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Abstract
Reproductive function is governed by the hypothalamic-pituitary-gonadal axis.
Gonadotropin-releasing hormone (GnRH) neurons are central mediators of the
reproductive axis and release GnRH, which controls pituitary and gonadal function.
Polycystic-ovary syndrome (PCOS) is the leading cause of infertility in reproductive-
aged women. PCOS is characterized by an upregulation in luteinizing hormone (LH),
and thus GnRH release. Endocrine abnormalities of PCOS, including increased
androgens, high-frequency LH pulses, and disrupted reproductive cycles, are present in
prenatally androgenized (PNA) animal models. GhnRH neuron activity in adult female
PNA mice is also elevated. Clinical studies in girls with hyperandrogenemia revealed
disrupted LH pulsatility prior to adulthood, suggesting that aspects PCOS may manifest
before puberty.

In this dissertation we demonstrate that GnRH neurons are prepubertally active
and that this activity is disrupted in PNA mice. To examine this activity we used
electrophysiological extracellular recordings conducted from GFP-identified GhnRH
neurons in brain slices from control and PNA mice at postnatal weeks 1-4. We found
that GnRH neuron activity was present in both males and females at all time points
tested. In control female mice prepubertal activity of GnRH neurons increased during
early life, with firing being highest at 3 weeks. In contrast, firing activity in PNA mice did
not increase across the postnatal period. To investigate if the downstream reproductive

axis plays a role in GnRH neuron firing rate of PNA mice, we tested hypotheses that 1)

Xiv



increased GnRH neuron firing in adult PNA mice is due to ovarian factors, specifically
androgens, and 2) that gonadal factors have minimal influence on GnRH neuron firing in
3-week old mice. Interestingly, removing ovarian inputs in adult PNA mice decreased
firing rate and addition of androgen implants in ovariectomized mice restored firing to
that of PNA sham-operated mice, suggesting that ovarian androgens are a primary
contributor driving increased GnRH neuron firing in adult PNA mice. In 3-week old
control and PNA mice however no differences were found between sham-operated and
ovariectomized groups, suggesting a minimal role for ovarian factors on GnRH neuron
firing in 3-week old PNA mice. Because ovarian inputs did not affect GnRH activity in 3-
week old PNA mice, we next hypothesized that prepubertal GnRH neuron activity plays
a role in establishing adult reproductive function and in setting up adult activity of the
GnRH neuronal network. Either activating (hM3Dq) or inhibitory (hM4Di) designer
receptors exclusively activated by designer drugs (DREADDSs) were targeted to GnRH
neurons to allow for remote control of neuronal activity. Injection of clozapine n-oxide
(CNO) produced the expected changes in luteinizing hormone (LH) release from the
pituitary in control studies. CNO was administered between two and three weeks of age,
the period when GnRH neuron activity was reduced in PNA mice. Reducing GnRH
neuron activity during development decreased adult GnRH neuron firing rate.
Interestingly, neither manipulation altered the timing of pubertal makers. Thus GnRH
neuron activity programs changes in the adult neuronal network governing reproductive
function but altering prepubertal GnRH neuron activity cannot fully explain the
phenotypes found in PNA mice. Overall this body of work indicates that the reproduce

axis is active prior to puberty. These results also support a model in which prepubertal

XV



alteration of GnRH neuronal activity programs changes in the adult GnRH neuron
network and indicate that androgens play a role in the manifestation of reproductive

abnormalities observed in PNA mice.
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Chapter 1 Introduction

The primary goal of this chapter is to review the knowledge in the field at the time this

dissertation project was developed.

Significance

Reproductive function is required for propagation of genetic offspring and species
survival. It encompasses a variety of physiological processes including gametogenesis,
fertilization, pregnancy maintenance, lactation, pubertal processes and reproductive
senescence. Disruptions in these physiological processes therefore can result in
infertility, a problem that is estimated to affect 1 in 6 couples (1). In many of these
cases, the cause behind infertility remains unexplained. The reproductive system also
plays a major role in driving sex steroid production. These steroids not only have action
on reproductive tissues but also act on other systems such as the muscular and skeletal
systems. Because outputs of the reproductive axis can affect multiple areas of
physiology, compromised reproductive function can lead to a disruption in overall
health. Advancing our basic understanding of reproductive function in both normal and
disease states can therefore shed light on our basic understanding of overall physiology

and aid those with reproductive complications.



Reproductive Axis Overview

Reproductive function is maintained through the hypothalamo-pituitary-gonadal
(HPG) axis (Figure 1-1). Gonadotropin-releasing hormone (GnRH) neurons, located in
the preoptic area and hypothalamus, act as central integrators relaying environmental
cues to downstream components of the reproductive system and responding to
physiological feedback. Release of GnRH stimulates luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) secretion from the anterior pituitary. Both LH and
FSH travel though the circulation to act on gonads and aid in gametogenesis and sex
steroid production. Sex steroids then feed back to the upstream components of the
reproductive axis. Because GnRH neurons have been shown to lack most steroid
receptors, steroid feedback is primarily at neurons upstream of GnRH neurons, which
subsequently convey these feedback signals to GnRH neurons thus regulating their
activity and release. In females, fluctuations in feedback control of GnRH release
frequency are required for follicular maturation and successful ovulation. When this
feedback system is disrupted it can lead to infertility disorders such as polycystic ovary

syndrome (PCOS) in which both steroid feedback and LH/GnRH release are altered.
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The GnRH “pulse generator”

Early studies in monkeys demonstrated a tonic mode of LH secretion across
most of the female cycle with the exception of a single LH surge (2), which precedes
ovulation. One pitfall of these studies was the low sampling frequency did not allow
visualization of a then recently demonstrated patterned release of LH. A seminal study
in ovariectomized monkeys, in which sampling frequency was increased from daily to as
often as 10-min intervals, demonstrated a beautiful pattern of oscillatory LH release (3).
LH pulses have a sharp peak and then subsequent decay period prior to the next peak
occurring. Because no evidence for a short feedback loop via LH itself could be
identified to account for these LH oscillations (4), and GnRH had recently been
sequenced (5,6), scientists began to investigate if a neuronal component may be
responsible for oscillatory LH output. Evidence showing a strong association between
oscillations of multiunit activity recorded on electrode arrays placed in the hypothalamus
and LH release (7) supported this idea. Subsequent studies in the sheep showed a
strong correlation between GnRH and LH pulses through portal blood measurements
(8). These studies supported that GnRH release occurs in a pulsatile fashion, with a
sharp rise and subsequent decrease separated by basal levels of essentially no

hormone release.

The pulsatile nature of GnRH release is crucial for reproductive function,
particularly in driving changes in gonadotropin levels necessary for a successful
reproductive cycle in females (Figure 1-2). Studies in which endogenous GnRH pulses
were ablated found that administration of a continuous GnRH treatment markedly

suppressed LH and FSH release(9). Furthermore, varying GnRH administration



frequency demonstrated that increasing GnRH frequency favors LH release whereas
lower frequency favors FSH release(10). In most instances, GnRH and LH pulses are
well correlated and LH pulses can be used as a bioassay for GnRH release. Exceptions
include when pulse frequency is very high, for example, in thyroidectomized ewes the
frequency of GnRH release (about 4-5 pulses per hour) is too fast to be mirrored by LH
pulses (11). Another example is during the preovulatory LH surge, when GnRH release
is not pulsatile and the GnRH surge lasts longer than the correlated LH secretion

(12,13).

GnRH pulse frequency varies throughout the cycle leading to the regulation of LH
and FSH. Changes in pulse frequency are governed by steroid feedback. During most
of the cycle, GnRH pulses are suppressed via negative feedback of estradiol and
progesterone. Studies in ovariectomized sheep demonstrated that progesterone and
estradiol diminish both GnRH and LH pulsatile secretion (14). It was also shown that
estradiol decreases the amplitude of elicited LH pulses (via administration of GhnRH)
supporting estradiol has an effect on the pituitary as well as the brain(15). Negative
feedback of estradiol decreases GnRH pulse amplitude (16), but rising estradiol also
increases GnRH/LH pulse frequency (13,17). Because progesterone receptor
expression has been shown to be estrogen dependent (18), estradiol is also needed for
effects of progesterone to decrease GnRH pulse frequency. At the beginning of the
follicular phase, GnRH pulse frequency is low due to progesterone presence during the
previous luteal phase. Low GnRH pulse frequency allows a rise in FSH, which
stimulates development of ovarian follicles. As a dominant follicle is recruited, it

secretes inhibin, which lowers FSH. Concurrently, GnRH pulse frequency increases



allowing for LH to increase in the late follicular phase. This increase in LH leads to a
sustained increase in estradiol and estradiol feedback switches from negative to
positive, inducing a GnRH surge. Positive feedback via estradiol to increase LH pulse
frequency is independent of progesterone (17). Following the ovulatory surge,
progesterone is secreted from a group of remnant cells of a ruptured follicle known as
the corpus luteum (CL). This increase in progesterone decreases GnRH pulse
frequency and the switch from positive to negative feedback of estradiol once again
occurs. This progesterone feedback is removed as degeneration of the corpus luteum
takes place, and if no pregnancy is achieved, this allows for the follicular phase to start
again. In patients with some infertility disorders, such as PCOS, these typical

fluctuations in GnRH pulse frequency important for driving the cycle do not occur.

Polycystic Ovary Syndrome (PCOS)

PCOS is the leading cause of infertility and reproductive complications in female
patients of reproductive age. PCOS is a multifaceted disorder diagnosed based on
criteria that include the presence of hyperandrogenemia, oligoovulation or anovulation,
and/or polycystic ovarian morphology. The “Rotterdam” criteria are most commonly
used to diagnose PCOS patients and state that patients must present with a minimum
of two of the three criteria. It is estimated that up to 20% of women are affected by
PCOS under these criteria (19). Regardless of the criteria used for diagnosis, PCOS
patients are more likely to suffer from additional health defects such as obesity, insulin
resistance, cardiovascular disease, and mental health disturbances (20). Due to its

complexity, the etiology and mechanisms underpinning PCOS are not fully understood.



PCOS patients present with an array of physiological disruptions of the
reproductive, metabolic and endocrine systems. Many patients with PCOS suffer from
menstrual irregularities including anovulation. These irregularities are thought to be due
to disrupted follicular growth potentially driven by excess androgens.
Hyperandrogenemia is major contributor in PCOS affecting up to 60% of PCOS patients
that meet the Rotterdam criteria (21), and all women that meet the classic NIH or
Androgen Excess Society criteria (22,23). Although the ovary is the site of this
increased androgen synthesis, both mechanisms within the ovary and increased
upstream endocrine signals likely underlie increased androgen production. With regard
to the latter, in women with PCOS both LH pulse frequency and amplitude are
upregulated (24). These changes are thought to be a result of increased GnRH pulse
frequency and increased pituitary response to GnRH (25), respectively. The
upregulation of the GnRH pulse generator in women with PCOS may be due to
impaired progesterone feedback mechanisms. Studies in PCOS women suggest that
higher levels of progesterone are required to reduce LH pulse frequency than in control
patients (26). Androgens are thought to play a role in this impaired progesterone
feedback. Studies using the antiandrogenic drug flutamide demonstrated it restored
sensitivity to progesterone/estradiol negative feedback(27). This indicates central
feedback control of GnRH is affected in an androgen-dependent manner. Interestingly,
flutamide alone had no effect on LH pulses but did reduce LH pulse frequency in the

presence of progesterone and estradiol (27).

Subsequent studies in animal models further investigated possible mechanisms

underlying these clinical observations that androgens may interfere with progesterone



inhibition of the GnRH network. Ovariectomized mice were given combinations of
implants containing estradiol, progesterone, and the nonaromatizable androgen 5a-
dihydrotestosterone (DHT) for 8-12 days. Of note, the DHT implants were designed to
mirror levels of increased androgens observed in patients from the above PCOS
studies, that is they were designed to sustain a higher-than-normal female, yet sub-
male, dose of androgens. Progesterone in the presence of estradiol suppressed both
excitatory GABAergic input to GnRH neurons (28) and GnRH firing (29). When DHT
implants were also given, the progesterone-induced suppression was compromised for
both GABAergic input (28) and GnRH neuron firing(29). These studies help interpret the
clinical flutamide studies by demonstrating that androgens can counteract the inhibitory
effects of progesterone at the level of the central GnRH network. Further observations
found that DHT implants increased voltage-gated calcium currents in GnRH neurons
and, that progesterone implants eliminated this DHT-elicited increase (30). Taken
together these studies suggest effects of excess androgens on GnRH neuron properties
may happen both directly at the level of the GnRH neuron, likely through

neuromodulatory effects, and indirectly on the central neuronal network.

In addition to endocrine disruptions, metabolic disruptions are common among
PCOS patients and often include obesity, insulin resistance, and altered glucose
tolerance. It is estimated that half of women with PCOS are overweight or obese (31)
and that the prevalence of PCOS may be increased in overweight women (32,33).
Insulin resistance coupled with hyperinsulinemia is extensive in PCOS patients. Studies
in cultured theca cells, a class of ovarian cells responsible for steroid production, show

that insulin stimulates increased testosterone production from cells of PCOS patients



more than in cells from control patients (34). Interestingly, not all PCOS patients that are

insulin resistant are obese (35).

Potential Causes of PCOS

Both environmental and genetic factors have been postulated to underlie PCOS.
PCOS has strong familial associations; women born for PCOS mothers are more likely
to develop certain aspects of PCOS and 22% of sisters to women with PCOS have
PCOS themselves, a percentage higher than in a randomly selected population (36).
Men of the family are also affected, with sons of women with PCOS having a higher
incidence of insulin resistance and an increased body weight at birth (37). Due to these
strong familial associations many studies have sought to find causal genetic links
behind PCOS. Recent genome-wide association studies (GWAS) have provided some
insight to multiple genetic loci that may underlie PCOS(38,39). A number of these genes
have been shown to be associated with reproductive perturbations found in PCOS
patients, such as those for the LH and FSH receptors. Two early loci that did not have
obvious reproductive links included THADA and DENND1A. Expression of a variant of
the DENND1A protein was found to increase androgen biosynthesis in the ovary (40),
suggesting the locus could contribute to androgen biosynthesis and thus the
hyperandrogenemia found in PCOS patients. THADA has been linked to type 2
diabetes (38), which PCOS patients are at greater risk of developing. Despite initial
GWAS loci being repeatedly noted in subsequent GWAS studies across different ethnic
groups(41), no single gene can explain all of the anomalies present in PCOS patients.

In agreement with this, studies using the classic twin model, which seek to understand if



genetic and or environmental factors may underlie the investigated trait(s), suggest that

PCOS is likely polygenetic and influenced by several environmental factors (42).

Epigenetic changes brought about by genetic and/or environmental factors have
also been hypothesized to play a role in PCOS. Patients with congenital adrenal
hyperplasia, who have elevated androgens in utero, display characteristics of PCOS
including cystic ovaries (43) and increases in LH-pulse amplitude (44,45). An initial
study looking at global DNA methylation found no difference between PCOS and control
patients (46). One downfall of this study was that this was a global analysis of peripheral
blood samples that did not involve tissues specifically affected by PCOS. Epigenetic
studies in specific human tissues including adipose (47) and mature oocytes (48) now
support that epigenetic changes are present in women with PCOS. Additionally, one
study in visceral adipose tissue of monkeys prenatally exposed to androgens noted
several differences in DNA methylation between control and exposed monkeys in both
infancy and adulthood (49). This study suggests that epigenetic changes that are
associated with PCOS can occur in instances of in utero androgen exposure and that

these changes can be noted in early life.

In addition to genetic and epigenetic changes, increased in utero androgens
have been implicated as an environmental factor in driving PCOS. Studies in pregnant
PCOS women have demonstrated that androgens levels are higher during mid to late
gestation (weeks 22-28) (50). As previously noted, the children born to these mothers
are more likely to develop PCOS and its related comorbidities within their lifetime. This
suggests a potential role for altered prenatal programming in PCOS patients via

exposure to androgens during certain time points in utero. Extensive studies in animal



models have further supported this possibility. Prenatal androgen exposure paradigms
have consistently produced PCOS-like phenotypes across multiple species including
monkeys(51), sheep(52), rats(53) and mice(54). Rhesus monkeys exhibit menstrual
dysfunction (51), higher LH levels and lower FSH levels than in controls, and enlarged
ovaries with multiple follicles present when exposed to testosterone propionate in utero.
Sheep prenatally exposed to testosterone possess similar phenotypes and also display
differences in adipocytes (55) and disrupted insulin signaling (56). Similar changes to
those found in sheep could contribute to metabolic disruptions found in PCOS patients.
In rats, prenatal exposure to testosterone or its non-amortizable form, 5-alpha-
dihydrotestosterone (DHT), suppressed estradiol-induced LH surges, increased LH
pulse frequency, and suppressed progesterone receptor gene expression in the
preoptic area (53). As previously discussed, LH pulses in women with PCOS are less
sensitive to progesterone feedback and androgens likely play a role in this impairment.
Progesterone negative feedback inhibits GnRH neuron firing while androgens increase
it (57). Suppression of progesterone receptor gene expression in the POA, where GnRH
neurons reside, could thus account for the reduced neuronal sensitivity to progesterone

feedback in PCOS women.

Prenatally androgenized (PNA) mouse models: a window into GnRH neuron physiology

The PNA mouse model recapitulates many aspects of PCOS. This mouse model
is produced by subcutaneous injection of DHT during gestational days 16-18. Female
mice born from DHT-injected mothers display several reproductive deficits similar to
PCOS patients including increased LH, LH pulse frequency, testosterone levels, and

disrupted reproductive cyclicity (58,59). Also, much like in PCOS women, studies in

10



PNA mice demonstrate changes in ovarian morphology including a decrease in corpora
lutea (60). The presence of these PCOS-like phenotypes in PNA mice makes this
mouse model ideal for investigating underlying neuroendocrine mechanisms driven by
excess androgens in utero which are present in PCOS. A study in ovariectomized PNA
mice demonstrated that while PNA mice are capable of having a preovulatory LH surge
(estradiol positive feedback), they do possess impaired negative feedback to estradiol
(60). Also progesterone replacement in ovariectomized (OVX) PNA mice did not
decrease LH levels as in control mice, and expression of progesterone receptor was
decreased in PNA mice in brain areas implicated in steroid feedback such as the
anteroventral periventricular (AVPV) and hypothalamic arcuate nuclei, which house
kisspeptin neurons that strongly excite GnRH cells and are involved in mediating steroid
feedback (59). These studies provide potential mechanistic explanations for clinical
findings discussed above that indicate that feedback mechanisms are altered via
androgens in PCOS. Further, they point to a role of early excess androgen exposure in
driving these changes. Interestingly, in PNA mice, the androgen receptor antagonist
flutamide improved reproductive cyclicity (58) and increased recruitment of preovulatory
follicles (61). Thus blocking androgen action via flutamide can improve PNA phenotypes

similar to improving aspects of PCOS in clinical studies.

Due to the strong prevalence of met