05) in VCD/E2 mice (24.44 ± 1.428 pg/ml) than in VCD mice
(32.66 ± 1.219 pg/ml), and 27% lower (P<0.05) than those in age-matched cycling
controls (33.86 ± 0.196 pg/ml). There was no difference in levels of 17β-estradiol
between the groups (P>0.05).

87

Figure 3.7 - Effect of E2 replacement on steroid hormone production in VCDtreated mice. Blood samples were collected from cycling controls (control), VCDtreated follicle-depleted (VCD) and VCD-treated follicle-depleted + estradiol (VCD/E2)
mice on day 188. Levels of androstenedione, estrone and estradiol were determined as
described in Materials and Methods and compared by ANOVA followed by Fisher’s
PLSD post hoc test. (*) indicates significantly different (P<0.05) from cycling controls.
(#) indicates significantly different (P<0.05) from VCD. Each “n” consists of an
individual animal and equals 5 per treatment group. Data is represented as percent from
control ± SEM.
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Discussion
During the biosynthesis of ovarian steroids, STAR transports cholesterol into
mitochondria where it is converted to pregnenolone by CYP11A1. Pregnenolone is
further metabolized by either CYP17A1 or HSD3B to produce dehydroepiandrosterone
(DHEA) or progesterone, respectively. DHEA can be further converted by HSD3B to
androstenedione or by HSD17B to androstenediol. Androstenedione can be used as a
substrate for synthesis of estrone by CYP19 (aromatase) or, like androstenediol, to
testosterone by HSD17B (Jones & DeCherney, 2005). From the hematoxylin and eosinstained sections of whole ovaries on d181, evidence of ovarian cyclicity was still obvious
in age-matched cycling controls, but follicle depletion and ovarian atrophy had occurred
in VCD-treated animals. This was also observed in ovaries from acyclic aged mice.
Whereas, the whole ovary from cycling control animals contains a heterogeneous mixture
of functional compartments, the follicle-depleted (postmenopausal) ovary lacks ovarian
follicles and corpora lutea.

Instead it is mainly composed of ovarian stroma and

secondary interstitial cells. Secondary interstitial cells originate from the theca interna of
atretic follicles that do not undergo apoptosis at the time of oocyte and granulosa cell
death (Erickson et al, 1985; Magoffin, 2001).

However, the onset of apoptosis in

secondary interstitial cells occurs later and at a slower rate than in granulosa cells (Tilly
et al, 1992; Palumbo & Yeh, 1994; Logothetopoulos et al, 1995; Foghi et al, 1998).
Thus, relative to cycling control ovaries, the follicle-depleted ovary appears highly
enriched in certain genes, but this reflects a relative absence of the oocyte and granulosa
cells. In the present study, mRNA encoding Star, Cyp11a1, Hsd3b and Cyp17a1 was
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highly enriched in follicle-depleted (VCD-treated) ovaries when compared to ovaries
from age-matched cycling controls. These findings are in agreement with previous
studies using human ovaries in which expression of STAR, CYP11A1, HSD3B and
CYP17A1 mRNAs was detected in postmenopausal ovarian stroma (Jose et al, 1999;
Havelock et al, 2006). Additionally, mRNA encoding STAR, CYP11A1 and HSD3B has
been detected when measured in cultured human ovarian stromal cells (Jabara et al,
2003). In order to compare steroidogenic capacity in the follicle-depleted ovary from
VCD-treated mice to that in ovaries from animals that had undergone natural senescence,
the expression of mRNA encoding Star, Cyp11a1, Hsd3b1 and Cyp17a1 was evaluated.
There was no difference (P<0.05) in Star, Cyp11a1 and Hsd3b1 mRNA levels between
acyclic aged mice and younger cycling controls. Expression of Cyp17a1 was enriched in
ovaries from VCD-treated follicle-depleted as well as acyclic mice relative to cycling
controls. Further, Cyp17a1 mRNA was lower (P<0.05) in acyclic aged ovaries relative to
ovaries from VCD-treated mice.
It has been shown that LH and FSH, via a cAMP signaling cascade, stimulate the
expression of steroidogenic enzymes in ovarian cells (Magoffin & Erickson, 1982; Wang
et al, 1982). Because both VCD-treated and acyclic follicle-depleted ovaries are enriched
in residual ovarian tissue, the differences in mRNA expression might be due to increased
levels of LH and FSH that accompany ovarian failure (Shin et al, 2008). To evaluate this
possibility, circulating levels of LH and FSH were determined on d181. Compared to
cycling controls, VCD-treated follicle-depleted mice had greater (P<0.05) circulating
levels of FSH and a non-significant trend for higher LH in circulation. This (d181) is in
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contrast to animals evaluated at an earlier time point (d120) following the onset of VCD
dosing in which circulating LH greater (P<0.05) than in age-matched controls (Mayer et
al, 2004). This might relate to declining gonadotropin production as time after ovarian
failure progresses. Alternatively, this could be due to a progressive decline in LH in age
matched cycling controls. Interestingly, levels of both gonadotropins in acyclic aged
mice were not different from those in young cycling controls. Past studies have shown
that aged postmenopausal women (40 years after onset of menopause) have a reduced
response of LH and FSH following acute injection of GnRH, when compared to younger
postmenopausal women (~10 years after onset of menopause; Rossmanith et al, 1991).
Also, aged postmenopausal women (≥15 years after the onset of menopause) have been
shown to have significantly lower levels of both gonadotropins when compared to
women within 2-5 years after the onset of menopause (Genazzani et al, 1997). This
effect of aging could explain the differences observed between VCD-treated follicledepleted and acyclic aged mice.

Therefore, the ovary from a VCD-treated mouse

(following ovarian failure) may be a more relevant model for the early post-menopausal
woman than naturally senescent animals.
Determining expression of Lhcgr in ovaries from VCD-treated follicle-depleted
and acyclic aged mice was also of interest. Relative to cycling controls ovaries from
follicle-depleted (VCD-treated) and acyclic aged mice were enriched in mRNA encoding
Lhcgr. As with genes encoding steroidogenic enzymes, Lhcgr mRNA was also lower in
acyclic aged ovaries than in ovaries from VCD-treated mice. A previous study reported
LHCGR protein in follicle-depleted ovaries of VCD-treated mice as well as an increase
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in androstenedione production in response to LH in cultures of dispersed cells collected
from follicle-depleted ovaries at single time points (d127-d120, respectively) earlier than
the time point evaluated here (d181) (Mayer et al, 2004). In this study, we observed
expression of LHCGR protein in both VCD-treated and acyclic aged follicle-depleted
ovaries. The observations in VCD-treated and acyclic aged mice agree with studies
demonstrating expression of LHCGR mRNA in human postmenopausal residual ovarian
tissue (Havelock et al, 2006). Thus, as with human ovaries, the follicle-depleted mouse
ovary has the potential to respond to LH. Because the expression of mRNA for both
Cyp17a1 and Hsd3b is regulated by the binding of LH to its receptor, elevated expression
of mRNAs encoding the steroidogenic enzymes in the VCD-treated follicle-depleted
ovary may result from the action of LH on LH receptor in residual steroidogenic cells.
HSD3B and CYP17A1 protein were both detected in ovaries from VCD-treated
and acyclic aged mice. Constitutive expression of HSD3B has been reported in the
interstitial compartment and theca interna of rat ovaries regardless of the stage of estrous
cycle or aging (Teerds & Dorrington, 1993).

Also, HSD3B expression has been

demonstrated in theca interna of human ovarian follicles (Sasano et al, 1990). In the
present study, the distribution of HSD3B protein was found to be relatively homogeneous
in residual ovarian tissue of follicle-depleted ovaries, whereas, in cycling controls,
staining was specifically confined to theca and interstitial cells, pre-ovulatory follicles
and corpora lutea. When compared to cycling controls by Western blot analysis HSD3B
protein levels in follicle-depleted ovaries (VCD-treated and acyclic aged) were similar.
Conversely, staining for CYP17A1 protein in the follicle-depleted ovary was more
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scattered and only present in residual secondary interstitial cells. In cycling controls,
staining for CYP17A1 was also localized to theca and interstitial cells but in contrast to
HSD3B it was not observed in corpora lutea.

Additionally, like HSD3B protein,

CYP17A1 protein by Western blot analysis was similar in VCD-treated and acyclic aged
ovaries when compared to ovaries from cycling control animals. Interestingly, samples
from two of three VCD-treated ovaries showed an additional higher molecular weight
band suggestive of a phosphorylated form. Previous studies have provided evidence for
posttranslational regulation of CYP17A1 by phosphorylation (Miller et al, 1997; Pandey
& Miller, 2005; Souter et al, 2006). Specifically, it has been shown that 17,20-lyase
activity of CYP17A1, which is responsible for the production of DHEA and
androstenedione, is favorably regulated by serine phosphorylation in cultured human
adrenocortical carcinoma cells (Pandey & Miller, 2005).

Therefore, it could be

hypothesized that these larger forms represent phosphorylated CYP17A1 with greater
17,20-lyase activity and, thus, greater androgenic capacity.

Previous studies have

reported expression of CYP17A1 as specifically localized in steroidogenically active
theca cells in rat, human, porcine, ovine and bovine cycling ovaries (Suzuki et al, 1993;
Conley et al, 1995; Pelletier et al, 2001). Immunofluorescent staining for CYP17A1
protein appeared to be in theca-cell containing follicles in cycling controls and in
scattered cells in the follicle-depleted (VCD-treated) ovary.

Follicle-depleted ovaries

are devoid of follicle-associated theca cells but rather contain dispersed secondary
interstitial cells derived from atretic follicles, thus, these are the likely site of that
staining.
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Substantially greater levels of mRNA encoding Cyp17a1 were measured in
follicle-depleted (VCD-treated) and acyclic aged ovaries, relative to controls. To rule out
a cross reactivity of Cyp17a1 primers with another gene, two other sets of primers
directed at distinct regions of the gene were designed and used for real-time PCR
analysis. Levels of Cyp17a1 mRNA were also as greatly enhanced in follicle-depleted
ovaries using the other primers. There is an apparent disconnect between Hsd3b, Cyp17a
and Lhcgr mRNA expression and their respective protein levels. The findings support
that in residual ovarian tissue, mRNA for these genes is highly enriched, whereas protein
is not. Regardless of differences in levels of expression, these findings provide evidence
that the follicle-depleted mouse ovary is mainly composed of stroma and secondary
interstitial cells that express enzymes required for androgen synthesis. Thus, the
observations reported here demonstrate that, like human ovaries, the VCD-treated
follicle-depleted ovary retains the capacity to synthesize androgens.
The initial step in ovarian steroidogenesis is the internalization of cholesterol
from circulation. It has been shown previously that both low and high density lipoprotein
receptor (LDLR and HDLR, respectively) facilitate ovarian androgen biosynthesis (Dyer
& Curtiss, 1988; Magoffin & Erickson, 1988). In addition, ovarian granulosa cells as
well as luteal cells have been shown to derive cholesterol from HDL via the receptor
SCARB1 (Acton et al, 1996; Krieger, 1999; Williams et al, 1999; Azhar & Reaven,
2002).

In the present study, abundance of mRNA encoding Ldlr and Scarb1 was

enhanced in residual ovarian tissue from VCD-treated follicle-depleted mice when
compared to cycling controls. Conversely, relative to cycling controls, acyclic aged
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ovaries showed no difference in the expression of Scarb1 and a non-significant trend
(P=0.06) for higher levels of Ldlr. Increased expression of Scarb1 mRNA is consistent
with previous findings in which immunostaining of the follicle-depleted ovary was
positive for SCARB1 protein (Mayer et al, 2004). Taken together, these findings support
that steroidogenic cells in the follicle-depleted ovary have the capacity to obtain
cholesterol from lipoprotein particles to serve as substrates for steroidogenesis.
Circulating levels of androstenedione were lower than controls on days 63 and
119 in VCD-treated mice but were not different (P>0.05) at the other time points. The
reason for the differences seen on d63 and d119 are not clear, but might relate to
differences in stage of the estrous cycle for individual control animals on those days. At
any rate, throughout the time course of the study, androgen production was similar
between the two groups.

It has recently been reported that at a single time point

circulating androstenedione levels were not different between cycling controls and VCDtreated mice two months after ovarian failure (age 3 months), whereas, androstenedione
was undetectable in age matched mice that had been ovariectomized at the time of VCDinduced ovarian failure (Wright et al, 2008). No previous study has compared circulating
androstenedione levels over the time course of ovarian failure in VCD-treated mice with
age-matched controls. Relative to baseline measures (d35; age 2 months) in the present
study there was a decline (P<0.05) in circulating androstenedione in cycling control
animals on d181 (age 7 months). Although not completely understood, the decline in
androstenedione in cycling control animals, as seen in aging cycling women
(Mushayandebvu et al, 1996) and aged postmenopausal women (Laughlin et al, 2000;
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Skaba et al, 2003), could be due to an age-related decline in ovarian function even though
in our study the ovaries still contained follicles and corpora lutea as evidence of
continued ovulations. In VCD-treated mice the decrease in androstenedione began earlier
(d119; age 5 months) than in cycling controls, however, the decline did not precede
ovarian failure (d53, age 2.5 months), and levels remained detectable throughout the
study. It has been reported that the rodent adrenal gland does not produce androgens (van
Weerden et al, 1992). Therefore, collectively, these findings support that residual ovarian
tissue in the VCD-treated mouse is the likely source of androgen production and
continues to be substantial following ovarian failure.
A previous study demonstrated that dispersed cells from residual ovarian tissue in
VCD-treated mice (2 months following ovarian failure; age 3 months) were capable of
synthesizing androstenedione in vitro and this could be stimulated by LH (Mayer et al,
2004). Additionally, at that time circulating androstenedione levels in those animals were
about 30% lower relative to cycling controls. Those findings suggested that residual
ovarian tissue in the VCD-treated mouse is androgenic.

However, androstenedione

production in vitro was not compared with that in dispersed ovarian cells from cycling
controls and circulating androstenedione levels were not measured over the time course
of the study. Therefore, it is unknown whether androstenedione production fluctuates
and differs from controls throughout a longer period of time with impending and
following ovarian failure.

Thus, the present study provides a more thorough

characterization and more convincing support for androgenic capacity in residual ovarian
tissue following ovarian failure.
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Recently, an intrafollicular negative feedback loop on theca cell steroidogenesis
has been proposed in which granulosa cell-derived E2 attenuates Cyp17a1 expression via
estrogen receptor alpha (ESR1, ERα) (Fuminori et al, 2007).

Because increased

expression of Cyp17a1 mRNA has been observed in residual ovarian tissue of VCDtreated follicle-depleted mice (refer to Chapter 2), the effect of E2 replacement on levels
of Cyp17a1 mRNA was evaluated. As previously observed, levels of Cyp17a1 mRNA in
ovaries of VCD-treated mice were elevated following ovarian failure. When VCDtreated animals received E2 implants (VCD/E2) levels of Cyp17a1 were attenuated
compared to those observed in VCD mice that did not receive E2 implants. Although,
levels of Cyp17a1 mRNA were reduced in VCD/E2 compared to VCD mice, levels in
VCD/E2 were still greater than those observed in cycling controls.
In this study, E2 replacement led to decreased levels of androstenedione and
estrone. As expected, levels of androstenedione declined due to decreased levels of
Cyp17a1 mRNA, the enzyme responsible for androgen production in the ovary. Estrone
can be synthesized in the ovary from androstenedione by CYP19A1 (aromatase) or from
17β-estradiol by HSD17B (Jones & DeCherney, 2005).

Because VCD-treated follicle-

depleted ovaries are devoid of granulosa cells and therefore of ovarian CYP19A1, levels
of estrone and E2 present in VCD animals are thought to be the product of peripheral
steroidogenesis. Non-ovarian forms of CYP19A1 have been identified in brain, adipose
cells and bone tissue (reviewed in Santen et al, 2009). However, in VCD/E2 mice levels
of estrone were lower than those observed in age-matched VCD mice without E2
replacement.

These lower levels of estrone agree with the observation of lower
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androstenedione in E2 mice because androstenedione is a direct substrate for the
synthesis of estrone by either enzyme (CYP19A1 and HSD17B) or either tissue (ovary
vs. adipose, brain or bone). Levels of E2 did not differ between groups thus opposing the
expected lower levels of E2 in VCD mice and higher levels in VCD/E2. As mentioned
earlier, E2 in VCD-treated mice is more likely the product of peripheral aromatization of
androstenedione and/or conversion of estrone to E2 by ovarian HSD17B. However, we
observed high variability between animals within all groups. This may have been due to
the time elapsed since insertion of the last implant. This could be explained by differing
stages of estrous cycle in individual animals within the cycling control group and
individual levels of peripheral aromatization between VCD-treated mice. Also, differing
levels of absorption and catabolism of E2 from the implants in VCD/E2 could also
account for the increased variability observed for circulating E2 within this group.
In summary, the present study has provided evidence that the follicle-depleted
ovary of VCD-treated mice expresses the enzymatic and receptor machinery necessary
for synthesizing androgens de novo. These results favor the idea that the follicle-depleted
ovary has an active role in the production of androgens following ovarian failure.

This

is supported by the fact that circulating androstenedione levels were not consistently
different from that of age-matched follicle-intact cycling controls.

Although,

steroidogenic capacity in the follicle-depleted (VCD-treated) ovary does not completely
correspond to that in naturally senescent acyclic mice, it more closely approximates
previously reported characteristics of the ovaries of women in their early postmenopausal
years than does the acyclic aged mouse. In addition, results from this study agree with
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several previous studies performed in human tissues, thus supporting the VCD-treated
follicle-depleted mouse as a highly relevant animal model for studying ovarian
physiology of menopause. Thus, these studies support the VCD-treated mouse model as
also being potentially useful for studies of the ovarian stroma separate from the major
steroidogenic compartments in the ovary. The effect of E2 replacement on Cyp17a1
mRNA and steroid hormone production further supports the hypothesis that E2 provides
negative regulation on expression of mRNA encoding Cyp17a1 in residual ovarian tissue.
In conclusion, because menopause has become an important public health issue,
studies aimed at understanding the physiology of the postmenopausal ovary in the context
of its potential contributions to the prevention or progression of related disorders would
benefit greatly from studies using the VCD-treated follicle-depleted mouse.
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CHAPTER 4
CONTRIBUTION OF RESIDUAL OVARIAN TISSUE TO ACCELERATED BONE
LOSS FOLLOWING OVARIAN FAILURE IN MICE

Abstract
Menopause has been associated with several disorders such as osteoporosis,
cardiovascular disease and ovarian cancer. The VCD-treated follicle-depleted mouse has
been developed to model the gradual onset of ovarian failure with retention of residual
ovarian tissue (characteristic of the vast majority of postmenopausal women). It has been
hypothesized that retaining the postmenopausal ovary following ovarian failure can
prevent or ameliorate accelerated bone loss. This study was designed to determine
whether residual ovarian tissue affords protection against accelerated bone loss in
follicle-depleted mice. Post natal day 28 (PND28; young) and retired breeder (aged)
C57BL/6 mice were divided into three groups each: VCD (160mg/kg; i.p; 15 days), CYC
CON (cycling control; vehicle: sesame oil; i.p; 15 days) or OVX (ovariectomized). The
OVX group was not dosed and ovaries were removed on d35 (aged) and 53 (young) after
the start of the experiment to mimic the average time of ovarian failure in the VCDtreated groups. Bone mineral density (BMD) was monitored by Dual Energy X-ray
Absorptiometry (DXA) throughout the study. Blood samples were collected and
processed to determine circulating levels of osteocalcin (OC; bone formation marker),
and pyridinoline cross links (PYD; bone resorption marker). Skeletons were fixed and
micro-computed tomography (µCT) used to assess trabecular bone morphology. Lumbar
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BMD was not different between VCD animals and age-matched CYC CON at any time
point in either age group. Compared to baseline, young CYC CON and VCD mice had
lower (P<0.05) BMD at the end of the study, while young OVX mice showed decreased
(P<0.05) BMD starting within 1 month from the onset of ovarian failure. In aged mice,
BMD was lower (P<0.05) than baseline starting approximately 1 month after ovarian
failure for VCD and OVX mice. BMD of aged CYC CON was lower (P<0.05) than
baseline only at the end of the study. Levels of OC did not differ between young VCD
and CYC CON, but were lower (P<0.05) in aged VCD mice when compared to their agematched CYC CON. OC levels in young VCD mice declined (P<0.05) over time from 1
month after ovarian failure until the end of the study.

In aged VCD mice, levels

increased (P<0.05) over time starting 1 month after ovarian failure. Compared to agematched CYC CON, levels of PYD were lower (P<0.05) in young VCD mice
approximately 3 months after ovarian failure, while in aged mice PYD levels did not
differ between treatment groups.

In aged VCD mice, PYD levels showed a consistent

increase (P<0.05) over time. Using µCT, young VCD mice had increased (P<0.05)
trabecular separation and lower (P<0.05) trabecular number and connectivity density
when compared to age-matched CYC CON. There were no differences in any bone
morphology variables tested between the aged treatment groups. These findings provide
evidence that residual ovarian tissue plays a beneficial role against accelerated bone loss
following ovarian failure. These findings further support the VCD-treated mouse as a
model for postmenopausal osteoporosis.
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Introduction
Life expectancy has increased such that today’s women live on average a third of
their lives in a postmenopausal stage. The study of menopause has become of great
importance due to its association with serious health risks such as osteoporosis
(Compston, 2001), cardiovascular disease (Liu et al, 2001), ovarian cancer (American
Cancer Society, 2006) and Alzheimer’s disease (Zandi et al, 2002). Because women are
expected to live a third of their lives after menopause, this translates to approximately 3
decades of increased risk for such disorders.
In women, 17β-estradiol (E2) promotes osteoblast proliferation and collagen
synthesis, blunts the effects of parathyroid hormone (PTH) to resorb calcium from bone,
and directs 1,25(OH)2D3 (1,25 dihydroxy-vitamin D) action to the gut for calcium and
phosphate absorption (Barrett & Barrett, 2005). Accelerated loss of bone mineral density
(BMD) has been associated with the loss of estrogen following menopause (Ohta el at,
1989; Ohta et al, 1996).

Significant loss of bone mass leads to osteoporosis.

Osteoporosis is a disease characterized by low bone mass and a deterioration of bone
tissue that leads to bone fragility and increased susceptibility to fractures (Consensus
Development Conference, 1991; Keating et al, 2000). There are an estimated 10 million
cases of osteoporosis in the United States, of which 80% are women. It is estimated that
by the year 2025 annual costs associated with osteoporotic fractures will rise to $25.3
billion (National Center for Health Statistics, 2006).

Therefore, studies aimed at

understanding the biology of postmenopausal osteoporosis are of extreme importance.
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The most common and widely accepted animal model for studying the effects of
ovarian failure on bone physiology is the ovariectomized (OVX) rodent. However, one
drawback to the OVX animal is that it cannot reproduce the effects of natural onset of
menopause since removal of ovarian function is abrupt. Further, it has been documented
that women can experience declines in bone mass during the perimenopause (Finkelstein
et al, 2008), a stage that the OVX animal cannot model. Thus, an animal model capable
of reproducing both peri- and post-menopause could provide better information regarding
postmenopausal osteoporosis.
An ovary-intact mouse model of menopause has been developed using the
chemical 4-vinylcyclohexene diepoxide (VCD). VCD has been shown to selectively
destroy the smallest pre-antral (primordial and primary) follicles in ovaries of mice and
rats by accelerating the natural process of follicular atresia (Springer et al, 1996; Hu et al,
2001a; Hu et al, 2001b; Takai et al, 2003). Because VCD does not target larger follicles,
the animal continues to ovulate normally until no more follicles are available for
recruitment. Thus, ovarian follicular depletion in the VCD-treated mouse (VCD mouse)
is gradual. As with women undergoing perimenopause, VCD mice show increased levels
of FSH (Mayer et al, 2004), declining levels of estrogen and irregular estrous cycles
(Lohff et al, 2005) as they become follicle-depleted. Additionally, following ovarian
failure residual ovarian tissue is retained. Therefore, the VCD-treated mouse is relevant
for studies related to both perimenopausal and postmenopausal stages (Williams, 2005).
One useful approach in the study of osteoporosis is the use of biochemical
markers of bone turnover to evaluate the rate of bone remodeling in an individual. These
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markers are metabolites of the bone remodeling process which can be measured in serum
and urine (Bettica & Moro, 1995; Heiss et al, 2004a; Heiss et al, 2004b). Osteocalcin
(OC) is a 49 amino acid protein that comprises 20% of the non-collagenous protein in
bone and is synthesized by osteoblasts under the control of 1,25-OH2D3 (Rapado et al,
1989).

When osteoporotic individuals and non-osteoporotic controls are compared,

levels of OC are lower in patients with osteoporosis (Rapado et al, 1989). Type I
collagen comprises 85-90% of the total bone matrix and provides the mechanical
properties of bone tissue. Two types of molecules form cross links with Type I collagen
thus imparting the tensile strength of collagen fibers, pyridinoline (PYD) and
deoxypyridinoline (DPD; Prockop et al, 1979; Eyre et al, 1984; Eyre, 1987; Ureña & de
Vernejoul, 1999). Serum PYD levels have been found to be increased in osteoporotic
women when compared to non-osteoporotic controls (Ureña & de Vernejoul, 1999; Heiss
et al, 2004).

For this reason, levels of PYD are commonly assessed in the study of bone

diseases such as osteoporosis (Bettica el, 1996; Kraenzlin et al, 2008).
There has been an ongoing controversy as to whether residual ovarian tissue in
postmenopausal women is steroidogenic (Couzinet et al, 2001; Jabara et al, 2003;
Havelock et al, 2006; Fogle et al, 2007). This is important to resolve because, in the face
of declining 17β-estradiol, androgens produced by residual ovarian tissue could impact
postmenopausal health by affording protection against or favoring the development of
menopause-associated disorders. Previous studies reported that dispersed cells collected
from residual ovarian tissue in VCD-treated mice were capable of producing
androstenedione in vitro (Mayer et al, 2004) and that residual ovarian tissue expresses the
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machinery necessary to synthesize androgens de novo (refer to Chapter 3). Therefore,
the purpose of this study was to: 1) determine whether residual ovarian tissue influences
the rate of ovarian failure-induced bone loss in follicle-depleted mice, and 2) further
characterize the VCD-treated model for studies on postmenopausal osteoporosis.
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Materials and Methods
PND28 (young) and retired breeder (aged; 9-12 months) mice were divided into
three groups each: VCD, CYC CON (cycling control) or ovariectomized (OVX). The
VCD and CYC CON groups received 15 days of daily dosing with VCD or vehicle,
respectively. Estrous cyclicity was monitored by vaginal cytology to determine ovarian
failure in VCD-treated mice. OVX animals were not dosed and ovaries were surgically
removed on days 53 (young) and 35 (aged) to mimic the average time of ovarian failure
in the VCD-treated groups. Bone mineral density (BMD) in the lumbar region (lumbar
2-4; L2-4) was monitored using Dual Energy X-ray Absorptiometry (DEXA) throughout
the study. Blood samples were collected to determine levels of osteocalcin (OC; bone
formation) and pyridinoline cross links (PYD; bone resorption). At the time of sacrifice,
skeletons of cycling controls and VCD-treated mice were fixed and processed for
assessment of bone microarchitecture by micro-computed tomography (μCT).
Statistical comparisons were made using unpaired t-tests (two groups) or one-way
ANOVA followed by Fisher’s protected least significant difference (PLSD) post hoc test
(three or more groups). When sample numbers were low and data showed unequal
variances the non-parametric equivalents were used: Mann-Whitney (two groups) and
Kruskal-Wallis (three or more groups) followed by Fisher’s PLSD.
performed with statistical significance set at P<0.05.



See APPENDIX A for detailed methods.

All tests were
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RESULTS
Chemical induction of premature ovarian failure in young and aged C57BL6 mice
Premature ovarian failure was induced by daily treatment with VCD in both
young and aged C57BL6 mice. Following VCD or vehicle treatment, estrous cyclicity of
each animal was monitored daily by vaginal cytology to determine onset of ovarian
failure. Ovarian failure was assigned when mice showed >10 days of persistent diestrus
(Lohff et al, 2006).

Because in the VCD-treated mouse model ovarian failure is

determined retrospectively, the VCD and vehicle (cycling control) branches of the study
were conducted before the OVX branch. On average, aged mice underwent ovarian
failure sooner than young mice (aged, day 34.8 ± 1.3, range: d31-39; young, day 53.8 ±
3.5, range: d40-64 after the onset of dosing) (Figure 4.1).
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Figure 4.1 - Onset of ovarian failure in aged and young mice following VCDtreatment and time of ovariectomy in OVX mice. PND28 and retired breeder
C57BL/6 females were dosed daily with VCD or vehicle for 15 days to induce premature
ovarian failure. Estrous cyclicity was monitored by daily vaginal cytology starting on
day 22 (young) or day 2 (aged) after the onset of dosing. Ovarian failure was assigned in
each VCD-treated animal when estrous cyclicity indicated ≥ 10 days of persistent diestrus
(Lohff et al, 2006). Ovariectomy (OVX) was performed on animals on the mean day of
ovarian failure recorded in VCD-treated animals. Data were analyzed by unpaired t-test
with significance set at P<0.05. (*) indicates P<0.05 for VCD-treated versus control
animals in both age groups.

108

Temporal changes in lumbar bone mineral density in young mice: comparison by
treatment group
In order to investigate the effect of ovarian failure on bone integrity, lumbar bone
mineral density (BMD) of young VCD-treated, and ovariectomized (OVX) mice was
monitored by DXA and compared to that in age-matched cycling controls (Figure 4.2).
Lumbar BMD was not different between VCD-treated animals and age-matched cycling
controls at any of the measured time points. However, relative to cycling animals, OVX
had higher (P<0.05) lumbar BMD at the two time points preceding and the first time
point following the time of ovarian failure (VCD-treated animals). Also, lumbar BMD in
OVX mice was lower (P<0.05) than in cycling controls starting 3 months after ovarian
failure.
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Figure 4.2 - Temporal changes in lumbar bone mineral density in young mice.
Female C57BL/6 mice (PND28) were dosed daily for 15 days with sesame oil (vehicle;
i.p.; CYC CON) or VCD (160mg/kg; i.p.). An additional group of age-matched animals
was not dosed but rather underwent bilateral ovariectomy (OVX) on d53 (relative to the
onset of VCD dosing). Data are represented as mean BMD ± SEM and were analyzed
using ANOVA followed by Fisher’s PLSD post hoc test. Significance was set at P<0.05.
(*) indicates P<0.05 vs. CYC CON. (#) indicates P<0.05 vs. VCD. The dashed arrow
indicates onset of ovarian failure in VCD-treated mice, and the dashed box indicates
BMD values after ovarian failure had occurred.
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Temporal changes lumbar bone mineral density in young mice: longitudinal comparison
Because OVX mice had greater (P<0.05) lumbar BMD values than cycling
controls and VCD-treated mice at the start of the experiment, a second approach at
comparing BMD data was utilized. Instead of comparing raw means between treatment
groups, each data point was normalized to its baseline and compared within each group
over the course of the study.

This approach was thought to provide information

regarding how much bone density gain or loss occurred within one group compared to the
baseline BMD (data not shown). Because BMD was increasing as the animal matured
identifying changes in BMD due to ovarian failure in young animals becomes difficult
when using the baseline for normalization. For this reason peak BMD was used instead
of baseline BMD for normalizing the data. Peak BMD was defined as the highest mean
BMD value observed that was no different (P>0.05) from subsequent mean BMD time
points in the cycling control group but was higher (P<0.05) than all previous time points.
Using this approach, d59 after the onset of dosing (d59; age: 2.9 months) was identified
as the peak BMD for the cycling control group. This was also the case for both VCDtreated and OVX groups where peak BMD was achieved on d59 (6 days after ovarian
failure) and did not differ from that in cycling control (P>0.05). The natural onset of ageinduced bone loss in cycling control animals was investigated by comparing peak BMD
to all subsequent values (Figure 4.3). Lumbar BMD in cycling control mice did not
differ (P>0.05) over time until d185 (age: 7 months) when BMD was reduced (P<0.05) to
89.7% of peak. Interestingly, the onset of reduced bone mass was the same in VCDtreated as in cycling control mice (d185; P<0.05 vs. peak). However, OVX animals
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experienced a decline (P<0.05 vs. peak) in bone mass starting on d84 (age: 3.7 months; 1
month after OVX) that continued to the end of the study (71.8% from peak BMD; 4
months after ovarian failure).
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Figure 4.3 - Temporal changes in lumbar BMD in young mice. Female C57BL/6
mice (PND28) were dosed daily for 15 days with sesame oil (vehicle; i.p.; CYC CON) or
VCD (160mg/kg; i.p.). An additional group of age-matched animals was not dosed but
rather underwent bilateral ovariectomy (OVX) on d53 relative to the onset of VCD
dosing. Data are represented as percentage from peak bone mass ± SEM and were
analyzed using ANOVA followed by Fisher’s PLSD post hoc test. Significance was set
at P<0.05. (*) indicates P<0.05 for individual CYC CON time points vs. CYC CON peak
BMD. Likewise (#) and ($) indicate P<0.05 for VCD and OVX groups respectively.
The dashed arrow indicates onset of ovarian failure in VCD-treated mice, and the dashed
box indicates BMD values measured after ovarian failure had occurred.
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Levels of osteocalcin in young mice
Blood samples were collected from young cycling controls and VCD-treated mice
throughout the study to determine circulating levels of osteocalcin (OC; marker of bone
formation; Figure 4.4). There were no differences (P>0.05) between cycling controls
and VCD-treated mice at any of the time points determined. When individual time points
within each group were compared to their respective baseline, levels of circulating OC in
cycling controls were lower (P<0.05) than baseline on d185 (4.4 months post-ovarian
failure in VCD mice). However, circulating OC was lower (P<0.05) than baseline in
VCD-treated mice starting at 1 month after the onset of ovarian failure and remained low
(P<0.05) until the end of the study (4.4 months after ovarian failure).
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Figure 4.4 - Levels of osteocalcin in young mice. Female C57BL/6 mice (PND28)
were dosed daily for 15 days with sesame oil (vehicle; i.p.; CYC CON) or VCD
(160mg/kg; i.p.). Blood samples were collected, processed and circulating levels of
osteocalcin determined as described in Materials and Methods. Data are represented as
mean ± SEM and were analyzed using Mann-Whitney’s non-parametric test.
Significance was set at P<0.05. (*) indicates P<0.05 vs. baseline (d16) in CYC CON; (#)
indicates P<0.05 vs. baseline in VCD. The dashed arrow indicates onset of ovarian
failure in VCD-treated mice and the dashed box indicates values measured after ovarian
failure had occurred.
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Levels of pyridinoline crosslinks (PYD) in young mice
Blood samples were collected from young cycling controls and VCD-treated mice
throughout the study to determine circulating levels of pyridinoline crosslinks (PYD;
marker of bone resorption; Figure 4.5). Circulating PYD was lower (P>0.05) in VCDtreated mice than in cycling controls at 2.9 and 3.9 months post-ovarian failure.
However, PYD levels were not different (P>0.05) between groups at the end of the study
(4.4 months after ovarian failure). When individual time points within each group were
compared to their respective baseline, levels of circulating PYD in cycling controls were
greater (P<0.05) than baseline at all time points. In VCD-treated mice, circulating levels
of PYD were greater (P<0.05) than baseline right before the onset of ovarian failure (24
days before) but were lower (P<0.05) at 2.9 months after the onset of ovarian failure.
There was no difference (P>0.05) between baseline and any of the remaining time points.
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Figure 4.5 - Levels of pyridinoline crosslinks in young mice. Female C57BL/6 mice
(PND28) were dosed daily for 15 days with sesame oil (vehicle; i.p.; CYC CON) or VCD
(160mg/kg; i.p.). Blood samples were collected, processed and circulating levels of PYD
determined as described in Materials and Methods. Data are represented as mean ± SEM
and were analyzed using Mann-Whitney’s non-parametric test. Significance was set at
P<0.05. (*) indicates P<0.05 vs. baseline (d16) in CYC CON; (#) indicates P<0.05 vs.
baseline in VCD; (%) indicates P<0.05 for CYC CON vs. VCD. The dashed arrow
indicates onset of ovarian failure in VCD-treated mice, and the dashed box indicates
values measured after ovarian failure had occurred.
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Evaluation of trabecular bone microarchitecture of young mice
Trabecular bone microarchitecture of the fifth vertebral body of young mice was
assessed by μCT at approximately 8 months of age in VCD-treated mice (6 months after
ovarian failure) and in age-matched cycling controls (Figure 4.6).

Trabecular

morphology was evaluated by measuring the following variables: bone volume fraction
(BV/TV, %), trabecular thickness (TbTh, μm), trabecular separation (TbSp, μm),
trabecular number (TbN, 1/mm), connectivity density (ConnD, 1/mm3), and structure
model index (SMI). Compared to cycling controls, VCD-treated mice showed greater
(P<0.05) trabecular separation and lower (P<0.05) trabecular number and connectivity
density. There were no differences (P>0.05) in BV/TV, TbTh and SMI between groups.
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Figure 4.6 - Trabecular bone microarchitecture in young mice. Female C57BL/6
mice (PND28) were dosed daily for 15 days with sesame oil (vehicle; i.p.; CYC CON) or
VCD (160mg/kg; i.p.). Trabecular bone microarchitecture of the fifth vertebral body was
assessed by micro-computed tomography (μCT). Data are represented as mean ± SEM.
Significance was set at P<0.05. (*) indicates P<0.05 CYC CON vs. VCD. Trabecular
separation (TbSp; measurement of space between trabeculae); trabecular number (TbN;
number of intersections between bone and non-bone tissue); and connectivity density
(ConnD; volume of the area between the trabeculae).

119

Temporal changes in lumbar bone mineral density in aged mice: comparison by
treatment group
Lumbar bone mineral density (BMD) of aged VCD-treated, and ovariectomized
(OVX) mice was monitored by DXA and compared to that in age-matched cycling
controls (Figure 4.7). Lumbar BMD was not different between VCD-treated animals and
age-matched cycling controls at any of the measured time points. However, relative to
cycling VCD-treated animals, OVX had higher (P<0.05) lumbar BMD at the two time
points preceding ovarian failure but was not different from the other groups at any other
time point.
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Figure 4.7 - Temporal changes in lumbar bone mineral density in aged mice. Female
C57BL/6 mice (retired breeders; 9-12 months old) were dosed daily for 15 days with
sesame oil (vehicle; i.p.; CYC CON) or VCD (160mg/kg; i.p.). An additional group of
age-matched animals was not dosed but rather underwent bilateral ovariectomy (OVX)
on d35 relative to the onset of dosing in VCD-treated mice. Data are represented as mean
BMD ± SEM and were analyzed using ANOVA followed by Fisher’s PLSD post hoc
test. Significance was set at P<0.05. (*) indicates P<0.05 vs. CYC CON. (#) indicates
P<0.05 vs. VCD. The dashed arrow indicates onset of ovarian failure in VCD-treated
mice, and the dashed box indicates BMD values after ovarian failure had occurred.
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Temporal changes in lumbar bone mineral density in aged mice: longitudinal
comparison
In order to obtain information regarding the amount of bone density gain or loss
within each group all data was compared to their respective baseline BMD (Figure 4.8).
Lumbar BMD in cycling control mice did not differ (P>0.05) over time until the end of
the study when BMD was reduced (P<0.05) to 84.8% of baseline. However, VCDtreated and OVX animals experienced a decline (P<0.05 vs. baseline) in their bone mass
starting on d59 (age: ~11-14 months; ~1 month after ovarian failure in VCD-treated
mice) and continuing to the end of the study (VCD: 84.0% from baseline BMD; OVX:
85.3% from baseline BMD.
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Figure 4.8 - Temporal changes in lumbar BMD in aged mice. Female C57BL/6 mice
(retired breeders; 9-12 months old) were dosed daily for 15 days with sesame oil (vehicle;
i.p.; CYC CON) or VCD (160mg/kg; i.p.). An additional group of age-matched animals
was not dosed but rather underwent bilateral ovariectomy (OVX) on d35 after the onset
of dosing. Data are represented as percentage from baseline bone mass ± SEM and were
analyzed using ANOVA followed by Fisher’s PLSD post hoc test. Significance was set
at P<0.05. (#) and ($) indicate P<0.05 from baseline BMD for VCD and OVX groups
respectively. The dashed arrow indicates onset of ovarian failure in VCD-treated mice,
and the dashed box indicates BMD values measured after ovarian failure had occurred.
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Levels of osteocalcin in aged mice
Blood samples were collected from aged cycling controls and VCD-treated mice
throughout the study to determine circulating levels of osteocalcin (OC; bone formation;
Figure 4.9). Relative to cycling controls, OC in VCD-treated mice was lower (P<0.05)
at 1 month before ovarian failure. However, there were no differences (P>0.05) between
the two groups at any other time points.

When individual time points within each group

were compared to their respective baseline, levels of circulating OC in cycling controls
were lower (P<0.05) than baseline on d29 after the onset of dosing (time point preceding
ovarian failure in VCD mice) and at the end of the study. Circulating OC was greater
(P<0.05) than baseline in VCD-treated mice starting at 1 month after the onset of ovarian
failure and remained greater (P<0.05) until ~4 months after ovarian failure.
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Figure 4.9 - Levels of osteocalcin in aged mice. Female C57BL/6 mice (retired
breeders; 9-12 months) were dosed daily for 15 days with sesame oil (vehicle; i.p.; CYC
CON) or VCD (160mg/kg; i.p.). Blood samples were collected, processed and
circulating levels of osteocalcin determined as described in Materials and Methods. Data
are represented as mean ± SEM. Significance was set at P<0.05. (*) indicates P<0.05 vs.
baseline (d16) in CYC CON; (#) indicates P<0.05 vs. baseline in VCD; (%) indicates
P<0.05 for CYC CON vs. VCD. The dashed arrow indicates onset of ovarian failure in
VCD-treated mice, and the dashed box indicates values measured after ovarian failure
had occurred.

125

Levels of pyridinoline crosslinks (PYD) in aged mice
Blood samples were collected from aged cycling controls and VCD-treated mice
throughout the study to determine circulating levels of pyridinoline crosslinks (PYD;
bone resorption; Figure 4.10). There were no differences in circulating PYD (P>0.05) in
VCD-treated mice compared to cycling controls. When individual time points within
each group were compared to their respective baseline, levels of circulating PYD in
cycling controls were greater (P<0.05) on days 84 and 171 (1.6 and 4.5 months after
ovarian failure in VCD mice). In VCD-treated mice, circulating levels of PYD were
greater (P<0.05) than baseline starting 1.6 months after the onset of ovarian failure
lasting until the end of the study.
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Figure 4.10 - Levels of pyridinoline crosslinks in aged mice. Female C57BL/6 mice
(retired breeders; 9-12 months old) were dosed daily for 15 days with sesame oil (vehicle;
i.p.; CYC CON) or VCD (160mg/kg; i.p.). Blood samples were collected, processed and
circulating levels of PYD determined as described in Materials and Methods. Data are
represented as mean ± SEM. Significance was set at P<0.05. (*) indicates P<0.05 vs.
baseline (d16) in CYC CON; (#) indicates P<0.05 vs. baseline in VCD; (T) denotes a
trend of P=0.07. The dashed arrow indicates onset of ovarian failure in VCD-treated
mice, and the dashed box indicates values measured after ovarian failure had occurred.
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Evalution of trabecular bone microarchitecture in aged mice
Trabecular bone microarchitecture of the fifth vertebral body of aged mice was
assessed by μCT in VCD-treated mice (5 months after ovarian failure) and age-matched
cycling controls (age: 18.8 months; Figure 4.11).

As in young mice, trabecular

morphology was evaluated by measuring the following variables: bone volume fraction
(BV/TV, %), trabecular thickness (TbTh, μm), trabecular separation (TbSp, μm),
trabecular number (TbN, 1/mm), connectivity density (ConnD, 1/mm3), and structure
model index (SMI). There were no differences (P>0.05) in any of the variables measured
between cycling controls and VCD-treated mice.
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Figure 4.11 - Trabecular bone microarchitecture in aged mice. Female C57BL/6
mice (retired breeders; 9-12 months old) were dosed daily for 15 days with sesame oil
(vehicle; i.p.; CYC CON) or VCD (160mg/kg; i.p.). Trabecular bone microarchitecture
of the fifth vertebral body was assessed by micro-computed tomography (µCT) on
samples collected at 5 month post-ovarian failure (cycling control age: 18.8 months).
Data are represented as mean ± SEM. Significance was set at P<0.05. Trabecular
separation (TbSp; measurement of space between trabeculae); trabecular number (TbN;
number of intersections between bone and non-bone tissue); and connectivity density
(ConnD; volume of the area between the trabeculae).
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Discussion
This study was designed to: 1) determine whether residual ovarian tissue
influences the rate of ovarian failure-induced bone loss in follicle-depleted mice, and 2)
further characterize the VCD-treated model for studies on postmenopausal osteoporosis.
The first aim of this study was to determine whether steroidogenic products
derived from residual ovarian tissue protect the skeleton from accelerated bone loss
following ovarian failure in mice. In order to investigate the effect of ovarian failure on
bone integrity, lumbar BMD of young and aged VCD-treated and ovariectomized mice
was monitored by DXA and compared to that in age-matched cycling controls. There
were no differences in lumbar BMD between VCD-treated and cycling control animals
throughout the study.

However in OVX animals, compared to cycling controls, a

persistent decline in lumbar BMD was observed as early as 3 months relative to the time
of ovarian failure in VCD-treated mice. Because OVX mice had greater (P<0.05) BMD
than both cycling controls and VCD-treated mice at the beginning of the study, a second
approach to comparing BMD data was utilized. Each data time point was normalized to
peak BMD (young mice) or to baseline (aged mice) and compared within each group
over the course of the study. There were no differences in the day of peak BMD between
young animal groups. This supports the idea that early ovarian failure by VCD dosing
and bilateral ovariectomy does not affect the acquisition of peak bone mass in young
mice. Baseline BMD was used in aged animals instead of peak because acquisition of
peak BMD had occurred in these animals before the onset of the experiment. In this
study, significant BMD loss occurred on d185 after the onset of dosing in both young
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cycling controls (age: 7 months) and VCD-treated mice (4.4 months after ovarian
failure). However, the onset of significant BMD loss was accelerated in OVX mice,
which showed a decline in BMD (vs. peak) within 1 month after OVX and continuing
until the end of the study. In aged mice, as in young, lumbar BMD of cycling controls
did not differ over time until the end of the study (age: 17.1 months) when BMD was
~15% lower (P<0.05) than baseline. In contrast to young VCD-treated animals, aged
VCD-treated mice experienced a persistent decline in bone mass within 1 month of
ovarian failure continuing until the end of the study. The findings from the studies
conducted in young mice support the hypothesis that the presence of residual ovarian
tissue can be protective against accelerated bone loss following ovarian failure.
However, the aged animal study suggests that this benefit could be lost with increasing
age. A decline in circulating androstenedione has been observed in cycling control
animals as they age (refer to Chapter 3).

This decline, although not completely

understood, could be due to a decline in ovarian function as it has also been observed in
aging cycling women (Mushayandebvu et al, 1996) as well as in aged postmenopausal
women (Laughlin et al, 2000; Skaba et al, 2003).
The second aim of this study was to further characterize the VCD-treated model
of menopause as a relevant model for postmenopausal osteoporosis. One useful tool in
the study of bone physiology is the measurement of biochemical markers of bone
turnover (Bettica & Moro, 1995; Heiss et al, 2004a; Heiss et al, 2004b). Osteocalcin
(OC) has been used as an indicator of bone formation as well as an indicator of the
efficacy of drugs for the treatment of osteoporosis (Rapado et al, 1989). In this study,
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circulating OC did not differ between young cycling control and young VCD-treated
animals. However, when values were compared to baseline, levels in young VCD-treated
mice were low beginning 1 month after the onset of dosing and remained low until the
end of the study. Because, lumbar BMD was not changed by VCD-induced ovarian
failure when measured by DXA, the decline in OC observed in young VCD-treated mice
did not relate to their BMD measurements. On the other hand, when levels of OC were
determined in aged mice, VCD-treated mice had lower OC than cycling controls at the
start of the experiment but no further time points differed between the two. When levels
were compared to baseline, aged VCD-treated mice has consistently higher OC beginning
1 month and until approximately 4 months after the onset of ovarian failure. In contrast
to what was observed in young mice, higher levels of OC occurred at the same time as
decreased BMD (vs. baseline) in aged mice. Previous studies have shown that high
levels of OC in pre- and postmenopausal women correlate with lower bone mineral
density (Delmas et al, 1983; Yasumura et al, 1987). Thus, these observations further
support the relationship between high OC and low BMD following ovarian failure in
aged animals. Perhaps, bone in young mice responds differently to the changes due to
ovarian failure compared to aged mice.
Pyridinoline (PYD) is a known marker of bone resorption and has been shown to
be elevated in postmenopausal osteoporotic women, thus, distinguishing them from
premenopausal controls (Bettica et al, 1996). Levels of circulating PYD were determined
in blood samples of young and aged cycling control and VCD-treated mice. Relative to
cycling controls, young VCD-treated mice has lower PYD levels within approximately 3
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months of ovarian failure but levels were no different at any other time points. There
were no differences in levels of PYD between aged VCD-treated and age-matched
cycling control mice. However, when values were compared longitudinally to their
baseline, levels of PYD were elevated and remained so in aged but not young VCDtreated mice. In aged mice both markers OC and PYD become elevated following
ovarian failure, while only OC levels decreased in young mice. Perhaps the increase in
OC is a compensatory mechanism in aged mice to balance enhanced bone resorption due
to loss of ovarian function by increasing bone formation. Taken together with the BMD
data, these results further support the idea that residual ovarian tissue is beneficial to
prevent bone loss, but that this effect is age-dependent.
Trabecular bone microarchitecture was assessed by µCT and the following
variables were determined: bone volume fraction (BV/TV, %), trabecular thickness
(TbTh, µm), trabecular separation (TbSp, µm), trabecular number (TbN, 1/mm),
connectivity density (ConnD, 1/mm3), and structure model index (SMI). Increased TbSp,
and decreased TbN and ConnD were observed in young VCD-treated mice when
compared to age-matched cycling controls. This is interesting because no differences in
BMD between groups were identified by DXA in these animals. This observation may
be indicative of early changes in bone architecture that cannot be detected by measuring
BMD only. In contrast, no differences were observed when the same variables were
evaluated in aged VCD-treated mice, as compared with age-matched cycling controls.
One interesting observation was that by the time skeletons were collected (d181; age:
16.5 months), aged cycling control animals had also experienced a decline in their BMD
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compared to their baseline measurement. This decline in BMD might be responsible for
the lack of differences when BMD and trabecular morphology values were compared
between aged cycling controls and aged VCD-treated mice.
In summary, these studies showed that VCD treatment causes ovarian failure in
both young and aged mice, and that it occurs sooner in aged animals. These results also
demonstrate that the presence of steroidogenically active residual ovarian tissue (as
compared to OVX mice) seems to play a beneficial role by retarding bone loss following
ovarian failure in young mice. Surprisingly, this was not the case in aged mice, in which
the VCD and OVX groups had similar progression to significant bone loss.

This

difference is likely the product of declining ovarian function with age. Furthermore,
levels of OC and PYD were related to BMD loss in aged mice but not in young mice,
thus, suggesting differences in responses to ovarian failure in both age groups. Changes
in trabecular bone architecture in young mice suggest that although BMD was not
changed, VCD-induced ovarian failure still leads to compromised bone integrity but at a
slower rate than in OVX mice. Lastly, no differences in trabecular bone architecture
were identified between aged VCD-treated and cycling control mice, suggesting that
cycling controls had already undergone age-dependent loss of bone integrity at the time
of measurement. These findings further support the VCD-treated mouse as a useful
model for studies related to menopause and postmenopausal osteoporosis.
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CHAPTER 5

INCIDENCE OF OVARIAN NEOPLASMS IN FOLLICLE-DEPLETED VERSUS
CYCLING MICE

Abstract
Ovarian cancer is associated with high mortality due to its late onset of symptoms and
lack of reliable screening methods for early detection. Further, the incidence of ovarian
cancer is increased in post-menopausal women. Thus, research using relevant animal
models is needed to advance the understanding of the biology of neoplasms in the postmenopausal ovary. The VCD-treated mouse is a relevant ovary-intact animal model for
menopause because it undergoes gradual ovarian failure and retains residual ovarian
tissue.

The present study was designed to model 7,12-dimethylbenz[a]anthracene

(DMBA)-induced ovarian neoplasia in the VCD-treated follicle-depleted mouse. Female
B6C3F1 mice (28-day old) were dosed daily for 20 days with sesame oil (vehicle control,
i.p.; CON) or VCD (160mg/kg, i.p.) to cause ovarian failure. Four months after the onset
of dosing, animals from each treatment group received a single injection of DMBA
(CON/DMBA, n=15 and VCD/DMBA, n=15) or vehicle control (CON/VEH, n=15 and
VCD/VEH, n=14) under the bursa of the right ovary. Ovaries were collected 3 or 5
months post-injection and processed for histological evaluation. Immunohistochemistry
was used to confirm classification of neoplasms. Intra-bursal injection with vehicle or
DMBA into ovaries of cycling animals (CON/VEH and CON/DMBA, respectively)
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resulted in no ovarian neoplasms at either time point. At the 3 month time point, sexcord stromal tumors were identified in 12.5% of VCD/DMBA. At 5 months, 57.1% of
VCD/DMBA, and 14.3% of VCD/VEH ovaries contained neoplasms.

Tubular

(condensed non-neoplastic) adenomas were observed in all VCD-treated animals
(VCD/DMBA and VCD/VEH).

Neoplasms were positive for α-inhibin (INHA;

granulosa cell) and negative for cytokeratin 7 (CK-7; surface epithelium) and were
classified as Sertoli-Leydig Cell tumors.

These findings provide evidence for an

increased incidence of DMBA-induced ovarian neoplasms in ovaries of follicle-depleted
mice compared to that in age-matched cycling controls. Therefore, this study supports a
relevant contribution of the VCD-treated mouse model to the study of ovarian cancer as a
menopause-related pathology.
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Introduction

It is estimated that each year approximately 20,000 women are diagnosed with
cancer while 15,000 are expected to die of the disease. Ovarian cancer ranks fifth in
deaths by all cancers and first of the cancers of the reproductive system (Horner et al,
2009). The survival rate of ovarian cancer patients improves greatly when the disease is
detected early (American Cancer Society, 2006).

Unfortunately, less than 20% of

ovarian cancers are found at an early stage due to the lack of reliable screening methods
for early detection (Horner et al, 2009).
Ovarian cancer can be due to transformation of surface epithelial cells, germ cells
and/or the sex cord and stroma cells. Almost 90% of all ovarian cancers are thought to be
derived from the flat-to-cuboidal epithelial cells that cover the ovary known as the
ovarian surface epithelium (OSE; Weiss et al, 2007; Colombo et al, 2006). OSE-derived
cancers stain positive for the intermediate filament protein cytokeratin 7 (CK-7;
McCluggage, 2002). Alternatively, less than 5% of ovarian cancers are classified as sex
cord-stromal tumors which include Granulosa cell, and Sertoli-Leydig cell tumors
(Judson & Boente, 2003) and stain positive for inhibin alpha (INHA; McCluggage,
2002). The incidence of sex cord-stromal ovarian cancers has been found to be the
highest in women over the age of 50, but has also been observed in premenopausal
women (Judson & Boente, 2003).
The etiology of ovarian cancer is not completely known, but several factors have
been associated with the development of the disease, such as ovulation, the gonadotropins
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(LH and FSH), steroid hormones (estrogens and androgens), germ cell/follicle depletion,
oncogenes and tumor suppressor genes, growth factors, cytokines and exposure to
environmental agents (Salehi et al, 2006). Interestingly, several of these risk factors
occur or undergo significant changes during and after the menopausal transition (Salehi et
al, 2006; Lobo 2000). Further, approximately two thirds of ovarian cancer cases are in
women over the age of 55, thus, the incidence of ovarian cancer is increased in peri- and
post-menopausal women (Horner et al, 2009). For this reason, research using relevant
animal models of menopause is needed to advance the understanding of the biology of
neoplasms in the post-menopausal ovary.
Recently, an ovary-intact mouse model of menopause has been developed using
the occupational chemical 4-vinylcyclohexene diepoxide (VCD; Mayer et al, 2004; Lohff
et al, 2005; Lohff et al, 2006). Repeated daily dosing with VCD selectively destroys
primordial and primary follicles in ovaries of mice and rats by accelerating the natural
process of follicular atresia (Springer et al, 1996; Hu et al, 2001a; Hu et al, 2001b; Takai
et al, 2003). Because VCD does not target larger follicles, the animal continues to
ovulate normally until no more follicles can be recruited.

Thus, ovarian follicular

depletion in the VCD-treated mouse is gradual. As with women undergoing
perimenopause, VCD-treated mice show increased levels of FSH (Mayer et al, 2004),
declining levels of estrogen and irregular estrous cycles (Lohff et al, 2005) as they
become follicle-depleted. Additionally, following ovarian failure residual ovarian tissue
is retained. Thus, preservation of residual ovarian tissue in the VCD-treated follicledepleted mouse makes this model ideal for studying the physiology of the
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postmenopausal ovary. Several menopause-related disorders have been modeled and
studied using the VCD-treated mouse model of peri- and postmenopause (Mayer et al,
2005; Keck et al, 2007; Wright et al, 2008). Therefore, the VCD-treated mouse is
relevant for studies related to both perimenopausal and postmenopausal stages (Williams,
2005) and is a good candidate for studies on ovarian cancer.
There have been reports on spontaneous ovarian tumors in rodents but these do
not occur in experimentally significant numbers (Prejean et al, 1973). Therefore, much
effort has been put into developing relevant animal models for ovarian cancers. One such
model is the use of the carcinogen 7,12-dimethylbenz[a]anthracene (DMBA) (Kato et al,
1974; Kuwahara, 1967; Krarup, 1969; Stewart et al, 2004; Crist et al, 2005). DMBA is a
polycyclic aromatic hydrocarbon (PAH) and has been shown to induce carcinogenic
mutations by forming DNA adducts (Daniel & Joyce, 1983). Recently, the DMBA
model of carcinogenesis has been combined with the VCD model of menopause to cause
ovarian cancer in F344 rats (Hoyer et al, 2009). However, no studies have characterized
the use of both models when combined in B6C3F1 mice. Developing this model in mice
is important because of the existence of various genetically engineered mice that have
potential relevance to ovarian cancer.
Therefore, the present study was designed to: 1) determine if ovarian failure
affects susceptibility to the development of ovarian neoplasms in mice, and 2) model
DMBA-induced ovarian neoplasia in the VCD-treated follicle-depleted mouse. VCDtreated follicle-depleted mice and cycling controls received ovarian injections with
DMBA to induce neoplasms.

The incidence of neoplasms was determined by
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histological evaluation and the types of neoplasms were classified by immunostaining for
CK-7 and INHA.
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Materials and Methods

Postnatal day (PND) 28 female B6C3F1 mice were dosed daily for 20 days with
sesame oil (vehicle control; i.p., n=30) or VCD (160mg/kg; i.p.; n=30) to induce
premature ovarian failure. Four months after the onset of dosing, animals from each
treatment were assigned to receive a single injection of sesame oil (CON/VEH and
VCD/VEH; n=15/group) or DMBA (CON/DMBA and VCD/DMBA; n=15/group) under
the bursa of the right ovary. The left ovary was used as a non-treated contralateral
control within each animal.

Ovaries were collected at 3 or 5 months post ovarian

injection and processed for histological evaluation. Immunohistochemistry was used to
confirm classification of neoplasms by staining for α-inhibin (INHA; granulosa cell) and
cytokeratin 7 (CK-7; surface epithelium).



See APPENDIX A for detailed methods.
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Results

Incidence of DMBA-induced ovarian neoplasms in follicle-depleted mice versus agematched cycling controls

The effect of direct application of DMBA under the bursa of the right ovary of
VCD-treated follicle-depleted and age-matched cycling controls was evaluated (Figure
5.1). Animals received a vehicle or DMBA single injection directly under the bursa of
the right ovary and ovaries were collected for histological evaluation at 3 and 5 months
following surgery. No tumors were identified in cycling controls treated with vehicle or
DMBA (CON/VEH and CON/DMBA) at either time point. At 3 months post-injection, 1
out of 8 (12.5%) VCD-treated follicle-depleted animals that received DMBA
(VCD/DMBA) showed ovarian neoplasms. This number was increased to 4 out of 7
(57.1%) at 5 months post-injection. Interestingly, VCD-treated follicle-depleted animals
that received vehicle only showed ovarian neoplasms at the 5 month time point but at a
lower frequency than VCD/DMBA animals: 1 out of 7 (14.3%). All ovarian tumors at
the 5 month time point occurred in the injected (right) ovary. At 3 months, there were
two cases of ovarian tumors on the contralateral non-injected ovary (left ovary): 1 out of
7 VCD/VEH and 1 out of 8 VCD/DMBA.
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Figure 5.1 - Incidence of ovarian neoplasms in the right ovary (injected) VCDtreated follicle-depleted mice versus age-matched cycling controls. Female B6C3F1
mice (PND 28) were dosed daily for 20d with sesame oil (vehicle; i.p.) or VCD
(160mg/kg; i.p.). On d130 after the onset of dosing (5.3 months old), animals received a
single injection of either sesame oil (vehicle; CON/VEH and VCD/VEH) or 7,12dimethylbenz[a]anthracene (DMBA; CON/DMBA and VCD/DMBA) under the bursa of
their right ovary. The left ovary was used as an untreated contralateral control within
each animal. Ovaries were removed 3 months or 5 months post-injection and processed
for histological evaluation as described in Materials and Methods. Data is presented as
percentage (%) of animals with neoplasms out of the total number evaluated. Numbers
over each bar represent actual number of animals with neoplasms per treatment group.
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Morphological features of ovaries following treatment with vehicle or DMBA

Hematoxylin & Eosin-stained sections were generated from the ovaries of VCDtreated follicle-depleted mice and age-matched cycling controls collected at 3 and 5
months following injection with vehicle or DMBA (Figures 5.2 and 5.3). At 3 months,
ovaries from CON/VEH animals appeared normal with evidence of on-going
folliculogenesis as demonstrated by the presence of pre-antral and antral follicles as well
as corpora lutea and rare atretic follicles (Figure 5.2A). CON/VEH ovaries collected 5
months, also showed normal folliculogenesis but with an apparent reduction in the
number of ovarian follicles and corpora lutea present (qualitative assessment; Figure
5.3A). These ovaries also appeared to have more atretic follicles than their 3 month
counterparts. CON/DMBA ovaries showed significantly decreased folliculogenesis as
evidenced by fewer follicles of all sizes, fewer corpora lutea and more atretic follicles at
both time points (Figure 5.2B). As expected for follicle-depleted mice, VCD/VEH and
VCD/DMBA ovaries showed no folliculogenesis and numerous luteinized stromal cells
(Figure 5.2C and 5.2D). VCD/VEH and VCD/DMBA ovaries, in which neoplasms were
identified, showed predominant clusters of Sertoli-like cells and Leydig cells, aggregates
of larger luteinized cells forming a sex cord tumor of intermediate differentiation (Figure
5.3C and 5.3D). In most VCD/DMBA ovaries with neoplasms large parts of the ovarian
tissue had been replaced by Sertoli-Leydig cell tumors (Figure 5.3D). Interestingly,
numerous invaginations of the OSE and the outer cortex of the ovary were observed in all
VCD-treated ovaries (tubular adenoma; benign; Figure 5.2C).
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Figure 5.2 – Hematoxylin and Eosin stained sections from ovaries collected at 3
months after intra-bursal injection with DMBA. Female B6C3F1 mice (PND 28)
were dosed daily for 20d with sesame oil (vehicle; i.p.) or VCD (160mg/kg; i.p.). On
d130 after the onset of dosing (5.3 months old), animals received injections of either
sesame oil (vehicle; CON/VEH and VCD/VEH) or DMBA (CON/DMBA and
VCD/DMBA) under the bursa of their right ovary.
The left ovary was used as an
untreated contralateral control within each animal. Ovaries were removed 3 months postinjection and processed for histological evaluation as described in Materials and
Methods. (A) CON/VEH showing evidence of folliculogenesis and evidence of
ovulations; (B) CON/DMBA showing reduced number of follicles and corpora lutea; (C)
VCD/VEH showing an example of tubular adenoma and luteinized stromal cells; and (D)
VCD/DMBA showing no evidence of folliculogenesis. Magnification of all images is 4x
with the exception of (C) in which magnification is 10x. Letters “CL” denote
representative corpora lutea, “f” denotes ovarian follicles and “TA” denotes presence of
benign OSE invaginations known as tubular adenoma.
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Figure 5.3 – Hematoxylin and Eosin stained sections from ovaries collected 5
months after intra-bursal injection with DMBA. Female B6C3F1 mice (PND 28)
were dosed daily for 20d with sesame oil (vehicle; i.p.) or VCD (160mg/kg; i.p.). On
d130 after the onset of dosing (5.3 months old), animals received injections of either
sesame oil (vehicle; CON/VEH and VCD/VEH) or DMBA (CON/DMBA and
VCD/DMBA) under the bursa of their right ovary.
The left ovary was used as an
untreated contralateral control within each animal. Ovaries were removed 5 months postinjection and processed for histological evaluation as described in Materials and
Methods. (A) CON/VEH showing follicles and corpora lutea; (B) CON/DMBA showing
decreased follicle numbers and absence of corpora lutea; (C) VCD/VEH showing a
Sertoli-Leydig cell tumor; and (D) VCD/DMBA showing a Sertoli-Leydig cell tumor
where Sertoli-like cells have invaded the whole ovary. Magnification of all images is 4x
with the exception of (C) in which magnification is 10x. Letter “S” denotes Sertoli-like
cellular components, and “L” denotes Leydig-like cells.
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Immunohistochemical staining of DMBA-induced ovarian neoplasms

In order to facilitate classification of tumor origin, immunohistochemistry (IHC)
was performed with markers for sex cord stromal tumors (α-inhibin) and ovarian surface
epithelium (cytokeratin-7; Figure 5.4). Positive staining for α-inhibin was particularly
strong in Sertoli cells and moderate in Leydig cells, thus confirming classification of
tumors as Sertoli-Leydig cell tumors (SLCT; Figure 5.4A and 5.4B).

Further, all

neoplasms were negative for cytokeratin-7. OSE and tubular adenomas were positive for
cytokeratin-7 (Figure 5.4D) and negative for α-inhibin (Figure 5.4C).
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Figure 5.4 – Immunohistochemical staining of ovarian neoplasms present in VCDtreated follicle-depleted ovaries 5 months after intra-bursal injection with DMBA.
Female B6C3F1 mice (PND 28) were dosed daily for 20d with sesame oil (vehicle; i.p.)
or VCD (160mg/kg; i.p.). On d130 after the onset of dosing (5.3 months old), animals
received injections of either sesame oil (vehicle; CON/VEH and VCD/VEH) or DMBA
(CON/DMBA and VCD/DMBA) under the bursa of their right ovary. The left ovary
was used as an untreated contralateral control within each animal. Ovaries were removed
5 months post-injection and processed for immunohistochemical staining as described in
Materials and Methods. All ovaries are from VCD/DMBA mice with Sertoli-Leydig cell
tumors (SLTC). (A) SLCT with strong staining in Sertoli-like cells and moderate
staining in Leydig-like cells. (B) SLCT with strong α-inhibin staining. (C) SLCT with
strong staining for α-inhibin adjacent to a α-inhibin-negative tubular adenoma. (D)
Tubular adenoma showing positive staining for cytokeratin-7. Magnification of all
images is 10x. The label “L” represented Leydig-like cellular component; “S”
represented Sertoli-like cells; “SLCT” represents a tumor, “TA” denotes presence of a
tubular adenoma.
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Discussion

This study was designed to determine if ovarian failure affects susceptibility to
the development of ovarian neoplasms in mice and to further characterize DMBAinduced ovarian neoplasia in VCD-treated follicle-depleted mice. To accomplish this
goal, VCD-treated follicle-depleted mice and age-matched cycling controls received
unilateral intra-bursal injections of DMBA or vehicle control and the incidence of
neoplasms was determined. In the present study, a single direct application of DMBA
into the intra-bursal space of the right ovary of VCD-treated follicle-depleted mice
resulted in neoplasms in 12.5% of animals at 3 months and in 57.1% at 5 months post
injection while no neoplasms were identified in either vehicle or DMBA-treated cycling
controls. Interestingly, approximately 14.3% of VCD-treated mice that received intrabursal vehicle instead of DMBA also developed tumors at the 5 month time points.
Ovarian cancer has been termed a disease of the postmenopausal stage (Cancer Medicine,
2003) because incidence increases with age and peaks during the postmenopausal years
(Horner et al, 2009). Among the risk factors for ovarian cancer are: germ cell/depletion,
increased levels of gonadotropins and altered levels of estrogens and androgens (Salehi et
al, 2008) all of which have been shown in VCD-treated mice (Mayer et al, 2004; Lohff et
al, 2005; Lohff et al, 2006; also refer to Chapter 3). Studies evaluating the DMBA
model for ovarian carcinogenesis have traditionally focused more in using rats rather than
mice (Stewart et al, 2004; Crist et al, 2005; Kanter et al, 2006; Hoyer et al, 2009).
However, the few reports available on DMBA-induced ovarian carcinogenesis in mice
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have shown reproducible ovarian neoplasms despite differences in methods of delivery
(gavage vs. coated suture), dosage, length of exposure and length of time before
collection of tissues (Wang et al, 2008; Nicol et al, 2004; Buters et al, 2003). Buters and
co-workers gave C57BL6/129Sv mice daily doses of DMBA by gavage for 3 weeks and
found that 71% of animals developed granulosa cell tumors (Buters et al, 2003). In
another study, mice of a C57BL6/NCr;Sv129;FVB/NCr background received a weekly
dose of DMBA by gavage for 6 weeks and 27.3% (12 of 44) mice developed ovarian
neoplasms of which 58% were granulosa cell tumors (Nicol et al, 2004). Recently, Wang
and co-workers studied incidence of cancers in mice with a germ line p53 mutation and
found that 80% of wild-type (AJ background) animals that received implants of DMBAcoated suture into their ovaries developed ovarian tumors of which 50% were
adenocarcinomas (Wang et al, 2008).
Increased expression of microsomal epoxide hydrolase mRNA (Ephx1 or mEH)
has been shown to be highly enriched in residual ovarian tissue of VCD-treated follicledepleted mice when compared to age-matched cycling controls (refer to Chapter 2).
Ephx1 encodes an important enzyme involved the bioactivation pathway of DMBA to its
final ovotoxic 3-4 diol-1,2-epoxide metabolite (Savas el at, 1997; Shimada et al, 2001),
thus, making follicle-depleted ovaries potentially more susceptible to toxicity by DMBA.
Furthermore, the possibility of VCD acting as an initiating agent that makes ovarian
tissue more susceptible to developing neoplasms should not be discarded. Perhaps,
conducting further studies in which DMBA intra-bursal injections are given to naturally
senescent follicle-depleted animals may provide better answers to this question.
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However, because this is the first time ovarian neoplasms have been induced in follicledepleted mice, the number of tumor cases observed in VCD/VEH animals may represent
the baseline incidence for ovarian neoplasms in this group rather than a direct effect of
VCD dosing.
One interesting finding from this study was the presence of invaginations of the
ovarian surface epithelium in all VCD-treated follicle-depleted animals (also known as
tubular adenomas). This phenomenon has been described previously in both animal
models with premature ovarian failure (reviewed in Vanderhyden, 2005) and humans
(Salazar et al, 1996). Studies in mice that have undergone premature ovarian failure have
shown that germ cell/follicle depletion is accompanied by changes in the morphology of
the OSE and increased stromal invasion (reviewed in Vanderhyden, 2005; Salehi et al,
2008). In these animals, lack of follicles leads to decreased levels of estrogen and
progesterone which in turn fail to provide negative feedback on LH and FSH secretion
thus causing their levels to rise (Jones & DeCherney, 2005). High levels of particularly
LH can lead to increased stimulation of the stromal compartment, stromal cell
hypertrophy and luteinization.

Further, advanced ovarian failure in mice leads to

migration of OSE cells into the ovarian stroma and altered epithelial-stromal cell
interactions that may result in greater susceptibility to malignant transformation
(Vanderhyden, 2005). Moreover, an increased incidence of OSE pseudostratification,
papillomatosis, deep cortical invaginations, epithelial inclusion cysts and increased
stromal activity has been observed in women with a family history of ovarian cancer
when compared to women with no history of the disease (Salazar et al, 1996). Thus, the
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observation of tubular adenomas in all VCD-treated follicle-depleted mice supports the
idea that this phenomenon is associated with ovarian failure and that these changes may
precede neoplasia in these animals.
In this study, none of the cycling animals exposed to DMBA developed ovarian
neoplasms but rather experienced follicle loss. DMBA has been shown to target ovarian
follicles of all types and cause premature ovarian failure (Mattison & Schulman, 1980).
Therefore, decreased folliculogenesis in CON/DMBA animals in this study is likely the
result of ovotoxicity caused by the single intra-bursal injection of DMBA that they
received. The reason why lack of development of ovarian neoplasms in these animals
was observed is not understood. Perhaps neoplasms were more frequent in VCD-treated
follicle-depleted mice due to the lack of follicles and corpora lutea which might have
resulted in elevated levels of LH (stimulation to the stroma). Alternatively, the increased
frequency might result from a smaller relative ovarian size with a greater concentration of
exposure to DMBA compared to that in the larger, follicle and corpora lutea-containing
ovaries of cycling controls. That is, the presence of follicles in cycling controls ovaries
might act by absorbing most of insult of DMBA.
Immunohistochemical analysis was performed in order to assist in the
classification of the tumors observed in this study. Cytokeratin-7 was used as a marker
for the ovarian surface epithelium (Kumar et al, 2007) and α-inhibin was used as a
marker for sex cord stromal tumors (McCluggage, 2002). All neoplasms were positive
for α-inhibin (both Sertoli and Leydig-like components) and negative for cytokeratin-7
(only present in OSE).

Thus, together with the morphological data obtained from
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histological evaluation, immunohistochemistry confirmed that these neoplasms were
Sertoli-Leydig cell tumors. Sertoli-Leydig cell tumors (SLCTs) are members of the sexcord stromal tumor family which represent less than 5% of ovarian cancers in women
(Cancer Medicine 2003; Judson & Boente, 2003). Sex-cord stromal tumors are most
common in postmenopausal women but premenopausal cases have been described
(Judson & Boente, 2003). Although the neoplasms observed in this study were SertoliLeydig cell tumors, it has been shown that the most common sex-cord stromal tumors in
postmenopausal women are granulosa cell tumors (Judson & Boente, 2003).
Furthermore, previous studies in mice have described granulosa cell tumors in the
majority of cases of ovarian cancers (Nicol et al, 2004; Buters et al, 2003). SLCTs have
also been identified in VCD-treated follicle-depleted F344 rats treated with DMBA
(Hoyer et al, 2009). However, the present study is the first to describe the development
of DMBA-induced SLCTs in VCD-treated follicle-depleted B6C3F1 mice.
In summary, results of this study support previous studies predicting an increased
risk for the development of ovarian neoplasms following ovarian failure. An increased
incidence of ovarian neoplasms was observed in VCD/DMBA-treated follicle-depleted
mice compared to age-matched vehicle-treated cycling and VCD/VEH-treated animals.
Compared to that in cycling animals, it seems that follicle depletion and the altered
hormonal milieu within follicle-depleted animals may predispose to the development of
ovarian neoplasms in the latter. Although neoplasms of epithelial origin (most common
in humans) were not observed here, the significant stratification of OSE cells and
invaginations of OSE cells into the stromal compartment that were observed in VCD-
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treated follicle-depleted mice indicate potential early changes leading to future
neoplasms. Specifically, all tumors observed in the present study were Sertoli-Leydig
cell tumors thus providing a mouse model for postmenopausal sex-cord stromal tumors of
the Sertoli-Leydig type. Therefore, the present study supports a relevant contribution of
the VCD-treated mouse model to the study of ovarian cancer as menopause-related
pathology.
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CHAPTER 6
CONCLUSIONS

Menopause is the permanent cessation of menstrual activity in women due to the
depletion of ovarian follicles. It is characterized by estrogen deficiency and increased
levels of circulating gonadotropins LH and FSH (Birken et al, 2000). Several disorders
have been associated with menopause, such as osteoporosis (Compston, 2001),
cardiovascular disease (Liu et al, 2001) and ovarian cancer (American Cancer Society,
2006).

It has been hypothesized that the postmenopausal ovary may retain

physiologically relevant functions, such as production of androgens (Adashi, 1994).
However, studies in this area have yielded conflicting results (Couzinet et al, 2001;
Jabara et al, 2003; Havelock et al, 2006; Fogle et al, 2007) and the question remains: is
the postmenopausal ovary a significant source of androgen?

Further, does the

postmenopausal ovary contribute in any way to the development of menopause-related
disorders?
The central hypothesis of the studies described here was that residual ovarian
tissue is steroidogenically active following ovarian failure and its physiological function
affects the development of disorders associated with ovarian failure.

Studies were

conducted using the 4-vinylcyclohexene diepoxide (VCD)-treated mouse which is a
novel ovary intact model for ovarian failure that closely mimics both perimenopause and
postmenopause (Mayer et al, 2004; Lohff et al, 2005; Lohff et al, 2006). Residual
ovarian tissue from VCD-treated follicle-depleted mice is comparable to the
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postmenopausal ovary in women in that all follicles have been depleted and it is mainly
composed of ovarian stroma and secondary interstitial cells.

Summary of findings
In Chapter 2, cDNA microarray technology was used to evaluate global
expression in residual ovarian tissue of VCD-treated follicle-depleted mice compared to
that in ovaries from age-matched cycling controls.

Among the genes identified as

associated with ovarian failure were those encoding proteins involved in steroidogenesis
and xenobiotic metabolism. Data from these experiments did not support a direct effect
of VCD on gene expression residual ovarian tissue and there were no major differences
between gene expression in residual ovarian tissue of VCD-treated mice and that in
ovaries from naturally senescent animals.

In summary, these studies support the

hypothesis that residual ovarian tissue retains physiologically relevant functions.
Studies included in Chapter 3, were aimed at determining steroidogenic capacity
in residual ovarian tissue of VCD-treated follicle-depleted mice. An increased abundance
of mRNA encoding proteins involved in steroidogenesis (Star, Cyp11a1, Hsd3b,
Cyp17a1, Scarb1, Ldlr and Lhcgr) was observed in residual ovarian tissue of VCDtreated follicle-depleted mice when compared to age-matched cycling controls. Findings
from these studies supported the hypothesis that residual ovarian tissue of VCD-treated
follicle-depleted mice retains steroidogenic capacity and produces androgens.
Studies in Chapter 4 were aimed at determining whether residual ovarian tissue
contributes to bone loss in follicle-depleted mice. These studies showed that compared
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with OVX animals, the presence of residual ovarian tissue retarded bone loss following
ovarian failure in young but not in aged mice. This is thought to be due to declining
steroidogenic capacity in residual ovarian tissue of aged mice. These findings support
our hypothesis that factors (steroids) produced by residual ovarian tissue protect the
skeleton from accelerated bone loss following ovarian failure.
In Chapter 5, studies were aimed at determining whether ovarian failure affects
the susceptibility to the development of ovarian neoplasms in mice. Findings from this
study showed an increased incidence of ovarian neoplasms in DMBA-treated ovaries
from VCD-treated follicle-depleted mice compared to that observed in DMBA-treated
ovaries from age-matched cycling controls. The results support that follicle depletion
provides a hormonal milieu that may predispose the ovary for development of ovarian
neoplasms.

Significance of findings and relevance to humans
The VCD-treated follicle-depleted mouse is a relevant model for the study of
menopause and related disorders.

A major strength of this model, over the

ovariectomized mouse, is the preservation of residual ovarian tissue following a gradual
progression into ovarian failure. The studies described here are novel in that no other
studies have characterized gene expression and steroidogenic capacity in intact residual
ovarian tissue from follicle-depleted mice.

The value of the VCD-treated follicle-

depleted mouse as a tool in the study of menopause-related disorders was further
investigated in Chapters 4 and 5. Interestingly, whereas residual ovarian tissue appears
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to have a beneficial effect against bone loss, it accelerated development of ovarian
neoplasms. Results from these studies, therefore, highlight the strengths and relevance of
this model for the study of postmenopausal osteoporosis and ovarian cancer.

Limitations and future directions
Even though findings from these studies expanded our knowledge about residual
ovarian tissue and its contribution to disorders associated with ovarian failure, there were
limitations to these studies that could be best addressed by conducting additional studies.
Microarray experiments have proved to be very useful in studying whole tissue
gene expression under different physiological conditions (McReynolds et al, 2005;
Zimon et al, 2006; Fernandez et al, 2008). Studies involving microarray analysis of
whole tissue samples can produce a great amount of data, thus making their interpretation
a long and complicated process. In the present studies (Chapter 2), the results from the
microarray focused on those genes involved in steroidogenesis because the major aim of
this dissertation was to identify steroidogenic capacity and its contribution to the
development of disorders associated with menopause.

However, both microarray

experiments generated a unique database of non-steroidogenic genes with an association
to ovarian failure. Therefore, this database can be used to identify and characterize other
relevant genes in future studies.
Steroidogenic capacity of residual ovarian tissue of follicle-depleted mice was
evaluated in Chapter 3. A limitation of this study was the absence of data from naturally
senescent (aged) mice measuring circulating androstenedione and immunofluorescence

158

staining for HSD3B and CYP17A1. B6C3F1/J mice are a hybrid strain generated from
the first crossing of a C57BL6/J female and a C3H/HeJ male (The Jackson Laboratories,
2006). For this reason, aged B6C3F1 mice cannot be purchased commercially, but must
must be aged in house.

Further, B6C3F1 mice undergo natural ovarian failure at

approximately 2 years of age (non-published observation) and shown to have an average
life span of about 2.5 years (Tanaka et al, 2003). Thus, evaluating end points following
ovarian failure in aged B6C3F1 mice is difficult because animals may not survive until
the end of the study which limits the availability of their tissues. VCD-induced ovarian
failure has also been studied in C57BL6 mice (Lohff et al, 2005; Haas et al, 2007; Wright
et al, 2008; Sahambi et al, 2008; refer to Chapter 4). Unlike B6C3F1 mice, C57BL6
mice are available as 9-12 month old retired breeders from the major animal vendors.
Therefore, future studies characterizing residual ovarian tissue in VCD-treated mice
might be conducted using this strain.
In Chapter 4, the VCD-treated follicle-depleted mouse was compared to the
ovariectomized mouse as models of postmenopausal osteoporosis. Lumbar BMD was
measured and compared over time between these two groups. However, bone markers of
bone turnover and trabecular microarchitecture measurements were not made in
ovariectomized mice. Although the main goal of these particular measurements was to
further characterize the VCD-mouse as a model for postmenopausal osteoporosis, future
experiments should focus on also acquiring these data. The VCD-treated mouse model
for postmenopausal osteoporosis can also be used in the future for studies related to
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hormone replacement therapy and administration of therapeutic agents utilized in the
treatment of osteoporosis.
The studies described in Chapter 5 showed the results of combining the DMBA
model for ovarian cancer and the VCD-treated follicle-depleted mouse. Inhibin alphapositive Sertoli-Leydig cell tumors were identified in VCD-treated follicle-depleted
ovaries that received intra-bursal injection of DMBA. However, vehicle-injected VCDtreated follicle-depleted ovaries also developed ovarian tumors but a much smaller
frequency. The reason for this is not well understood and future studies are needed.

Conclusions
The present studies demonstrate for the first time support for the central
hypothesis that residual ovarian tissue in the VCD-treated mouse is steroidogenically
active following ovarian failure and its physiological function contributes to the
development of disorders associated with ovarian failure. Future studies might be aimed
at using this model to investigate other end points relevant to menopause-associated
disorders. Additionally, mechanistic studies related to the physiological role of residual
ovarian tissue can be designed using the microarray database that has been generated.
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APPENDIX A
MATERIALS AND METHODS
Animals. Female B6C3F1 (21 days old; Aims 1 and 3) or C57BL6 mice (21 days old or
retired breeders; Aim 2) were purchased from Jackson Laboratories (Bar Harbor, ME) or
Harlan Sprague-Dawley, Inc. (Indianapolis, IN), respectively.

Two-year old acyclic

B6C3F1 mice (Aim 1) were either provided by Dr. Loretta P. Mayer (Department of
Biological Sciences, Northern Arizona University, Flagstaff, AZ) or aged in house
(Jackson Laboratories). Upon arrival, animals were housed in polycarbonate plastic
cages, kept at 22 ± 2˚C on 12L:12D cycles and fed ad libitum. All animals were allowed
to acclimate to the animal facilities for 1 week before the start of the experiment. All
experiments and methods were approved by the University of Arizona Institutional
Animal Care and Use Committee (IACUC) and conformed to the Guide for the Care and
Use of Experimental Animals.
Induction of ovarian failure (VCD dosing). Animals were randomly assigned to two
groups: VCD (160mg/kg/d; i.p; Sigma-Aldrich, St. Louis, MO) and sesame oil (vehicle
control; i.p; Sigma-Aldrich). Animals were weighed and dosed daily for 15-20 days.
Estrous cyclicity was monitored by daily vaginal cytology in the VCD-treated and age
matched cycling control mice, and before sacrifice in two-year old mice (to confirm
acyclicity). Ovarian failure was assigned when mice showed ≥10 days of persistent
diestrus (Lohff et al, 2005).
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Tissue collection. Animals were euthanized by ex-sanguination under anesthesia (1.25%
Avertin) or CO2 inhalation followed by cervical dislocation. Organs were collected and
weighed (ovaries, uterus, kidneys, adrenals, spleen and liver).
RNA isolation and amplification.

RNA was isolated from whole ovaries using a

Qiagen RNeasy Mini Kit according to the manufacturer’s protocol for tissue samples.
Additionally, samples were incubated for 15min with DNAse during the isolation to
eliminate DNA contamination. Samples were concentrated using an RNeasy MinElute
kit. RNA concentration of each sample was determined at 260 nm using a Nanodrop
ND1000 UV-Vis spectrophotometer (Nanodrop Technologies, Wilmington, DE).
Samples were amplified and converted to antisense RNA (aRNA) using an Amino Allyl
MessageAmp kit.
cDNA microarray. For the d180 cDNA microarray, first-strand of amino-modified
cDNA was synthesized from amplified RNA (2µg) using the EndoFree RT kit according
the manufacture’s protocol. Samples were purified and labeled as previously described
(McReynolds et al, 2005, Supplement C). For the d120 cDNA microarray, first-strand
amino-modified cDNA was synthesized from amplified RNA (3 µg) using the
SuperScript Plus Indirect cDNA Labeling System (Core module) according to
manufacturer’s instructions. Amino-modified cDNA was purified using Qiaquick
columns according to manufacturer’s instructions. Purified cDNA samples were paired
according to the hybridization scheme chosen and separately labeled with either Alexa
Fluor 555 (green) or 647 (red) from the SuperScript Plus Indirect cDNA Labeling System
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(Dye module) and purified using MinElute columns following manufacturer’s
instructions.
Microarray hybridizations. Labeled samples were combined and hybridized to cDNA
array slides that were prepared at the Genomics Research Laboratories, University of
Arizona, Tucson AZ from the NIA 15K cDNA clone set as previously described
(McReynolds et al, 2005). . Slides were scanned using the arrayWORxe CCD-based
microarray scanner (Applied Precision, Issaquah, WA). Signal intensity was determined
for each spot using spot finding analysis software (MolecularWare, Irvine, CA). The
intensities of spots were analyzed using a multivariate experimental approach based on an
analysis of variance (ANOVA) model as previously described (McReynolds et al 2005;
Greer et al, 2006).
Real-time PCR. Amplified RNA samples (2 μg) were reverse transcribed with either
MMLV reverse transcriptase enzyme using oligo(dT)18-20 primers or SuperScript III
Reverse Transcriptase using oligo(dT)20 primers. Each cDNA sample was diluted with
nuclease-free water to a final concentration of approximately 8 ng/μl. Real-time PCR
experiments were carried out using a Rotor-Gene RG3000 real-time DNA detection
system (Corbett Life Science, Sydney, Australia). PCR reactions were done in triplicate
and each contained 2 μl diluted cDNA, 0.4 μl 25 mM MgCl2, 0.35 μl nuclease-free water,
0.25 μl SYBR Green Dye, 5 μl Quantitect SYBR Green PCR Master Mix and 100 pmol
(2 µl) of forward and reverse primers for a final volume 10 μl. The program started with
a hold step of 95˚C for 15 min, followed by 45 cycles of 95˚C for 15 s, 58˚C for 15 s and
72˚C for 20 s. The final step was a melt cycle which consisted of 1˚ increments from
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72˚-99˚C spending 45 s on the first step and 5 s on each step thereafter. Primers were
designed to the 3’ end of each gene using Primer3 (version 0.3.0; Rozen & Skaletsky,
2000) and their sequences are listed in Table A.1. Primer specificity was assessed by
matching primer sequences with that of the gene of interest using BLASTN 2.2.18+
(Altschul et al, 1990 and Altschul et al, 1997). Each primer pair was tested by agarose
gel electrophoresis to confirm PCR amplification products were the correct size.

Ct

numbers were obtained by setting threshold within the exponential phase of the reaction,
and the expression of each gene of interest was determined by normalizing experimental
Ct values to β-actin as previously described (Livak & Schmittgen, 2001).
Protein isolation and Western blot analysis. Whole ovaries were homogenized in cold
lysis buffer (1% Triton-x-100, 50 mM HEPES, 150 mM NaCl, 10% glycerol, 50 mM
NaF, 2 mM EDTA, 0.1% SDS) containing protease inhibitor cocktail (100 µl/mL lysis
buffer) using a variable speed Tissue Tearor homogenizer (Biospec Products, Inc.,
Bartlesville, OK) at medium speed for intervals of 5 s. Protein samples (10-20 µg) were
separated by SDS-PAGE using 9-10% bis-acrylamide gels (5 min at 70V then 1 h at
115V for 10% gels or 135V for 9% gels) and transferred to nitrocellulose membranes (1
h at 100V). Blotted samples were blocked 1 h in 5% milk (5 g dry milk in 100 ml TTBS:
0.5 M NaCl, 20 mM Tris, 0.15% Tween-20) at 4°C. Blots were then incubated with antiHSD3B (1:1000 dilution), anti-CYP17A1 (1:200), anti-LHCGR (30 µg/ml) or anti-PPIB
(peptidylprolyl isomerase B; 1 µg/ml) in 5% milk for 1 h at room temperature. Blots
were washed 3 times in TTBS (10 min/wash) and HRP-conjugated secondary antibody in
5% milk (donkey anti-goat IgG, 1:10,000; or goat anti-rabbit IgG, 1:5000; or goat anti-
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mouse IgG, 1:1000) was added for 1 h at room temperature. Blots were washed 3 times
in TTBS (10 min/each) followed by an additional wash with TBS (10 min/wash) and
detected using ECL Plus Western detection reagents according to manufacturer’s
instructions.

Densitometry of the appropriate bands was performed using the Gel

Analysis feature in ImageJ software (version 1.40g; Rasband, WS, ImageJ, U.S. National
Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2007;
Abramoff et al, 2004).
Immunofluorescence Staining and Confocal Microscopy. Ovaries were fixed in 4%
formalin for 4 h, transferred to 70% ethanol and prepared for immunostaining as
previously described (Cannady et al, 2002) with modifications. Briefly, fixed ovaries
were embedded in paraffin and every 10th and 11th section through the ovary was
prepared and deparaffinized (8 sections/ovary; 3 ovaries/treatment). Sections were either
baked with antigen retrieval (anti-HSD3B) or air dried without antigen retrieval (antiCYP17A1). Tissue was blocked for 5 min with 5% BSA and then incubated with antiCYP17A1 (1:50) or anti-HSD3B (1:100) overnight at 4°C. Specificity of the antibodies
was confirmed by observing the expected bands on Western blots and performing
staining with antibodies pre-absorbed with their respective blocking peptides (4x
concentration of primary antibody; overnight at 4°C).

Slides were incubated with

secondary biotinylated antibody (rabbit anti-goat; 1:75) for 1 h. This was followed by
incubation with Cy5-streptavidin (1 h; 1:100) and staining with YOYO-1 (genomic
DNA; 10 min; 1:50). Immunofluorescence was visualized using a Zeiss (LSM 510 NLOMeta) confocal microscope with an argon and helium-neon laser projected through the
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tissue into a photomultiplier at l = 488 and 633 nm for YOYO-1 (green) and CY-5 (red),
respectively.
Hormone Assays.

Blood was collected by retro-orbital puncture under anesthesia

(1.25% Avertin). To obtain serum, samples were kept on ice for 1 h and then centrifuged
at 14,000 rpm for 15 min at 4°C. Samples were stored at -20°C for subsequent analysis.
Serum FSH and LH were measured by RIA according to instructions with kits from the
National Hormone and Pituitary Distribution Program.

Circulating levels of

androstenedione were determined using a Direct Androstenedione RIA kit.

The

sensitivity and interassay coefficients of variation were FSH 1.0 ng/ml and 0.922%; LH
0.5 ng/ml and 3.7%; and androstenedione 70 pg/ml and 5.7%, respectively. The results
of all RIA assays were calculated by four-parameter logistic analysis using AssayZap
(BioSoft, Ferguson, MO).
Surgical removal of ovaries (ovariectomy). Animals were placed under anesthesia
(Ketamine/Xylazine mix) and the right and left flanks were shaved and skin cleaned with
Providone-iodine and 70% ethanol. An incision was made through the skin, fascia and
abdominal wall and the ovary was identified and externalized. A ligature was placed at
the ovary/oviduct boundary and the ovary was removed. The muscle wall and skin were
closed using 6-0 and 3-0 braided silk suture, respectively. TissueMend surgical glue was
applied over the incision to prevent re-opening of the wound.
Bone mineral density (BMD) measurements. Animals were placed under anesthesia
(1.25% Avertin or Ketamine/Xylazine mix) and lumbar BMD (L2-4) was measured in
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vivo by Dual-energy X-ray Absorptiometry (DXA) using a PIXImus absorptiometer (GE
Lunar, Madison, WI).
Micro-computed tomography (µCT). Vertebrae were evaluated using a desktop µCT
imaging system (µCT40; Scanco Medical AG, Bassersdorf, Switzerland) equipped with a
10-mm focal spot microfocus X-ray tube, as previously described (Bouxsein et al, 2007).
Intra-ovarian injection of DMBA.

Animals were placed under anesthesia

(Ketamine/Xylazine mix) and the right flank of each animal was shaved and skin cleaned
with Providone-iodine and 70% ethanol. An incision was made through the skin, fascia
and abdominal wall and the ovary was identified and externalized. DMBA or vehicle
control was directly applied by injecting the solution under the bursa and into the ovary.
The left ovary was used as an untreated contralateral control. The muscle wall was
closed using 6-0 braided silk suture and the skin was closed using 3-0 braided silk suture.
TissueMend surgical glue was applied over the incision to prevent re-opening of the
wound in case sutures became undone.
Hematoxylin & Eosin Staining. Ovaries were trimmed and placed in either Bouins
solution (2 h; Aim 1) or 4% formalin (Aim 3; 4 h), transferred to 70% ethanol, and
paraffin-embedded. Each ovary was sectioned (4–5 µm), mounted, and each 10th section
was saved and stained with hematoxylin and eosin. For Aim 3, two additional unstained
sections were taken around specific areas of each ovary as shown in Figure A.1 and used
for immunohistochemistry staining. Overlapping images of the slides (magnification
10x) were taken using an Olympus IX-70 inverted microscope connected to a Nikon
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camera and then stitched together using Adobe Photoshop CS software 8.0 (Adobe
Systems Inc., San Jose, CA).
Immunohistochemistry Staining. Immunohistochemistry was performed using an ES
immunostainer (Ventana) for 24 min. A cytokeratin-7 (Dako Inc., Carpenteria, CA) stain
was used for ovarian surface epithelial cells and α-inhibin (anti-inhibin clone R1; Dako
Inc.) was used for Sertoli and Leydig cell-like cellular components within tumors.
Antibody application was followed by a biotin-conjugated goat anti-mouse antibody, and
avidin-D conjugated horse radish peroxidase and then 3’,3’-diamino-benzidine
tetrahydrochloride with copper enhancement as color substrate. Hematoxilyn was used
as the counterstain. After clearing in graded alcohols and xylene, slides were cover
slipped. Dark brown structures indicate positive staining.
Statistical Analysis. FSH, LH and Real-time PCR data were compared using t-tests.
Levels of circulating androstenedione throughout the study were compared between
cycling controls and VCD-treated animals using Mann-Whitney non-parametric tests.
Levels of androstenedione within each treatment group were compared over time using
ANOVA followed by a Fischer’s PLSD (Protected Least Significant Difference) post hoc
test. Western blot data were analyzed using a Kruskal-Wallis non-parametric test. Tests
were conducted using StatView for Windows (version 5.0, SAS Institute, Inc., Cary, NC)
with the significance level set at P<0.05.
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Table A.1 – Real-time PCR Primer sequences and abbreviations
Gene
Steroidogenic acute regulatory
protein
Cholesterol side chain cleavage
3β-hydroxysteroid dehydrogenase
type 1
17α-hydroxylase v1
17α-hydroxylase v2

Abbrev.

Forward

Reverse

Reference

Star

cccaaagaaggcatagcaag

gctgaatcccccaaacttct

NM_011485.3

Cyp11a1

agccgtgaccagaaaagaca

acctgggcaggtaatcacag

NM_019779

Hsd3b1

ctctctttaaccgccactcg

tacctgccctttttccatca

NM_008293.3

Cyp17a1
Cyp17a1

agcacctagaggccgaatct
tcatcaatctctgggcactg

tgtctcacccttcattgctg
atgagatggcttcctgttgg

NM_007809.2
NM_007809.2

Cyp17a1

gatctaagaagcgctcaggca

gggcactgcatcacgataaa

O'Shaughnessy et al, 2002

Scarb1

tctggcgctttttctatcgt

acggcccatacctctagctt

NM_016741.1

Ldlr

tggctcggttttcattctgt

gagtatcaccccagcctaacc

NM_010700.2

Lhcgr

gaccaaaagctgaggctgaga

caatgtggccatcagggtaga

O'Shaughnessy et al, 2002

Zar1
Zp3
Ces3
Fabp3

tcaaacagttctgccgagtg
aacgaccagactgtggaagg
cccactggccagaatatgac
gggttgggatttttctggag

actgggcaggcacatctagt
tgacacttcctggtgacagc
aacatgttccctgtgggatg
gtggccttggttctgcttta

NM_174877
NM_011776

Inhibin alpha subunit

Inha

cctcagctagaggaggaca

acctgggtggagcaggata

AK078879
U02883
NM_010564

Glutathione S-transferase alpha 4
tumor necrosis factor receptor
superfamily, member 19

Gsta4

agtgcagcgtgctttaaggt

gggcagagtggttttgttgt

AK010098

Tnfr19

cataggagctggcattctga

ctccatcttgtcctggcttc

AK028146

Epoxide hydrolase, microsomal

Ephx1

accaaccatggctttagcag

gaggactctgtggggttgaa

NM_010145.2

Bcl2-like 10

Bcl2l10

tccccatcactccagagaac

gcagctcaagaacccagaac

NM_013479

β-actin

Actb

agtgtgacgttgacatccgta

gccagagcagtaatctccttct

NM_007393

17α-hydroxylase v3
Scavenger receptor class B
member 1
Low density lipoprotein receptor
Luteinizing hormone/chorionic
gonadotropin receptor
Zygote arrest 1
Zona pellucida glycoprotein 3
Carboxylesterase 3
Fatty acid binding protein 3

168

169

Ovary

A

B

C

Figure A.1 – Selected sections for immunohistochemistry of tumors (Chapter 5).
Ovaries were collected and fixed in 4% formalin for 4 hours and then transferred to 70%
ethanol. Ovaries were sectioned and every 10th section was saved for Hematoxylin &
Eosin staining. There different unstained slides were prepared from the sections between
every 10th (i.e. sections 2 thru 9) representing the areas labeled as A, B and C. Unstained
slides were sealed with paraffin and refrigerated for further Immunohistochemical
analysis.
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APPENDIX B

COMPLETE LISTS OF GENES FROM MICROARRAY ANALYSIS

This appendix is a supplement to Chapter 2. Table B.1 includes the complete
list of the genes with different expression in VCD-treated follicle-depleted ovaries
relative to cycling control ovaries (Experiment 2.1). The numbers in the column labeled
as “Fold” represent the fold change in VCD-treated follicle-depleted ovaries for that
specific gene relative to the expression in cycling control ovaries.

Table B.2 includes the complete list of genes that were common to all follicledepleted ovaries but significantly different from cycling control (Experiment 2.2). The
numbers in the columns labeled “Fold” represent the fold change for each treatment for
that specific gene relative to the expression in cycling control ovaries.

Table B.3 includes the list of genes that were significantly different (P<0.05)
between FD.oil and FD.VCD. The numbers in the columns labeled “Fold” represent the
fold change for each treatment group relative to the expression in cycling ovaries.
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Table B.1 - Genes identified by cycling control vs. VCD-treated follicledepleted ovaries microarray
Gene description
2'-5' oligoadenylate synthetase 1C
2'-5' oligoadenylate synthetase 1D
3-oxoacid CoA transferase 1
a disintegrin-like and metallopeptidase (reprolysin type) with
thrombospondin type 1 motif, 1
abhydrolase domain containing 3
acetyl-Coenzyme A acetyltransferase 1
acetyl-Coenzyme A acyltransferase 2 (mitochondrial 3-oxoacylCoenzyme A thiolase)
acid phosphatase-like 2
aconitase 1
acyl-CoA synthetase long-chain family member 3
adenosine monophosphate deaminase 3
adrenergic receptor, beta 2
aldehyde dehydrogenase 1 family, member B1
aldehyde dehydrogenase 3 family, member B1
aldehyde dehydrogenase family 1, subfamily A1
aldo-keto reductase family 1, member B3 (aldose reductase)
aldo-keto reductase family 1, member C12
aldo-keto reductase family 1, member D1
aminolevulinate, delta-, dehydratase
ankyrin repeat and BTB (POZ) domain containing 2
annexin A1
annexin A3
anti-Mullerian hormone type 2 receptor
asp (abnormal spindle)-like, microcephaly associated (Drosophila)
aspartylglucosaminidase
AXL receptor tyrosine kinase
baculoviral IAP repeat-containing 5
basic leucine zipper and W2 domains 1
basonuclin 1
B-cell translocation gene 1, anti-proliferative
B-cell translocation gene 4
BCL2-interacting killer
Bcl2-like 10
beta-1,3-galactosyltransferase-related protein
betaine-homocysteine methyltransferase
biliverdin reductase A
bobby sox homolog (Drosophila)
branched chain aminotransferase 1, cytosolic
Brf2 gene, 3' UTR
budding uninhibited by benzimidazoles 1 homolog (S. cerevisiae)
budding uninhibited by benzimidazoles 1 homolog, beta (S. cerevisiae)
calcium channel, voltage-dependent, beta 3 subunit
capping protein (actin filament), gelsolin-like

Fold
-2.18
-5.15
1.51
-3.47
2.71
1.94
2.01
1.68
1.50
2.82
2.21
-2.02
1.55
2.88
4.43
2.66
1.82
-1.75
2.06
2.26
-2.19
2.50
1.72
-2.89
-2.01
-1.50
-1.66
-2.24
1.72
-1.70
-2.35
1.61
-5.48
1.73
-1.79
-2.13
1.52
-2.96
-2.02
-2.18
-1.74
-1.72
-1.59
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Table B.1 - Genes identified by cycling control vs. VCD-treated follicledepleted microarray - continued
Gene description
carbon catabolite repression 4 homolog (S. cerevisiae)
carbonyl reductase 1
carboxylesterase 3
caspase 12
cathepsin D
cathepsin H
cathepsin L
CD151 antigen
cell division cycle 2 homolog A (S. pombe)
cell division cycle 20 homolog (S. cerevisiae)
centromere protein A
centromere protein F
centromere protein J
centrosomal protein 170
cerebellar postnatal development protein 1
ciliary neurotropic factor
claudin 3
clusterin
collagen, type I, alpha 1
collagen, type III, alpha 1
collagen, type IV, alpha 2
complement component 6
copine I
core 1 UDP-galactose:N-acetylgalactosamine-alpha-R beta 1,3galactosyltransferase
cyclin A2
cyclin B1
cyclin D2
cysteine and histidine rich 1
cytochrome b-561
cytochrome c, somatic
cytochrome P450, family 11, subfamily a, polypeptide 1
cytochrome P450, family 17, subfamily a, polypeptide 1
cytokine inducible SH2-containing protein
cytosolic 5' nucleotidase, type 1A
cytospin A
DBF4 homolog (S. cerevisiae)
DEAD (Asp-Glu-Ala-Asp) box polypeptide 39
decay accelerating factor 1
dickkopf homolog 3 (Xenopus laevis)
dimethylarginine dimethylaminohydrolase 1
disabled homolog 2 (Drosophila)
DNA primase, p49 subunit
docking protein 5
dual specificity phosphatase 16

Fold
-1.55
1.81
11.28
-1.91
2.01
3.35
3.41
2.13
-1.70
-1.67
-2.28
-4.17
-1.91
-1.59
-1.54
2.12
2.03
1.54
-3.06
-3.77
-2.50
6.37
-1.75
-1.86
-2.74
-3.40
4.49
1.87
-1.94
1.60
1.66
38.24
-1.64
1.75
-2.39
-2.08
-1.52
1.64
-1.77
2.04
-2.12
-1.89
-1.89
1.68
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Table B.1 - Genes identified by cycling control vs. VCD-treated follicledepleted microarray - continued
Gene description
heat shock protein 90, beta (Grp94), member 1
hemoglobin alpha, adult chain 1
heparan sulfate 6-O-sulfotransferase 2
heterogeneous nuclear ribonucleoprotein L
hexosaminidase A
high mobility group box 1
high mobility group box 2
high mobility group box 3
hippocampus abundant transcript-like 1
histocompatibility 2, D region locus 1
histocompatibility 47
hormonally upregulated Neu-associated kinase
Hoxa1 regulated gene
hyaluronan mediated motility receptor (RHAMM)
hydroxyacyl-Coenzyme A dehydrogenase/3-ketoacyl-Coenzyme A
thiolase/enoyl-Coenzyme A hydratase (trifunctional protein), beta subunit
hypothetical RNI-like structure containing protein
immunoglobulin superfamily, member 3
influenza virus NS1A binding protein
inhibin alpha
inhibitor of DNA binding 2
insulin-like growth factor 2 receptor
insulin-like growth factor binding protein 4
insulin-like growth factor binding protein 5
integral membrane protein 2A
interleukin 1 receptor-like 2
interleukin 16
interleukin 18
interleukin enhancer binding factor 2
interleukin enhancer binding factor 3
isocitrate dehydrogenase 3 (NAD+) alpha
isopentenyl-diphosphate delta isomerase
karyopherin (importin) alpha 2
keratin 18
KH domain containing 1A
kinesin family member 23
kinesin family member C3
Kruppel-like factor 4 (gut)
L-3-hydroxyacyl-Coenzyme A dehydrogenase, short chain
laminin, alpha 1
laminin, gamma 1
lanosterol synthase
leucine aminopeptidase 3
ligase I, DNA, ATP-dependent
lipidosin
long chain fatty acyl elongase

Fold
-1.56
2.55
-2.13
-1.57
1.54
-1.68
-2.38
-1.86
1.73
1.61
1.86
2.41
-1.68
-3.05
1.55
-2.79
-1.91
-2.60
3.64
-1.85
-1.79
-3.19
2.48
-3.50
-2.23
1.93
1.83
1.56
-1.55
-1.54
2.41
-2.25
2.98
-2.10
-2.14
1.98
1.53
1.50
-1.97
-1.87
2.19
1.59
-1.70
4.67
5.03
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Table B.1 - Genes identified by cycling control vs. VCD-treated follicledepleted microarray - continued
Gene description
low density lipoprotein receptor
lymphocyte antigen 6 complex, locus A
lysosomal-associated protein transmembrane 4B
lysozyme
lysyl-tRNA synthetase
MAD2 mitotic arrest deficient-like 1 (yeast)
male-specific lethal-3 homolog 1 (Drosophila)
membrane metallo endopeptidase
mevalonate (diphospho) decarboxylase
microfibrillar-associated protein 2
minichromosome maintenance deficient 6 (MIS5 homolog, S. pombe)
minichromosome maintenance deficient 7 (S. cerevisiae)
mitogen activated protein kinase kinase 3
moesin
monoamine oxidase A
monocyte to macrophage differentiation-associated
monocyte to macrophage differentiation-associated 2
myosin IB
myosin X
myosin, light polypeptide kinase
N-acetylglucosamine-6-sulfatase
N-acylsphingosine amidohydrolase 1
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 7
naked cuticle 1 homolog (Drosophila)
neural precursor cell expressed, developmentally down-regulated 4
neuraminidase 1
NIMA (never in mitosis gene a)-related expressed kinase 7
NLR family, pyrin domain containing 14
NLR family, pyrin domain containing 4F
NMDA receptor-regulated gene 1
nuclear receptor subfamily 5, group A, member 2
nucleolar protein ANKT
nucleoporin 153
nucleosome assembly protein 1-like 1
nyctalopin
oocyte maturation, beta
oocyte specific homeobox 1
oxysterol binding protein-like 1A
palladin, cytoskeletal associated protein
pantothenate kinase 3
PCTAIRE-motif protein kinase 3
phosphatidylethanolamine binding protein 1
phosphatidylinositol 3-kinase, regulatory subunit, polypeptide 1 (p85α)
phosphodiesterase 1A, calmodulin-dependent
phosphoglucomutase 2-like 1 homolog [Homo sapiens]

Fold
1.93
1.86
1.56
2.15
-1.56
-2.07
-1.55
2.31
3.36
-3.07
-1.98
-1.54
1.54
-2.53
-2.35
-1.69
4.26
-1.92
-1.88
-1.99
-1.82
1.78
-1.52
-2.11
-1.66
1.63
-2.17
-11.9
-3.23
-1.62
-2.98
-2.30
-1.58
-1.79
2.39
-5.73
-3.46
2.14
-2.31
1.62
1.60
1.91
-3.55
-1.71
-1.57
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Table B.1 - Genes identified by cycling control vs. VCD-treated follicledepleted microarray - continued
Gene description
plasminogen activator, tissue
platelet derived growth factor receptor, beta polypeptide
platelet-derived growth factor, C polypeptide
pleckstrin homology domain interacting protein
pleiomorphic adenoma gene-like 1
plexin A2
podocalyxin-like
polo-like kinase homolog, (Drosophila)
poly(A) binding protein, cytoplasmic 1
poly(A) binding protein, cytoplasmic 4
polypyrimidine tract binding protein 2
praja1, RING-H2 motif containing
pre B-cell leukemia transcription factor 3
prion protein
prolactin family 5, subfamily a, member 1
prolactin receptor
proliferating cell nuclear antigen
prolyl 4-hydroxylase, beta polypeptide
proprotein convertase subtilisin/kexin type 5
protease, serine, 35
protein kinase C, delta
protein kinase N2
protein kinase, cAMP dependent regulatory, type II beta
protein kinase, cGMP-dependent, type I
protein regulator of cytokinesis 1
protein tyrosine phosphatase, receptor type, D
protein tyrosine phosphatase, receptor type, S
protocadherin 7
putative homeodomain transcription factor
RAB13, member of RAS oncogene family
RanBP-type and C3HC4-type zinc finger containing 1
ras homolog gene family, member V
RAS, dexamethasone-induced 1
recombining binding protein suppressor of hairless (Drosophila)+A185
regulator of G-protein signaling 2 (Rgs2), mRNA
retinoblastoma binding protein 7
retinoblastoma-like 1 (p107)
retrovirus-related endonuclease homolog
Rho GTPase activating protein 18
Rho GTPase activating protein 29
Rho guanine nucleotide exchange factor (GEF) 19
ribonucleotide reductase M1
ribonucleotide reductase M2
ribosomal protein S18
ring finger protein 130
ring finger protein 166

Fold
-2.30
-2.11
-2.53
-1.61
-1.82
-2.49
2.12
-1.83
-2.19
-1.76
-1.67
1.58
-1.73
1.67
1.53
2.79
-1.50
-1.57
-2.47
-2.04
-1.57
-1.50
2.51
-2.05
-1.82
-1.63
-1.81
-1.66
-1.52
1.69
1.74
1.75
7.57
-1.82
-2.43
2.20
-1.89
2.12
1.71
-3.40
1.64
-1.73
-1.75
-1.67
2.25
1.55
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Table B.1 - Genes identified by cycling control vs. VCD-treated follicledepleted microarray - continued
Gene description
Fold
ring finger protein 35
-4.32
RNA binding motif protein, X chromosome retrogene
-1.54
R-spondin 2 homolog (Xenopus laevis)
-2.48
RUN and SH3 domain containing 1
-1.91
S100 calcium binding protein A6 (calcyclin)
-3.95
S-adenosylhomocysteine hydrolase-like 2
1.53
secreted acidic cysteine rich glycoprotein
-1.64
secreted phosphoprotein 1
-11.39
septin 11
-1.77
serine (or cysteine) peptidase inhibitor, clade H, member 1
-2.86
serine (or cysteine) proteinase inhibitor, clade B, member 6
-1.51
serine (or cysteine) proteinase inhibitor, clade E, member 2
-2.91
serine protease inhibitor, Kunitz type 1
-2.07
serologically defined colon cancer antigen 33
-2.68
SH3 domain binding glutamic acid-rich protein like 2
-1.68
SH3 domain protein 3 (Sh3d3)
1.55
SH3-binding kinase
-2.20
similar to SIMILAR TO NICE-5 PROTEIN [Homo sapiens]
-3.51
Similar to zinc finger protein 126
1.52
Sjogren syndrome antigen A2
-1.70
smoothened homolog (Drosophila)
3.12
solute carrier family 25 (mitochondrial phosphate carrier), member 3
1.66
solute carrier family 30 (zinc transporter), member 3
-2.22
solute carrier family 31, member 2
2.86
solute carrier family 6 (neurotransmitter transporter, taurine), member 6
-1.51
spermatid-specific thioredoxin 1
1.60
spindlin 1
-2.17
splicing factor proline/glutamine rich (polypyrimidine tract binding protein
associated)
-1.53
squalene epoxidase
2.87
SRY-box containing gene 4
-2.16
StAR-related lipid transfer (START) domain containing 5
2.28
stearoyl-Coenzyme A desaturase 2
1.99
stem-loop binding protein
-1.85
sterol-C4-methyl oxidase-like
4.17
succinate dehydrogenase complex, subunit A, flavoprotein (Fp)
1.57
superoxide dismutase 1, soluble
1.81
suppression of tumorigenicity 5
-1.60
suppressor of variegation 3-9 homolog 1 (Drosophila)
-1.55
survivor of motor neuron protein interacting protein 1
-2.06
SWI/SNF related, matrix associated, actin dependent regulator of
chromatin, subfamily d, member 1
-1.55
syndecan 1
-6.75
syntaxin 7
1.60
T-cell specific GTPase
1.80
testis derived transcript
-1.69
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Table B.1 - Genes identified by cycling control vs. VCD-treated follicledepleted microarray - continued
Gene description
thiosulfate sulfurtransferase, mitochondrial
T-LAK cell-originated protein kinase
topoisomerase (DNA) II alpha
transcription elongation factor A (SII) N-terminal and central domain
containing
transformer 2 alpha homolog (Drosophila)
transmembrane 7 superfamily member 1
transmembrane protein I1
tropomyosin 1, alpha
tropomyosin 2, beta
tubulin, beta 5
tuftelin 1
tumor necrosis factor (ligand) superfamily, member 13b
tumor necrosis factor receptor superfamily, member 19
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation
protein, zeta polypeptide
ubiquitin B
ubiquitin-conjugating enzyme E2G 1 (UBC7 homolog, C. elegans)
UDP-Gal:betaGlcNAc beta 1,4- galactosyltransferase, polypeptide 1
UDP-Gal:betaGlcNAc beta 1,4-galactosyltransferase, polypeptide 4
uridine monophosphate synthetase
uridine-cytidine kinase 2
vanin 1
vascular Rab-GAP/TBC-containing
versican
WD repeat domain 17
wingless-related MMTV integration site 4
zinc finger protein 185
zinc finger protein 61
zinc finger, DHHC domain containing 13
zona pellucida glycoprotein 3
zygote arrest 1
This list only includes genes with a P<0.05 and ≥ ±1.5 fold difference
compared to cycling control (reference group).

Fold
-1.86
-2.62
-2.50
-1.60
-1.53
1.50
1.55
-1.72
-2.10
-1.90
3.57
1.52
-8.05
-1.58
1.55
-1.58
-1.58
1.62
-1.57
2.39
2.28
2.00
-1.84
-1.76
-3.66
2.59
2.31
-1.93
-4.05
-4.33

178

Table B.2 - Genes identified as common to all
follicle-depleted ovaries versus cycling
control
Gene Description
2`-5` oligoadenylate synthetase 1C
2`-5` oligoadenylate synthetase 1D
acyl-CoA synthetase bubblegum family member 1
acyl-CoA synthetase long-chain family member 4
acyl-CoA synthetase short-chain family member 1
adenylate kinase 2
adrenomedullin
AF4/FMR2 family, member 3
aldehyde dehydrogenase family 1, subfamily A1
apolipoprotein A-IV
asp (abnormal spindle)-like, microcephaly
associated (Drosophila)
baculoviral IAP repeat-containing 5
B-cell translocation gene 4
BCL2-interacting killer
Bcl2-like 10
bone morphogenetic protein 1
branched chain aminotransferase 1, cytosolic
budding uninhibited by benzimidazoles 1 homolog
budding uninhibited by benzimidazoles 1
homolog, beta (S. cerevisiae)
calmodulin binding transcription activator 1
CD99 antigen-like 2
CDC28 protein kinase regulatory subunit 2
cell division cycle 2 homolog A (S. pombe)
cell division cycle 20 homolog (S. cerevisiae)
cell division cycle 2-like 5 (cholinesterase-related
cell division controller)
cell division cycle associated 5
centromere autoantigen A
checkpoint kinase 1 homolog (S. pombe)
chemokine (C-X-C motif) receptor 4
chromatin assembly factor 1, subunit A (p150)
claudin 3
collagen, type III, alpha 1
core 1 UDP-galactose:N-acetylgalactosaminealpha-R beta 1,3-galactosyltransferase
cyclin A2
cyclin B1
cyclin B2
cyclin D2
cyclin-dependent kinase 7 (homolog of Xenopus
MO15 cdk-activating kinase)
cylindromatosis (turban tumor syndrome)

AGD
-3.26
-5.50
1.66
-1.73
-2.11
-1.70
2.26
-2.44
2.00
-8.76

FD
-3.91
-6.62
2.65
-2.02
-3.00
-1.54
1.68
-2.98
2.93
-5.69

Fold
FD.oil
-4.56
-6.19
3.47
-2.30
-2.16
-1.50
1.78
-3.19
4.83
-6.68

FD.VCD
-3.87
-8.28
4.58
-2.79
-3.30
-1.51
1.86
-3.99
4.61
-6.35

-2.69
-2.86
-4.38
1.95
-8.28
1.55
-1.70
-2.85

-2.85
-2.83
-4.75
1.91
-7.86
1.65
-2.96
-2.72

-2.40
-2.65
-4.41
1.85
-8.29
1.99
-1.86
-2.42

-2.99
-3.20
-5.06
2.26
-7.40
1.95
-2.63
-2.94

-2.73
-1.67
-1.81
-2.41
-2.49
-2.23

-3.05
-1.79
-2.11
-2.13
-2.51
-2.34

-2.88
-2.53
-1.77
-2.33
-2.64
-1.98

-2.91
-2.16
-2.13
-3.51
-3.28
-2.30

-2.05
-2.25
-2.67
-2.22
1.69
-2.12
3.32
-2.42

-2.00
-2.87
-2.87
-2.53
1.65
-2.26
1.72
-2.31

-2.21
-2.57
-3.05
-3.22
2.03
-1.94
1.80
-2.37

-1.74
-1.97
-3.59
-4.41
1.72
-2.60
1.61
-2.64

-2.95
-2.21
-1.97
-2.65
2.13

-3.25
-2.93
-2.00
-2.29
2.23

-2.99
-2.84
-1.88
-2.58
3.06

-4.18
-2.78
-2.11
-2.92
2.72

-1.61
-1.59

-1.55
-1.74

-1.74
-2.23

-1.75
-2.29
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Table B.2 - Genes identified as common to all
follicle-depleted ovaries versus cycling control continued
Gene Description
cytochrome b5 reductase 1
cytohesin 1 interacting protein
cytospin A
D-dopachrome tautomerase
DEAD (Asp-Glu-Ala-Asp) box polypeptide 50
DEAD (Asp-Glu-Ala-Asp) box polypeptide 58
dehydrogenase/reductase (SDR family) member 3
developmental pluripotency associated 5A
disabled homolog 2 (Drosophila)
dystroglycan 1
enhancer of zeste homolog 2 (Drosophila)
epoxide hydrolase 1, microsomal
exostoses (multiple) 1
eyes absent 2 homolog (Drosophila)
F11 receptor
F-box and leucine-rich repeat protein 5
FGF receptor activating protein 1
FK506 binding protein 10
FK506 binding protein 4
flap structure specific endonuclease 1
forkhead box O1
G protein-coupled receptor 137B
G protein-coupled receptor 37
ganglioside-induced differentiation-associatedprotein 1
GATA binding protein 1
geminin
glutathione S-transferase, alpha 4
glutathione S-transferase, mu 1
glutathione S-transferase, mu 2
glutathione S-transferase, mu 6
glypican 1
growth differentiation factor 9
H1 histone family, member O, oocyte-specific
H2A histone family, member Z
heat shock 27kDa protein 8
heat shock 70kDa protein 14
helicase, lymphoid specific
heterogeneous nuclear ribonucleoprotein A1
heterogeneous nuclear ribonucleoprotein D
high mobility group box 2
immunoglobulin superfamily, member 3
influenza virus NS1A binding protein
inner centromere protein

AGD
1.89
4.06
-2.92
1.50
-2.54
1.73
1.62
-3.97
-1.69
-3.06
-1.88
3.01
-1.57
-2.08
-2.48
1.77
1.74
-1.90
1.68
-1.64
-2.72
2.51
-5.97
1.75
2.21
-2.74
1.55
3.37
2.84
3.25
-2.60
-7.37
-3.88
-2.10
2.16
-1.83
-1.77
-1.78
-2.08
-2.20
-2.66
-1.93
-1.81

Fold
FD
FD.oil
3.22
2.64
1.56
1.70
-2.96
-3.75
2.23
2.18
-3.04
-2.68
1.74
1.69
2.16
2.26
-4.19
-4.07
-1.93
-1.53
-2.80
-4.20
-2.24
-1.96
3.75
4.83
-2.52
-1.90
-3.85
-2.86
-3.60
-3.24
1.64
2.00
2.01
2.31
-2.27
-2.61
1.82
1.66
-1.60
-1.73
-3.70
-2.65
1.69
1.77
-7.36
-7.09
1.87
2.22
-2.56
2.48
3.80
3.24
5.43
-2.68
-9.49
-4.05
-2.36
1.93
-2.26
-1.66
-2.01
-1.83
-2.63
-3.15
-3.03
-1.78

2.28
1.95
-2.12
3.17
4.88
3.50
4.82
-2.79
-10.5
-4.70
-2.02
2.35
-2.45
-1.63
-2.33
-1.83
-2.95
-3.15
-2.96
-1.86

FD.VCD
2.56
1.56
-4.33
2.50
-2.91
1.66
2.72
-5.29
-2.08
-3.82
-2.49
5.95
-1.84
-3.46
-3.90
1.98
2.57
-2.91
1.77
-1.76
-4.06
1.67
-9.09
2.76
1.94
-2.77
3.84
4.87
5.24
6.18
-2.69
-12.95
-3.93
-1.74
2.11
-2.68
-2.09
-2.94
-1.91
-3.34
-3.64
-4.14
-1.90
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Table B.2 - Genes identified as common to all
follicle-depleted ovaries versus cycling
control - continued
Gene Description
insulin-like growth factor 2
integrin alpha V
KH domain containing 1A
kinesin family member 22
kinesin family member 23
Kruppel-like factor 11
lamin B1
lectin, mannose-binding, 1
legumain
leprecan-like 1
ligase I, DNA, ATP-dependent
lymphocyte antigen 6 complex, locus A
MAD2 (mitotic arrest deficient, homolog)-like 1
mannose-binding lectin (protein C) 2
MAS-related GPR, member B2
metallothionein 1
microfibrillar-associated protein 2
minichromosome maintenance deficient 7 (S.
cerevisiae)
mitochondrial rRNA methyltransferase 1 homolog
moesin
myosin IB
myosin X
NADH dehydrogenase (ubiquinone) 1 alpha
subcomplex, 7 (B14.5a)
NDC80 homolog, kinetochore complex
component (S. cerevisiae)
NIMA (never in mitosis gene a)-related expressed
kinase 2
NLR family, pyrin domain containing 4F
non-SMC condensin I complex, subunit H
NOP58 ribonucleoprotein homolog (yeast)
nuclear autoantigenic sperm protein (histonebinding)
nucleophosmin 1
nucleosome assembly protein 1-like 1
NUF2, NDC80 kinetochore complex component,
homolog (S. cerevisiae)
oocyte maturation, beta
oocyte secreted protein 1
oocyte specific homeobox 1
oogenesin 1
oogenesin 3

Fold
AGD
2.46
-1.93
-1.64
-2.68
-1.82
-1.87
-1.88
-1.92
-3.36
-1.90
-1.87
3.22
-2.39
-1.70
-4.21
1.63
-2.04

FD
1.81
-1.83
-1.59
-2.59
-2.06
-1.86
-1.69
-2.22
-4.40
-2.34
-2.13
2.05
-2.32
-2.00
-4.60
1.92
-1.76

FD.oil

1.67
-2.24
-1.95
-2.60
-2.02
-2.17
-2.23
-2.00
-3.81
-1.90
-2.06
2.55
-2.35
-1.81
-4.94
2.58
-2.49

FD.VCD
1.96
-2.73
-2.06
-3.33
-1.62
-2.18
-2.14
-1.70
-6.42
-2.18
-2.43
2.58
-3.00
-1.83
-5.64
2.89
-2.54

-1.69
2.62
-1.73
-1.77
-2.23

-1.73
2.12
-3.03
-2.07
-1.71

-1.66
2.67
-2.46
-1.88
-1.76

-1.63
3.01
-3.20
-2.07
-2.05

-2.18

-2.09

-2.37

-2.57

-1.99

-1.85

-1.88

-1.97

-1.87
-3.10
-1.72
-2.24

-2.01
-3.85
-2.17
-1.71

-1.95
-3.29
-2.20
-2.17

-1.91
-3.99
-2.18
-2.05

-1.55
-1.86
-1.71

-1.62
-2.19
-1.76

-1.65
-2.01
-1.67

-2.12
-2.59
-2.04

-2.52
-10.3
-5.75
-2.88
-3.30
-2.02

-2.33
-12.5
-8.58
-4.30
-5.19
-2.33

-2.11
-11.3
-8.05
-5.29
-4.08
-2.33

-2.96
-18.4
-9.10
-5.28
-4.55
-2.13
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Table B.2 - Genes identified as common to all
follicle-depleted ovaries versus cycling control continued
Gene Description
ornithine decarboxylase, structural 1
PDZ binding kinase
peptidyl arginine deiminase, type VI
peptidylprolyl isomerase C
pleckstrin homology domain containing, family A
(phosphoinositide binding specific) member 4
pleckstrin homology domain containing, family B
(evectins) member 2
pleiomorphic adenoma gene-like 1
plexin A2
polo-like kinase 1 (Drosophila)
potassium channel tetramerisation domain
containing 2
proliferating cell nuclear antigen
proliferation-associated 2G4
protein disulfide isomerase associated 5
protein disulfide isomerase associated 6
protein regulator of cytokinesis 1
Rac GTPase-activating protein 1
RAD51 homolog (S. cerevisiae)
ras homolog gene family, member V
RAS-like, estrogen-regulated, growth-inhibitor
replication protein A2
ret finger protein-like 4
rhophilin, Rho GTPase binding protein 2
ring finger protein 130
S100 calcium binding protein A6 (calcyclin)
secreted phosphoprotein 1
sequestosome 1
serine (or cysteine) proteinase inhibitor, clade E, 2
SH3-binding kinase
solute carrier family 30 (zinc transporter) member 2
solute carrier family 38, member 5
solute carrier organic anion transporter family 2b1
sorting nexin 32
spindlin family, member 2B
splicing factor proline/glutamine rich (polypyrimidine
tract binding protein associated)
stathmin 1
stem-loop binding protein
structural maintenance of chromosomes 4
synaptogyrin 1

AGD
-1.91
-2.27
-10.5
-2.23

FD
-1.80
-2.30
-14.1
-1.83

Fold
FD.oil
-1.85
-2.39
-16.1
-1.82

FD.VCD
-1.82
-2.85
-15.9
-1.81

2.42

2.11

2.77

2.95

2.05
-2.47
-1.90
-2.73

1.72
-1.69
-2.25
-2.68

2.13
-2.58
-2.45
-3.11

1.88
-4.10
-2.31
-3.50

1.69
-1.59
-1.61
-1.64
-1.92
-1.64
-3.04
-1.62
1.54
1.91
-1.73
-2.16
-2.05
2.10
-3.82
-5.95
1.81
-4.83
-2.11
1.56
-4.34

1.94
-1.55
-1.56
-1.53
-1.73
-2.15
-3.11
-2.21
1.91
1.95
-1.77
-2.81
-2.43
2.42
-7.72
-8.50
1.69
-5.69
-2.50
1.78
-4.79

2.27
-1.84
-1.79
-1.86
-2.08
-2.01
-2.37
-1.95
1.80
2.10
-1.70
-2.79
-2.66
2.21
-3.58
-8.40
2.55
-5.22
-2.44
1.67
-4.69

2.20
-2.06
-1.76
-2.16
-2.69
-2.09
-2.56
-1.97
1.96
2.07
-1.89
-2.23
-3.69
2.87
-5.47
-14.75
2.19
-9.41
-2.57
1.54
-5.57

1.63
1.91
-3.67

1.55
1.56
-4.45

1.58
2.04
-3.89

1.65
1.69
-5.20

-1.81
-2.66
-1.51
-1.75
2.49

-1.54
-2.93
-1.54
-1.83
1.51

-2.06
-3.00
-1.82
-2.20
1.77

-1.93
-3.89
-1.99
-2.63
1.96
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Table B.2 - Genes identified as common to all
follicle-depleted ovaries versus cycling control continued
Gene Description
syndecan 1
syndecan 3
tankyrase, TRF1-interacting ankyrin-related ADPribose polymerase
T-cell lymphoma breakpoint 1
teashirt zinc finger family member 1
tenascin C
tocopherol (alpha) transfer protein
trafficking protein particle complex 6B
transforming, acidic coiled-coil containing protein 3
Ttk protein kinase
tubulin, beta 3
tubulin, beta 5
tubulin, gamma complex associated protein 5
tyrosine 3-monooxygenase/tryptophan 5monooxygenase activation protein, zeta
polypeptide
ubiquitin carboxy-terminal hydrolase L1
ubiquitin specific peptidase 9, X chromosome
zinc finger protein 511
zona pellucida glycoprotein 2
zona pellucida glycoprotein 3
zygote arrest 1
This list includes genes with a P<0.05 and ≥ ±1.5
fold difference compared to cycling control
(reference group) and common to all follicledepleted ovaries

AGD
-4.48
-1.51

FD
-6.41
-1.93

Fold
FD.oil
-7.03
-1.94

FD.VCD
-8.29
-2.19

-2.29
-4.47
-2.69
-1.92
1.55
1.58
-2.83
-2.36
1.58
-1.74
1.52

-1.85
-5.80
-2.47
-3.55
2.64
1.70
-2.78
-2.54
2.36
-1.79
2.66

-2.46
-4.52
-4.02
-1.87
2.31
1.69
-3.19
-2.40
1.74
-2.13
3.29

-3.41
-5.11
-3.79
-2.49
1.97
1.69
-4.59
-2.57
2.12
-2.19
2.41

-1.84
-3.90
1.66
2.04
-2.49

-1.55
-4.41
2.09
1.53
-2.52

-1.69
-4.35
2.56
1.84
-2.82

-2.12
-5.56
2.30
1.72
-2.16

-11.7

-12.1

-13.2

-13.4

-8.7

-10.9

-11.5

-14.9

183

Table B.3 - Genes affected by VCD treatment or natural aging
VCD genes

AGD

FD

FD.oil

FD.VCD

down-regulated by Ctnnb1, a

-1.7

-2.3

-2.67

-3.5

karyopherin (importin) alpha 2
phospholipase A2, group IVC (cytosolic, calciumindependent)

-2.1

-2.0

-1.84

-2.5

-2.89

-3.4

FD.oil

FD.VCD

1.67

1.75

1.60

2.74

2.06

2.25

2.35

-1.51

-2.2

-2.11

-2.67

fatty acid binding protein 3, muscle and heart

2.46

6.79

6.08

10.14

LIM domain only 1

2.52

5.59

3.71

6.20

-2.18

-4.4

-3.84

-5.62

1.89

3.18

2.54

3.19

Aging genes

-2.7

-2.9

AGD

FD

actinin alpha 2

2.14

deiodinase, iodothyronine type III, antisense
disabled homolog 2 (Drosophila)

regulator of G-protein signaling 2
SH3-domain GRB2-like 2
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