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Polycystic ovarian syndrome (PCOS) is the most common cause of infertility among
women of reproductive age worldwide. Although the aetiology is unclear, there are a number
of neuroendocrine disruptions which identify PCOS as a state of impaired steroid hormone
feedback. Steroid hormones act through a neuronal network to regulate the activity of
gonadotropin-releasing hormone (GnRH) neurons, the key cells responsible for controlling
fertility." We employed a murine model of PCOS by prenatal androgen (PNA) exposure to
investigate steroid hormone feedback to the GnRH neuronal network in adult female
offspring# Initial investigation of ovarian morphology was conducted to characterise the
model. PNA treatment significantly reduced the area of the adult ovary containing corpora
lutea (p<0.01). Investigation of antral follicles revealed the area of the granulosa cell layer
was significantly reduced (p<0.001) and the area of the thecal cell layer significantly
increased (p<0.001) in PNA-treated mice. This data suggests impaired ovulation and altered
hormone synthesis, which matches the cardinal symptoms of PCOS in women.
The suppression of gonadotropin secretion by estrogen was investigated in a negative
feedback trial. PNA-treated mice exhibited a blunted post-castration rise in luteinising
hormone (LH) (p<0.001) and a lack of LH suppression following estrogen treatment
(p<0.001). This provides strong support for impaired feedback regulation of gonadotropin
secretion by estrogen. Additionally, expression of the progesterone receptor (PR) was
significantly decreased in the anteroventral periventricular nucleus (AVPV) (p<0.001) and the
periventricular nucleus (PeN) (p<0.001) of PNA-treated mice, suggesting progesterone
feedback in the brain is impaired.
Pilot studies investigating events facilitating the preovulatory GnRH/LH surge
downstream of estrogen signalling detected that a critical increase in PR expression was
!"
"

maintained in the AVPV (p<0.001) and arcuate nucleus (p<0.001) of control and PNA-treated
animals. Activation of GnRH neurons was visualised by employing transgenic GnRH-GFP
mice, but revealed no difference between the percentages of activated (cFos positive) GnRH
neurons in vehicle- and PNA-treated animals at the time of the surge. Interestingly, PNAtreated mice did not display the expected increase in spine density in activated GnRH neurons
seen in vehicle-treated mice (p<0.001). This indicates an increase in excitatory input did not
occur. However, plasma LH levels showed no difference between vehicle- and PNA-treated
mice, thus, further work is still required to show whether PNA treatment impairs the LH surge
required for ovulation.
Ultimately, this study supports that PNA treatment in the mouse results in a PCOSlike phenotype and that PCOS, a state of impaired steroid hormone feedback by gonadal
steroid hormones, involves alterations to central brain circuits important to fertility.
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Polycystic ovarian syndrome (PCOS) is the leading cause of infertility among women
of reproductive age worldwide (Azziz et al., 2004). It is defined as a syndrome of
hyperandrogenaemia (HA), polycystic ovaries and oligo-or anovulation. Women suffering
from the syndrome often exhibit distressing symptoms such as hirsutism, alopecia and
persistent acne. Additionally the disease is strongly associated with a number of comorbidities
such as metabolic disturbances and cardiovascular disease (Apridonidze et al., 2005). PCOS
is therefore a prominent health issue that affects women during and after their reproductive
years (Shaw et al., 2008). Although the aetiology of the syndrome remains largely unknown,
genetic, lifestyle and environmental origins have been implicated.
Although PCOS is classically defined as an ovarian disorder, a large body of literature
from clinical and scientific research supports that the problem may lie in central brain circuits
(Blank et al., 2007). Altered neuroendocrine hormone release suggests that cells in the brain
that control fertility are altered in PCOS; however the specific disruptions and their impact are
unknown. The development of animal models is beginning to elucidate some of the specific
changes in the neuroendocrine system. This has predominantly been achieved through the
administration of androgens to female foetuses during critical periods of development.
Therefore, this study aimed to investigate changes in brain circuitry that lead to altered
neuroendocrine function in a mouse model of PCOS. Here, PCOS and animal models that are
used to study the syndrome are briefly introduced. Detail of the central regulation of fertility
by a network of cells within the brain and how these may be disturbed in PCOS is then
discussed. Lastly, the employment of transgenic technology to reveal these neurological
changes in PCOS is described.
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1.1.

Polycystic ovarian syndrome (PCOS)
PCOS was first described by Stein and Leventhal (1935) as a triad of menstrual

dysfunction, androgenic features and polycystic ovaries, however the diagnostic criterion for
PCOS is highly debated due to the heterogeneous nature of the syndrome. Currently, a clinical
diagnosis is conducted according to the Rotterdam criteria (2004). Under this, the presentation
of PCOS is defined by the presence of increased androgen production, otherwise known as
hyperandrogenaemia (HA), and ovarian dysfunction diagnosed by polycystic ovaries and/or
oligo- or anovulation.

HA is a prominent diagnostic feature of PCOS, and is assessed by

both clinical and biochemical markers. A major clinical manifestation of HA is hirsutism
(Chang et al., 2005), however other indicators of HA such as persistent acne or female-pattern
alopecia may also be present (Azziz et al., 2006). Ovulatory dysfunction involves the
identification of polycystic ovary morphology and/or a history of chronic anovulation. An
absence of other explanatory disorders such as congenital adrenal hyperplasia, Cushing’s
syndrome and androgen secreting tumours which cause HA and subfertility is required to
diagnose PCOS.
PCOS is also commonly associated with a range of comorbidities. There is a strong
link between PCOS and metabolic disturbances, including insulin resistance and
hyperinsulinemia (Dunaif et al., 1989). The presence of metabolic disturbances additionally
correlates with the risk of developing cardiovascular disease. It has been reported that there is
a seven-fold increase in the risk of developing myocardial infarction in PCOS patients
compared to age-matched referents (Dahlgren et al., 1992). Furthermore, there is an increased
occurrence of ovarian, endometrial and breast cancer in women with PCOS (Schildkraut et al.,
1996; Gadducci et al., 2005). The range of symptoms associated with the syndrome
demonstrates that PCOS is not a clearly delineated disease entity and therefore the origin of
the syndrome is largely controversial.
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1.2.

The aetiology of PCOS
Despite the prevalence of PCOS and the large health risks it poses, little is understood

about its aetiology. There are a number of competing hypotheses over the origin of the
disorder. However, the wide range of symptoms presented suggests there may be more than
one distinct aetiology or a mixture of influences that contribute towards a syndrome. Genetic
changes have been implicated in the genesis of the disease due to its strong familial nature. It
is known that 20-40% of first-degree relatives of women with PCOS are affected by the
syndrome (Kahsar-Miller et al., 2001) compared to the general population in which there is a
prevalence of 4-6% (Azziz et al., 2004). However, to date, investigations of fixed heritable
genetic changes have been unable to identify a genetic basis for the disease (reviewed in
Menke & Strauss, 2007). Due to the strong association between PCOS and metabolic
syndrome it is hypothesised that lifestyle may be a causative agent. Hyperinsulinemia is able
to augment steroidogenesis of androgens in the ovary and induce the premature arrest of
follicle development (Barbieri et al., 1986; Willis et al., 1996; Willis et al., 1998).
Additionally, insulin suppresses the production of sex-hormone-binding globulin from the
liver (Galloway et al., 2000). Therefore, the hyperinsulinemic state may cause symptoms of
PCOS such as anovulation and HA. A major caveat to this hypothesis is that around 50% of
patients with PCOS do not present with metabolic syndrome (DeUgarte et al., 2005). This
indicates that a predisposing condition may either cause or act concomitantly with
hyperinsulinemia to disturb reproductive function. A third possibility is that PCOS, which
manifests as an adult state of hyperandrogenaemia, is caused by increased androgen exposure
during development. Under normal circumstances, the female foetus is exposed to low
androgen levels. However there are known scenarios in which androgen levels may be
increased in the circulation of the pregnant mother and/or foetus. Prenatal sources of
increased androgens include increased adiposity in obesity, which creates a state of functional
("
"

Introduction
"

hyperandrogenism in women (Pasquali & Vicennati, 2001). During gestation, this increases
the offspring’s susceptibility to developing the PCOS phenotype and hyperandrogenism later
in life (Cresswell et al., 1997). Additionally, women with PCOS that achieve pregnancy have
elevated circulating androgen levels, which are thus exposed to the developing female foetus
(Blank et al., 2006). This route of exposure may also account for the strong familial heritage
of the syndrome which has yet to be isolated to a genetic aetiology. Furthermore, a large body
of work using animal models shows that a PCOS-like phenotype in females can be replicated
by exposure to excess prenatal androgens, which will be referred to from here as PNA
(Dumesic et al., 1997; Robinson et al., 1999; Foecking et al., 2005).

1.3.

Animal models of PCOS by PNA exposure
Androgens play a critical role in organising foetal tissues during development. In the

male, the exposure of androgens in utero produces sexually dimorphic structures and
subsequent adult behaviour (reviewed in Wilson & Davies, 2007). These processes occur
during critical windows of development when there is a heightened sensitivity to
environmental stimuli, and when the developing testes produce significant quantities of
androgens (Weisz & Ward, 1980). The administration of androgens to females during
development is known to produce a PCOS-like phenotype in multiple animal models,
including the cardinal reproductive features of the syndrome, endocrine abnormalities and, in
some cases, metabolic symptoms. The compelling similarities between the phenotype of
PNA-treated animals and women with PCOS provide means to investigate underlying
changes that manifest as the PCOS phenotype. Experimental details that have been reported
concerning these models can be viewed in Table 1. In brief, characterisation of PCOS models
by PNA treatment has been carried out in non-human primates, sheep, rats, and most recently,
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mice. The non-human primate is known to naturally develop a PCOS-like phenotype, which
can also be induced with PNA treatment (Abbott et al., 2008; Arifin et al., 2008). This
includes the manifestation of the cardinal reproductive symptoms of PCOS, such as ovarian
dysfunction and HA, as well as metabolic features of the syndrome. A vast body of work has
also been conducted in the sheep, in which PNA treatment leads to the manifestation of
reproductive and metabolic symptoms that mirror the PCOS phenotype (Birch et al., 2003;
Sarma et al., 2005; Padmanabhan et al., 2006; Smith et al., 2009). Furthermore, PNA
treatment in the female rat produces the PCOS phenotype in adult life, displaying
reproductive features of the syndrome (Foecking et al., 2005; Wu et al., 2010).
In this project, we utilised a mouse model of PCOS generated by PNA exposure.
Previously, this model has been shown to yield a reproductive phenotype of irregular estrous
cycles and HA (Sullivan & Moenter, 2004). In addition, a recent study has shown this mouse
model exhibits metabolic sequelae in the form of early pancreatic cell dysfunction (Roland et
al., 2010). Unpublished results from the Campbell laboratory (Department of Physiology,
University of Otago) have replicated disrupted cyclicty in this mouse model of PNA exposure
(Figure 1.1 A).

Furthermore, the Campbell laboratory has demonstrated dramatically

impaired fertility, as seen by a decrease in the number of litters born over a period of three
months (Figure 1.1 B), and the number of pups produced per litter (Figure 1.1 C).
Thus, PNA exposure during prenatal life is sufficient to develop the PCOS phenotype
in the adult life of women and in animal models. Different periods and concentrations of
androgens exposure may also account for the wide variation of clinical manifestations. Both
central and peripheral tissues involved in the regulation of fertility are sensitive to androgens
during development. However, the PCOS phenotype manifests in animal models when PNA
exposure is coincident with critical periods of brain development. Combined with a growing
body of evidence from clinical studies (discussed below), it is now a prevalent view that
*"
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PCOS, classically thought of as an ovarian disorder, may manifest from changes within brain
circuits important to fertility.

+"
"

Introduction
"

Figure 1.1. Prenatal androgen treatment impairs estrous cyclicty and fertility in the adult mouse.

A) PNA exposure results in the almost complete abolition of proestrus in adult mice
compared to cycling vehicle controls. B) PNA exposure results in a significant decrease in the
number of pups born per litter compared to vehicle controls. C) PNA exposure results in a
significant decrease in the number of litters produced within a 3 month breeding period.
Numbers in bars reflect the number of breeding pairs sampled. * p<0.05, ** p<0.01,
***p<0.001.
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Table 1.1. Androgen treatment in animals to model polycystic ovarian syndrome.
Species

Treatment period

Steroid (given to mother)

Peripheral symptoms

Central symptoms

Reference

Rhesus
monkey

Prenatal (early)

Testosterone propionate

Irregular
estrous
cycle,
HA,
anovulation, PCO, HI (obesity
dependent),
pancreatic
!
cell
impairment, increased type 2 diabetes,
increased abdominal fat.

LH hypersecretion.

(Dumesic et al.,
Abbott et al., 2008)

Prenatal (late)

Testosterone propionate

Irregular
estrous
cycle,
anovulation, enlarged PCO.

LH hypersecretion

(Dumesic et al., 1997)

Prenatal

Testosterone propionate

Anovulation, PCO, decreased corpus
lutea.

LH
hypersecretion,
precocious
neuroendocrine puberty, abolished LH
surge, decreased activation of neurons
by positive feedback.

(Birch et al., 2003; Sarma
et al., 2005; Steckler et al.,
2005; Manikkam et al.,
2006; Robinson et al.,
2010)

DHT

Irregular estrous cycle, PCO.

N/A

(Smith et al., 2009)

Prenatal

DHT

Irregular estrous cycle, HA, decreased
corpus lutea and preovulatory
follicles, diminished granulosa cell
layer, increased body weight, insulin
resistance.

LH hypersecretion, absence of LH
surge, decrease in hypothalamic PR
mRNA.

(Foecking et al., 2005; Wu
et al., 2010)

Prepuberty

Testosterone propionate

PCO, HI, decreased corpus lutea,
anovulation
Insulin resistance, irregular cycles,
PCO, diminished granulosa cell layer,
increased body weight
Acyclic,
HA,
pancreatic
cell
dysfunction

N/A

Sheep

Rat

DHT
Mouse

Prenatal

DHT

HA,

N/A
LH hypersecretion, absence of LH
surge, increased GABAergic input to
GnRH neurons.

(Beloosesky et al., 2004)
(Manneras et al., 2007)
(Sullivan & Moenter, 2004;
Roland et al., 2010)

DHT = dihydrotestosterone, HA= Hyperandrogenaemia, PCO= Polycystic ovaries, HI= hyperinsulinemia, PR = progesterone receptor, N/A= not assessed.
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1.4.

The hypothalamic-pituitary-gonadal axis
It is well established that the brain is the primary site for the regulation of fertility

(reviewed in Levine, 1997). PCOS is characterised by abnormal circulating steroid hormones
and can result in infertility. The production of steroid hormones and ovulation are regulated
by the hypothalamic-pituitary-gonadal (HPG) axis; a neuroendocrine axis which is controlled
by cells in the brain (Figure 1.2). These cells, found in the hypothalamus, are known as the
gonadotropin-releasing hormone (GnRH) neurons and play an essential role as the final
output cells of a large neuronal network important in modulating reproductive function
(reviewed in Herbison, 2006). The pulsatile release of GnRH from the hypothalamus
stimulates pituitary synthesis and secretion of follicle-stimulating hormone (FSH) and
luteinising hormone (LH) (Caraty et al., 1989; Levine et al., 1991). LH and FSH then act on
the ovary to promote folliculogenesis and the concomitant synthesis of gonadal steroid
hormones. In turn, gonadal steroid hormones complete the loop by providing feedback to the
hypothalamus to regulate the activity of GnRH neuron secretion (Filicori et al., 1986; Evans
et al., 1994). Estrogen is regarded as the principle regulator of GnRH neuron function and
suppresses GnRH neuron activity through negative feedback for the majority of the ovarian
cycle (Couse et al., 2003). However, other gonadal steroid hormones such as progesterone,
which is the primary hormone produced by the ovaries during the post-ovulatory luteal phase
of the menstrual cycle, also display powerful feedback regulation of GnRH neurons (Soules et
al., 1984). Females also exhibit a short period of positive feedback that occurs in the late
follicular stage in response to several hours of high estrogen levels (Yamaji et al., 1971). This
leads to a massive and continuous release of GnRH that drives the preovulatory LH surge in
mammals and is necessary for ovulation (reviewed in Clarke, 1993).!!
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Figure 1.2. Diagrammatic
overview
of
hypothalamic-pituitary-gonadal axis controlling fertility.!

the

(A) The pulsatile release of gonadotropin releasing hormone (GnRH)
from GnRH neurons into the portal vasculature stimulates the release
of luteinising hormone (LH) and follicle stimulating hormone (FSH)
from the pituitary gland. At the ovary, LH and FSH stimulate the
production of gonadal steroid hormones which exert feedback
regulation of GnRH neuron activity through a steroid-sensitive afferent neuronal network. (B) The principle regulator in this feedback
mechanism is estrogen. During the early follicular phase and luteal phase, estrogen exerts inhibitory negative feedback to suppress GnRH
neuronal activity. In contrast, positive feedback of estrogen occurs in the late follicular phase to generate the preovulatory GnRH and LH surge,
crucial for ovulation. Diagrams provided by RE Campbell (A) and AE Herbison (B), and modified with the owner’s permission.
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1.5.

PCOS: an endocrinopathy
A hallmark trait of PCOS and a key indicator of neuroendocrine dysfunction is an

increase in GnRH pulse frequency which leads to an elevated LH to FSH ratio (Waldstreicher
et al., 1988; Taylor et al., 1997; Hsu et al., 2009). This endocrinological fault is also
prominent in the primate (Dumesic et al., 1997), sheep (Robinson et al., 1999), rat (Foecking
et al., 2005) and mouse (Sullivan & Moenter, 2004) models of PCOS, in which plasma LH is
used as an indirect measure of GnRH secretion (refer to Table 1, central symptoms). The
resultant lowered FSH levels lead to impaired follicular development, and elevated LH levels
to increased ovarian androgen synthesis (Blank et al., 2006). Excess androgens act within the
ovary to induce anovulation by arresting follicular maturation, and is suggested to promote
the development of the characteristic ovarian cysts (reviewed in Jonard & Dewailly, 2004;
Chang, 2007). Androgens also act peripherally to induce the symptoms of PCOS, such as
hirsutism and acne, and have well known impacts upon the expression of a variety of
neurochemicals within the brain that may be important in GnRH release (reviewed in
Foecking et al., 2008) (Figure 1.3 A).
The mechanisms underlying the persistent increase in LH pulse frequency and
amplitude remain uncertain. However, in PCOS patients, higher concentrations of gonadal
steroid hormones are required to exert negative feedback on the activity of the GnRH pulse
generator compared to controls (Pastor et al., 1998; Chhabra et al., 2005). This indicates that
steroid hormone feedback upon GnRH neuron activity is impaired (Figure 1.3 B). Evidence
for this central defect has also been identified in animal models. Ewes prenatally treated with
androgens exhibit a reduction in the sensitivity of GnRH/LH secretion to suppression by
estrogen negative feedback, which persists throughout the reproductive years (Robinson et al.,
1999; Robinson et al., 2002; Sarma et al., 2005). As GnRH neurons do not express the
appropriate gonadal steroid hormone receptors to be able to respond to steroid hormone
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feedback directly, the afferent neuronal network is thought to be responsible for relaying
information from peripheral steroid hormones (Petersen et al., 2003).

Primary afferent

neurons to GnRH neurons have been located in multiple areas of the brain; most prominently
in the periventricular regions of the hypothalamus, the midbrain and the brainstem
(Wintermantel et al., 2006; Campbell & Herbison, 2007). In addition, the identity of estrogen
receptor (ER) sensitive primary afferents have been identified in the rostral periventricular
nucleus (RP3V), the median preoptic nucleus (MnPN) and the arcuate nucleus (ArcN)
(Wintermantel et al., 2006). Therefore, we hypothesise that changes in the circuitry and
chemistry of this afferent neuronal network may underpin impaired steroid hormone feedback
to GnRH neurons and the resulting PCOS phenotype. In order to fully elucidate the
mechanisms underlying the neuroendocrine disruptions of PCOS, animal models must be
employed which permit the study of the intricate architecture of the GnRH neuronal network.
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Figure 1.3. Diagrammatic overview of the hypothalamicpituitary-gonadal axis controlling fertility in PCOS.
(A) In PCOS, there is a persistent increase in GnRH pulse
frequency. This leads to an increase in LH release, and a decrease
in FSH release from the pituitary gland. Increased LH stimulates
androgen production and a cystic morphology of the ovaries. The
increased androgen levels acts peripherally to cause symptoms
such as hirsutism and acne, and may also act to disrupt central
signalling. (B) GnRH/LH pulsatile release is increased in PCOS
due a state of impaired steroid hormone feedback by estrogen, and
progesterone (not shown). It is possible that anovulation is due to a state of impaired positive feedback; however this has only been tested in
animal models. Diagrams provided by RE Campbell (A) and AE Herbison (B), and modified with the owner’s permission.
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1.6.

Harnessing transgenic technology in a mouse model of PCOS
Despite the PCOS phenotype being replicated in several species, the characterisation

of a mouse model by PNA treatment is of importance as this animal permits the extensive use
of transgenic technology. The ability to easily identify and target GnRH neurons has been
achieved by expressing green fluorescent protein (GFP) specifically in GnRH neurons (Suter
et al., 2000). In addition, the employment of GnRH-GFP mice combined with biocytin filling
of individual fluorescing neurons have been used to dramatically improve our understanding
of GnRH neuron morphology and their afferent network (Suter et al., 2000; Campbell et al.,
2005; Cottrell et al., 2006). It is now known that GnRH neurons possess extremely long
dendrites that are decorated with numerous spines (Campbell et al., 2005). As spines are
reflective of excitatory input, this indicates extensive innervation of the GnRH neurons by the
afferent neuronal network. Thus, spines can be used as an indirect measure of excitatory input
and indicate changes in synaptic input. A study by Sullivan and Moenter (2004) employing
PNA-treated GnRH-GFP mice found an increase in Gamma-Aminobutyric (GABA)ergic
input to GnRH neurons. These authors suggest that in contrast to most mature neurons, in
which GABAA receptor activation is inhibitory, GABAA receptor activation can excite GnRH
neurons and therefore lead to the increased release of GnRH (DeFazio et al., 2002). This
finding supports our hypothesis that PNA exposure may disrupt hormone sensitive circuitry
that is important for gonadal steroid hormone feedback, resulting in the development of the
PCOS phenotype in adult life.
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1.7.

Hypothesis and aims
We hypothesise that PNA treatment in the mouse will induce the PCOS phenotype in

adulthood by disrupting hormone sensitive circuitry within the GnRH neuronal network that
is important for gonadal steroid hormone feedback in the brain. This project consisted of two
major parts. Firstly, we aimed to further characterise the PNA-treated mouse model of PCOS
by investigating ovarian morphology. Secondly, we aimed to define the extent to which
gonadal steroid hormone negative and positive feedback is altered. Specifically to:
1) measure the ability of estrogen to suppress LH levels during negative feedback in
vehicle- and PNA-treated offspring.
2) investigate expression of the progesterone receptor (PR) in hypothalamic nuclei
identified as important in steroid hormone feedback in vehicle- and PNA-treated
offspring.
3) investigate events known to occur during the GnRH/LH surge in vehicle- and PNAtreated mice.
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2.1.

Animals
Adult female C57BL/6J (B6) wild type and GnRH-GFP mice (Spergel et al., 1999),

were bred and housed at the University of Otago, Hercus-Taieri Resource Unit. All protocols
and procedures in this research were approved by the University of Otago Animal Ethics
Committee and performed in accordance with the regulations of ANZCCART under project
licence 80/09. All animals were housed under conditions of 12 hour (h) light/dark cycle
(lights on at 0700 h) with food and water available ad libitum.

2.2.

Generation of the PCOS mouse model
This project used PNA treatment in the mouse to model PCOS. Untreated females

were paired with males and checked for copulatory plugs, which was marked as day (d) 1 of
gestation. Pregnant dams were given subcutaneous (sc) injections of sesame oil (100!l)
containing 250mg of dihydrotestosterone (DHT) or an oil vehicle on embryonic days 16, 17
and 18 (Figure 2.1). Female offspring were then studied in postnatal life at 60-80 days of age
to both characterise the model and to study consequential neuroendocrine changes that result
in the adult PCOS phenotype.
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Figure 2.1. Generation of the PCOS model using prenatal androgen exposure.
Timeline illustrating the development of the PCOS mouse model by administration of
dihydrotestosterone (DHT) on embryonic day 16, 17 and 18, or, sesame oil vehicle as a
control. Female offspring were studied in adult life on postnatal days 60-80.

2.3.

Analysis of ovarian morphology
Coverslipped sections of 5µm thick haematoxylin and eosin (H&E) stained ovaries

collected from vehicle (n=17) and PNA-treated (n=19) animals were provided for this study.
Five sections from each ovary collected at a 50!m interval through the middle of the ovary
were imaged using light microscopy (Olympus BX-51, Olympus Optical, Hamburg, Germany)
with a 4x objective, and ImageJ software used to measure ovarian structures. Using this tool,
the area of each ovarian section was measured and the two largest sections chosen for analysis.
Within chosen sections, corpora lutea were identified by their vascular and circular structure.
The area of corpora lutea was measured and the percentage of ovarian area containing corpora
lutea calculated. Additionally, the largest antral follicle within these sections was imaged
using a 20x objective for analysis (Figure 2.2 A). The area of the antral follicle composed of
the thecal cell layer and granulosa cell layer was defined by examination of cell morphology
(Figure 2.2 A). The granulosa cell layer surrounds the oocyte and is typically over five cells
thick. Granulosa cells are identifiable by their cuboidal appearance. The thecal cell layer
forms around the granulosa-oocyte structure, is typically 2-3 cells thick and highly vascular.
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Thecal cells are identified by their fusiform appearance. Using Adobe Illustrator, the two cell
layers were each assigned a colour which was overlaid upon the image to define the area of
measurement (Figure 2.2 B). The area of each cell layer was measured using ImageJ software,
and the area of the antral follicle composed of each layer calculated.

Figure 2.2. Definition of theca and granulosa cell layer within the antral follicle
A) A high magnification view of the cells composing the antral follicle wall, including an
example of a thecal cell (blue arrow) and a granulosa cell (red arrow). An example of an
unedited antral follicle (B) and an edited version of the same image (C) where the thecal cell
layer is superimposed with blue and the granulosa cell layer with red. This allows for accurate
measurement of the area of cell layers. Bar in A = 0.03mm, C = 0.1mm

2.4.

Negative feedback trial
A trial was performed to test negative feedback by estrogen in vehicle- and PNA-

treated mice as described previously (Herbison et al., 2008; Lee et al., 2010). This protocol
involves examining a post-castration rise in circulating LH levels and the response to acute
estrogen feedback by exogenous administration (Figure 2.3).
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Vehicle- (n=6) and PNA-treated (n=8) mice between 60-80 days of age, were
anaesthetised using subcutaneous injection of a Ketamine (75mg/kg) and Domitor (1mg/kg)
cocktail. Following loss of reflex responses, the tail tip was cut and 400-600µl of blood was
collected into capillary tubes. Capillary tubes were then spun by centrifuge, and plasma was
collected and stored at -4ºC. All animals were bilaterally ovariectomized (OVX) from a dorsal
aspect before anaesthesia was lifted by Antisedan (1mg/kg). This involved creating a small
vertical cut along the midline of the skin, and making a small incision in the muscle wall at
the site of each ovary. The tissue directly below the ovaries was clamped and the ovaries
removed. The muscle wall was sutured together if necessary, and the skin closed together
with one staple. All OVX mice received the analgesic Norocarp (0.1mg/kg) before surgery
was completed. After 2 weeks, anaesthesia and tail-tip bleeding for post-ovariectomy LH
plasma concentration was again performed. A sc injection of 17"-estradiol (E2) (1mg/kg in
100!l sesame oil) was administered to all animals 2 days later. Three hours following E2
administration, animals received an intraperitoneal (ip) injection of pentobarbital (3mg/100µl)
and blood was drawn from the inferior vena cava. Blood collected into heparinised syringes
was spun by centrifuge, the plasma collected, and a radioimmunoassay (RIA) performed to
determine LH concentration within the samples (section 2.7).
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Figure 2.3. Timeline of negative feedback trial in adult mice
Diagram illustrating timeline of blood collection and surgical procedures conducted. Blood
was collected from mice between postnatal days (PND) 60-80 in age at three different points.
Basal LH concentration, post-OVX LH concentration, and LH concentration following an E2
bolus was measured using radioimmunoassay (RIA).

2.5.

Single label immunocytochemistry for progesterone receptor
Single label immunocytochemistry (ICC) was performed to label the PR throughout

the brain of vehicle and PNA-treated mice. This was performed on perfusion fixed brains
collected during the positive feedback trial (see section 2.6), and intact animals in diestrous at
60-80 days of age that were killed through an overdose of pentobarbital (3mg/100µl) and
transcardially perfused with phosphate buffered paraformaldehyde (PFA) (4%). Diestrous was
established by vaginal cytology. All brains were post-fixed for at least 1 hour in PFA (4%)
and sunk in 30% sucrose to prepare the tissue for sectioning on a freezing microtome, in
which coronal sections (30!m) were prepared from 0.74 to -2.46 bregma.
ICC involves the use of antibodies to target specific protein antigens within a cell. The
antibody binding is then detected through exposure to specific chemicals. To label for PR
positive nuclei, free floating coronal sections were first incubated in hydrogen peroxide (H2O2)
for 10 minutes (min) to block endogenous peroxidases within the tissue. The tissue was
washed for 3 x 10 min in Tris Buffer Saline (TBS) and then probed with the anti-PR (1:2000;
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DAKO Ltd, High Wycombe, UK) in 2% normal goat serum (NGS) and incubation solution
(0.25% bovine serum albumin (BSA) and 0.3% Triton, pH 7.6) for 48 h at 4ºC. Negative
controls were incubated in 2% NGS and incubation solution void of anti-PR. Between each
subsequent step the tissue was washed for 3x10 min in TBS. The tissue was incubated in a
biotinylated goat anti-rabbit secondary antibody (1:200 in incubation solution, Vector
Laboratories Inc, CA) at room temperature for 90 min. Antibody binding was then visualised
with the A/B Vectastain Elite (Vector Laboratories Inc, CA) for 60 min, and reacted with
glucose oxidase in the presence of nickel 3,3'-Diaminobenzidine (DAB) to create a black
precipitate to indicate PR. Sections were mounted onto glass slides and allowed to dry for at
least 24 h before being exposed to a dehydration process. Specifically, the slides were
emerged in 50% ethanol for 3 min, 70% ethanol for 3min, 95% ethanol for 3min, 100%
ethanol for 2 x 3min and xylene for 2 x 5min. The sections were covered in a mounting
medium mixture of Distyrene, plasticizer and xylene and cover-slipped for viewing by light
microscopy. The expression of PR was mapped throughout the brain and regions of interest
selected for analysis and imaged by light microscopy (Olympus BX-51, Olympus Optical,
Hamburg, Germany) using a 10x objective. Quantification of PR labelling was performed in
the anteroventral periventricular nucleus (AVPV), the periventricular nucleus (PeN) and the
ArcN (Figure 2.4). Two representative images for each region of interest were taken, and
ImageJ software used to quantify the number of PR positive nuclei. This involved drawing a
box unilaterally outlining the AVPV, PeN and ArcN, which defined the area of measurement
for each nuclei. The number of PR labelled cells within each section was then counted within
the boxed area.
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Figure 2.4. Regions selected for immunohistochemical analysis for PR
Diagram showing coronal sections in which the anteroventral periventricular nucleus (AVPV),
periventricular nucleus (PeN) and arcuate nucleus (ArcN) is illustrated in red. These regions
were selected for quantification of progesterone receptor labelling. Pictures modified from
Paxinos and Franklin (2001)

2.6.

Positive feedback trial
A preliminary trial was performed to examine whether PNA treatment alters estrogen

positive feedback. In this trial, four measurements of events that occur downstream from
estrogen signalling were conducted. Specifically to look for:
1) an upregulation in PR within the afferent neuronal network by single label ICC.
2) the activation of GnRH neurons during the surge by double label ICC.
3) an increase in spine density in activated neurons during the surge using confocal
microscopy.
4) an increase in plasma LH levels as determined by RIA.
The protocol first involved performing bilateral ovariectomies (see section 2.5 for
details) on adult vehicle (n=5) and PNA-treated (n=6) GnRH-GFP mice. Before the skin wall
was stapled at the completion of surgery, all mice were given subcutaneous SILASTIC
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implants containing E2 (1µg/20g of body weight) to mimic negative feedback levels of
estrogen, as first reported by Bronson (1981). Six days after surgery at 0900 h, mice received
either a bolus sc injection of estradiol benzoate (1µg/20g of body weight) or vehicle (sesame
oil). The next day at lights out (1900 h), mice were anaesthetised using ip injections of
pentobarbital (3mg/100µl), 400-600µl of blood was collected from the inferior vena cava, and
mice were transcardially perfused with 20mL of PFA (4%). Perfusion fixed brains were
collected for single-label ICC for PR and double-label ICC for cFos and GFP. The collected
blood was spun down and plasma collected to determine LH concentration during the surge
via RIA (section 2.7).

Figure 2.5. Timeline of positive feedback trial in adult mice
Diagram illustrating the estrogen-induced LH surge protocol. Mice underwent ovariectomies
and were implanted with an E2 capsule. Following five days mice received an estrogen
benzoate bolus to induce the surge the next day at 1900 h, or a vehicle (sesame oil). During
the surge, blood was collected for analysis by RIA, and perfusion fixed brains for ICC for PR,
cFos and GFP.
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2.7.

Radioimmunoassay (RIA)
LH concentration in plasma was determined by RIA in vehicle (n=9) and PNA-treated

(n=11) mice. In this procedure, there is competition between radioactive and non-radioactive
antigen for a fixed number of antibody binding sites. The amount of radioactive-tagged LH is
therefore inversely proportional to the concentration of LH present in the plasma sample. In
this study, plasma LH concentrations were determined using the anti-rLH-S-11 antiserum and
mLH-RP reference provided by Dr. A. F. Parlow (National Hormone and Pituitary Program,
Torrance, CA). The assay was performed in duplicates. A series of standards, controls, and
samples were added to the appropriate tubes in 50µl aliquots. Fifty microliters of LH
antiserum (1:105,000, NIDDK rabbit anti-rat LH in BSA buffer with sodium azide) and
normal rabbit serum (1:500) were added to the tubes. Only BSA buffer with sodium azide was
added to the total control and the first standard. The contents of the tube were vortexed to
ensure equal mixing and then incubated overnight at 4ºC. Tracer in BSA buffer containing
sodium azide (50µl) was then added to the tubes and incubated over night at 4ºC. The bound
fraction in the samples was precipitated using 50µl sheep anti-rabbit IgG serum (1:50, SAR
10 AB2, Invermay in assay buffer). The precipitating reagent was added to all tubes except
the total counts, and vortexed before incubation overnight at 4ºC. One millilitre of
polyethylene glycol was added to the tubes, which were then centrifuged at 1600g for 30 min
at 4ºC. The clear supernatant was discarded by gentle inversions into a radioactive waste
receptacle. All tubes were placed in a gamma counter for 120 seconds to calculate LH
concentration, and the average for each sample was calculated from the duplicate counts. The
data was transferred to AssayZap to calculate a standard curve from the series of standards,
and analysis of total counts was conducted.
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2.8.

Double label immunocytochemistry for cFOS and GFP
Perfusion fixed brains collected during the positive feedback protocol (see section 2.8)

were subjected to free-floating, dual label ICC to measure activation of neurons by cFos
expression. cFos was labelled with chromagen and GFP was labelled with a fluorphore. In
this experiment, washing the tissue involved 3 x 10 min washes in TBS.
Free floating coronal sections were incubated in H2O2 for 10 min to block endogenous
peroxidases within the tissue. Tissue was washed then probed with the anti-cFos (1:5000;
Santa Cruz Biotechnology) in 2% NGS and incubation solution for 48 h at 4ºC. Negative
controls were incubated in 2% NGS and incubation solution void of anti-cFos. The tissue was
washed and then incubated in a biotinylated secondary goat anti-rabbit antibody (1:200 in
incubation solution; Vector Laboratories Inc, CA) at room temperature for 90 min. The tissue
was washed and then incubated in A/B Vectastain Elite (Vector, Laboratories Inc, CA) for 60
min. After a further wash, the tissue was reacted with glucose oxidase in the presence of
nickel DAB to create nuclear black staining of cFOS protein. The sections were rewashed,
incubated in a blocking solution containing 2% NGS in incubation solution for 30 min, and
then directly incubated in rabbit anti-GFP (1:5000; Invitrogen, Eugene, OR, USA) in 2%
NGS and incubation solution for 48 h at 4ºC. Negative controls were again incubated in 2%
NGS and incubation solution void of anti-GFP. The sections were again washed before being
incubated at room temperature in Alexa Fluor 488 goat anti-rabbit (1:200 in incubation
solution; Invitrogen Eugene, OR, USA) for 90min. After a final wash, all sections were
mounted onto glass slides, coverslipped while wet with an aqueous mounting medium (CC
mount, Sigma-Aldrich, USA) and stored at -4ºC away from light.
The identification of activated GnRH neurons, as indicated by double labelling of
cFOS and GFP, was recorded using an epifluoresence microscope (Olympus BX-51,
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Olympus Optical, Hamburg, Germany). Per animal, three sections were chosen that contained
the rostral preoptic area (rPOA, Figure 2.6 A), in which there is a population of GnRH
neurons that are activated at the time of the surge. In these sections, the percentage of
activated (cFOS positive) GFP-labelled GnRH neurons were calculated (Figure 2.6 B).
Additionally, in animals that had received an estrogen bolus to drive the preovulatory surge,
ten activated and ten unactivated (cFOS negative) cells were chosen at random for confocal
analysis of dendritic spine number. In animals that had received a vehicle bolus, ten
unactivated cells were chosen at random for imaging by confocal analysis of dendritic spine
number.

Figure 2.6. Immunocytochemical analysis of activated GnRH neurons.
(A) Diagram showing a coronal section in which the rostral preoptic area (rPOA) is illustrated
in red. Analysis of cFOS and GFP-expressing GnRH neurons was conducted in this region as
it contains a population of GnRH neurons activated at the time of the GnRH/LH surge.
Picture modified from Paxinos and Franklin (2001). (B) Example image of an activated GFPexpressing GnRH neuron imaged using fluorescence microscopy which displays the dark
cFos label within the nucleus.
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2.9.

Confocal microscopy
Selected activated and non-activated GnRH neurons were imaged by confocal

microscopy to study the dendritic spines of GnRH neurons. To achieve this, a Zeiss 510 LSM
upright confocal laser scanning microscope system was used in conjunction with LSM 510
control software. This involved capturing stacks of images using an argon laser exciting at
488nm to image GFP. Images of the cell body and primary dendrite were taken using a PlanNeofluar 40x objective with 3x zoom function in order to clearly visualize somatic and
dendritic spines on chosen activated and unactivated neurons. The z-series of slices were
scanned and the somal and dendritic spine density was determined for each neuron. The
number of somatic spines was counted, and spine density expressed as the number of
spines/µm of somal circumference. Similarly, the number of spines along the length of the
primary dendrite was counted in every 15µm interval for 75µm, and spine density expressed
as the number of spines/µm.

2.10. Statistical analysis
In experiments comparing two groups (vehicle- and PNA-treated groups), statistical
analysis was conducted using the two-tailed Student’s T-test. In the negative feedback trial,
LH measurements from serial blood samples were compared using repeated measures twoway ANOVA with a Bonferonni multiple comparisons post-test. For comparing more than
three groups (experiments involving unsurged and surged animals from vehicle- and PNAtreated groups), statistical comparisons were made using a one way ANOVA with a post-hoc
Tukey test (INSTAT software). All data is represented as a mean count ± SEM. In all
statistical measures, a p value of <0.05 was accepted as statistically significant.
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3.1.

PNA treatment alters ovarian morphology in the mouse
To assess whether PNA treatment results in a PCOS-like phenotype in the mouse, the

morphology of sectioned adult ovaries was studied. Initial observation of ovaries indicated
there were fewer corpora lutea and thinner antral follicle walls in PNA-treated mice compared
to vehicle-treated controls. Quantification of these observations revealed the percentage of
ovarian area containing corpora lutea was significantly decreased in PNA-treated mice
(Figure 3.1 B) compared to vehicle-treated controls (Figure 3.1 A) (p<0.05, Figure 3.1C).
Comparisons of cell layers that compose the antral follicle from vehicle- (Figure 3.2 A-A’)
and PNA-treated animals (Figure 3.2 B-B’) revealed that PNA exposure significantly
decreased the percentage of follicle area composed of granulosa cells (p<0.01), and
significantly increased the percentage of follicle area composed of thecal cells (p<0.01, Figure
3.2 C).
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Figure 3.1. PNA treatment decreases corpora lutea in the adult ovary.
Representative ovarian sections from vehicle-treated (A) and PNA-treated (B) mice
illustrating disrupted ovarian morphology. An example of a corpus luteum is outlined in
each image. (C) The percentage of ovarian area containing corpora lutea is significantly
decreased in PNA-treated mice (grey bar) compared to vehicle-treated controls (blue bar).
Data is displayed as mean percentage ± SEM. Statistical comparisons were made using a
two-tailed Student’s T-test.*p<0.05. Bar in A, B = 0.5mm.
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Figure 3.2. PNA treatment alters antral follicle morphology.
Representative images of antral follicles within ovarian sections of vehicle-treated (A) and
PNA-treated (B) mice. Using Adobe Illustrator CS5.1, granulosa cells were highlighted in red
and theca cells in blue in ovarian follicles from vehicle-(A’) and PNA-treated (B’) mice. (C)
The percentage of antral follicle wall composed of the granulosa cell layer was significantly
reduced, and the percentage composed of the thecal cell layer significantly increased in PNAtreated animals (grey bar) compared with vehicle-treated animals (blue bar). Data is
represented as mean percentage ± SEM. Statistical comparisons were made using a two-tailed
Student’s T-test. **p<0.01. Bar in A’, B’ = 0.1mm.
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3.2.

PNA treatment impairs estrogen negative feedback
A negative feedback trial was conducted to test the ability of acute estrogen to

suppress LH release (as an indirect measure of GnRH release) in vehicle- and PNA-treated
mice (Figure 3.3 A). The basal concentration of LH in plasma was low in both groups. OVX
resulted in a dramatic and significant increase in circulating LH levels in vehicle-treated
animals (p<0.001), and a smaller but significant increase in PNA-treated animals (p<0.05).
The resultant post-OVX LH concentration was significantly higher in vehicle-treated mice
compared with PNA-treated mice (p<0.001). Injecting an estrogen bolus into the OVX mice
(OVX + E2) led to a significant decrease in plasma LH levels in vehicle-treated mice
(p<0.001), however this significant suppression was not produced in PNA-treated mice.
Finally, LH concentration was not significantly different between vehicle- and PNA-treated
animals treated with estrogen (Figure 3.3 B). In the RIA, the intraassay coefficient of
variation (the mean divided by the standard deviation), was 8.5%. Therefore the repeatability
of measurements was considered satisfactory (less than 10%).
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Figure 3.3. PNA treatment impairs estrogen negative feedback.
(A) Diagram demonstrating the negative feedback trial protocol. Blood was collected from
mice at three time points; cycling (basal), two weeks post-ovariectomy (OVX) and three
hours post estrogen administration (OVX + E2) (B) Mean ± SEM plasma LH concentrations
from vehicle- and PNA-treated mice collected during the negative feedback protocol.
Repeated measures two-way ANOVA with a Bonferonni multiple comparisons post-test was
used to analyse the data. *p<0.05, ***p<0.001.
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3.3.

PR immunoreactivity in vehicle- and PNA-treated mice
In intact vehicle-treated mice in the diestrous stage of the estrous cycle, PR-

immunoreactivity (PR-ir) was restricted to the nucleus of PR labelled cells. PR labelled cells
were found in multiple nuclei throughout the brain which were mapped from 0.74 to -2.46
bregma (Figure 3.4). Negative controls void of PR antibody did not display immunoreactivity
throughout the brain. The highest densities of PR positive cells were found in the
anteroventral periventricular nucleus (AVPV), the periventricular nucleus (PeN), the ArcN
and the medial tuberal nucleus (MTu). Nuclei which contained a lower density of PR positive
cells were the medial preoptic nucleus (MPON), the paraventricular mangnocellular nucleus
(PaMM), and the paraventricular hypothalamic nucleus (PaV). In PNA-treated mice in
diestrous, PR-ir was located within the same areas. Nuclei with high density of PR-ir and
containing known afferents to GnRH neurons were chosen for quantitative analysis. This
included the AVPV, the PeN and the ArcN.

3.3.1. PR positive cells in the RP3V are reduced in intact PNA-treated mice.
The number PR positive cells were significantly lower within the AVPV of diestrous
PNA-treated mice (p<0.05, Figure 3.5 B) compared with diestrous vehicle-treated mice
(Figure 2.6 A). Likewise, a significant decrease in the number of PR positive cells within the
PeN was evident in diestrous PNA-treated mice (p<0.05, Figure 3.5 D) compared to vehicletreated mice (Figure 3.5 C, E). The AVPV and PeN together compose the RP3V.
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Key: Number of PR positive cells per 0.1mm!

Figure 3.4. Map of progesterone receptor expression throughout the adult mouse brain.
Panels A-J display brain nuclei containing PR immunoreactivity in a diestrous vehicle-treated
mouse. As displayed in the key, the colour by which the nuclei are assigned represents the
degree of labelling for PR. The greatest labelling was located within the anteroventral
periventricular nucleus (AVPV) (A, B), the periventricular nucleus (PeN) (C) and the arcuate
nucleus (ArcN) (H-J). These areas contain afferents to GnRH neurons, and were thus chosen
for quantification of PR labelling in vehicle- and PNA-treated mice.
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Figure 3.5. PR expression is decreased in specific hypothalamic nuclei of PNA-treated
mice.
Representative sections of PR immunoreactivity within the AVPV (outlined) from vehicletreated (A) and PNA-treated animals (B), and within the PeN (outlined) of vehicle-treated (C)
and PNA-treated animals (D). (E) The number of PR positive cells within the AVPV and PeN
is decrease in PNA-treated mice (grey bars) compared to vehicle-treated mice (blue bars), as
determined by two-tailed Student’s T-tests. *p<0.05. Data is represented as a mean ± SEM.
Bar in A-D = 0.5mm.
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3.3.2.

Pilot data suggests PR positive cells in the AVPV and the ArcN are
increased following an LH surge protocol in vehicle- and PNA-treated mice

Brains collected from vehicle- and PNA-treated mice at the conclusion of the positive
feedback trial underwent ICC for PR. Vehicle-treated mice will be referred to herein as
‘controls’, and PNA-treated animals as ‘PNA’ for clarity. Estrogen administration (Figure 3.6
B) compared with vehicle administration (Figure 2.7 A) resulted in a significant increase in
the number of PR positive cells in the AVPV of control (p<0.001) and PNA mice (p<0.001).
However, no differences in the number of PR positive cells were found between the control
and PNA groups (Figure 3.6 E). No difference in the number of PR positive cells was
identified in the PeN between vehicle-treated and estrogen-treated animals in control and
PNA groups (data not shown). The ArcN also showed an increase in the number of PR
positive cells in estrogen-treated mice (Figure 3.6 D) compared with vehicle-treated mice
(p<0.001, Figure 3.6 C), which again was not different between the control and PNA groups
(Figure 3.6 E).
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Figure 3.6. PR immunoreactivity is increased in the AVPV and ArcN of control and
PNA-treated animals following an LH surge protocol
Representative sections of PR-ir within the AVPV (outlined) of vehicle-treated (A) and
estrogen-treated animals (B), and within the ArcN (outlined) of vehicle-treated (C) and
estrogen-treated animals (D). (E) The number of PR positive cells within the AVPV and
ArcN are significantly increased in estrogen-treated animals compared with vehicle-treated
animals. No differences are seen between the control and PNA groups. Data is represented as
mean ± SEM. Statistical comparisons were made using one-way ANOVA (p<0.0001) with
post-hoc Tukey’s test. ***p<0.001. Bar in A-D = 0.5mm.
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3.4. Pilot data suggests PNA treatment does not alter cFos expression in GnRH neurons
following an LH surge protocol
GnRH neurons located within the rPOA activated by estrogen at the time of the surge
were identified by nuclear labelling of cFos within GFP-expressing GnRH neurons. Negative
controls void of primary antibody for cFos and GFP did not display immunoreactivity for
both antigens. All vehicle-treated control and PNA mice displayed a complete absence of
cFos expression in GnRH neurons. Estrogen treatment resulted in a robust increase in the
percentage of activated (cFos positive) GnRH neurons in both control (p<0.001) and PNA
(p<0.001) animals. However, no differences were found between the percentage of activated
GnRH neurons in estrogen-treated control and estrogen-treated PNA mice (Figure 3.7).

Figure 3.7. The percentage of activated GnRH neurons in the rPOA following an LH
surge protocol is unaltered by PNA exposure.
Vehicle-treated control and PNA mice have a complete absence of activated (cFos positive)
GnRH neurons within the rPOA. Estrogen-treated control and PNA mice show an increase in
the percentage of activated GnRH neurons. Data is represented as mean percentage ± SEM.
Statistical comparisons made using one-way ANOVA (p<0.001) with post-hoc Tukey’s test.
***p<0.001.
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3.5. Spine analysis
To assess differences in excitatory input to GnRH neurons, spines present along the
soma and dendrite of unactivated neurons (cFos negative) from control (Figure 3.8 A) and
PNA mice (Figure 3.8 B) were compared with activated neurons (cFos positive) from control
(Figure 3.8 C) and PNA mice (Figure 3.8 D).
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Figure 3.8. Pilot data suggests PNA-treated mice do not show an induction in GnRH neuron spine density following an LH surge
protocol
Representative confocal images of unactivated (cFos negative) GnRH neurons from control (A) and PNA mice (B), and activated neurons from
control (C) and PNA mice (D). Unactivated neurons typically display a smooth surface; however activation of GnRH neurons in control mice
leads to a significant increase in spine density which creates a rough appearance to the cell surface in the projected image. Bar in A-D = 15!m.
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3.5.1. Pilot data suggests PNA-treated mice do not show an increase in GnRH
neuron spine density following an LH surge protocol
In control animals, activated (cFos positive) GnRH neurons had significantly
increased spine density compared with unactivated (cFos negative) GnRH neurons from
vehicle-treated (p<0.001) and estrogen-treated (p<0.01) animals. The PNA group showed no
differences in total spine density between activated GnRH neurons from estrogen-treated
animals and unactivated GnRH neurons from both vehicle-treated and estrogen-treated
animals (Figure 3.9).

3.5.2. Pilot data suggests PNA-treated mice do not show an increase in spine
number following an LH surge protocol
In control animals, activation (cFos expression) of GnRH neurons resulted in an
increase in the number of spines present on the soma, compared with unactivated (cFos
negative) neurons from estrogen treated (p<0.05) and vehicle-treated animals (p<0.001). This
increase was also evident for the first 15!m of the primary dendrite in activated GnRH
neurons in comparison to unactivated neurons from estrogen-treated mice (p<0.05). PNA
mice did not display a difference in spine number between activated and unactivated neurons
either at the soma or along the length of the dendrite (Figure 3.10).
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Figure 3.9. Pilot data suggests PNA-treated mice do not shown an induction in GnRH
neuron total spine density following an LH surge protocol
Total spine density is increased in activated (cFos positive) neurons compared to unactivated
(cFos negative) neurons in control animals. No differences are found between spine density in
unactivated and activated neurons from PNA mice. Data is represented as mean ± SEM.
Statistical comparisons were made using a one-way ANOVA (p<0.001) with post-hoc
Tukey’s test. **p<0.01, ***p<0.001.
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Figure 3.10. PNA-treated mice do not show an increase in the number of spines on the soma and along the primary dendrite of GnRH
neurons following an LH surge protocol
In both control and PNA groups, spine numbers were assessed for unactivated GnRH neurons (cFos negative) from vehicle-treated animals
(vehicle: unactivated), unactivated GnRH neurons from estrogen treated animals (estrogen: unactivated) and activated neurons (cFos positive)
from estrogen-treated animals (estrogen: activated). Data is represented as mean ± SEM. Statistical analysis was made using a one-way ANOVA
(p<0.0001) with post-hoc Tukey’s test. *p<0.05, **p<0.01.
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3.6. Pilot data suggests that some PNA-treated mice may be capable of mounting a
preovulatory surge of LH
The ability of estrogen to drive the preovulatory LH surge was assessed in a positive
feedback trial in control and PNA mice. Plasma LH levels in vehicle-treated control mice
were low (0.175 ng/ml ± 0.015) compared to the estrogen-treated control mice (3.86 ng/ml ±
1.62). Vehicle-treated PNA-treated mice also displayed low plasma LH levels (0.47 ng/ml ±
0.27) compared to the estrogen-treated PNA-treated mice (2.69 ng/ml ± 1.55). However, a
one-way ANOVA determined there were no significant differences across the groups (Figure
3.11). The intraassay coefficient of variation in the RIA was 8.5 %.
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Figure 3.11. No significant differences are seen in the LH concentration of vehicle- and
estrogen treated mice in control and PNA groups
Mean ± SEM of LH concentration in blood collected from control and PNA animals treated
with estrogen or a vehicle. The LH concentration of individual animals is shown for estrogentreated control (blue circle) and PNA animals (grey circle). The concentration of LH during
the surge is considered to be higher than 3ng/ml (above the dotted line). Comparison of LH
concentration across groups by one-way ANOVA determined there were no significant
differences.
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The results of this study reveal exciting evidence to support that changes in central
circuitry are coincident with the development of the PCOS phenotype. To study the syndrome,
we employed a mouse model of PCOS generated by PNA exposure. Initial characterisation of
ovarian morphology supported that PNA treatment induces disrupted ovarian morphology
matching the cardinal PCOS symptoms of infertility and hyperandrogenism. Investigation of
changes within the brain identified that the sensitivity of GnRH neurons to estrogen negative
feedback was impaired in this mouse model. In addition, a decrease in PR expression within
areas of the brain responsible for relaying feedback hormone information was found. Pilot
studies were also conducted to investigate the events which lead to generation of the
preovulatory surge. A critical increase in PR receptor expression downstream from estrogen
signalling was maintained in hypothalamic areas, and activation of GnRH neurons was
similar in PNA-treated animals compared with controls. Interestingly, PNA-treated animals
demonstrated a loss of spine induction in GnRH neurons activated during the surge. This
indicates that an increase in excitatory input is impaired. However, further experiments are
needed to confirm whether PNA treatment impairs the high release of LH required for
ovulation. These results support the hypothesis that PCOS, a state of impaired negative
feedback by gonadal steroid hormones, includes alterations to central brain circuits important
to fertility.

4.1.

Support for PNA treatment in the mouse as an appropriate model of PCOS
Animal models are essential for making the transition from scientific hypotheses to

understanding human disease. To study changes underlying the development and maintenance
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of the PCOS phenotype, models need to closely mirror the cardinal reproductive and
endocrinological symptoms of ovulatory dysfunction and HA (Rotterdam, 2004). We
hypothesised that exposing the foetal female mouse to elevated androgens during critical
periods of development would result in the PCOS phenotype in adult life. Androgens have
well known organisational effects during development (reviewed in Schwarz & McCarthy,
2008), and PNA exposure is sufficient to produce a PCOS-like phenotype in a range of animal
models, including the non-human primate (Abbott et al., 2008), sheep (Robinson et al., 2002)
and rat (Wu et al., 2010). The mouse model has been previously shown to display the
prominent features of increased GnRH neuron activity, with subsequent LH hypersecretion
and hyperandrogenaemia (Sullivan & Moenter, 2004; Roland A, 2011). These
endocrinological symptoms are also accompanied by infertility and acyclicty (Campbell,
unpublished). Combined, these form the accepted symptoms for diagnosis of PCOS. Thus,
this model is an excellent candidate for continued study of the syndrome. However, prior to
the current study, the ovarian morphology of this model was unknown. The present
investigation indicated that ovarian morphology, which is dramatically affected in women
suffering from PCOS, is also altered by PNA treatment. The ovary is composed of distinct
structures that play vital roles in fertility and pregnancy. In this project we studied the corpus
luteum, which forms from the post-ovulatory dominant follicle following luteinisation of the
granulosa cell layer, and secretes the large quantities of progesterone vital for maintaining
pregnancy (Allen & Corner, 1930). The area of the ovary composed of corpora lutea was
significantly reduced after PNA treatment in mice, strongly indicating a reduced frequency of
successful ovulation, and thus impaired fertility. Potentially, a reduction in corpora lutea may
also reduce circulating progesterone levels.
As this cohort of PNA-treated mice is acyclic and this model infertile, the presence of
corpora lutea in most animals, although reduced, is unexpected. There are a couple of
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possibilities that may explain this finding. Firstly, the estrous cycle of mice was measured
over a 3 week period. It is therefore possible mice achieved ovulation between the period of
measurement and the time ovaries were collected. A second possibility is that post-ovulatory
events responsible for establishing and maintaining pregnancy are impaired in PNA-treated
mice. As miscarriage rates are high (30-50%) during the first trimester in women with PCOS
who achieved pregnancy, this occurrence would match the PCOS phenotype (Sagle et al.,
1988; Balen et al., 1993).
We also studied the composition of the mature antral follicle wall, which is composed
of theca cells and granulosa cells. Our results demonstrated the area of the antral follicle wall
composed of the granulosa cell layer is significantly reduced, and the thecal cell layer
significantly increased after PNA treatment. Androgens are synthesised in theca cells and then
transported to the granulosa cells where P450 aromatase converts the androgens to estrone
and E2 (McNatty et al., 1979). An increase in theca cells therefore suggests greater androgen
production and a decrease in granulosa cells suggests conversion of androgen to estrogen is
impaired. Therefore, the antral follicle morphology in these animals supports the expectation
that their androgen production is increased (Sullivan & Moenter, 2004). Overall, the
similarities between the reproductive endocrine phenotypes of PNA-treated mice and women
with PCOS suggests employment of this animal model can shed light on underlying neuronal
changes that potentiate to form the syndrome.

4.2.

Limitations of using PNA treatment in the mouse to model PCOS
One of the inherent limitations of generating a model to replicate the PCOS phenotype

is the heterogenic nature of the disease. In the clinic, two out of three symptoms of
anovulation, hyperandrogenaemia and polycystic ovaries are required for diagnosis of PCOS.
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A range of associated symptoms also leads to differing opinions on what is required to create
a sufficient model. This means the development of animal models can be equally diverse, and
hence, the replication of data can be difficult. A drawback to the mouse model of PCOS is it
does not develop the large ovarian cysts that are a characteristic diagnostic feature in women.
PNA exposure is able to induce cystic ovarian morphology in the non-human primate and the
sheep (Abbott et al., 2005; Smith et al., 2009). However, ovarian cysts in the mouse have
only been demonstrated under conditions of severe reproductive disruption, such as by
deletion of ER-alpha in neuronal subpopulations which cause mice to not fully progress
through puberty (Mayer et al., 2010). As women with PCOS undergo pubertal maturation,
these models do not replicate the developmental phenotype of PCOS.
A reason why cysts may not develop following PNA treatment is that the rodent
ovarian cycle is shorter and high numbers of offspring are produced compared with sheep and
primates. This may lead to differences in follicular formation and recruitment, and thus alter
the ability for cysts to develop. Studies using the rat have shown that although PNA treatment
does not induce cystic ovaries, the number of immature follicles are increased (Wu et al.,
2010). Encouragingly, the increase in follicle number seen in the rodent is seen in women
with PCOS, and is determined to be an important ovarian feature (Webber et al., 2003).
Therefore, similarities between follicular abnormalities exist between the PNA-treated rodent
and women with PCOS. Evaluation of whether the stage and number of follicles is affected by
PNA treatment in mice will therefore be a valuable measure for characterisation of this model.
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4.3.

Support for impaired negative feedback by estrogen in the PNA-treated mouse
model of PCOS
The regulation of GnRH neurons by gonadal steroid hormones is critical to normal

reproductive function. It is hypothesised that steroid hormone feedback to GnRH neurons is
impaired in PCOS, leading to a persistently rapid GnRH pulse frequency (Taylor et al., 1997;
Blank et al., 2007). This challenges the traditional view that the ovary is the primary site of
dysfunction, and instead points to defects within the central circuitry regulating fertility. In
the mouse model of PCOS a number of neuroendocrine indicators, such as increased LH and
androgens in plasma, suggest that the sensitivity of GnRH neurons to steroid hormone
feedback is also reduced (Sullivan & Moenter, 2004). We therefore aimed to define the
extent to which estrogen negative feedback is impaired in the mouse model of PCOS. Upon
lifting suppressive estrogen negative feedback by ovariectomy we observed that the increment
from basal LH levels was lower in PNA-treated mice compared with controls. Replacement of
estrogen post-ovariectomy suppressed LH levels in control mice, but failed to affect LH levels
in PNA-treated mice. These exciting observations show the sensitivity of GnRH neurons to
suppression by estrogen is impaired by PNA treatment in mice. This result matches clinical
studies in PCOS patients, where estrogen is similarly unable to suppress LH release (Pastor et
al., 1998). A lack of suppressive feedback may thus lead to the high electrical activity of
GnRH neurons and consequent hypersecretion of LH previously measured in this model
(Sullivan & Moenter, 2004; Roland A, 2011). This result provides an important indication
that an abnormality within the GnRH neuronal network may lead to the development of the
PCOS phenotype. However, it is at present unknown what estrogen-sensitive neuronal
elements are affected by PNA treatment. This may be due to the sites of the brain involved in
negative feedback regulation of GnRH neurons by estrogen being largely unknown (Herbison,
2006). Therefore, further research is needed to dissect out the complicated circuitry of the
#)!
!

Discussion
!

GnRH neuronal network to identify changes that result in the PCOS phenotype of impaired
negative feedback.

4.4.

A reduction in PR expression in the RP3V of PNA-treated mice may contribute
to impaired steroid hormone feedback by progesterone
Changes in steroid hormone receptor expression in brain regions known to project to

GnRH neurons may result in impaired steroid hormone feedback. A key observation in
clinical studies is the inability of progesterone in PCOS patients to suppress plasma LH
(Pastor et al., 1998), a symptom which has been replicated in female sheep exposed to excess
prenatal androgens (Robinson et al., 1999).

Although a negative feedback trial using

progesterone is yet to be performed using this model, our results indicate that changes in PR
expression in the brain may underlie this impaired suppression. The number of PR-ir cells in
the AVPV and PeN of intact diestrous mice was significantly decreased by PNA treatment
compared with vehicle-treated controls. Both these areas are known to contain steroidsensitive afferent neurons that are important in the regulation of GnRH release. This is an
important finding, as the regulation of GnRH release is critically dependent upon the PR.
Previous research has shown failure of PR expression, such as by knockout of the PR, leads to
a significant increase in basal LH release, indicating progesterone has a suppressive influence
on GnRH neurons (Chappell et al., 1997).

Additionally, studies measuring PR mRNA

expression within the PNA-treated rat demonstrate a decrease in PR gene expression within
the hypothalamus (Foecking et al., 2005). As the hypothalamic area isolated in the Foecking
study included both the AVPV and PeN, this is a similar result to what is seen in this study.
Our results therefore replicate and extend our understanding of an important central change
which may underpin hypersecretion of GnRH and thus LH in PCOS.
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A competing hypothesis to impaired steroid hormone feedback manifesting as the
PCOS phenotype is that anovulation reduces circulating progesterone, and may thus lead to a
reduction in both PR expression and the influence of progesterone negative feedback
influence upon GnRH neurons. However there are a number of indicators which reject this
hypothesis. Firstly, the clinical studies by Pastor in 1998 show that the ability of exogenous
steroid hormone administration to suppress LH is impaired in women with PCOS. A second
indication is that symptoms of the development of PCOS, such as hyperandrogenaemia, are
evident before the initiation of puberty. At this stage of maturation, cyclic ovarian function
has not been established, however GnRH secretion is noted to be abnormal (Apter et al.,
1994). This supports our hypothesis that it is defects at the GnRH neuron level that are the
progenitors to anovulation in adults.

4.5.

Investigating changes in estrogen-induced events necessary for the preovulatory
surge
In multiple studies using the rat and ewe, PNA exposure is able to disengage the

ability of the hypothalamus to generate the ovulation-inducing LH surge (Sarma et al., 2002;
Birch et al., 2003; Foecking et al., 2005; Sarma et al., 2005; Unsworth et al., 2005). The
generation of the LH surge is dependent on a range of estrogen-induced transient changes in
the brain which cause a robust activation of GnRH neuron activity. We aimed to determine
how PNA treatment affected the expression of these important downstream events in the
mouse model of PCOS.
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4.5.1. A critical increase in progesterone receptor expression in hypothalamic areas
following an LH surge protocol is maintained in PNA-treated mice
Positive feedback by estrogen is critically dependent upon the downstream induction
of PR in afferent GnRH neurons (Chappell & Levine, 2000). Failure of PR expression, such
as in the PR knockout mouse, abolishes the ability to generate the LH surge using positive
feedback levels of estrogen (Chappell et al., 1999). Interestingly, PNA treatment in the rat is
able to block hypothalamic PR mRNA induction by estrogen and results in the same failure to
generate the surge (Foecking et al., 2005; Wu et al., 2010). We therefore studied whether PR
expression during the preovulatory surge was affected by PNA treatment in the mouse. We
found PR expression was increased within the AVPV and ArcN of estrogen-treated animals
compared to vehicle-treated animals. In both areas, PR induction was similar in both control
and PNA-treated mice Therefore, although DHT exposure in utero! results in a significant
reduction of PR expression within the AVPV of the intact adult female mouse during
diestrous, it does not appear to perturb the ability of estrogen to induce the transient increase
in PR expression which is essential for generation of the LH surge.
The role of the AVPV in generating the preovulatory surge has been consistently
demonstrated. For example lesions within the AVPV abolish the surge, and estrogen implants
targeting the AVPV generate surge levels of LH (Terasawa et al., 1980; Wiegand et al., 1980).
Additionally, a subpopulation of neurons within the AVPV are activated during the
preovulatory surge in conjunction with GnRH neurons (Terasawa et al., 1980; Wiegand et al.,
1980), and estrogen-sensitive neurons project directly to GnRH neurons from the AVPV
(Wintermantel et al., 2006). Therefore, it was not surprising to see an increase in PR
expressing cells in the AVPV of control animals, as it has been demonstrated specifically
within this nuclei previously (Chappell & Levine, 2000). However, an increase in ArcN PR
expression during the preovulatory surge has not been recorded in the literature. As our results
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demonstrate an increase in PR expression in surged control and PNA-treated animals, this
supports a little investigated role for the ArcN in the generation of the LH surge. Although
traditionally the literature has focused on the AVPV as a site for estrogens stimulatory actions,
there is indirect evidence that the ArcN contains the necessary neurochemistry for generation
of the GnRH/LH surge. Cell populations within this area may aid transmission of estrogen
positive feedback. For example, NPY neurons within the ArcN co-express the necessary
steroid hormone receptors and are recognized to have stimulatory effects upon GnRH
secretion (Crowley & Kalra, 1987; Dufourny et al., 2005). Induction of the surge leads to an
increase in the expression of Npy mRNA in the ArcN by estrogen, which further implicates a
role for these cells in transmitting estrogen positive feedback (Bauerdantoin et al., 1992). In
addition, interference with PR expression using a pharmaceutical antagonist abolishes
responsiveness of GnRH neurons to stimulation by NPY (Bauer-Dantoin et al., 1993; Xu et
al., 2000). Hence, it is possible that an induction in the expression of PR positive cells within
the ArcN may contribute to the generation of the LH surge.

4.5.2. The activation of GnRH neurons following an LH surge protocol is unimpaired in
PNA-treated mice
A GnRH-GFP transgenic mouse line was used to determine whether PNA treatment
altered functional and structural plasticity in GnRH neurons during the preovulatory surge.
Positive feedback levels of estrogen are known to activate a subpopulation of GnRH neurons
within the rostral preoptic area (rPOA) (Wintermantel et al., 2006). Activated cells are
identified by expression of the immediate early gene c-fos (Hoffman et al., 1993), and it is
postulated these neurons are responsible for the robust increase in GnRH/LH release during
the preovulatory surge (Wang et al., 1995). A typical percentage of GnRH neurons within the
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rPOA of control and PNA-treated mice expressed cFos in response to positive feedback levels
of estrogen. However, no differences were found between the control and PNA-treated groups.
This indicates that the ability of GnRH neurons to be activated (as indicated by cFos
expression) by positive feedback levels of estrogen is maintained in PNA-treated animals.
However, these results are at odds with previous androgenisation research, in which treatment
decreases the ability of GnRH neurons to be activated (as indicated by cFos expression)
during the preovulatory surge (Wood et al., 1996). However, this may be due to the differing
type, higher concentration and longer exposure of androgens in this study.

4.5.3. An increase in excitatory input by spine induction following an LH surge protocol is
impaired by PNA treatment
Another aim of this study arises from previous research within the Campbell
laboratory which discovered that the subpopulation of GnRH neurons activated during the
preovulatory LH surge (as indicated by cFos expression) undergo a robust increase in spine
density (Chan et al., 2011). It is an accepted assumption that spines represent sites of
excitatory, most commonly glutamatergic, synaptic input (Harris & Kater, 1994). GnRH
neurons express the glutamate receptors N-methyl-D-aspartate (NMDA) and 2-amino-3hydroxy-5-methyl-4-isoxazol propionic acid (AMPA) (Spergel et al., 1999). And, blockade of
glutamate receptors abolishes the LH surge in the rat (Lopez et al., 1990; Ping et al., 1997).
Therefore, it is hypothesised that spine induction and increased glutamatergic synaptic input
are required for an increase in GnRH activity that drives the preovulatory GnRH/LH surge.
PNA exposure has been demonstrated to create profound alterations in the number and shape
of neuronal spines, ultimately affecting the regulation of the neuron by afferent inputs
(Matsumoto & Arai, 1980; Mong et al., 2001). We therefore investigated whether PNA
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treatment affected spine induction in activated GnRH neurons during the preovulatory surge.
Our data indicates that in control animals activated GnRH neurons display increased spine
density compared with unactivated neurons from vehicle- and estrogen-treated animals, as
expected. Interestingly, despite an increase in cFos expression, the same increase in spine
density in activated neurons was not demonstrated in PNA-treated animals. Although still
preliminary and requiring additional data points, this is an encouraging indicator that
excitatory input to GnRH neurons from the steroid-sensitive afferent network is impaired in
this model. This may alter the ability of GnRH neurons to respond to stimulatory steroid
hormone feedback information, leading to anovulation and matching the phenotype of
infertility in women with PCOS.
Further analysis revealed that this significant increase in spine number was located at
the soma and first 15!m of the proximal dendrite in activated neurons from control animals.
Again, this increase is not seen in activated GnRH neurons from PNA-treated animals.
Although this indicates the upregulation in spine number is more profound in the proximal
portion of the dendrite, it may reflect a lack of data points at the more distal portions of the
dendrite. GFP labelling of dendrites was measured for 75!m, however, dendrites could not
always be followed for this entire length. Processes were often lost from the slice at the point
where brain sections were cut, as they would not travel within the coronal plane. Therefore,
numbers sufficient to generate significant results were only available at the soma and the most
proximal regions of the dendrite. The addition of data will thus reveal whether the expected
spine induction in control animals occurs along the length of the activated neuron, which has
been shown previously in the Campbell laboratory (Chan et al., 2011). This information
would be an equally important indication of excitatory input as the information at the soma, as
action potentials are able to be initiated along the length of the dendrite and regulate GnRH
neuron activity (Roberts et al., 2008). Therefore it will be informative for this study to see
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whether PNA treatment similarly affects spine density at more distal points of the GnRH
neuron in order to assess changes in excitatory input.

4.5.4. The impact of PNA treatment on the estrogen-induced LH surge remains to be
clarified
The ability of GnRH neurons to generate the LH surge necessary for driving ovulation
was investigated in the control and PNA-treated mice. Despite all mice in both groups
demonstrating robust GnRH neuron activation (as indicated by cFos expression), not all mice
exhibited the expected downstream surge of LH release. Specifically, one mouse in the
control group and two out of three mice in the PNA-treated group did not have surge levels of
LH (generally higher than 3ng/ml) in plasma. From this mixed data and small cohort number
it is unclear whether PNA treatment impairs the ability of mice to generate the LH surge.
Assuming the reliability of our RIA assay for LH, there are a number of possibilities that can
be considered.
Firstly, as one out of three PNA-treated mice displayed an LH surge, these data may
reflect heterogeneity in the reproductive endocrine phenotype of PCOS. This matches
experimental data collected from this model showing that some PNA-treated animals are still
able to establish pregnancy, and thus would be able to undergo a successful LH surge.
Additionally it supports the clinical phenotype, as only two out of three of the cardinal
symptoms are required to diagnose PCOS. Thus, women are not always anovulatory.
A second possibility is that activation of the androgen receptor (AR) may only impair
the neurocircuitry involved in negative feedback by estrogen, and not positive feedback. In
the male foetal brain, there is an androgen surge that initiates a cascade of cellular changes
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after conversion to estrogen via the enzyme P450 aromatase. This activates ER-mediated
signalling to induce masculinisation and defeminisation of the brain (Naftolin & Ryan, 1975).
Additionally, AR- mediated signalling is also thought to be an important requirement for
masculinisation of the male foetal brain (Sato et al., 2004). As this study used DHT, which is
not able to be aromatised to estrogen, it suggests direct action upon the AR may impair tonic
LH secretion during negative feedback, but only prenatal activation of ER is sufficient to
perturb neurocircuitry involved in facilitating positive feedback by estrogen. This has been
demonstrated in the ewe where prenatal testosterone treatment abolishes the surge, but
prenatal DHT exposure does not (Masek et al., 1999). This hypothesis is convoluted by
species differences, as prenatal DHT treatment abolishes generation of the LH surge in the rat
(Foecking et al., 2005), and induces anovulation in the mouse (Sullivan & Moenter, 2004).
Thus, differences exist between species in the prenatal wiring of neuronal circuitry involved
in negative and positive feedback.
A third possibility is that the transient LH surge occurred at a different time to blood
collection. Other experimenters employing the same positive feedback trial have reported
similar findings, with all animals displaying GnRH activation (indicated by cFos expression)
but failure to detect the LH surge in half of these mice (Clarkson et al., 2008). This was
rectified by the addition of a single injection of progesterone on the morning of the surge.
Progesterone both advances the onset and augments the estrogen-dependent LH surge (Clifton
et al., 1975; Depaolo & Barraclough, 1979; Terasawa et al., 1987), thus the authors were able
to accurately predict and detect LH surge release. The addition of progesterone and increasing
the number of animals used in the positive feedback protocol will clarify whether PNA
treatment reduces the ability to generate the LH surge, thus leading to the anovulatory state of
this model.
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4.6.

Future investigations
A key finding in this study is that a decrease in PR expression may impair the relay of

progesterone negative feedback to regulate GnRH neuron activity. It will therefore be
intriguing to define the extent to which progesterone negative feedback is affected by PNA
treatment. This would involve employing a negative feedback trial which is similar to the one
described in this study, however estrogen will be replaced with progesterone. This would
support a key clinical finding for impaired progesterone negative feedback in women with
PCOS (Pastor et al., 1998).
A main aim continuing from this project is to increase the number of animals used in
the positive feedback trial. The pilot data has so far generated some interesting results.
However, larger cohorts will be particularly valuable for determining whether PNA treatment
impairs the ability of GnRH neurons to release surge levels of GnRH, as the current data is
unclear. In addition, increasing the number of animals will allow for the measurement of
spines along the more distal regions of the GnRH neuron dendrite and clarify whether the
impairment of spine induction by PNA treatment occurs along the length of the neuron.
We have demonstrated that the administration of the non-aromatisable androgen, DHT,
is able to elicit the PCOS phenotype in the mouse and impair steroid hormone feedback,
possibly by changes in steroid hormone receptor expression. This implies that androgenreceptor activation in utero leads to organisational changes that persist into adult life and
manifest as the PCOS phenotype. However, the increased levels of plasma androgens may
also have separate effects upon GnRH regulation in the adult. The inappropriate activation of
the AR in adult life has been demonstrated by treatment with Flutamide, an AR antagonist.
This treatment increases hypothalamic sensitivity to both estrogen and progesterone feedback
in PCOS patients (Eagleson et al., 2000). The ability of androgens to increase GnRH neuron
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firing activity in females has been demonstrated through interference of progesterone negative
feedback, which leads to increased activity of excitatory afferent GnRH neurons (Pielecka et
al., 2006). It is therefore a future interest to identify changes in AR expression throughout the
PNA-treated mouse brain to both identify whether activation of the receptor potentiates the
symptoms of the syndrome and provide a clinical target for treatment.

4.7.

Conclusions
A diagrammatic overview of our results is seen in Figure 4.1. In summary, our data

demonstrated that PNA exposure in the mouse is able to induce the cardinal symptoms of
PCOS. Using this model we were able to support our hypothesis that PCOS is a state of
impaired steroid hormone feedback. This was shown by the inability of estrogen to suppress
GnRH activity. Additionally, a potential mechanism through which progesterone negative
feedback is impaired was demonstrated by a reduction in PR expression within hypothalamic
areas known to regulate GnRH activity. By employing transgenic technology, which is highly
amenable in the mouse, we generated preliminary results which indicate excitatory input to
GnRH neurons during the preovulatory surge is impaired. This may reduce the transmission
of estrogen positive feedback that is necessary for the generation of the surge. An increase in
sample size is needed to determine whether these animals have a reduced ability to generate
the LH surge, although current data indicates this is unimpaired in the model.
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Figure 4.1. Changes in the mouse model of PCOS
proposed from this study.
Using PNA treatment to model PCOS in the mouse, our
results have supported an increase in androgen
production occurs in the ovary (A). Additionally,
negative feedback by estrogen is impaired (B), and PR
expression during diestrous is reduced (C). (D)
Preliminary results indicate an increase in excitatory input by spine induction in GnRH neurons in response to positive feedback levels of
estrogen is diminished in PNA-treated animals. Whether PNA-treated animals are able to generate the LH surge remains unclear. Diagrams
provided by RE Campbell, and modified with the owner’s permission.
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