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ABSTRACT
In the United States, there are currently more than 40 million postmenopausal
women. These women are faced with a variety of physiological changes including
ovarian steroid withdrawal and alterations in hypothalamic neurons. Within the
hypothalamic infundibular nucleus of postmenopausal women, there is neuronal
hypertrophy and an increase in neurokinin B gene expression. Recent studies identified
the kisspeptins and dynorphins as major regulators of reproduction. In our first
experiment, we examined the location and alterations of KiSS-1 mRNA-expressing
neurons in the hypothalami of pre and postmenopausal women. KiSS-1 neurons were
largely confined to the infundibular nucleus, and in postmenopausal women, exhibited
neuronal hypertrophy and increased gene expression. To determine if these changes
could result from alterations in ovarian steroids, we investigated KiSS-1 gene expression
in the hypothalamic infundibular nucleus of non-human primates. Similar to the findings
in postmenopausal women, ovariectomy of monkeys resulted in neuronal hypertrophy
and increased KiSS-1 gene expression within the infundibular nucleus. Further, estrogen
treatment of ovariectomized monkeys yielded a dramatic decrease in KiSS-1 gene
expression. Together, these findings suggest that the postmenopausal alterations in
KiSS-1 neurons are secondary to ovarian failure.

In a second study, we examined alterations in dynorphin gene expression in the
hypothalami of pre and postmenopausal women. Dynorphin mRNA-expressing neurons
were identified in multiple nuclei. Numbers of dynorphin neurons were decreased within
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the mPOA and infundibular nucleus of postmenopausal women. In the infundibular
nucleus of postmenopausal women, dynorphin neurons were hypertrophied. To
determine the contribution of ovarian steroids on dynorphin gene expression, we
examined dynorphin mRNA in a monkey model of menopause. Young ovariectomized
monkeys exhibited hypertrophy of dynorphin neurons, with no changes in dynorphin
gene expression. Estrogen replacement yielded a decrease in neuronal size and an
increase in dynorphin neuron number.

In future studies, we will use Quantum Dot FISH to determine if NKB, KiSS-1,
and dynorphin are colocalized in the hypertrophied neurons. These neuropeptides are
involved in the regulation of GnRH and changes in their gene expression likely
contribute to postmenopausal alterations in reproductive hormones. Our findings provide
greater understanding of the postmenopausal condition and offer opportunities for
pharmaceutical investigation and treatment.
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CHAPTER ONE
INTRODUCTION
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Reproduction General
The continuation of a species is dependent upon successful reproduction. This
success depends upon the coordination of multiple dynamic and fine-tuned systems
working in collaboration. Beginning first with embryogenesis, continuing onward from
birth to puberty and reproductive maturity, and extending until the end of reproductive
viability, an organism is faced with multiple factors that ultimately decide whether that
individual will procreate. These factors include physiological, environmental, and social
effectors, all of which must work in conjunction. Given the elaborate interplay among
systems, signals, and subjects, it is a marvel that mammalian species procreate at all.

From a physiological standpoint, there are three main players involved in the
regulation of reproduction. These “players” are the hypothalamus, pituitary, and gonads
and together they compose the hypothalamo-pituitary-gonadal axis (HPG axis; also
known as the reproductive axis.) The constituents of the HPG axis interpret and integrate
internal and external cues, communicating information to one another and influencing
one another and the organism as a whole. While the specific functions and roles of the
hypothalamus, pituitary, and gonads differ (discussed below), each shares in the ultimate
goal of working toward reproduction and survival of the species.

Hypothalamus
The hypothalamus originates developmentally from the prosencephalon and,
along with the thalamus and retina, it constitutes the diencephalon (Nolte, 2002).
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Located at the base of the brain, the hypothalamus is bordered anteriorly by the optic
chiasm and optic tracts and posteriorly by the mammillary bodies. Superiorly, the
hypothalamus extends to the thalamus. The median eminence protrudes from the inferior
surface of the hypothalamus and is continuous with the infundibular stalk, which itself
extends into the posterior pituitary (Nolte, 2002; Ganten, 1986; Reichlin, 1978).

The hypothalamus is surrounded by its blood supply, the circle of Willis, and
receives from it small ganglionic artery branches (Boron & Boulpaep, 2003; Nolte, 2002;
Ganten, 1986). The preoptic and supraoptic regions of the hypothalamus receive blood
from the anteromedial group of ganglionic arteries, branching from the anterior cerebral
and anterior communicating arteries. The tuberal and mammillary regions are supplied
by the posteromedial group, which arises from the posterior communicating arteries and
the proximal portion of the posterior cerebral artieries. The lateral hypothalamus receives
its blood supply from the anterolateral group, which arise from the middle cerebral
arteries. The base of the hypothalamus, at the level of the median eminence, is supplied
with blood from the superior hypophyseal artery, which is a branch of the internal
carotid. This artery opens into a fenestrated capillary bed, serving as a circumventricular
organ in which the blood brain barrier is bypassed (Ganten, 1986; Reichlin, 1978).

The hypothalamus is comprised of multiple nuclei and provides a connection
among autonomic, somatic, endocrinological, emotional, and homeostatic signals. This
connection provides the body an opportunity for unique integration of functions such as
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osmotic balance, eating behavior, stress responses, temperature control, and reproductive
function. Integration of systems is based largely on neuronal inputs received by the
hypothalamus, the intrinsic sensory neurons within the hypothalamus, and the efferent
outputs to both neural and endocrine tissue (Nolte, 2002). Hypothalamic neuronal input
is received largely from the limbic system as well as the brainstem and spinal cord
(Chronwall, 1985; Nolte, 2002). Thus, information about emotional status, memory,
sensory, and homeostatic conditions reach the hypothalamus and are therein integrated.
Additionally, neurons within the hypothalamus are responsible for the sensing of
homeostatic status. For instance, some hypothalamic neurons sense blood osmolality,
others sense blood glucose concentration, and still others are thermosensitive (Boron &
Boulpaep, 2003). These neurons survey the conditions at hand and then respond with
appropriate neuronal firing and release of neurohormones and neuropeptides to maintain
or restore homeostatic balance. Hypothalamic neurons communicate efferently with
neurons in the limbic system and the brainstem and spinal cord to mount appropriate
behavioral and systemic responses to afferent cues received in the hypothalamus
(Chronwall, 1985; Nolte, 2002).

Although the hypothalamus projects to many brain regions, much of
hypothalamic influence on endocrine homeostasis occurs at the pituitary. Some
hypothalamic neurons project to the posterior pituitary and release hypothalamic
neuropeptides into fenestrated capillaries at the level of the pituitary. These neurons are
located in the magnocellular neurons of the supraoptic nucleus (SON) and the
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paraventricular nucleus (PVN). The axons from these neurons extend down the
supraopticohypophyseal tract to the posterior pituitary where they release the
neuropeptides oxytocin and antidiuretic hormone (ADH; also known as arginine
vasopressin). These neurohormones are released into the blood and travel through
peripheral circulation to target tissue (Boron & Boulpaep, 2003; Ganten, 1986; Reichlin,
1978).

The hypothalamus also regulates the output of the anterior pituitary, via
neuroendocrine routes. Specifically, neurons within the hypothalamus make releasing
hormones, such as growth hormone releasing hormone (GHRH), thyrotrophic-releasing
hormone (TRH), corticotrophin-releasing hormone (CRH), and gonadotropin-releasing
hormone (GnRH). These neuro-hormones are released into fenestrated capillary beds at
the median eminence and travel down the hypophyseal portal veins to the anterior
pituitary. Here the vasculature breaks into another capillary bed and the hormones are
released into the glandular tissue of the anterior pituitary, where they affect pituitary
tropic cells and endocrine homeostasis (Boron & Boulpaep, 2003; Ganten, 1986;
Reichlin, 1978). Thus the hypothalamus is largely involved in the regulation of the
pituitary.

Pituitary
The pituitary extends from the base of the brain and is connected to the
hypothalamus by the infundibular stalk. The pituitary is comprised of an anterior lobe,
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also called the adenohypophysis, and a posterior lobe, also known as the
neurohypophysis. These two regions of the pituitary are anatomically connected yet have
differing embryonic origins and different functions.

The anterior pituitary is embryonically derived from Rathke’s pouch and is
glandular in nature (Ganten, 1986; Reichlin, 1978). It receives its blood supply from the
pituitary portal system and is thereby influenced by the hypothalamus and its releasing
hormones. Under the control of hypothalamic releasing hormones, the glandular tissue of
the adenohypophysis makes and secretes the peptide hormones: growth hormone (GH),
thyroid stimulating hormone (TSH), adrenocorticotropic hormone (ACTH), prolactin
(PRL), and the gonadotropes follicle stimulating hormone (FSH), luteinizing hormone
(LH) (Boron & Boulpaep, 2003). These peptides are released into the systemic blood
circulation and affect other endocrine tissues.

The posterior lobe, on the other hand, is an embryonic extension of the
hypothalamus and is composed of neural tissue (Ganten, 1986; Reichlin, 1978). The
neurohypophysis receives its blood from the superior hypophyseal artery, a branch of the
internal carotid that also supplies the median eminence and inferior portions of the
hypothalamus (Boron & Boulpaep, 2003). Within the neurohypophysis are the axon
terminals of magnocellular neurons whose soma are located in the supraoptic (SON) and
paraventricular nuclei (PVN) and whose axons travel down the supraopticohypophyseal
tract to the posterior pituitary. From these nerve terminals, the peptides oxytocin and
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ADH are released. Oxytocin and ADH then travel on carrier proteins, known as
neurophysins, to their target tissues. These targets include, but are not limited to, the
uterus, mammary glands, and kidneys, where they affect uterine contraction, milk letdown, and water reabsorption (Boron & Boulpaep, 2003).

Ovaries
The gonads are comprised of the ovaries in the female and the testes in the male.
(Because the breadth of this dissertation focuses on the female, we will do so now as
well.) The ovaries sit within the pelvic cavity, on either side of the uterus, and contain
the female reproductive germ cells called oogonia. At any given time throughout a
woman’s reproductive life, the majority of oogonia exist within a layer of surrounding
granulosa cells, units called primordial follicles. Under the influence of the pituitary
gonadotropes LH and FSH, primordial follicles advance in size and maturity (to be
discussed further in next section.) During a given menstrual cycle, one primordial
follicle undergoes maturation into a secondary follicle, tertiary follicle, and finally a
Graffian follicle that has a well developed antrum and an elaborate supply of granulosa
and theca cells. The oocyte from the mature Graffian follicle is ovulated from the ovary
at midcycle, leaving behind the corpus luteum (Silberstein & Merriam, 2000; Boron &
Boulpaep, 2003).

In addition to being home to the female germ cell, the ovaries are also the
production site for reproductive hormones which influence not only the reproductive
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process, but the whole body. Granulosa cells and theca cells have an essential and
collaborative role in the production of the ovarian hormones estrogen and progesterone.
Theca cells, triggered by the binding of LH to LH receptors, take up cholesterol and
through a variety of biochemical reactions, make androstenedione. The theca cells,
however, lack the enzymes necessary to convert androstenedione into estrogen.
Androstenedione is therefore shipped to granulosa cells, which contain aromatase.
Aromatase allows for the conversion of androstenedione into estrone, which in turn gets
converted to estrogen by 17B-hydroxysteroid dehydrogenase (Welt et al., 2006; Boron &
Boulpaep, 2003). Progesterone is produced by the corpus luteum during the luteal phase
of the cycle. Additionally, the ovarian granulosa cells produce inhibins which feed back
to the anterior pituitary and exert a negative feedback effect on FSH production
(Silberstein & Merriam, 2000; Boron & Boulpaep, 2003).

HPG Axis and Menstrual Cycle
The hypothalamus sits at the top of the reproductive axis hierarchy. It receives
information from other areas of the brain and body via neural and endocrine input. After
assimilating that data, the hypothalamus sends out endocrine “orders” to the pituitary,
which in turn regulates the gonads via hormonal means. Within the medial basal
hypothalamus of primates, a subset of neurons serves as the final regulator of
hypothalamic reproductive control. These neurons synthesize and secrete the
decapeptide, gonadotropin releasing hormone (GnRH). GnRH neurons are diffusely
located throughout the medial basal region of the hypothalamus (Barry, 1976; Urbanski,
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1991; Krajewski et al., 2003) and their axons terminate at the external zone of the median
eminence (Merchenthaler et al., 1989; Krajewski et al., 2005). In a pulsatile fashion,
GnRH is released into the fenestrated capillaries located at the median eminence where it
travels down the hypophyseal portal system to the anterior pituitary. GnRH then binds to
the GnRH receptor, activating PLC, IP3 and DAG, resulting in an increase in intracellular
calcium, and eventually triggering the release of follicle stimulating hormone (FSH) and
luteinizing hormone (LH) from the gonadotropes (Boron & Boulpaep, 2003). FSH and
LH travel in the blood to the ovary, where they effect the recruitment, development, and
ovulation of ovarian follicles (Silberstein & Merriam, 2000). Additionally, the
gonadotropes help mediate the production of ovarian hormones by the ovarian follicles;
the hormones then feedback to the hypothalamus and pituitary to aid in regulation of
reproduction (Fig.1).

Much like an orchestral masterpiece, the neural and endocrine interactions of the
menstrual cycle are elaborately complex and have multiple movements which build upon
and flow into one another. These movements can be broken down into the follicular,
ovulatory, and luteal phases of the ovary, as well as the menstrual and recovery phase,
proliferative phase, and secretory phase of the uterus (Boron & Boulpaep, 2003). All
together, these phases constitute the menstrual cycle, one round of which lasts, on
average, 28 days (Silberstein & Merriam, 2000).
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The follicular phase extends from Day 1 to Day 14 of the menstrual cycle and
concurrently includes the uterine phase of menstruation and recovery as well as
proliferation. Day 1 begins with menses, the shedding of the uterine lining which had
been built-up during the previous cycle. During the early follicular phase, FSH levels
rise gradually as FSH recruits a pool of primordial follicles. Under the guidance of
increasing levels of FSH and LH, these follicles begin to undergo development and
maturation (Silberstein & Merriam, 2000). During this period, the granulosa and theca
cells of the developing follicles produce estrogens. At this point in the cycle, estrogen
feeds back to the pituitary and hypothalamus where it exerts negative feedback effects.
This inhibitory effect of low levels of estrogen results in subdued gonadotropin release.
By the midfollicular phase (day 7), FSH levels begin to decrease and the most developed
follicle is chosen to further differentiate into the Graafian follicle. The remaining
follicles from that particular pool undergo atresia. The Graafian follicle has a well
developed antrum and extensive granulosa cells and theca cells, which continue to
produce estrogen (Silberstein & Merriam, 2000; Boron & Boulpaep, 2003).

At midcycle, the increasing levels of estrogen result in positive feedback effects
which stimulate the hypothalamic-pituitary axis. This results in a marked increase in
secretion of LH, identified as the LH surge. The surge in LH triggers the ovulation of the
oocyte from the ovary, leaving behind the granulosa and theca cells. The ovary is
released into the ovarian ducts, where it travels the pathway toward potential fertilization
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with sperm. During this time, the uterine wall and blood vessels supplying the uterus
proliferate and increase in girth (Silberstein & Merriam, 2000; Boron & Boulpaep, 2003).

The next phase of the menstrual cycle, following ovulation, is the luteal phase
(approximately days 15-28). In the luteal phase, the granulosa and theca cells which
remain after the oocyte is ovulated are transformed into the corpus luteum. The corpus
luteum continues to produce ovarian steroids, which again inhibit gonadotropin release,
in order to give the released oocyte opportunity for fertilization. Meanwhile, under the
influence of ovarian steroids, the uterus enters the secretory phase, where the blood
vessels begin to coil and the uterine cells secrete nutrients that would sustain fertilization.
If fertilization does occur, the fertilized egg is implanted into the uterine wall and further
development occurs. If fertilization does not occur, the uterine lining is shed and
menstruated and the cycle begins anew (Silberstein & Merriam, 2000; Boron &
Boulpaep, 2003).

Gonadotropin Releasing Hormone (GnRH) neurons
The 1970s marked a time of intense research in the field of reproductive
neurobiology. Much of the research began with the isolation of gonadotropin-releasing
hormone (GnRH) from the hypothalami of the pig and ewe (Amoss et al., 1971; Matsuo
et al., 1971). The initial identification of GnRH and its link to reproduction served as a
catalyst for a fury of experiments which form the basis of much of the current
understanding of reproductive neurobiology. Perhaps one of the most crucial findings of
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that era is that the hypothalamic neurons that make and secrete GnRH are the key players
and final pathway in hypothalamic control of reproduction.

Since the original isolation of GnRH, at least 24 isoforms have been identified,
each varying slightly from species to species (Millar et al., 2004). GnRH-1 and GnRH-2
are the isoforms which have thus far been found in humans and non-human primates,
with GnRH-1 being most intimately involved in reproduction (Millar et al., 2004). Three
subtypes of GnRH-1 mRNA expressing neurons have been identified in the hypothalami
of humans and monkeys (Rance & Uswandi, 1996; Krajewski et al., 2003). Type I
GnRH-1 neurons are located in the medial basal hypothalamus, are oval in shape, and are
heavily labeled with autoradiographic grains following in situ hybridization for GnRH
mRNA. Type II GnRH-1 neurons are located in the dorsal preoptic region, septal area,
and amygdala, are round to oval in shape, and display sparce labeling of GnRH mRNA.
Type III GnRH-1 neurons are located in the basal forebrain, are round and magnocellular
in shape, and exhibit intermediate GnRH labeling (Rance & Uswandi, 1996; Krajewski et
al., 2003). The specific functions of the various GnRH subtypes are largely unknown,
yet Type I GnRH-1 neurons are likely the main regulators of the reproductive axis and
for simplicity sake will hereon be referred to as GnRH neurons.

The examination of GnRH neurons is complicated by the fact that they are
sparsely scattered throughout the hypothalamus (Barry, 1976; Rance et al., 1994;
Krajewski et al., 2003). For decades, the disperse arrangement of GnRH hindered
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electrophysiological and neuroanatomical studies, restricting research to cell culture,
multi-unit volley recordings, and dual-label gene and/or protein expression studies
(Besecke et al., 1994; Plant et al., 1978; Petersen et al., 1993). The results of such
experiments, coupled with the diffuse location of GnRH neurons led investigators to
believe that GnRH neurons had important electrical roles but limited dendritic processes
and neurotransmitter receptors. Recent scientific advances, however, have again opened
the gates of understanding, allowing for the answering of a vast array of experimental
questions. For instance, the labeling of GnRH neurons with green fluorescent protein
(GFP) facilitated easier study of these neurons. In the mouse, injection of biocytin in the
GFP-tagged GnRH neurons revealed long dendritic processes (greater than 1000 µm in
some cases) with elaborate spine-like protrusions on the dendrites and cell soma
(Campbell et al., 2005). The complex morphology of the GnRH neurons offers the
possibility for extensive synaptic inputs and communication with other neurons. GnRH
neurons express multiple neuropeptide receptor mRNAs, including but not limited to
receptors for estrogen, GABA, glutamate, GnRH, neurokinin B (Todman et al., 2005),
and kisspeptin (Parhar et al., 2004; Irwig et al., 2005; Messager et al., 2005; Han et al.,
2005). This multitude of receptors provides a framework for vast and elaborate steroid
and neuropeptide regulation of GnRH neurons (to be discussed in greater detail).

Medial Basal Hypothalamus and the Infundibular Nucleus
The medial basal hypothalamus (MBH) is considered the primary hypothalamic
control center for primate reproductive regulation. The MBH extends caudally from the
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optic chiasm to the rostral portion of the mammillary bodies. Within the MBH lies the
infundibular nucleus (Chronwall, 1985). The infundibular nucleus is located at the base
of the brain, surrounding the ventral portion of the 3rd ventricle (Reichlin, 1978).
Tanycytes extend through the infundibular nucleus, from the ventricle wall to the median
eminence. Neurons within the infundibular nucleus, though diverse in function, are
generally small and fusiform and are clustered together in a cell dense area (Chronwall,
1985). Infundibular neurons project to and receive projections from a variety of nuclei,
both within and outside of the hypothalamus. Further, the infundibular nucleus is
connected to the anterior and posterior pituitary via hormonal and neural connections,
respectively (Chronwall, 1985; Ganten, 1986). As such, the infundibular nucleus serves
as a natural site for integration of neural and endocrine signals, as seen in the regulation
of reproduction.

Medial Basal Hypothalamus as Hypothalamic Reproductive Control Center
LH is released from the anterior pituitary into the peripheral circulation in pulses
occurring approximately once every hour. This circhoral LH release is dependent on the
pulsatility of GnRH secretion into the hypophyseal portal system which is tightly linked
to pulses of increased electrical activity, known as multi-unit activity volleys, in the
medial basal hypothalamus (Clarke & Cummins, 1982; Terasawa, 1998; Herbison, 1998).
The synchronicity of this system is attributed to a hypothetical “GnRH pulse generator”
which may be intrinsic to the GnRH neurons themselves or a result of neuronal inputs to
the GnRH neurons (Knobil, 1990).
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The medial basal hypothalamus, site of the “GnRH pulse generator,” is
considered the primary hypothalamic control center for regulation of reproduction in the
primate. This belief is based on a number of findings. First, lesioning of the medial basal
hypothalamus thwarts gonadotropin secretion and inhibits estrogen’s positive feedback
effect on LH and FSH secretion (Plant et al., 1978). Exogenous administration of GnRH,
however, restores gonadotropin secretion in these medial basal hypothalamus-ablated
animals (Nakai et al., 1978) suggesting that the reproductive circuits downstream of
GnRH neurons are still functional and that the crucial site of regulation is at the level of
the medial basal hypothalamus. Secondly, surgical isolation of the medial basal
hypothalamus from the rest of the brain does not disrupt gonadotropin secretion or
rhythmicity (Krey et al., 1975) rather the animals maintain a relatively normal
reproductive cycle. Finally, as previously mentioned, a subtype of GnRH neurons
involved with reproductive regulation are located within the medial basal hypothalamus
of the primate (Rance & Uswandi, 1996; Krajewski et al., 2003) and multiunit volleys of
activity within the medial basal hypothalamus are temporally linked to the pulsatile
release of GnRH into the portal circulation. Collectively, these studies emphasize the
importance of the medial basal hypothalamus in the control of reproduction.

Estrogen Receptor
Estrogen receptor was first identified in the early 1960s (Jensen & Jacobson,
1962). For many years following, investigators believed there was one type of estrogen
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receptor, known commonly as ER. This receptor was located inside the nucleus, changed
conformation upon binding with estrogen, and as a receptor-hormone complex, would
interact with genetic material to either promote or inhibit target gene transcription by
acting through estrogen response elements, AP-1 sites, or CREB sites (Evans, 1988;
Paech et al., 1997). In 1996, however, an alternative form of the estrogen receptor, called
ERβ, was identified and cloned (Kuiper et al., 1996). (The original ER receptor is now
referred to as ERα.) The two estrogen subtypes, ERα and ERβ, while both nuclear
receptors, differ in C-terminal binding domains, N-terminal transactivation domains, and
in overall tissue-specific locations (Simerly et al., 1990; Shughrue et al., 1997; Osterlund
et al., 1998). This novel binding site for estrogen heralded a new dimension of research
on estrogen‘s differential effects in cells. Many regions of the brain which were
previously negative for the ER now became ER positive—indicating that estrogen has an
effect there. Within the adult hypothalamus, ERα neurons include those in the organ
vasculosum of the lamina terminalis (OVLT), preoptic area, infundibular nucleus, and the
mammillary body (Rance et al., 1990; Mitra et al., 2003; Kruijver et al., 2003). ERβ is
located within the paraventricular nucleus and the supraoptic nucleus as well as on GnRH
neurons (Mitra et al., 2003; Kruijver et al., 2003).

The number of brain areas believed to be receptive to estrogen has also expanded
because while estrogen has long been associated with genetic effects, meditated by ERα
and ERβ, estrogen is also implicated in fast, non-genomic effects (Nabekura et al., 1986;
Kelly et al., 1977). These effects likely occur through a multitude of cellular signaling
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cascades including mitogen-activated protein kinase (MAPK), Jun-kinase, and
Src/Ras/Erk (Watters et al., 1997; Singer et al., 1999; Migliaccio et al., 1996; Migliaccio
et al., 1993). These signaling pathways are involved with neurite outgrowth,
synaptogenesis, and neuronal excitability (McEwen, 2002; Frankfurt et al., 1990;
Kuppers et al., 2001).

Neuropeptide Regulation of Reproduction
Reproduction requires the integration of numerous physiological and
environmental inputs, such as daylight, season, age, stress, and energy stores.
Neuroanatomical and pharmacological studies have accordingly demonstrated numerous
neuropeptides capable of modulating the secretion of reproductive hormones. Some of
these neuropeptides are themselves under ovarian steroid modulation and may assist in
mediating ovarian steroid feedback onto GnRH neurons (Herbison, 1998; Urban et al.,
1996). With regards to this discourse, the focus will primarily be on kisspeptin,
dynorphin, and neurokinin B (NKB).

GPR54 and Kisspeptin
Since the original discovery of GnRH and its role in reproduction in the 1970’s,
multiple neuropeptide systems have been identified which regulate GnRH. None,
however, have had the roaring impact of the GPR54/kisspeptin team. As a consequence
of genetic studies investigating a familial case of hypogonadotropic hypogonadism, a
condition of reproductive immaturity associated with underdeveloped gonads and low
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levels of plasma gonadotropins and sex steroids (Seminara et al., 2003; Semple et al.,
2005; Funes et al., 2003), the G protein coupled receptor, GPR54, and its family of
endogenous ligands, the kisspeptins (Kotani et al., 2001; Muir et al., 2001; Ohtaki et al.,
2001) were identified as intricately involved in the hypothalamic regulation of
reproduction. In both the human and mouse, defects in GPR54 result in
hypogonadotropic hypogonadism. This finding breathed new life into the field of
reproductive neuroendocrinology and served as a catalyst for a multitude of new
investigations and insights into reproduction, some of which are highlighted below.

Under normal conditions, GnRH neurons in the preoptic area express mRNA for
GPR54 (Parhar et al., 2004; Irwig et al., 2005; Messager et al., 2005; Han et al., 2005)
and are closely apposed by kisspeptin-ir fibers (Kinoshita et al., 2005; Clarkson &
Herbison, 2006). This provides anatomical evidence for the regulation of GnRH
secretion by kisspeptins. Further, exogenous administration of the kisspeptins stimulates
the reproductive axis by activating GnRH neurons (Han et al., 2005), inducing fos
expression in the majority of these neurons (Matsui et al., 2004) and increasing levels of
secreted GnRH (Messager et al., 2005; Thompson et al., 2004). Peripheral LH and FSH
levels also increase in response to kisspeptin administration (for review see (Dungan et
al., 2006; Seminara, 2006; Tena-Sempere, 2006)), effects which are blocked by a GnRH
antagonist (Irwig et al., 2005; Gottsch et al., 2004; Navarro et al., 2004; Shahab et al.,
2005). Collectively, these data suggest that the kisspeptins act on GnRH neurons through
GPR54 and thereby regulate reproductive hormones and reproduction itself.
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The involvement of kisspeptins in the regulation of reproduction is further
supported by the expression of ERα in the majority of hypothalamic KiSS-1 neurons
(Smith et al., 2005; Franceschini et al., 2006) as well as the presence of KiSS-1 mRNA
neurons within major hypothalamic reproductive centers. In mice, the anteroventral
periventricular area (AVPV) is the preoptic hypothalamic region most intimately
involved in the positive feedback effects of estrogen on reproduction, while the arcuate
nucleus is involved with the negative feedback effects of estrogen. KiSS-1 mRNA
neurons are located in both the AVPV and arcuate nuclei of rodents (Smith et al., 2005;
Brailoiu et al., 2005; Gottsch et al., 2004; Patterson et al., 2006). Further,
ovariectomized mice exhibit a decrease in KiSS-1 mRNA expression in the AVPV and
an increase in KiSS-1 mRNA expression in the arcuate nucleus, results which are
reversed by estrogen replacement (Smith et al., 2005). Thus, in rodents, KiSS-1 mRNA
expression in the AVPV is positively regulated by gonadal steroids, whereas KiSS-1
mRNA expression in the arcuate nucleus of mice is inhibited by gonadal steroids (Smith
et al., 2005).

In the ewe and primate, however, the medial basal hypothalamus is the main
control center for both positive and negative feedback effects of gonadal steroids on
reproduction. Accordingly, in the sheep, the majority of KiSS-1 mRNA expressing
neurons are located in the arcuate nucleus, the homologue of the infundibular nucleus,
which lies within the medial basal hypothalamus. A small population of KiSS-1 mRNA
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expressing neurons is also in the preoptic area (Smith et al., 2007). Across the estrus
cycle, there is an increase in KiSS-1 expression in the arcuate nucleus prior to and during
the GnRH/LH surge, suggesting a role for kisspeptin in mediating the stimulatory effects
of estrogen on reproduction (Estrada et al., 2006). Ovariectomy of the ewe results in
increased arcuate KiSS-1 mRNA expression, effects which are negated by treatment with
ovarian steroids (Smith et al., 2007). Thus in laboratory animals, arcuate KiSS-1 mRNA
neurons are likely involved in the transmittance of ovarian steroid feedback to GnRH
neurons, yet little research has been done to investigate KiSS-1 location and involvement
in reproduction of the primate.

Dynorphin
The dynorphins are a family of endogenous opioid peptides derived from the
preprodynorphin gene. First discovered in 1975, in the porcine pituitary (Cox et al.,
1975), the preprodynorphin gene has numerous splice-variants including dynorphin A (117), dynorphin A (1-8), dynorphin B, alpha neoendorphin, and beta neoendorphin. The
dynorphins bind preferentially to the kappa opioid receptor (KOR) and are involved in a
variety of physiological functions, including pain mediation, thermoregulation,
cardiovascular regulation, water balance, and reproduction (Leadem & Kalra, 1985;
Smith & Gallo, 1997; Zhang & Gallo, 2003; Goodman et al., 2004). Neurons containing
dynorphin mRNA and peptides are located throughout the hypothalamus (Khachaturian
et al., 1982; Khachaturian et al., 1985; Sukhov et al., 1995; Foradori et al., 2005b;
Merchenthaler et al., 1997) in regions such as the preoptic area, anterior hypothalamic
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area, supraoptic nucleus, paraventricular nucleus, dorsomedial nucleus, ventromedial
nucleus, and arcuate nucleus (Foradori et al., 2002). Dynorphin neurons in the preoptic
area and the arcuate (infundibular) nucleus have established roles in the regulation of
reproduction.

The positive feedback effects of ovarian steroids on GnRH secretion are believed
to occur partially through a decrease in the inhibitory tone of dynorphin and the
subsequent disinhibition of GnRH. In rodent models, dynorphin gene expression is
decreased in the preoptic area on proestrus afternoon (Zhang & Gallo, 2003). Push-pull
perfusion of a KOR antagonist or dynorphin antibodies into the MPOA of primed
proestrus rats results in advancement of the surge and ovulation, compared to controls
(Zhang & Gallo, 2002). Whereas, icv injection of dynorphin peptides or KOR agonists
into the 3rd ventricle of proestrus rats results in a dose-dependent inhibition of the LH
surge, restoration of which occurs upon administration of dynorphin and KOR antagonist
mixtures (Zhang et al., 2002). Similarly, ovariectomized ewes exhibit a decline in POA
dynorphin-mRNA expressing neurons, compared to ovary-intact luteal phase ewes
(Foradori et al., 2005a). Thus ovarian steroid withdrawal decreases dynorphin gene
expression, thereby removing dynorphin inhibitory tone and providing a mechanism by
which GnRH levels could be elevated.

While preoptic dynorphin neurons partially mediate the positive feedback effects
of ovarian steroids on GnRH, arcuate dynorphin neurons in the medial basal

35
hypothalamus have an established role in the negative feedback effects of progesterone
on the reproductive axis (Foradori et al., 2005a). The majority of dynorphin neurons in
the arcuate nucleus express estrogen and progesterone receptors (Foradori et al., 2002;
Simerly et al., 1996; Burke et al., 2006) and in the ewe, progesterone modulates
dynorphin gene expression and release (Goodman et al., 2004; Foradori et al., 2005a).
Further, dynorphin axons closely appose and directly synapse on GnRH soma in the
MBH (Goodman et al., 2004) thereby providing anatomical evidence for the regulation of
GnRH neurons by dynorphin.

Colocalization studies have not identified kappa opioid receptor (the preferential
receptors for endogenous dynorphin) gene transcript in GnRH neurons, suggesting that
dynorphin’s effects on GnRH are mediated via an indirect route (Sannella & Petersen,
1997; Todman et al., 2005). Factors which may affect whether dynorphin effects on
GnRH are direct or indirect include variation in kappa opioid receptor expression across
the estrous cycle (Chang et al., 2000) and the binding of dynorphin peptides to nonopioid receptors (Lai et al., 2006). Nonetheless, the involvement of dynorphins in the
regulation of reproduction and the need for further investigation are apparent.

Neurokinin B
Neurokinin B (NKB), along with Substance P and Neurokinin A, comprise the
tachykinin family of peptides (Maggio, 1988). Unlike its relatives which are derived
from the preprotachykinin A gene, NKB is derived from the preprotachykinin B gene
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(Pillon et al., 2003). NKB has been found in peripheral tissue, such as the placenta and
the uterus (Patak et al., 2005) as well as within the central nervous system. Within the
diencephalon of the brain, neurons containing NKB are located in the medial preoptic
area, anterior hypothalamic area, infundibular nucleus, and mammillary nucleus (Tateishi
et al., 1989; Marksteiner et al., 1992; Merchenthaler et al., 1992; Chawla et al., 1997).
NKB neurons have been linked to the hypothalamic regulation of reproduction through
neuroanatomical and pharmacological evidence.

NKB neurons in the infundibular nucleus express ERα (Goubillon et al., 2000;
Burke et al., 2006; Ciofi et al., 2006), offering a means for estrogen modulation of these
neurons. In the rat, as estrogen levels vary across an estrous cycle, so too does NKB gene
expression (Rance & Bruce, 1994). Surgically ovariectomizing animals results in
increased LH levels as well as increases in infundibular NKB gene expression (SandovalGuzmán et al., 2004). Alternatively, both short-term and long-term replacement with
ovarian steroids results in a return of LH to basal levels and an inhibition of NKB gene
expression (Abel et al., 1999; Akesson et al., 1991; Pillon et al., 2003). This effect is
blocked in ERα knock-out mice, but not ERβ knock-out mice (Dellovade &
Merchenthaler, 2004), suggesting that estrogen mediates its effect on NKB neurons
through ERα.

NKB neurons, in turn, are in a prime position to influence GnRH neurons. NKBir fibers in the rat are closely apposed to GnRH cell bodies and fibers (Goubillon et al.,
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2000; Krajewski et al., 2005), both of which contain the NKB receptor, NK3R
(Krajewski et al., 2005; Todman et al., 2005). The presence of NK3R on GnRH soma
and fibers provides an anatomic mechanism for NKB to influence GnRH neurons.
Furthermore, intracerebroventricular injection of senktide, a selective NK3R agonist,
alters the release of LH from the anterior pituitary of rat and sheep (Sandoval-Guzmán &
Rance, 2004; McManus et al., 2005). The ability of an NK3R agonist to influence LH
secretion suggests that endogenous NKB could be acting directly at NK3R on GnRH
neurons to modulate GnRH release.

Potential Implications of Colocalization
Recent research in animal models has identified within the same arcuate neuronal
population, the coexpression of dynorphin, neurokinin B (Foradori et al., 2006; Burke et
al., 2006; Ciofi et al., 2006), and kisspeptin (Goodman et al., 2007). These
neuropeptides are all implicated in the hypothalamic regulation of reproduction
(Sandoval-Guzmán & Rance, 2004; McManus et al., 2005; Gottsch et al., 2006) and offer
interesting possibilities for regulatory networks. Coexpression of multiple neuropeptides
within the same neurons has been extensively documented (Kalra et al., 1997) (Merighi,
2002; Ciofi et al., 2006), yet largely left unknown are the overarching implications of the
colocalization. In this case, given that dynorphin, NKB, and KiSS1 are each affected by
ovarian steroids and, in turn, effect gonadotropes, their presence within the same
infundibular neurons suggests a complex integration of factors. Potential sites of
regulation include transcriptional and translational regulation, vesicular composition,
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neuropeptide release, receptor localization, binding rates, or receptor desensitization, all
of which could contribute to the overall combined effect (Kalra et al., 1997; Merighi,
2002). The overall combined effect of the neuropeptides released from these
infundibular neurons at various points in the estrous cycle offers an interesting area of
future research.

Menopause Overview
Menopause can be simply defined as the cessation of menses; yet with this
cessation (and prior to it) come a vast, complex array of physiological changes which
affect health and quality of life. These changes, culminating with the termination of
menses at the average age of 51, alter the reproductive axis. The alterations are a
consequence of the ovary being diminished of oocytes, resulting in amenorrhea, ovarian
steroid withdrawal, and increased levels of circulating gonadotropes (Fig. 2) (Rossmanith
et al., 1991; Santoro, 2005; Soules et al., 2001; Practice Committee of the American
Society for Reproductive Medicine, 2004). The exact cause of menopause is still in
dispute, yet two main hypotheses exist: the ovary hypothesis and the hypothalamic
hypothesis. The ovarian hypothesis states that the initial trigger to the menopause
transition is the age-associated decline in number of ovarian follicles (vom Saal et al.,
1994; Wu et al., 2005), whereas hypothalamic hypothesis identifies the root cause of
menopause as age-associated changes within the hypothalamus that alter the reproductive
cycle (te Velde et al., 1998; Scarbrough & Wise, 1990; Wise et al., 1991).
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The clinical manifestation of menopause differs from individual to individual and
is affected by a variety of factors, including scientific, physiologic, societal, and cultural
influences. Regardless of her symptoms, a woman is not considered postmenopausal
until she has been without menses for one continuous year. The changes associated with
menopause, however, can be seen much earlier in the woman’s life. The first marked
changes occur during the Late Reproductive Period and are noted by a gradual increase in
FSH levels (Sherman & Korenman, 1975) and a decline in inhibins (Sherman et al.,
1976). The menopausal transition, or the perimenopausal period, is denoted by two
stages, the Early Menopausal Transition and the Late Menopausal Transition (Soules et
al., 2001; Djahanbakhch et al., 2007). These stages are marked by irregular or skipped
cycles as well as increased circulating FSH levels. The Early Postmenopausal Period
extends for five years after the final menstrual period and is largely characterized by
vasomotor symptoms, commonly known as hot flushes. The Late Postmenopausal Period
continues until the end of the individual’s life (Practice Committee of the American
Society for Reproductive Medicine, 2004; Santoro, 2005). Because of the increase in life
expectancy, the average woman living in a developed country will spend one-third of her
life in a postmenopausal state (Genazzani et al., 2007).

While the endocrine changes are fairly uniform and inevitable, the physiological
changes vary greatly between individuals. During the menopause, alterations in the
reproductive axis often lead to hot flushes, urinary tract disorders, vaginal dryness, mood
disorders and increased risks of cardiovascular disease and osteoporosis (Derry, 2004).
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To help relieve symptoms and sufferings, women were commonly prescribed Premarin
(conjugated equine estrogen) and Prempro (conjugated equine estrogen plus
medroxyprogesterone). Premarin was given to women without a uterus, and Prempro
was given to women with a uterus. These prescription medications were believed to help
prevent the menopausal symptoms and protect against postmenopausal pathologies.
Because of the extensive use of these therapies, the Women’s Health Initiative (WHI)
was launched in 1991, to examine the effects of these hormone replacements on
postmenopausal women across the country. The WHI included two branches, the
estrogen-alone study, in which women without a uterus where given Premarin; and the
estrogen plus progesterone study, in which Prempro was given to postmenopausal women
who had a uterus (Derry, 2004).

The findings of the WHI were expansive, yet both branches of the study were
prematurely discontinued due to the unexpected risks of the therapies. In the estrogenalone study, there was a decreased risk of hip-fracture, increased risk of stroke, and no
clear effect on heart disease or breast cancer (Prentice & Anderson, 2008; Harman,
2006). The E+P trial demonstrated a decreased risk of osteoporosis, decreased risk of
endometrial cancer, increased risks of breast cancer, stroke, coronary heart disease, and
ovarian cancer (Derry, 2004; Wassertheil-Smoller et al., 2003; Harman, 2006). The fact
that simply replacing ovarian steroids yielded harmful results demonstrated the
complexity of the role of ovarian steroids. Further, the results of the WHI emphasized
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the need for extensive exploration of the reproductive axis and the changes that it
undergoes during and after the menopausal transition.

Reproductive Axis Changes Associated with the Menopausal Transition
While the need for further investigation is immense, some perimenopausal and
postmenopausal reproductive axis changes are well established. The first identifiable
change in the reproductive axis occurs in premenopausal women who are in their late
reproductive stage of life. These changes include an initial decline in number of ovarian
follicles and a subsequent decrease in inhibin B (Santoro, 2005). This decrease in inhibin
B causes a disinihibition of pituitary FSH, thereby resulting in increased serum FSH
levels. In a positive feedback cycle, the increase in FSH then recruits more follicles in a
given cycle, resulting in the destruction of more follicles via atresia and decreasing
amounts of inhibin B due to the smaller follicular pool. Menstrual cycles become
irregular and the ovary shrinks (Santoro, 2005). Even amidst shortened or irregular
cycles, inhibin A and estradiol serum levels are conserved until the late menopausal
transition. Eventually, however, as the decline in ovarian follicles accelerates, inhibin A
and estradiol levels do decrease. This adds further to the decline in negative feedback
effects on the reproductive axis, resulting in even further increases in circulating FSH and
LH (Rossmanith et al., 1991).
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Hypothalamic Alterations Associated with Postmenopausal Period
In 1966, Sheehan and Kovacs described a subset of neurons in the hypothalamic
infundibular nucleus of postmenopausal women which display neuronal hypertrophy
(Sheehan & Kovács, 1966). These neurons exhibit increased nuclear and nucleoli size as
well as increased Nissl substance (Sheehan & Kovács, 1966), changes which the
investigators attributed to ovarian steroid loss. Little was done with this observation until
the early 1990s, when these hypertrophied infundibular neurons were found to express
ER α mRNA, indicating that they can be regulated by estrogen (Rance et al., 1990).
Further, these hypertrophied neurons displayed increased levels of NKB gene transcript
(Rance & Young, III, 1991), when compared to hypothalami from premenopausal
women. Because of the multiple variables (namely age and reproductive steroid
environment) associated with menopause, non-human primate models were used to
investigate if the postmenopausal neuronal hypertrophy and increased NKB gene
expression were likely due to age or ovarian steroid environment. Compared to ovaryintact controls, ovariectomized, young-adult, cynomolgus monkeys exhibited neuronal
hypertrophy and increased amounts of NKB mRNA in the infundibular nucleus
(Sandoval-Guzmán et al., 2004). Additionally, treatment of ovariectomized monkeys
with ovarian steroids resulted in a decline in NKB gene expression to undetectable levels
(Abel et al., 1999), suggesting that the hypertrophy and increased NKB transcription are
secondary to ovarian steroid withdrawal.
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In a separate population of medial basal hypothalamic neurons, there is a
postmenopausal increase in GnRH gene transcript (Rance & Uswandi, 1996). These
neurons display increased GnRH transcript compared to premenopausal women but do
not demonstrate neuronal hypertrophy. These changes are duplicated in non-human
primate models of menopause (Sandoval-Guzmán et al., 2004) and are reversed by
ovarian steroid treatment (Krajewski et al., 2003). Further, studies in monkeys with
surgically-induced menopause reveal an increase in GnRH secretion into the hypophyseal
portal capillaries (Chongthammakun & Terasawa, 1993). Meaurement of GnRH
secretion in old, postmenopausal monkeys demonstrated an increase in GnRH secretion
but no difference in pulse frequency when compared to younger animals (Engnell et al.,
2002). These increases in GnRH gene expression and secretion likely contribute to the
increased levels of circulating gonadotropins seen in postmenopausal and ovariectomized
monkeys. Yet, while GnRH neurons have ERβ and ovarian steroids may directly affect
GnRH gene expression, GnRH neurons also express receptors for multiple neuropeptides
and are modulated by upstream estrogen-regulated neurons, including but not limited to
NKB, kisspeptin, and dynorphin neurons.

Non-Human Primate Model of Menopause
The human menopausal period is confounded by two overlapping factors: ovarian
status and advancement of age. Determining the causative factor is consequently a
complicated feat. To help distinguish between differences associated with ovarian steroid
milieu and age, animal models are often used. Animal models provide the opportunity to
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control for age while altering ovarian steroid environment. Rodent models are often used
for experimentation, yet the majority of rodent strains do not menstruate nor are their
reproductive cycles similar to human reproductive cycles. Female cynomolgus monkeys,
on the other hand, have menstrual cycles which are similar to that of humans (Jewett &
Dukelow, 1972). Further, the patterns and temporal release of reproductive hormones
mirror the reproductive rhythms of the human (Hodgen et al., 1977). Ovariectomy of
young monkeys results in oblation of ovarian steroid levels and marked increases in
gonadotropin levels, similar to that seen with the human menopause. The similiarities
between human and monkey reproductive systems suggest that monkeys make an
excellent model for studying reproductive changes associated with menopause.

Purpose
Despite the numerous neuronal alterations associated with menopause, much
research is yet to be performed. There is increased evidence of kisspeptin’s involvement
in reproductive control in animals, yet no studies have examined KiSS-1 mRNA
expression in the human hypothalamus, or its changes with reproductive aging and
menopause. Based on the large amount of recently published data implicating kisspeptin
as a major stimulator of the reproduction axis, as well as estrogen’s ability to modify
kisspeptin expression, we hypothesize that kisspeptin is intricately involved with the
regulation of the reproductive axis and that the expression of kisspeptin is altered by the
ovarian steroid environment. In Chapter 2, therefore, we map the location of KiSS-1
mRNA neurons in the female human hypothalamus. Next, we examine KiSS-1 gene
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expression and neuronal morphology in the hypothalamus of pre and postmenopausal
women as well as a non-human primate model of menopause.

In addition to the role of kisspeptin in reproduction, recent studies have also
implicated dynorphin as a hypothalamic regulator of reproduction. Because dynorphin
has been shown to inhibit the reproductive axis, we hypothesize that dynorphin mRNA
expressing neurons are decreased in the hypothalami of postmenopausal women. In
Chapter 3, we therefore explore alterations in dynorphin gene expression in the
hypothalami of pre and postmenopausal women. Additionally, in Chapter 4, we utilize a
non-human primate model of menopause to investigate dynorphin gene expression under
altered hormonal conditions.

Lastly, in Chapter 5, we seek to develop a methodology to allow the simultaneous
investigation of multiple mRNA sequences. Our long-term goal is to determine the
extent of neuropeptide mRNA colocalizations within the hypertrophied infundibular
neurons of postmenopausal women. The colocalization patterns within the same neurons
will allow further understanding of the hypothalamic reproductive circuitry and how the
various neuropeptides influence and are influenced by the reproductive axis.
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CHAPTER 2:
HYPERTROPHY AND INCREASED GENE EXPRESSION OF KISSPEPTIN
NEURONS IN THE HYPOTHALAMIC INFUNDIBULAR NUCLEUS OF
POSTMENOPAUSAL WOMEN
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Abstract
Human menopause is associated with ovarian failure and neuronal hypertrophy
within the hypothalamic infundibular (arcuate) nucleus. Recent studies have shown that
the kisspeptins, peptide products of the KiSS-1 gene, are modulated by estrogen and are
essential regulators of the reproductive axis. In this study, hybridization histochemistry
was used to compare the morphology and gene expression of KiSS-1 neurons in the
hypothalamus of premenopausal and postmenopausal women. Examination of serial
hypothalamic sections revealed that neurons expressing KiSS-1 gene transcripts were
predominantly in the infundibular nucleus. KiSS-1 expressing neurons in the
infundibular nucleus of postmenopausal women were increased in number and exhibited
hypertrophied somata. Quantitative analysis confirmed a marked increase in the number
of KiSS-1 neurons, the size of these neurons and the number of autoradiographic
grains/neuron in the infundibular nucleus of postmenopausal women. To determine if
these changes could be due to ovarian failure, we examined the effects of long-term
ovariectomy and steroid replacement on neurons expressing KiSS-1 mRNA in the
infundibular nucleus of young, cynomolgus monkeys. Similar to postmenopausal
women, ovariectomy induced neuronal hypertrophy and a striking increase in KiSS-1
gene expression. Estrogen replacement reduced KiSS-1 gene expression in the
infundibular nucleus of ovariectomized, cynomolgus monkeys to near undetectable
levels, suggesting that the changes in kisspeptin neurons in postmenopausal women are
secondary to loss of ovarian estrogen. Given the important role of the kisspeptins in
reproductive regulation, our studies provide evidence that infundibular neurons
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expressing KiSS-1 mRNA participate in the hypothalamic circuitry regulating estrogen
negative feedback in the human.
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Introduction
The menopause signals a profound loss of reproductive function in aging women.
Degeneration of ovarian follicles initiates a cascade of events that culminates with the
loss of menstrual cyclicity, a reduction in ovarian hormones to castrate levels and
hypersecretion of gonadotropins from the anterior pituitary gland. Although this process
has significant repercussions throughout the body and affects a large proportion of our
society, the neuro-endocrine control mechanisms that accompany menopause are poorly
understood.

A pronounced enlargement of neurons occurs in the hypothalamic infundibular
(arcuate) nucleus of postmenopausal women (Sheehan & Kovács, 1966; Rance et al.,
1990; Rance & Young, III, 1991; Abel & Rance, 2000). This cellular hypertrophy is
characterized by increased Nissl substance (indicative of increased protein synthesis) and
enlarged nuclei and nucleoli suggesting increased neuronal activity (Rance & Young, III,
1991; Abel & Rance, 2000). The neuronal hypertrophy does not appear to be a
compensatory response to cell degeneration because there is neither cell loss nor signs of
a pathological process in the infundibular nucleus of older women (Rance et al., 1990;
Abel & Rance, 2000). Hybridization histochemistry studies have shown that the
hypertrophied neurons express estrogen receptor α (ERα) and neurokinin B (NKB)
mRNA and that menopause is associated with a striking increase in NKB gene expression
(Rance et al., 1990; Rance & Young, III, 1991). Remarkably, ovariectomy of young,
cynomolgus monkeys produces identical changes (Sandoval-Guzmán et al., 2004),
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providing strong evidence that the hypertrophy and increased NKB gene expression in
postmenopausal women is secondary to the ovarian failure of menopause. Because the
hypertrophy occurs in a subpopulation of ERα mRNA expressing neurons in concert with
estrogen withdrawal and gonadotropin hyper-secretion, it has been proposed that these
hypertrophied neurons participate in the hypothalamic circuitry regulating estrogen
negative feedback (Rance et al., 1990).

In 2003, two reports documented that mutations in the G protein coupled receptor
54 (GPR54) result in hypogonadotropic hypo-gonadism, a condition of reproductive
immaturity secondary to low gonadotropin secretion (de Roux et al., 2003; Seminara et
al., 2003). Since these seminal reports, a wealth of information in experimental animals
has accumulated showing that kisspeptins, the endogeneous peptide ligands of GPR54,
play an important role in the regulation of LH secretion (Dungan et al., 2006) and the
initiation of puberty (Shahab et al., 2005). Kisspeptins are potent stimulators of LH
secretion in mice, rats, monkeys, sheep and men and thus their effects are widely
conserved among mammalian species (for reviews see (Seminara, 2005; Dungan et al.,
2006). Exogenous administration of kisspeptin activates gonadotropin-releasing
hormone (GnRH) neurons (Han et al., 2005) and stimulates GnRH secretion (Messager et
al., 2005). GnRH neurons express GPR54 mRNA (Irwig et al., 2004; Han et al., 2005;
Messager et al., 2005) and are closely apposed by kisspeptin-immunoreactive fibers
(Clarkson & Herbison, 2006; Kinoshita et al., 2005). Taken together, these data suggest
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that the kisspeptins act directly on GnRH neurons through GPR54 to stimulate
gonadotropin release.

In laboratory rodents and sheep, kisspeptin neurons express ERα (Smith et al.,
2005;Franceschini et al., 2006) and kisspeptin gene (KiSS-1) expression is increased in
the arcuate nucleus in response to ovariectomy (Smith et al., 2005; Kinoshita et al., 2005;
Roa et al., 2006; Smith et al., 2007). Based on these data, we hypothesized that KiSS-1
gene transcripts would be localized within the hypertrophied neurons in postmenopausal
women and KiSS-1 mRNA would be increased in association with the ovarian failure of
menopause. In the present study, hybridization histochemistry was used to map the
distribution of neurons expressing KiSS-1 mRNA in the human hypothalamus, evaluate
whether KiSS-1 mRNA is expressed in the hypertrophied infundibular neurons and
determine if menopause is associated with changes in KiSS-1 gene expression. Because
comparisons of premenopausal and post-menopausal women are complicated by two
variables (age and ovarian status), additional studies were conducted to determine the
effects of ovariectomy and hormone replacement on KiSS-1 neurons in the infundibular
nucleus of young, cynomolgus monkeys. A finding of KiSS-1 mRNA within the
hypertrophied neurons would lend strong support for the hypothesis that these neurons
are involved in the regulation of estrogen negative feedback in the human.
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Research Design and Methods
Exp 1: Localization of neurons expressing KiSS-1 mRNA in the human
hypothalamus. The subjects were 8 premenopausal women (32 ± 2.7 years of age, range
21-41) and 9 postmenopausal women (72 ± 2.7 years of age, range 59-86) who died of
sudden, unexpected causes (trauma, myocardial infarct, arrhythmia or pulmonary
embolus). The specimens were collected and data recorded in such a manner that subjects
could not be identified in accordance with the guidelines set forth in Federal Register
46.101 and the Human Subjects Committee at the University of Arizona. The postmortem
interval was not significantly different between the two groups (premenopausal 13.2 ±
2.4 hours; postmenopausal 15 ± 2.3 hours). There was no history of estrogen
replacement, drug use, or chronic systemic illness other than atherosclerosis.
Endometrial samples were examined to determine reproductive status. At autopsy, each
brain was bisected in the midsagittal plane, and hypothalamic blocks were dissected and
frozen in isopentane at -30PoPC. The hypothalami were then sagittally sectioned (20 µm
thickness) in a cryostat, thaw mounted onto gelatinized slides and stored at -80PoP C.
Hybridization histochemistry was performed on every 10th section throughout the medial
hypothalamus. Sections were systematically examined using both brightfield and
darkfield microscopy to evaluate the distribution of labeled neurons.

Exp 2: Quantitative analysis of neurons expressing KiSS-1 mRNA in the
infundibular nucleus of premenopausal and post-menopausal women. Sections from
the hybridization histochemistry procedure (above) were matched to Fig. 4-4 from Nauta
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and Haymaker (Nauta & Haymaker, 1969). At this level of the hypothalamus, the
infundibular nucleus has a well-defined border that is clearly delineated from the
ventromedial nucleus. Quantitative computer microscopy was used to determine the
number of infundibular neurons labeled with the KiSS-1 probe, the size of labeled
neurons and the number of autoradiographic grains/neuron.

Exp 3: Effects of ovariectomy on neurons expressing KiSS-1 mRNA in the
infundibular nucleus of young, cynomolgus monkeys. Sections were selected from the
hypothalami of 9 intact and 9 ovariectomized (OVX) young-adult, cynomolgus monkeys
(8-10 years of age, Macaca fascicularis). The endocrine status of these monkeys has
been described previously (Sandoval-Guzmán et al., 2004). Animal treatments were
carried out in compliance with state and federal laws, standards of the Department of
Health and Human Services, and the guidelines of the Institutional Animal Care and Use
Committee at the Wake Forest School of Medicine and the University of Arizona.
Animals were fed (ad libitum) a diet low in phytoestrogens and were sacrificed between
10-16 months following ovariectomy. Intact monkeys were sacrificed in the follicular
phase. Hypothalamic tissue blocks were snap- frozen and coronally sectioned in a
cryostat (12 µm thickness). The sections were mounted on gelatinized slides and stored at
-80PoPC. Hybridization histochemistry was per-formed on two sections from each animal
matched to plate 840 of a monkey hypothalamic atlas (Bleier, 1984). At this level, the
infundibular nucleus has a distinct arcuate shape and is well-delineated from the
ventromedial nucleus. Quantitative computer microscopy was used to determine the
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number of infundibular neurons labeled with the KiSS-1 probe, the somatic size of
labeled neurons and the number of autoradiographic grains/neuron.

Exp 4: Effects of hormone replacement on neurons expressing KiSS-1 mRNA in the
infundibular nucleus of young, ovariec-tomized. cynomolgus monkeys. Sections were
selected from hypothalami of 24 young, adult, female, cynomolgus macaques (5-13 years
of age). These monkeys had been ovariectomized and two years later received either no
treatment (OVX), continuous estrogen treatment (OVX + E, conjugated equine estrogen,
Wyest Ayerst Laboratories, Radnor PA) or continuous estrogen plus progesterone (OVX
+ EP, conjugated equine estrogen plus medroxy-progesterone, ESI Lederle, Philadelphia,
PA). The hormone treatments were administered orally in amounts calculated to be
equivalent to a daily clinical dose of 0.625 mg conjugated equine estrogen or 2.5 mg
medroxyprogesterone. Hormone replacement was given for a total of 30 months before
sacrifice. For detailed information on the experimental design and hormone replacement
regimens of these animals see (Abel et al., 1999). Processing of hypothalamic sections
was as described in Exp. 3. Quantitative computer microscopy was used to analyze the
number of neurons labeled with the KiSS-1 probe in the infundibular nucleus. Because
of the scant numbers of neurons detected in the hormone-replaced groups, further
analysis of cell size and grain number was not performed.

Hybridization histochemistry: Both human and monkey sections were hybridized as
previously described (Rance et al., 1994) with a synthetic [35S] 48-base radiolabeled
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cDNA probe complementary to bases 638-685 of the human KiSS-1 gene (Gene Bank,
NM_002256). Genebank searches showed this sequence to have no significant homology
to other mammalian central nervous system genes. All slides were processed within the
same hybridization procedure. After stringent washes, the slides were dried, dipped into
Kodak NTB nuclear emulsion (diluted 1:1 with water) and stored in the dark at 4ºC. Test
slides were developed at different times to determine the optimum exposure length of
four weeks. Sections were counterstained with toluidine blue. Control sections using a
radiolabeled KiSS-1 sense probe yielded no labeling in both human and monkey sections.
Additional support for probe specificity was the identical pattern of labeling in the
cynomolgus monkey infundibular nucleus to that previously described in rhesus monkeys
using a 35S-UTP-labeled cRNA KiSS-1 probe (Shahab et al., 2005).

Quantitative Analysis: Labeled neurons (silver grains >5X background) were manually
marked using an image-combining computer microscope equipped with a Lucivid
miniature CRT, a motorized stage and Neurolucida Software (Microbrightfield,
Colchester, VT). All labeled neurons within the selected sections of infundibular nucleus
were marked and counted. Unbiased stereological procedures were used (Stereo
Investigator Software, Microbrightfield) to randomly select approximately 40 (human) or
20 (monkey) KiSS-1 neurons in each section for measurements of cell perimeter and
grain number. Images of these neurons were captured at 60X with an Optronics camera
and imported into Simple PCI software for analysis (Compix Inc., Cranberry Township,
PA). The cell perimeters were manually digitized for calculations of cell area and image
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analysis was used to quantify the number of autoradiographic grains/neuron. For
statistical comparisons between groups, the average numbers of labeled cells/section, cell
areas or numbers of autoradiographic grains/neuron were calculated for each individual
human or monkey subject. These values were used to compute group means and
standard errors. Student’s t-tests were used to compare two groups (Exp. 2 and 3).
Comparisons among three groups (Exp. 4) were analyzed using one-way ANOVA with a
Tukey’s post hoc test (α=0.05). Values are expressed as the mean ± SEM.

Results
Exp 1: Neurons expressing KiSS-1 mRNA were localized predominantly in the
infundibular nucleus of the human hypothalamus. Systematic examination of serial
sections through the medial hypothalamus of premenopausal and postmenopausal women
revealed that KiSS-1 neurons were found predominantly in the infundibular nucleus (Fig.
1). Rare, sparsely-labeled neurons were scattered elsewhere within the hypothalamic
sections, but these neurons were not grouped in discrete foci. Extensive study of medial
hypothalamic sections did not reveal a focus of KiSS-1 neurons in a distribution
homologous to the anteroventral periventricular (AVPV) nucleus of the rodent (Smith et
al., 2005).

Qualitative inspection revealed a marked increase in the number of labeled KiSS1 mRNA expressing neurons in the infundibular nucleus of postmenopausal women (Fig.
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1). As previously described (Sheehan & Kovács, 1966; Rance et al., 1990; Abel &
Rance, 2000), numerous neurons in the infundibular nucleus of postmenopausal women
displayed morphological features of hypertrophy (Fig. 2) and most of these hypertrophied
neurons were labeled with the KiSS-1 probe. No changes in the number or morphology
of labeled KiSS-1 neurons were observed in any hypothalamic region other than the
infundibular nucleus.

Exp 2: Hypertrophy and increased gene expression of KiSS-1 neurons in the
infundibular nucleus of postmenopausal women. Quantitative analysis revealed that
the average number of neurons expressing KiSS-1 mRNA in the infundibular nucleus
more than doubled in the postmenopausal women (premenopausal, 159.0 ± 38.9
neurons/section, n=8; postmenopausal, 367.9 ± 53.3 neurons/section, n=9, p< 0.01; Fig.
3). The mean profile area of KiSS-1 mRNA-expressing neurons was also significantly
increased in the postmenopausal infundibular nucleus (premenopausal, 221.9 ± 11.6 µm2,
n=7; postmenopausal, 280.9 ± 17.4 µm2, n=7; p< 0.05). Finally, there was more than a
two-fold increase in the average number of autoradiographic grains per KiSS-1 neuron in
the postmenopausal women (premenopausal, 41.9 ± 5.0 grains/neuron, n=7;
postmenopausal, 101.1 ± 21.9 grains/neuron, n=7; p< 0.05).

Exp 3: Ovariectomy of young, cynomolgus monkeys resulted in hypertrophy and
increased gene expression of KiSS-1 neurons in the infundibular (arcuate) nucleus.
KiSS-1 mRNA-expressing neurons were concentrated within the infundibular nucleus of
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intact and OVX cynomolgus monkeys (Fig. 4). Qualitative inspection revealed a marked
increase in the number of KiSS-1 mRNA-expressing neurons in the OVX group and
many of these neurons exhibited a hypertrophied morphology (Fig. 4 and 5). This
observation was confirmed by quantitative analysis. The detection of neurons expressing
KiSS-1 mRNA more than doubled in the OVX monkeys (intact, 25.7 ± 3.4
neurons/infundibular section, n=8; OVX, 66.8 ± 7.1 neurons/section, n=8; p< 0.001, Fig.
3) and the mean neuronal profile area of KiSS-1 neurons was significantly increased
(intact, 155.4 ± 6.9 µm2, n=8; OVX, 222.2 ± 11.7 µm2, n=8; p< 0.001). The average
number of autoradiographic grains per KiSS-1 neuron tripled in the OVX monkeys
(intact 28.4 ± 1.8 grains/neuron, n=8; OVX, 86.4 ± 4.8 grains/neuron, n=8; p< 0.001).

Exp 4: Estrogen or estrogen plus progesterone replacement suppressed KiSS-1 gene
expression to near undetectable levels in the infundibular nucleus of ovariectomized
cynomolgus monkeys. The distribution, cell number, size and grain number of KiSS-1
mRNA-expressing neurons in the infundibular nucleus of the OVX monkeys in this
experiment was similar to the OVX group described in Exp. 3. In contrast, only a few
neurons were detected in the OVX animals treated with estrogen or estrogen plus
progesterone (OVX, 60.4 ± 18.9 neurons/section, n=8; OVX + E, 2.1 ± 0.8
neurons/section, n=7; OVX + EP, 2.1 ± 0.7 neurons/section, n=7; p< 0.001; Fig 6).
Further analysis of cell size and grain number was not conducted because of the
inadequate numbers of neurons in both of the hormone replaced groups.

61
Discussion
Menopause is associated with ovarian failure, gonadotropin hypersecretion and
hypertrophy of neurons within the hypothalamic infundibular nucleus. In the present
study, we identify KiSS-1 gene transcripts within the hypertrophied neurons and show a
marked increase in KiSS-1 gene expression in the infundibular nucleus of
postmenopausal women. Ovariectomy of young, cynomolgus monkeys resulted in
increased KiSS-1 neuronal size, increased detection of labeled neurons and increased
autoradiographic grains/cell that was remarkably similar to that seen in postmenopausal
women. Conversely, estrogen or estrogen plus progesterone replacement given to
ovariectomized monkeys reduced the detection of KiSS-1 mRNA-expressing neurons in
the infundibular nucleus to near undetectable levels. Our studies of cynomolgus
monkeys provide strong evidence that the changes in KiSS-1 neuronal morphology and
gene expression in the infundibular nucleus of postmenopausal women are secondary to
loss of ovarian estrogen.

The localization of the changes in Kiss-1 gene expression to the human
infundibular nucleus supports the concept that the medial basal hypothalamus (MBH) is
the control center for reproduction in the primate. Classic studies in rhesus monkeys
showed preservation of both the positive and negative feedback effects of estrogen after
removal of all neural input to the MBH (Krey et al., 1975). Furthermore, multiunit
volleys of electrical activity that are synchronized with pulses of LH in the peripheral
circulation have been recorded within the monkey infundibular nucleus (Knobil, 1990).
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The cellular origin of this “GnRH pulse generator” is not known, but the number of
volleys increases after ovariectomy over a time course consistent with cellular
remodeling (O'Byrne et al., 1993) and it is profoundly inhibited by estrogen replacement
(Kesner et al., 1987). The importance of the MBH in human reproduction is also
supported by the identification of GnRH neurons in this location (Stopa et al., 1991;
Rance et al., 1994). GnRH neurons in the MBH exhibit increased levels of gene
expression in postmenopausal women (Rance & Uswandi, 1996) and these changes are
duplicated by ovariectomy of young cynomolgus monkeys (Sandoval-Guzmán et al.,
2004). The kisspeptin receptor (GPR54) has also been identified in the monkey MBH
(Shahab et al., 2005), but the location of GPR54 in the human hypothalamus has not yet
been described.

Examination of serial sections throughout the human hypothalamus showed a
relatively restricted distribution of neurons expressing KiSS-1 mRNA to the infundibular
nucleus. In particular, a focus of kisspeptin neurons was not identified in a distribution
homologous to the AVPV of the mouse (Smith et al., 2005). We cannot exclude the
possibility that the failure to reveal a significant numbers of kisspeptin neurons in the
AVPV is due to a limitation in the sensitivity of our detection methods. However,
kisspeptin neurons have not been identified in the AVPV of the ewe using either
hybridization histochemistry or immunocytochemical methods. Thus, there may be
limited conservation among mammalian species in the localization of kisspeptinexpressing neurons in the AVPV.
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KiSS-1 mRNA was identified in the majority of the hypertrophied neurons in the
infundibular nucleus of postmenopausal women. In our previous studies, we
demonstrated that the majority of hypertrophied neurons expressed ERα and NKB
mRNA (Rance et al., 1990; Rance & Young, III, 1991). Furthermore, the distribution
and morphology of ERα and NKB neurons in the human infundibular nucleus was
identical to the kisspeptin neurons described here (Rance et al., 1990; Rance & Young,
III, 1991). These data provide indirect evidence that kisspeptin, NKB and ERα are
colocalized within the same subpopulation of hypothalamic neurons. Our findings are
consistent with the descriptions of ERα colocalization with kisspeptin or NKB in the
arcuate nucleus of other species (Goubillon et al., 2000; Smith et al., 2005; Franceschini
et al., 2006). Moreover, estrogen suppresses both KiSS-1 (Smith et al., 2005; Smith et
al., 2007) and NKB (Rance & Bruce, 1994; Abel et al., 1999; Pillon et al., 2003) gene
expression in the arcuate nucleus of ovariectomized animals and this effect is eliminated
in ERα-knockout mice (Dellovade & Merchenthaler, 2004; Smith et al., 2005).
Interestingly, NKB neurons in the primate infundibular nucleus are modulated by gonadal
steroids in a fashion identical to the KiSS-1 neurons described here. In post-menopausal
women, there is increased detection of NKB mRNA-expressing neurons, neuronal
hypertrophy and increased numbers of autoradiographic grains (Rance & Young, III,
1991). Similarly, ovariectomy results in increased size and gene expression of NKB
neurons in the infundibular nucleus of young, cynomolgus monkeys (Sandoval-Guzmán
et al., 2004). Finally, estrogen or estrogen plus progesterone replacement suppresses
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NKB gene expression to below detectable levels in ovariectomized monkeys (Abel et al.,
1999). NKB has also been implicated in the control of GnRH secretion in experimental
animals (Goubillon et al., 2000; Sandoval-Guzmán & Rance, 2004; Krajewski et al.,
2005; McManus et al., 2005; Ciofi et al., 2006). Thus, kisspeptin and NKB could
modulate the reproductive axis in a synergistic manner.

The present study contributes to the understanding of the neuroendocrine control
mechanisms in postmenopausal women. After the menopause, there are age-related
changes in the reproductive neuroendocrine axis (Hall, 2004), but in contrast to the
complete failure of the ovaries, many aspects of hypothalamic function appear preserved.
Negative feedback effects of estrogen and progesterone on gonadotropin pulses and
GnRH secretion are maintained in older postmenopausal women (Gill et al., 2002a).
Furthermore, the quantity of GnRH secreted (estimated by competitive receptor
blockade) is increased after the menopause (Gill et al., 2002b), consistent with the
elevated GnRH gene expression observed in the MBH of postmenopausal women (Rance
& Uswandi, 1996). These data provide evidence that the neuroendocrine axis in
postmenopausal women responds to removal of steroid negative feedback by increasing
the secretion of GnRH from the hypothalamus. Based on the present studies of
cynomolgus monkeys, the hypertrophy and elevation of KiSS-1 gene expression in
postmenopausal women also appears to reflect a compensatory response to loss of
ovarian estrogen. Given the stimulatory effects of kisspeptin on GnRH secretion and the
essential role of GPR54 in the regulation of reproduction, kisspeptin neurons in the
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infundibular nucleus are prime candidates for mediating estrogen negative feedback in
the human. Taken together, our studies suggest that hypothalamic kisspeptin neurons play
a role in the elevation of gonadotropin secretion in postmenopausal women.

.
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Figure 2.1:
Computer-assisted maps showing the distribution of neurons expressing KiSS-1 mRNA
in representative sections from a premenopausal (A) and a postmenopausal (B) woman.
Neurons expressing KiSS-1 mRNA were predominantly located in the infundibular
nucleus of both groups. A marked increase in the number of neurons expressing KiSS-1
mRNA was observed in the infundibular nucleus of postmenopausal women.
symbol represents one labeled neuron.

Each

The arrow indicates the location of the

infundibular nucleus. Abbreviations: ac, anterior commissure; fx, fornix; INF,
infundibular nucleus; MB, mammillary body; MPOA, medial preoptic area; oc, optic
chiasm; PH, posterior hypothalamus. Scale Bar = 2 mm.
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Figure 2.2:
Representative photomicrographs of KiSS-1 neurons in the infundibular nucleus of a
premenopausal (A) and postmenopausal (B) woman. The grains mark the location of
KiSS-1 mRNA and the sections are counterstained with toluidine blue. Most of the KiSS1 neurons in the postmenopausal group were hypertrophied and associated with increased
numbers of autoradiographic grains. Scale bar = 10 µm.
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Figure 2.3:
Changes in neuronal morphology and KiSS-1 gene expression in the infundibular nucleus
of premenopausal and postmenopausal women (A,B,C) or the infundibular nucleus of
intact and ovariectomized young, cynomolgus monkeys (D, E, F). Figure 3A shows the
mean number of neurons expressing KiSS-1 mRNA in sagittal human sections and 3D
shows the mean number of neurons in unilateral coronal sections in the monkey. 3B and
E show the mean profile area of KiSS-1 neurons (µm2), and C and F show the mean
number of autoradiographic grains per labeled neuron.

Postmenopausal women

exhibited increased size and gene expression of KiSS-1 neurons in the human
infundibular nucleus which were remarkably similar to the changes induced by
ovariectomy of young, cynomolgus monkeys. Values are expressed as mean ± SEM.
* Significantly different from premenopausal (A) or intact (D, E, F), p< 0.001.
** Significantly different from premenopausal (B, C), p< 0.05.
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Figure 2.4:
Computer-assisted maps showing the distribution of KiSS-1 neurons in representative
sections from an intact (A) and an OVX (B) monkey. The number of neurons expressing
KiSS-1 mRNA was significantly increased in the infundibular nucleus of the OVX group.
Each symbol represents one labeled neuron.

The arrow indicates the location of the

infundibular nucleus. Abbreviations: 3V, third ventricle; INF, infundibular nucleus; me,
median eminence; ot, optic tract. Scale bar = 1 mm.
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Figure 2.5:
Representative photomicrographs of neurons in the infundibular nucleus of intact (A) or
OVX (B) cynomolgus monkeys labeled with the KiSS-1 probe. The autoradiographic
grains mark the location of KiSS-1 mRNA and the sections have been counterstained
with toluidine blue. Similar to the postmenopausal women, the KiSS-1 neurons in the
OVX group were hypertrophied and displayed an increased number of autoradiographic
grains. Scale bar = 10 µm.
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Figure 2.6:
Effects of estrogen or estrogen plus progesterone replacement on the number of neurons
expressing KiSS-1 mRNA in a unilateral section of the infundibular nucleus of young,
cynomolgus monkeys. The graph shows a reduction in the number of KiSS-1 neurons to
near undetectable levels after hormone replacement. OVX (ovariectomized); OVX+E
(ovariectomized plus estrogen); OVX+EP (ovariectomized plus

estrogen and

progesterone).
Values are expressed as mean ± SEM. * Significantly different from OVX, p< 0.001.
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CHAPTER 3
CHANGES IN DYNORPHIN GENE EXPRESSION IN THE HYPOTHALAMUS OF
POSTMENOPAUSAL WOMEN
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Abstract
Human menopause is characterized by ovarian failure, gonadotropin
hypersecretion and hypertrophy of neurons expressing neurokinin B (NKB) and KiSS-1
mRNA within the hypothalamic infundibular nucleus. In the arcuate (infundibular)
nucleus of laboratory animals, NKB and KiSS-1 are colocalized with dynorphin, an
endogenous opioid peptide. In this study, we determine if there are alterations in the
number of neurons expressing dynorphin mRNA in multiple hypothalamic nuclei of
postmenopausal women; in regions exhibiting alterations, we further analyze neuronal
size. In situ hybridization was performed on sagittal hypothalamic sections from
premenopausal (n=3) and postmenopausal (n=3) women using a radiolabeled cDNA
probe targeted to dynorphin mRNA. Quantitative analysis demonstrated a decrease in the
number of dynorphin mRNA-expressing neurons in the medial preoptic area (PRE: 56.3
± 13.3 neurons/section; POST: 12.7 ± 5.5 neurons/section, p < 0.05) and infundibular
nucleus (PRE: 101.7 ± 6.6 neurons/section; POST: 27.0 ± 8.7 neurons/section, p < 0.005)
of postmenopausal women. No differences in cell size were demonstrated in the mPOA.
Yet, the mean profile area of dynorphin neurons in the infundibular nucleus was
increased in postmenopausal women (PRE: 156.3 ± 4.5 µm2; POST: 341.9 ± 2.1 µm2, p <
0.001) and these neurons exhibited morphological features of hypertrophy, similar to
NKB and KiSS-1. Our studies therefore provide indirect evidence that NKB, kisspeptin
and dynorphin are colocalized in the hypertrophied neurons of the infundibular nucleus of
postmenopausal women. Given the inhibitory role of dynorphin in reproductive
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regulation, a decrease in dynorphin gene expression could contribute to the gonadotropin
hypersecretion that occurs in postmenopausal women.
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Introduction
Menopause is characterized by the depletion of ovarian follicles and a reduction
in ovarian hormone secretion to castrate levels. Serum gonadotropins are increased due
to removal of ovarian hormone feedback both at the level of the anterior pituitary gland
and the hypothalamus. In the medial basal hypothalamus, there is increased GnRH gene
expression. Additionally, within the infundibular nucleus, the homologue of the arcuate
nucleus, there is hypertrophy of a subpopulation of neurons (Sheehan & Kovács, 1966).
These hypertrophied neurons express KiSS-1, NKB, and ERα mRNA and exhibit
increased levels of KiSS-1 and NKB gene expression (Rance et al., 1990; Rance &
Young, III, 1991; Rometo et al., 2007). Ovariectomy of young cynomolgus monkeys
produces nearly identical changes (Sandoval-Guzmán et al., 2004; Rometo et al., 2007),
providing strong evidence that the altered gene expression in postmenopausal women is
secondary to removal of hormone feedback. Indeed, there are numerous studies that
implicate arcuate kisspeptin and NKB neurons in the sex-steroid regulation of GnRH
secretion. Taken together, these data suggest that infundibular neurons which express
KiSS-1, NKB and ERα mRNAs play an important role in the sex-steroid feedback on
gonadotropin secretion in women.

Sex-steroid feedback on gonadotropin secretion also occurs through endogenous
opioid peptides that exert inhibitory actions on GnRH neurons (Yen et al., 1985; Gindoff
& Ferin, 1987; Howlett & Rees, 1987; Genazzani & Petraglia, 1989). Specifically,
dynorphin (an endogenous opioid peptide) has been implicated in the inhibition of
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GnRH, likely through the mediation of progesterone negative feedback at the level of the
arcuate nucleus (Goodman et al., 2004). In postmenopausal women, pharmacological
studies have demonstrated a reduction in the inhibitory influence of endogenous opioids
on gonadotropin secretion (Reid et al., 1983). Furthermore, dynorphin gene expression
in arcuate neurons is altered by ovariectomy (Foradori et al., 2005a). Interestingly,
dynorphin has recently been shown to be colocalized with KiSS-1, NKB, or ERα in the
arcuate nucleus of the rat and the sheep (Goodman et al., 2007; Foradori et al., 2006;
Burke et al., 2006; Ciofi et al., 2006). Based on these data, we hypothesized that
infundibular dynorphin mRNA-expressing neurons would exhibit hypertrophy and a
decrease in gene expression in association with menopause. To address this hypothesis,
we use in situ hybridization and computer microscopy to compare the distribution,
morphology and relative mRNA levels of dynorphin neurons in the hypothalamus of
premenopausal and postmenopausal women.

Research Design and Methods
Subjects: Hypothalami were collected from premenopausal (ages 14, 23, 32 years
of age, n=3) and postmenopausal women (52, 66 and 67 years of age, n=3) who died of
sudden, unexpected causes. The specimens were collected in accordance with the
guidelines set forth in Federal Register 46.101 and the Human Subjects Committee at the
University of Arizona. There was no significant difference in postmortem interval
between the two groups and no history of estrogen replacement, drug use, or chronic
systemic illness other than atherosclerosis. At autopsy, each brain was bisected in the
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midsagittal plane, and hypothalamic blocks were dissected and frozen in isopentane at 30oC. The hypothalami were then sagittally sectioned (20 µm thickness) in a cryostat,
thaw-mounted onto gelatinized slides and stored at -80o C until use.

Hybridization histochemistry: Hybridization histochemistry was performed on every
tenth section throughout the medial hypothalamus of each subject. We used a synthetic
[35S]-labeled 48-base cDNA probe targeted to bases 862-909 of the rat prodynorphin
gene (Civelli et al., 1985). Genebank searches showed that the sequence had no
significant homology to other mammalian central nervous system genes. In addition,
under the same conditions of stringency as the current study, Northern analysis has
shown that this probe labels the appropriate size transcript on human hypothalamus
(Rance & Young, III, 1991). The in situ hybridization methodology has been previously
described in detail (Sukhov et al., 1995; Rance & Young, III, 1991). Following
overnight hybridization and stringent washes, the slides were dried, dipped into Kodak
NTB-3 nuclear emulsion (diluted 1:1 with water) and stored in the dark at 4ºC. Test
slides were developed at different times to determine the optimum exposure length of 12
weeks. Sections were counterstained with toluidine blue. Control sections using
radiolabeled sense probes yielded no labeling above background.

Morphological Analysis: Slides were coded to prevent experimenter bias. To analyze
the distribution of neurons throughout the hypothalamus sections were examined using
brightfield and darkfield microscopy. For quantitative analysis, sections of the medial
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hypothalamus were matched to Fig. 4-4 from Nauta and Haymaker (Nauta & Haymaker,
1969). These sections were systematically scanned using an image-combining computer
microscope equipped with a Lucivid miniature CRT, a motorized stage and Neurolucida
Software (Microbrightfield, Colchester, VT). All labeled neurons (silver grains >5X
background) were marked on these sections. For comparisons of the numbers of neurons,
the boundaries of the ventromedial nucleus, infundibular nucleus, posterior hypothalamus
and the preoptic/anterior hypothalamus were circumscribed and the neurons counted. In
addition, the cell areas and grain numbers were quantified within the infundibular nucleus
and preoptic/anterior hypothalamic area, the two regions that displayed differences in cell
number. Within these areas, approximately 20 labeled neurons were randomly selected
and images were captured at 60X and imported into Simple PCI image-analysis software
(Compix Inc., Cranberry Township, PA). For statistical comparisons between groups, the
average number of labeled cells, cell areas and number of autoradiographic grains/neuron
were calculated for each subject. These values were used to compute group means and
standard errors. Student’s t-tests were used to compare groups. Values are expressed as
the mean ± SEM.

Results
Prodynorphin-mRNA expressing neurons were identified throughout multiple
nuclei in the human hypothalamus. With the exception of two regions (the infundibular
nucleus and the preoptic/anterior hypothamic area), the distribution of labeled neurons
was identical in the premenopausal and postmenopausal groups. In the premenopausal
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women, there were numerous small neurons expressing prodynorphin mRNA scattered in
the rostral infundibular nucleus and extending to the retrochiasmatic area (Fig 1). In
postmenopausal women, the number of neurons expressing prodynorphin mRNA in the
infundibular nucleus was greatly reduced (Fig 1). In addition, similar to the
hypertrophied neurons described in our previous studies (Rance et al., 1990; Rance &
Young, III, 1991), prodynorphin neurons in the infundibular nuclei of the
postmenopausal women displayed increased amounts of cytoplasm and Nissl substance
as well as larger nuclei and nucleoli (Fig 2). Quantitative analysis confirmed these
findings. There was 66% reduction in the number of dynorphin mRNA-containing
neurons in the infundibular nucleus. Moreover, the mean profile area of labeled neurons
more than doubled in postmenopausal women, with no change in the number of
autoradiographic grains per neuron (Fig 3).

In the premenopausal women, scattered small to medium prodynorphin mRNAexpressing neurons were identified in the medial preoptic and anterior hypothalamic
areas, ventral to anterior commissure and fornix. In contrast, only rare prodynorphinmRNA expressing neurons were identified within this region in the postmenopausal
group. Unlike the infundibular nucleus, there was no significant difference in the size of
prodynorphin mRNA-expressing neurons between groups. In addition, there was no
difference in the number of autoradiographic grains per neuron in the preoptic
region/anterior hypothalamus between premenopausal and postmenopausal women.
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Medium-sized prodynorphin neurons were evenly distributed in the ventromedial
nucleus and there was heavy labeling of neurons in the premammillary nucleus. There
were magnocelluar prodynorphin mRNA-expressing neurons in the paraventricular and
supraoptic nuclei and large neurons in the posterior hypothalamus. For
photomicrographs, see our previous mapping study of dynorphin gene expression in the
hypothalamus of men (Sukhov et al., 1995). No qualitative or quantitative differences
were observed between groups in the distribution or morphology of neurons in the
ventromedial nucleus, premammillary nucleus, paraventricular nucleus and posterior
hypothalamus. This was confirmed by quantitative analysis.

Discussion
Menopause is characterized by ovarian failure, gonadotropin hypersecretion and
remarkable changes in hypothalamic neuronal morphology and neuropeptide gene
expression. In the infundibular (arcuate) nucleus of postmenopausal women, there is
hypertrophy of a subset of neurons. The majority of these neurons express KiSS-1, NKB
and ERα mRNA, and are accompanied by increased KiSS-1 and NKB gene expression
(Rance et al., 1990; Rance & Young, III, 1991; Rometo et al., 2007). Numerous studies
suggest that these changes are secondary to steroid withdrawal and that these neurons
play a role in the sex-steroid regulation of gonadotropin secretion (Sandoval-Guzmán et
al., 2004; Rometo et al., 2007; Sandoval-Guzmán & Rance, 2004; McManus et al.,
2005). More recently, the endogenous opiate dynorphin, which has an established role in
reproduction, has been shown to be highly colocalized with KiSS-1, NKB or ERα in the
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arcuate nucleus of experimental animals (Lehman et al., 2003; Burke et al., 2006; Ciofi et
al., 2006; Goodman et al., 2007). Based on this evidence, we hypothesized that
infundibular neurons expressing dynorphin would also display hypertrophied morphology
in postmenopausal women. The present study shows this prediction to be correct;
dynorphin neurons in the postmenopausal infundibular nucleus more than doubled in size
and exhibited hypertrophied morphological features. Although multiplex-labeling studies
are needed for definitive evidence of colocalization, these data suggest that the
colocalization of KiSS-1, NKB, dynorphin and ERα that has been demonstrated in the
arcuate nucleus of other species is conserved in the human. However, in contrast to the
increased expression of KiSS-1 and NKB mRNA in the postmenopausal infundibular
nucleus, the number of dynorphin mRNA-expressing neurons is decreased. Thus, there
appears to be differential effects of menopause on neuropeptide gene expression in the
postmenopausal human hypothalamus.

Dynorphin mRNA-expressing neurons were identified in multiple hypothalamic
nuclei in agreement with previous descriptions of neurons expressing dynorphin-mRNA
or dynorphin-immunoreactivity in the hypothalamus of the human, (Abe et al., 1988;
Sukhov et al., 1995), rat and sheep (Foradori et al., 2005b). However, the
postmenopausal decline in dynorphin gene expression was only detected in two areas, the
infundibular nucleus and the rostral hypothalamus (including the medial preoptic and
anterior hypothalamic area). Previous studies in the ewe have shown a similar pattern of
decreased dynorphin gene expression in the infundibular nucleus, preoptic area and
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anterior hypothalamus in response to ovariectomy (Foradori et al., 2005a). These data
suggest that the reduction in dynorphin gene expression in the preoptic region and
infundibular nucleus in postmenopausal women is secondary to ovarian failure.
Moreover, these dynorphin mRNA-expressing neurons are targets for steroid hormone
action, as more than 90% of the dynorphin neurons in the rostral hypothalamus and
arcuate nucleus of the sheep express progesterone and estrogen receptors (Foradori et al.,
2002; Dufourny and Skinner, 2002). Thus ovarian steroids are well-equipped to affect
hypothalamic dynorphin mRNA-expressing neurons and in postmenopausal women, the
removal of ovarian steroids alters dynorphin gene expression.

The decline in dynorphin gene expression in the postmenopausal women was
accompanied by increased cell size in the infundibular nucleus but not the rostral
hypothalamus. The hypertrophied morphology of dynorphin mRNA-expressing neurons
seen in the infundibular nucleus of postmenopausal women was similar to that previously
described (Sheehan and Kovács, 1966; Rance et al., 1990). Specifically, the
hypertrophied population displayed enlarged nuclei and nucleoli as well as increased
Nissl substance. These hypertrophied neurons exhibit no pathological signs of neuronal
cell death (Abel and Rance, 2000). Additionally, unbiased stereological studies have
shown that the total number of neurons in the infundibular nucleus is unchanged in older
women compared to younger women (Abel and Rance, 2000). These data therefore
suggest that the drop in the number of dynorphin-mRNA expressing neurons in the
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infundibular nucleus is due, not to degeneration of dynorphin neurons, but to decreased
gene expression below the level of detection.

The decrease in dynorphin gene expression in postmenopausal women is
consistent with studies showing a reduction in the tonic inhibition of LH secretion by
endogenous opioid peptides after menopause. In young women, tonic opioid inhibition
can be demonstrated by administering an opioid antagonist, naloxone. If administered
during the luteal phase of the menstrual cycle, naloxone increases both the frequency and
amplitude of LH pulses (Ropert et al., 1981). However, in postmenopausal women or
oophorectomized young women, no stimulatory effect of naloxone on LH secretion is
observed. Moreover, estrogen, progesterone or estrogen plus progesterone replacement
restores the ability of naloxone to stimulate LH. These data suggest that endogenous
opioid inhibition of LH secretion is active in the presence of gonadal hormones, but that
this tonic inhibition decreases with the loss of gonadal hormones. The stimulatory effect
of naloxone is dependent on the presence of gonadal hormones because naloxone
administration has no effect on LH secretion (Reid, 1983; Shoupe et al., 1985; Casper
and Alapin-Rubillovitz, 1985; Dawood et al., 1986). Studies using peripheral
administration of nalaxone do not, however, provide information on the activity of the
specific opioid peptide or the site involved. The present study suggests that the decrease
in endogenous opioid activity after the menopause could be due, in part, to decreased
activity of dynorphin neurons in the infundibular nucleus and anterior hypothalamus.
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The reduction in dynorphin gene expression in the rostral hypothalamus provides
the first description of reproduction-associated alterations in gene expression in
postmenopausal women in a hypothalamic region outside of the medial basal
hypothalamus. Classic studies in the rhesus monkey strongly implicate the medial basal
hypothalamus as the control center for reproduction in the primate (Knobil, 1990), but
such studies do not exclude participation of other brain areas in the reproductive axis.
Alternatively, dynorphin neurons in the preoptic area and anterior hypothalamus of
postmenopausal women could participate in other homeostatic functions that are
influenced by gonadal steroids. For example, the rostral hypothalamus, including the
preoptic area and anterior hypothalamus, is a major regulatory center for
thermoregulation. Dynorphin, or other kappa receptor agonists, alters the temperature
sensitivity of warm sensitive neurons in preoptic slice preparations (Yakimova et al.,
1998). Furthermore, central administration of dynorphin alters body temperature (Xin et
al., 1997) and behavioral thermoregulation (Spencer et al., 1990). Interestingly,
menopausal flushes have been hypothesized to be caused by opioid withdrawal (Casper
and Alapin-Rubillovitz, 1985). Moreover, acute opioid withdrawal in a morphinedependant rat induces episodic elevations in tail skin temperature indicative of skin
vasodilatation (Simpkins et al., 1983; Merchenthaler et al., 1998).

In summary, our studies identify in the infundibular nucleus of postmenopausal
women, the expression of dynorphin mRNA within neurons exhibiting hypertrophied
morphology. These findings provide additional support for the colocalization of
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dynorphin, NKB, KiSS-1 and ERα within the same infundibular neurons (Foradori et al.,
2006; Burke et al., 2006; Ciofi et al., 2006; Goodman et al., 2007). Additionally, in
postmenopausal women compared to premenopausal women there is a decline in the
number of preoptic and infundibular neurons that express dynorphin-mRNA.
Collectively, these data support the hypothesis that dynorphin neurons are involved in the
regulation of reproduction and that a decline in dynorphin could contribute to the
hypersecretion of gonadotropins and the alterations in thermoregulation seen in
postmenopausal women.
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Figure 3.1:
Computer assisted maps showing the distribution of dynorphin mRNA-expressing
neurons in representative sagittal hypothalamic sections of a (A) premenopausal and a
(B) postmenopausal women. Neurons expressing dynorphin mRNA were identified in
the medial preoptic area (MPOA), infundibular nucleus (INF), ventromedial nucleus
(VMN), dorsomedial nucleus (DMN), paraventricular nucleus (PVN), premammillary
nucleus (PMN), and posterior hypothalamus (PH). Marked decreases in the number of
dynorphin mRNA-expressing neurons were observed in the MPOA and INF of
postmenopausal women. Each symbol represents a dynorphin mRNA-expressing neuron.
Scale bar = 2 mm.
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Figure 3.2:
Representative photomicrographs of dynorphin mRNA-expressing neurons in the
premenopausal medial preoptic nucleus (A) and infundibular nucleus (B) and in the
postmenopausal medial preoptic nucleus (C) and infundibular nucleus (D). The grains
mark the location of dynorphin mRNA and the sections are counterstained with toluidine
blue. Most of the dynorphin mRNA-expressing neurons in the infundibular nucleus of the
postmenopausal group were hypertrophied. Scale bar = 10 µm.
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Figure 3.3:
Alterations in dynorphin gene expression and neuronal morphology in the infundibular
nucleus (A,B,C) or the medial preoptic area (D,E,F) of premenopausal and
postmenopausal women. Figures 3A and 3D show the mean number of dynorphin
mRNA-expressing neurons in the infundibular nucleus and MPOA of pre and
postmenopausal women. Figures 3B and 3E show the mean profile area of dynorphin
mRNA expressing neurons, and Figures 3C and 3F show the mean number of
autoradiographic grains per labeled neuron. In both the infundibular nucleus and the
MPOA, postmenopausal women exhibited decreased numbers of dynorphin mRNAexpressing neurons compared to premenopausal women. Postmenopausal women
demonstrated hypertrophy of neurons expressing dynorphin mRNA in the infundibular
nucleus. No differences in neuronal size were seen in the MPOA of the groups, nor were
there alterations in the number of grains per dynorphin mRNA-expressing neuron in
either the MPOA or the infundibular nucleus. Values are expressed as mean ± SEM.
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CHAPTER 4
EFFECTS OF OVARIECTOMY AND OVARIAN STEROID REPLACEMENT ON
DYNORPHIN GENE EXPRESSION IN THE INFUNDIBULAR NUCLEUS OF NONHUMAN PRIMATES
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Abstract
In the previous chapter, we demonstrated that in the hypothalami of
postmenopausal women there is altered neuronal morphology and dynorphin gene
expression. Experiments conducted in postmenopausal women are complicated by the
presence of two variables: age and ovarian status. Therefore in this study, we examined
the effects of ovariectomy and hormone replacement on dynorphin gene expression in the
infundibular nucleus of young cynomolgus monkeys. Two experimental paradigms were
used. The first experiment explored the effects of ovariectomy on dynorphin gene
expression; the second examined the effects of ovarian steroid replacement on dynorphin
gene expression in long-term ovariectomized animals. Similar to postmenopausal
women, ovariectomy of monkeys resulted in a significant increase in the size of
infundibular dynorphin mRNA-expressing neurons (259.5 ± 13.6 µm2, n=6) compared to
the intact group (178.1 ± 10.6 µm2, n=7, p<0.003). In the second experiment, we
examined dynorphin gene expression in three groups of monkeys: OVX (n=5), OVX with
estrogen (OVX+E, n=7) and OVX with estrogen plus progesterone (OVX+EP, n=8).
Dynorphin neurons in the infundibular nucleus of the OVX monkeys were significantly
larger than dynorphin neurons in the OVX+E and OVX+EP groups (cell area, 153.5 ±
15.3 µm2, 122.9 ± 7.2 µm2 and 118.1 ± 7.3 µm2, respectively, P=0.001). Estrogen
treatment, however, resulted in a significant increase in the numbers of dynorphin
mRNA-containing neurons (OVX+E, 28.9 ± 5.3neurons/section, p < 0.05) compared to
the OVX group (10.8 ± 3.1 neurons/section); the OVX+EP group did not differ from
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either of the other groups. Our study shows that neurons expressing dynorphin mRNA in
the primate infundibular nucleus are modulated by ovariectomy and steroid replacement.
Additionally, these findings suggest that the changes in dynorphin gene expression seen
in postmenopausal women are, at least in part, mediated by ovarian steroids.
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Introduction
The menopausal period is characterized by ovarian degeneration and a subsequent
decline in circulating ovarian hormones. This is accompanied by an increase in
gonadotropin releasing hormone (GnRH) gene transcript, increased GnRH secretion, and
increased levels of circulating gonadotropins (Rance & Uswandi, 1996; Hall, 2004;
Soules et al., 2001). Within the infundibular nucleus of postmenopausal women, there is
hypertrophy of a subset of neurons which express estrogen receptor alpha (ERα) mRNA
(Rance et al., 1990). These hypertrophied neurons also display increased levels of
neurokinin B (NKB) and kisspeptin (KiSS-1) gene transcripts (Rance & Young, III,
1991; Rometo et al., 2007). NKB and KiSS-1 are modulated by ovarian steroids and, in
turn, have been implicated in the regulation of GnRH release from the hypothalamus
(Danzer et al., 1999; Sandoval-Guzmán & Rance, 2004; McManus et al., 2005; Gottsch
et al., 2006). In rodents and sheep, NKB and kisspeptin neurons in the infundibular
nucleus have been found to be colocalized with the endogenous opioid peptide,
dynorphin (Foradori et al., 2006; Burke et al., 2006; Ciofi et al., 2006).

In chapter 3, we described postmenopausal-associated changes in the morphology
of dynorphin mRNA-expressing neurons, as well as in dynorphin gene expression.
Decreased numbers of neurons expressing dynorphin gene transcripts were identified in
the medial preoptic area and the infundibular nucleus of postmenopausal women.
Further, dynorphin mRNA-expressing neurons in the infundibular nucleus of
postmenopausal women exhibited neuronal hypertrophy similar to NKB and kisspeptin
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neurons in our previous studies (Rance & Young, III, 1991; Rometo et al., 2007). We
propose that these changes are due to loss of steroid negative feedback. Studies in
postmenopausal women, however, are confounded by two variables: age and
reproductive hormone status. Consequently, in the present study, we investigate the
effects of ovariectomy and steroid replacement on dynorphin gene expression in two
experiments using young, age-controlled primate models of menopause. In the first
experiment, we examine the effects of ovariectomy on infundibular dynorphin gene
expression. In the second experiment, we study the effects of hormone-replacement on
long-term ovariectomized monkeys.

Research Design and Methods
Exp 1: Effects of ovariectomy on neurons expressing dynorphin mRNA in the
infundibular nucleus of young, cynomolgus monkeys.
Sections were selected from the hypothalami of 9 intact and 9 ovariectomized
(OVX) young-adult cynomolgus monkeys (8-10 years of age, Macaca fascicularis) used
previously for neuropeptide expression studies (Sandoval-Guzmán et al., 2004; Escobar
et al., 2004; Rometo et al., 2007). All live animal work was done at the Wake Forest
School of Medicine, and was performed in compliance with state and federal laws,
standards of the Department of Health and Human Services, and the guidelines of the
Institutional Animal Care and Use Committee at the Wake Forest School of Medicine
and the University of Arizona. Animals were fed (ad libitum) a diet low in
phytoestrogens and were sacrificed between 10-16 months following ovariectomy. Intact
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monkeys were sacrificed in the mid-follicular phase, when estrogen is rising but has not
yet peaked and progesterone levels are low. Hypothalamic tissue blocks were snapfrozen and coronally sectioned in a cryostat (12 µm thickness). The sections were
mounted on gelatinized slides and stored at -80oC until use for in situ hybridization.
Sections were not available for examination of preoptic and anterior hypothalamic
regions. Rather, hybridization histochemistry was performed on two sections from each
animal matched to plate 840 of a monkey hypothalamic atlas (Bleier, 1984). These
sections allowed for examination of the infundibular nucleus of the medial basal
hypothalamus, which is the reproductive center of the primate. At this level, the
infundibular nucleus has a distinct arcuate shape and is well-delineated from the
ventromedial nucleus. Quantitative computer microscopy was used to determine the
number of infundibular neurons labeled with the dynorphin probe, the somatic size of
labeled neurons and the number of autoradiographic grains/neuron.

Exp 2: Effects of hormone replacement on neurons expressing dynorphin mRNA in
the infundibular nucleus of young, ovariectomized cynomolgus monkeys.
Sections were selected from hypothalami of 24 young-adult female cynomolgus
monkeys (5-13 years of age) used previously for neuropeptide gene expression studies
(Abel et al., 1999; Krajewski et al., 2003; Rometo et al., 2007). These monkeys were
ovariectomized and two years later received either: no treatment (OVX), continuous
estrogen treatment (OVX+E, conjugated equine estrogen, Wyest Ayerst Laboratories,
Radnor PA) or continuous estrogen plus progesterone treatment (OVX+EP, conjugated
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equine estrogen plus medroxyprogesterone, ESI Lederle, Philadelphia, PA). The
hormone treatments were administered orally in amounts calculated to be equivalent to a
daily clinical dose of 0.625 mg conjugated equine estrogen or 2.5 mg
medroxyprogesterone. Hormone replacement was given for a total of 30 months before
sacrifice. For detailed information on the experimental design and hormone replacement
regimens of these animals, refer to (Abel et al., 1999). Sections were matched to plate
840 of a monkey hypothalamic atlas (Bleier, 1984) and hypothalamic sections were
processed as described in Exp. 2. Quantitative computer microscopy was used to analyze
the number of neurons labeled with the dynorphin probe, the somatic size of the labeled
neurons, and the number of autoradiographic grains/neuron within the infundibular
nucleus.

Hybridization histochemistry:
Monkey sections were hybridized as previously described (Rance & Young, III,
1991; Krajewski et al., 2003). A synthetic [35S] 48-base radiolabeled cDNA probes was
used. The probe was targeted to bases 817-864 of the human dynorphin gene (Gene
Bank, NM_024411). Genebank searches showed this sequence to have no significant
homology to other mammalian central nervous system genes. Following hybridization
and stringent washes, the slides were dried, dipped into Kodak NTB-3 nuclear emulsion
(diluted 1:1 with water) and stored in the dark at 4ºC. Test slides were developed at
different times to determine the optimum exposure length of four weeks. Sections were
counterstained with toludine blue. Control sections using radiolabeled dynorphin sense
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probes yielded no labeling above background.

Quantitative Analysis:
Labeled neurons (silver grains >5X background) within the infundibular nucleus
were marked and counted using an image-combining computer microscope equipped
with a Lucivid miniature CRT, a motorized stage and Neurolucida Software
(Microbrightfield, Colchester, VT). All labeled neurons within the selected sections of
infundibular nucleus were marked and counted and cell perimeters were manually
digitized for calculations of cell area. Unbiased stereological procedures were used to
randomly select approximately 20 dynorphin neurons in each section for measurements
of grain number. Images of these neurons were captured at 60X with an Optronics
camera and imported into Simple PCI software for image analysis (Compix Inc.,
Cranberry Township, PA) of autoradiographic grains/neuron. For statistical comparisons,
the average numbers of labeled cells/section, cell areas or numbers of autoradiographic
grains/neuron were calculated for each individual subject. These values were used to
compute group means and standard errors. Student’s t-tests were used to compare two
groups (Exp. 1). Comparisons among three groups (Exp. 2) were analyzed using oneway ANOVA with a Tukey’s post hoc test (α=0.05). Values are expressed as the mean ±
SEM.
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Results

Exp 1: Ovariectomy of young cynomolgus monkeys resulted in hypertrophy of
infundibular neurons expressing dynorphin mRNA
Dynorphin mRNA-expressing neurons were identified in the infundibular nucleus
as well as the ventromedial and dorsomedial nuclei (Figure 1). Quantitative analysis
demonstrated an increase in neuronal size in dynorphin mRNA-expressing neurons in the
infundibular nucleus of ovariectomized monkeys, compared to age-matched ovary-intact
monkeys (intact, 178.1 ± 10.6 µm2, n = 7; OVX, 259.54 ± 13.6 µm2, n = 6; P<0.001; Figs
2 and 3.) The number of infundibular neurons expressing dynorphin mRNA did not
differ between groups (intact, 18.14 ± neurons per section, n = 7; OVX, 19.14 ± neurons
per section, n = 7; P> 0.05; Fig 3.) Additionally, the number of autoradiographic grains
per neuron did not differ between ovary-intact and ovariectomized animals (intact, 50.32
± 3.51 grains/neuron, n = 7; OVX, 57.99 ± 5.12 grains/neuron, n = 7; P > 0.05; Figure 3).

Exp 2: Estrogen replacement decreases the size and increases the gene expression of
dynorphin neurons in the infundibular nucleus of young, OVX cynomologus
monkeys.
Dynorphin mRNA-expressing neurons were located in the infundibular,
ventromedial, and dorsomedial nuclei. Dynorphin neurons in the infundibular nucleus of
ovariectomized monkeys were significantly larger than dynorphin neurons in the OVX+E
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and OVX+EP groups (OVX, 153.5 ± 15.31 µm2, n = 5; OVX+E, 122 ± 7.17 µm2, n = 7;
OVX+EP, 118.12 ± 7.3 µm2, n = 7; P=0.05). Estrogen treatment resulted in an increased
number of dynorphin mRNA-expressing neurons compared to ovariectomized controls
(OVX, 10.8 ± 3.09; OVX+E, 28.86 ± 5.28; P<0.05), yet the estrogen plus progesterone
treated animals did not vary between groups. The number of autoradiographic grains per
neuron also did not vary among groups (Fig 4).

Discussion
In chapter 3, we describe changes in dynorphin neuronal morphology and
neuropeptide gene expression in the hypothalami of postmenopausal women. In
particular, postmenopausal women exhibit neuronal hypertrophy and decreased
expression of dynorphin mRNA in the hypothalamic infundibular nucleus, a major
hypothalamic center for reproduction. However, interpretation of these findings was
complicated by the differences in both age and reproductive status between groups.
Because the reproductive cycle of women is closely mirrored by that of monkeys,
monkeys are frequently used as models for use in reproductive experimentation
(Chongthammakun & Terasawa, 1993; Engnell et al., 2002; Gore et al., 2004; Bellino &
Wise, 2003). Further, ovariectomy of monkeys results in a surgical menopause which
emulates the endocrine status of human menopause. Thus, our current studies use a nonhuman primate model of menopause to investigate alterations in dynorphin gene
expression under a variety of hormonal conditions while controlling for age.
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Ovariectomized monkeys exhibited an increase in the size of dynorphin mRNAexpressing neurons, compared to age-matched ovary-intact monkeys. Similar to previous
studies, the enlargement of cells was characterized by morphological features of
hypertrophy, including enlarged nucleus and nucleoli, as well as increased amounts of
Nissl substance (Rance et al., 1990; Rance and Young, III, 1991; Rometo et al., 2007).
Additionally, there were no signs of neuronal death or damage within the infundibular
nucleus (Abel & Rance, 2000). The hypertrophied morphology in ovariectomized
monkeys was similar to that seen in dynorphin mRNA expressing neurons in the
infundibular nucleus of postmenopausal women. The hypertrophy also mirrors that of
kisspeptin and NKB neuronal hypertrophy seen in both postmenopausal women and
ovariectomized monkeys (Rometo et al., 2007; Rance and Young, III, 1991; SandovalGuzmán et al., 2004). While not providing direct data of colocalization, these findings
provide additional support for the hypothesis that dynorphin, kisspeptin, and NKB are
colocalized in the infundibular nucleus of postmenopausal women.

In our second experiment, we demonstrate a decrease in size of dynorphin
mRNA-expressing neurons in the infundibular nucleus of ovariectomized monkeys
treated with estrogen and estrogen plus progesterone. This is the first illustration of a
decrease in neuronal size upon ovarian steroid treatment. In previous studies
investigating kisspeptin and NKB mRNA expressing neurons, ovarian steroid treatment
caused a drastic decline in number of kisspeptin and NKB expressing neurons, to near
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undetectable levels. The drastic decrease in number of neurons thereby prevented the
measurement of size of neurons expressing these transcripts. In our dynorphin studies,
however, sufficient numbers of neurons were labeled for dynorphin, thus allowing for
adequate measurement of neuronal size. The ovarian steroid mediated decline in size of
dynorphin neurons suggests that the neuronal hypertrophy observed in the infundibular
nucleus of postmenopausal women and ovariectomized monkeys is secondary to ovarian
failure.

The dynorphin neurons in the ovariectomized monkeys in the first experiment
were larger than that observed in the ovariectomized monkeys in the second experiment.
This discrepancy in neuron size between the two experiments could be due to a number
of factors. First, the time elapsed after ovariectomy differed between experiments (10-16
months compared to 5 years). A second complicating factor is the small number of
neurons available for sampling in the infundibular nucleus after ovariectomy. Finally, the
two ovariectomized groups were part of completely different experiments at Wake Forest
University, thus limiting the ability to make direct comparisons. Despite the differences
in cell size between ovariectomized groups across experiments, the data still show a
consistent effect of ovarian steroids in modulating neuronal size in the arcuate nucleus.

The number of dynorphin mRNA-expressing neurons in the infundibular nucleus
of ovariectomized monkeys was not significantly different from that of ovary-intact
monkeys. These data do not support the hypothesis that the reduction in the number of
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neurons expressing dynorphin mRNA in postmenopausal women is due to ovarian
failure. These findings are in contrast to studies in the ewe in which ovariectomy was
shown to decrease dynorphin gene expression in the infundibular nucleus (Foradori et al.,
2005a). The discrepancies between these studies may be due to differences in
experimental paradigms. For instance, our ovary-intact monkeys were sacrificed in the
midfollicular phase whereas the ewes were sacrificed during the luteal phase (Foradori et
al., 2005a). During the midfollicular phase, estrogen levels are basal and progesterone
levels are nearly undetectable but in the luteal phase, both estrogen and progesterone are
near their peak levels. Thus, the differences in findings may be due to these differences
in hormone status. Indeed, hypothalamic dynorphin gene expression has been shown to
vary across the estrus cycle, thereby emphasizing the importance of hormonal influences
on dynorphin gene expression (Simerly et al., 1996). Although we did not demonstrate a
change in gene expression between intact and ovariectomized animals, the changes in
dynorphin cell size provide strong evidence for modulation of these neurons by ovarian
hormones.

In our second study, we observed an increase in the number of neurons expressing
dynorphin mRNA in the infundibular nucleus of estrogen-replaced ovariectomized
monkeys compared to ovariectomized-untreated animals. Interestingly, dynorphin gene
expression in the estrogen plus progesterone animals was not significantly different from
the ovariectomized untreated group. These data suggest that dynorphin gene expression
is differentially affected by estrogen and progesterone. Experiments in which
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ovariectomized sheep received progesterone treatment also did not alter infundibular
dynorphin gene expression compared to ovariectomized animals (Foradori et al., 2005a).
Thus progesterone administration to ovariectomized animals has different effects on
dynorphin gene expression than estrogen administration.

Previous studies have indicated that dynorphin neurons play a role in mediating
negative feedback effects of progesterone on the reproductive axis (Goodman et al.,
2004; Foradori et al., 2005a). The majority of dynorphin neurons in the arcuate
(infundibular) nucleus express estrogen and progesterone receptors (Foradori et al., 2002;
Burke et al., 2006) and in the ewe, progesterone modulates dynorphin gene expression
and release (Goodman et al., 2004; Foradori et al., 2005a). Further, dynorphin axons
closely appose and directly synapse on GnRH soma in the MBH (Goodman et al., 2004)
thereby providing anatomical evidence for the direct regulation of GnRH neurons by
dynorphin. However, the specific site of action of dynorphin’s modulatory effect on
GnRH has not yet been determined. Kappa opioid receptors, the preferential receptors
for the dynorphins, have been identified throughout the hypothalamus, including regions
that contain GnRH neurons, such as the POA and the MBH (DePaoli et al., 1994). But,
in the rodent, no coexpression of GnRH and kappa opioid receptor mRNA has been
demonstrated using either dual-label in situ hybridization or laser capture PCR (Sannella
& Petersen, 1997; Todman et al., 2005). These negative data suggest that dynorphin’s
effects on GnRH are mediated via an indirect mechanism. Similar studies have not yet
been conducted in higher order animals. These apparent disparities between direct and

112
indirect regulation of GnRH by dynorphin may be due to species differences in the
hypothalamic regulation of reproduction, the variation in kappa opioid receptor
expression across the estrous cycle (Chang et al., 2000), or the binding of dynorphin
peptides to non-opioid receptors (Lai et al., 2006).

In summary, our studies reveal effects of hormonal status on the size and gene
expression of dynorphin neurons in the infundibular nucleus of young cynomologus
monkeys. Removal of ovaries resulted in hypertrophy of neurons that express dynorphin
mRNA. Conversely, replacement of ovarian steroids resulted in a reduction in size of
dynorphin mRNA-expressing neurons in the infundibular nucleus of ovariectomized
monkeys. Although our data did not reveal a significant difference in number of
infundibular dynorphin mRNA-expressing neurons between ovary-intact and
ovariectomized monkeys, estrogen treatment of ovariectomized monkeys yielded an
increase in number of dynorphin mRNA-expressing neurons. Collectively, these data
support the hypothesis that dynorphin neurons in the infundibular nucleus are regulated
by ovarian hormones and are themselves involved in the regulation of reproduction.
Further, these findings suggest that the decrease in dynorphin gene expression in the
hypothalami of postmenopausal women, as presented in Chapter 3, is due at least in part
to the loss of ovarian steroids.
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Figure 4.1:
Computer-assisted maps demonstrating the distribution of neurons expressing dynorphin
mRNA in representative coronal sections of intact (A) and OVX (B) monkey
hypothalami. Dynorphin mRNA-expressing neurons were identified in the infundibular
(INF), ventromedial (VMN), and dorsomedial (DMN) nuclei. No differences in number
of dynorphin mRNA-expressing neurons were seen between intact and OVX groups.
Each symbol represents one labeled neuron. Abbreviations: 3V, third ventricle; ot, optic
tract. Scale bar = 1 mm.
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Figure 4.2:
Representative photomicrographs of neurons in the infundibular nucleus of intact (A) or
OVX (B) young cynomolgus monkeys. The autoradiographic grains mark the location of
dynorphin mRNA and the sections were counterstained with toluidine blue. Dynorphin
mRNA labeled neurons in the OVX group were hypertrophied compared to ovary-intact
controls. Scale bar = 10 µm
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Figure 4.3:
Effects of ovariectomy on dynorphin mRNA-expressing neurons in the infundibular
nucleus of young, cynomolgus monkeys. The graphs show the mean profile area (µm2)
(A) and the mean number of dynorphin mRNA-expressing neurons (B), as well as the
mean number of autoradiographic grains per labeled dynorphin neuron (C). Ovariectomy
resulted in hypertrophy of dynorphin mRNA-expressing neurons in the hypothalamic
infundibular nucleus. No significant differences were found in number of dynorphin
neurons or number of grains per dynorphin neuron. Values are expressed as mean ±
SEM.
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Figure 4.4:
Effects of estrogen or estrogen plus progesterone replacement on neurons expressing
dynorphin mRNA in the infundibular nucleus of young, ovariectomized cynomolgus
monkeys. The graphs show the mean profile area (µm2) (A) and the mean number of
dynorphin mRNA-expressing neurons (B), as well as the mean number of
autoradiographic grains per labeled dynorphin neuron (C) in the three animal groups.
Hormone replacement resulted in a significant decline in neuronal size. Estrogen
replacement resulted in an increase in number of neurons expressing dynorphin mRNA
compared to ovariectomized controls. Estrogen plus progesterone treated animals did not
exhibit differences from either group in regard to number of dynorphin mRNAexpressing neurons; neither were there changes in any group in terms of number of grains
per dynorphin neuron. Values are expressed as mean ± SEM.
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CHAPTER 5
DEVELOPING A METHODOLOGY FOR THE USE OF QUANTUM DOTS IN
IN SITU HYBRIDIZATION

122
Abstract
Menopause is associated with hypertrophy of neurons in the hypothalamic
infundibular nucleus of postmenopausal women. Gene transcripts for NKB, KiSS-1, and
dynorphin have been localized within hypertrophied neurons, yet no studies have
identified the simultaneous coexpression of these neuropeptides within the same neuron.
In the present study, a methodology is being developed using inorganic semiconductor
nanocrystals, called quantum dots (QD), for in situ hybridization. Two procedures were
used: indirect labeling and direct labeling. Indirect labeling uses a QD-probe conjugation
for hybridization to target mRNA. Direct labeling first hybridizes tissue with probe and
then the tissue is incubated with QDs. In both experimental approaches, many
modifications (concentration ratios, blocking of endogenous biotin, wash stringency, etc)
were made in attempt to optimize the binding and visualization. Blocking endogenous
biotin and stringent washes resulted in removal of nonspecific binding. Consistent,
specific labeling has not been observed, but more experimentation is being undertaken.
Once the technique is worked out, QD labeled in situ hybridization will be used for the
simultaneous investigation of multiple neuropeptide mRNA sequences within the
infundibular nucleus of postmenopausal women.
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Introduction
Menopause is associated with numerous alterations in the postmenopausal human
hypothalamus. Within the infundibular nucleus of postmenopausal women, there is
hypertrophy of a subpopulation of neurons. These hypertrophied infundibular neurons
have been shown, in individual experiments, to express ERα, NKB, KiSS-1, and
dynorphin mRNAs, all of which have been implicated in the control of reproduction
(Rance et al., 1990; Rance & Young, III, 1991; Rometo et al., 2007; Rometo & Rance,
2007). The presence of these mRNA sequences within the same hypertrophied
population strongly suggests that these gene transcripts are colocalized. Indeed, using
immunohistochemistry, coexpression of NKB with dynorphin as well as coexpression of
KiSS-1 with dynorphin or NKB has been demonstrated in the arcuate (infundibular)
nucleus of the ewe and rat (Foradori et al., 2006; Burke et al., 2006; Ciofi et al., 2006;
Goodman et al., 2007). Further, co-expression of ERα with NKB, KiSS-1, or dynorphin
arcuate (infundibular) neurons is well established in the mouse and rat (Dellovade &
Merchenthaler, 2004; Smith et al., 2005; Burke et al., 2006). Each individual finding is
enlightening, yet further experimentation is necessary to definitively identify
colocalization of ERα, NKB, KiSS-1, and dynorphin mRNAs within discrete
infundibular neurons.

Traditional colocalization techniques have proved to be difficult when examining
multiple mRNA sequences in human brain tissue. Standard immunohistochemical
methods are not optimal because of the manner in which the human brain tissue is
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prepared. Using standard organic fluorophore labeled probes for in situ hybridization is
also problematic. Human brain tissue contains high levels of lipofuscin, which is exitable
and emits energy in the form of light (Mrak et al., 1997). This results in high levels of
autofluorescence which are not quenched prior to the photodegradation of organic
fluorophores; thus the actual labeling cannot be distinguished from autofluorescence
(Dahan, 2006). A new methodology which uses quantum dots for the simultaneous
identification of multiple gene transcripts therefore offers great promise and many
advantages over traditional techniques.

Quantum dots (QD) are inorganic semiconductor nanocrystals which have
properties of both metals and non-metals. QDs are small in size, on the order of 2-10 nm
in diameter, and exhibit quantal properties of discrete energy packets. QD have long
been used in the field of nanotechnology but have only recently been applied to the
biological sciences (Michalet et al., 2005; Jaiswal and Simon, 2004). Thus far, QDs have
been used in methodologies commonly used with organic flurophores, such as in vivo
animal targeting, ex vivo live cell imaging, immunohistochemistry, and fluorescent in situ
hybridization (FISH) (Michalet et al., 2005; Alivisatos et al., 2005).

QDs share similar properties with organic fluorophores in that they both absorb
and emit light; yet QDs offer numerous advantages over organic fluorophores. For
instance, QDs offer brighter fluorescence and higher sensitivity allowing for easier
detection (Jaiswal and Simon, 2004; Zhou et al., 2007). Also, QDs are resistant to
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photobleaching and have long durations of photostability, thus allowing for
differentiation between QD and autofluorescence as well as for extended microscopic
examination of QDs (Dahan, 2006; Zhou et al., 2007). Additionally, QDs have broad
excitation spectra and narrow emission spectra (Alivisatos et al., 2005; Dahan, 2006).
This offers the opportunity for the simultaneous imaging of multiple QDs of different
wavelengths. This is possible because one energy source can be used to excite the
multiple QDs, and each excited QD will emit light at its designated wavelength; these
wavelengths can be distinguished from one another. QDs can also be conjugated to
various biological materials, to facilitate their incorporation into biological processes
(Jaiswal & Simon, 2004; Alivisatos et al., 2005). The advances in the field of QDs offer
an exciting new avenue for scientific investigation.

For FISH experiments, QDs conjugated to streptavidin can be used to label
biotinylated cDNA probes. The QD/streptavidin/biotin-labeled probes are then used to
examine mRNA expression within individual neurons. Two methodologies are used for
QD-labeled FISH experiments: indirect and direct labeling. Indirect labeling involves
conjugating the streptavidin-bound QD with the biotinylated cDNA probe prior to
hybridization (Chan et al., 2005). The direct labeling procedure entails hybridizing the
tissue with the biotinylated cDNA probe, washing off the excess, and then applying the
streptavidin-bound QD to the tissue thereby allowing it to interact with the biotinylated
cDNA probe.
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Given the advances in QD-labeled FISH technology, as well as the evidence that
ERα, NKB, KiSS-1, and dynorphin are colocalized within the hypertrophied infundibular
neurons of postmenopausal women, we set out to develop a method for FISH using
quantum dot tags. Our long-term goal is to use this methodology to investigate the
colocalization of multiple mRNA sequences (ERα, NKB, KiSS-1, and dynorphin) within
the human hypothalamus. Because these studies are in the developmental phase, we used
a probe targeted to pro-opiomelanocortin (POMC) mRNA. POMC is an opioid precursor
that is abundant within the arcuate (infundibular) nucleus and is confined to the arcuate
region of the hypothalamus. The great abundance and discrete location of POMC mRNA
make it an excellent probe for use in establishing a new technique. In this chapter we
will describe our efforts in developing a QD-labeled FISH methodology.

Research Design and Methods
Probe Design
Two rat POMC cDNA probes, complementary to bases 326-373 and 601-649 of
the rat POMC gene (GenBank J00759), were designed. GenBank searches revealed no
cross reactivity with other mammalian hypothalamic genes. Both probes were tagged
with biotin (5’end) to facilitate binding of the probe to the streptavidin-bound quantum
dot. The rat POMC 601-649 probe was designed with a 54 carbon spacer between the 5’
end of the probe and the biotin-tag. This design was chosen based on published data
from other laboratories (Chan et al., 2005) which found that the carbon spacer reduced
the steric hindrance between the probe and QD, thereby yielding more efficient binding
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of the probe to the target mRNA in the tissue. The POMC 601-649 probe was used for
all experiments (Experiments 1.1-1.3 and 2.1-2.6); the POMC 326-373 probe was also
used in Experiments 2.3-2.6.

Animal and Tissue Preparation
Archival hypothalami previously harvested from normal female Sprague Dawley
rats were used for these experiments. All experimental procedures were approved by the
University of Arizona Institutional Animal Care and Use Committee as well as standards
established by the National Institute of Health. Animals were housed in a controlled
temperature and humidity environment, with 12 hour light/dark cycles and ad libitum
access to food and water. On day of sacrifice, rats were decapitated under isoflurane
anesthesia. Brains were quickly removed, blocked, snap frozen in isopentane, and stored
at -80°C until sectioned. A cryostat was used to cut 12 µm coronal sections throughout
the hypothalamus. Sections were thaw mounted on gelatinized slides and stored at -80°C
until use for in situ hybridization.

Experiment 1: General Protocol for Indirect Probe Labeling
Probe Labeling: During indirect probe labeling procedures, QDs are incorporated
into the probe binding complex prior to hybridization. Streptavidin-coated QD-605
(Invitrogen) were bound to the two 5’biotinylated POMC probes, one with a 54 carbon
spacer and one without. The conjugation procedure (Fig 1) was as follows: QDs were
sonicated over a 10 minute interval to prevent non-specific aggregation of QDs. Since
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there are multiple streptavidin sites on a single QD, 0.1 uM of streptavidin-bound QDs
were then incubated with 1 uM biocytin at 30°C for 20 minutes to block some of the
streptavidin sites and thus prevent the formation of massive QD/probe complexes. [To
determine the importance of blocking streptavidin sites with biocytin, this step was tested
as an experimental variable in Experiments 1.1 and 1.2.] The QD or QD/biocytin
mixture was incubated with various concentrations of probe (0.1, 0.2, 0.5, and 1.0uM) for
80 minutes at 37°C and was brought to a final volume of 50uL with 50mM borate buffer.
Multiple concentrations of QD:probe were tested (1:1, 1:2, 1:5, and 1:10).

Purification and Verification of Conjugation: After conjugation of QD to probe,
we purified the conjugates to isolate bound probe from unbound probe and verified that
the QDs and probes were actually bound. Two methods were used for isolating QDprobe conjugates from unbound probe. In one, a Sephadex S200 size-exclusion column
was used to collect samples via gravity flow. Approximately fifteen fractions from each
100uL mixture of QD-probe complexes were collected (Chan et al., 2005). This method
proved to be inefficient and time consuming. Thus, a second approach was utilized. In
this approach, a 100 kΩ Nanosep exclusion filter (Pall Life Sciences) (Bentolila & Weiss,
2006) was loaded with the 100ul mixture and centrifuged (4 minutes at 4000 x g) to
remove unbound probe across a fine porous membrane. Products from purification
processes were run on a 1% agarose gel to analyze the extent of conjugation from indirect
labeling (Fig 1). By themselves, QDs are large, uncharged complexes that exhibit no gel
shift during electrophoresis. The incorporation of streptavidin, however, introduces a net
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negative charge and some gel shift when using a basic gel buffer. Conjugation with a
negatively-charged probe results in substantially greater migration, allowing for
qualitative comparisons of conjugation. The 1:2 and 1:5 QD:probe ratios revealed the
most promising labeling efficiencies and were thus used for hybridization experiments
(Fig 2).

Prehybridization: On day of hybridization, hypothalamic brain sections were
gradually thawed from -80°C to room temperature. All pre-hybridization solutions were
prepared in 0.1% DEPC H2O to limit RNase activity. Tissues were fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS) followed by treatment in 0.1%
acetic anhydride in TEA/NaCl and graded ethanol washes (Fig 3).

Endogenous Biotin Blocking: Neuronal tissue expresses endogenous biotin.
Therefore it is possible that the streptavidin on the QD/probe complexes could interact
with the endogenous biotin present in the neuronal tissue, resulting in non-specific
labeling. Also in the purified fractions, there were some unbound QDs. These QDs,
since they have multiple streptavidin sites, could also interact with endogenous biotin.
Thus, in some trials (Experiment 1.3), slides were treated with avidin and biotin after
prehybridization to block endogenous biotin binding sites. Specifically, slides were
treated with 100 ul of avidin for 10 minutes at room temperature; were rinsed, and treated
with 100 ul of biotin for 10 minutes at room temperature and were then rinsed again. The
slides then underwent hybridization histochemistry.
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Hybridization: QD-probe conjugates were added to hybridization buffer and
together the mixture was heated to 70C for 15 minutes. The hybridization buffer
consisted of 4XSSC, 50% formamide, 100 ng/ul purified BSA, 1X Denhardt’s solution
0.3% Triton X-100, and 1ul of QD-probe conjugate (volume of added conjugate was
altered to 10ul in different experiments, see Experiments 1.2 and 1.3 below). The buffer
plus QD-probe mixture was applied to the slides and the slides were hybridized overnight
at 37C in a humidified oven.

Posthybridization: The day after hybridization, slides were rinsed briefly in
4XSSC. Slides then underwent two 30 minute washes in 2XSSC; four 15 minute washes
in 2XSSC in 50% formamide at 40C; and finally, two 30 minute washes in 1XSSC. (In
experiments 1.2 and 1.3 slides were washed once only in each solution and all washes
were performed at room temperature.) Slides were then mounted in glycerol/PBS.

Visualization of Quantum Dots: Visualization of QDs was performed with a
Nikon E1000 microscope (Nikon, Tokyo, Japan) equipped with a motorized stage
(LUDL Electronic Products, Hawthorne, NY), a VFM epifluorescent attachment, a
Uniblitz model VMM-D1 shutter driver (Vincent Associates, Rochester, NY), and a
Photometrics Coolsnap FX camera (Roper Scientific, Trenton, NJ). A UV fluorescence
filter cube (EX: 355/50 nm, DM: 400 nm, BA: 420 nm), with broad excitation and
emission bands, and a Texas Red filter cube (EX: 540-580 nm, DM: 595 nm; BA: 600-
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660 nm), with a more narrow excitation and emission band, were used to examine QD
labeling.

Variations in General Protocol
In these experiments, we worked toward the development of in situ hybridization
using QD labeled cDNA probes. Many experimental approaches and modifications were
used to improve the technique, and while we have not yet arrived at a successful
hybridization, much progress has been made. For an outline of trials and results, see
Tables 1 and 2.

Experiment 1.1: Indirect labeling using altered QD to probe concentrations, with and
without biocytin blocking of streptavidin sites
The protocol for indirect labeling was followed as above, with minor variations
in probe concentrations and prehybridization biocytin blocking steps. Four different
procedures were tested: 1) 1:2 QD:probe conjugate with biocytin blocking of
streptavidin sites; 2) 1:2 QD:probe conjugate without blocking of streptavidin sites; 3)
1:5 QD:probe conjugate.with biocytin blocking of streptavidin sites; and 4) 1:5 QD:probe
conjugate without biocytin blocking of streptavidin.
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Results Experiment 1.1
Both the 1:2 and 1:5 concentrations of QD:probe conjugates were tested, both in
the presence and in the absence of biocytin. No labeling (neither specific nor
nonspecific) was detected with the conditions tested.

Experiment 1.2: Indirect labeling using increased volumes of QD to probe, with and
without biocytin blocking of streptavidin sites
Because no labeling was detected in Experiment 1.1, we next increased the
volume of probe added to the hybridization buffer. Utilizing the 1:2 concentration of
QD:probe, the volume of QD:probe conjugate used in the hybridization buffer was
increased 10 fold to 10ul of QD:probe in 50ul of hybridization buffer per slide.
Additionally, half of the slides received QD probe conjugates which were pretreatment
with biocytin to block the QD-streptavidin sites, while half of the slides received nonbiocytin blocked QDs. Posthybridization washes were less stringent (see
Posthybridization section above).

Results Experiment 1.2
Hybridization yielded intense yet non-specific labeling throughout the
hypothalamus, in both the biocytin treated and non-biocytin treated groups.
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Experiment 1.3: Indirect labeling while blocking for endogenous biotin, with and
without altered posthybridization wash stringency
The high levels of nonspecific background labeling seen in Experiment 1.2 raised
the possibility that the streptavidin-labeled QDs might be interacting with endogenous
biotin in the neuronal tissue. Thus, prior to hybridization, some slides were treated with
avidin and biotin (see above Endogenous Biotin Blocking section) to block endogenous
biotin. Slides were hybridized with 10ul of 1:2 QD:probe conjugate in 50ul of
hybridization buffer. Additionally, within the biotin-blocked and non-biotin blocked
experimental groups, two types of posthybridization washes were utilized (see
Posthybridization section). Washes were varied to determine the adequate stringency
levels needed to remove nonspecific background labeling. Biocytin blocking of
streptavidin sites was omitted.

Results Experiment 1.3:
Trials which lacked the blocking of endogenous biotin resulted in nonspecific
background labeling. The trial which had the endogenous biotin blocking step, with and
without the stringent washes had no nonspecific labeling, and no true labeling either.

Experiment 2: General Protocol for Direct Probe Labeling.
In direct probe labeling, biotinylated probe is incubated with the tissues during in
situ hybridization. Following hybridization, slides underwent posthybridization washes
and then a second incubation with QDs (Fig 3). This was followed by post-detection
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washes and mounting. Prehybridization was conducted as described above and
endogenous biotin blocking steps were performed as described above. Slides then
underwent hybridization histochemistry. This technique was utilized in Experiments 2.32.6.

Hybridization: Biotinylated probe (of different volumes, see Experiments 2.1 and
2.5) was added to hybridization buffer. The hybridization buffer consisted of 4XSSC,
50% formamide, 100 ng/ul purified BSA, 1X Denhardt’s solution 0.3% Triton X-100,
and 1ul of probe. The hybridization buffer and probe mixture was applied to the slides
and the slides were hybridized overnight at 37C in a humidified oven.

Posthybridization: The following day, sections were washed in SSC at increasing
stringencies to prepare for QD labeling and detection. Specifically, slides were briefly
rinsed in 4XSSC. Slides then underwent two 30 minute washes in 2XSSC; four 15
minute washes in 2XSSC in 50% formamide at 40C; and finally, two 30 minute washes
in 1XSSC. Slides were then mounted in glycerol/PBS.

QD Labeling and Detection: Following posthybridization washes, the slides were
washed with Buffer A (1M NaCl, 0.1M Tris-HCl, pH 7.5, 2mM MgCl2, 0.05% Tween
20) 3X 10 minutes and incubated with a 1:50 or 1:100 concentration of QD:buffer. In
Experiment 2.1, 1:1000 QD:Buffer A was used for incubation. Slides were incubated
with QD mixture overnight in a humid chamber. Following incubation, slides were
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washed in Buffer B (1M NaCl, 0.1M Tris-HCl, pH 9.5, 5mM MgCl2) 3X 5 minutes, and
Buffer C (0.1M NaCl, 1M Tris-HCl, pH 9.5, 5mM MgCl2) 2X 2 minutes. [In
Experiments 2.2-2.4, less stringent washes of 3X 10 minutes in PBS solution, both before
and after QD incubation were used.] Slides were then rinsed in water and were
coverslipped in glycerol/PBS. Visualization of QDs was performed as described above.

Variations in General Protocol
Experiment 2.1: Direct labeling using two concentrations of probe for hybridization
The protocol for direct labeling was as described above, with minor alterations in
concentration of probe used for hybridization histochemistry. 1ul of 0.2 uM or 2.0 uM
probe was added to 59 ul hybridization buffer. The hybridization buffer and probe
mixture was applied to the slides for overnight hybridization, followed by
posthybridization washes. Slides were treated for binding of QD to probe using the
protocol outlined in QD Labeling and Detection above.

Results Experiment 2.1:
The addition of 1ul of 0.2uM or 2.0uM POMC probe to rat brain sections did not
result in labeling of the tissue with QDs.
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Experiment 2.2: Direct labeling using high concentrations of QD:probe and less
stringent post-detection washes
Because no labeling occurred in Experiment 2.1, we increased the volume of
probe for hybridization and the concentration of QD for detection. 10ul of a 2uM POMC
probe was hybridized to each rat brain section. Post-hybridization washes were less
stringent and consisted of three 10 minutes washes in PBS.

For binding of hybridized

probe with QD, sections were incubated with streptavidin-bound QD (1:50 and 1:100 in
PBS) overnight in a humid chamber. After incubation, slides were washed in less
stringent washes of PBS for 3X 10 minutes and then rinsed in water and mounted in PBSglycerol.

Results Experiment 2.2:
These conditions resulted in intense, non-specific labeling throughout the brain
tissue of the rat.

Experiment 2.3: Direct labeling using two different POMC probes, with biotin blocking
step, less stringent detection washes
Because of the non-specific labeling seen in Experiment 2.2, we next investigated
the possibility that the streptavidin-coated QD was interacting with endogenous biotin in
the tissue. Thus prior to hybridization with the probes, steps were taken to block
endogenous biotin, as described in the Endogenous Biotin Blocking section.
Additionally, to determine if the 54 carbon spacer was interfering with binding, we tested
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two POMC probes (targeted to bases 601-649 and bases 326-373). POMC probe 326373 had been previously demonstrated to exclusively label the arcuate nucleus, but unlike
POMC 601-649, it lacked the 54 carbon spacer. 10ul of 2uM probe (either POMC 326373 or POMC 601-649) were added to 50ul hybridization buffer and the solution was
hybridized overnight as previously describe. Posthybridization washes and QD labeling
and detection were performed as described in Experiment 2.2.

Results Experiment 2.3:
Blocking of endogenous biotin prior to hybridization with either POMC probes
did not prevent non-specific labeling. Rather, labeling was intense and nonspecific,
located throughout the brain sections.

Experiment 2.4: Direct labeling using numerous altered conditions including biotin
blocking and varying wash stringency
A variety of conditions were tested to determine the important steps in decreasing
nonspecific background labeling (Table 2.) Prior to hybridization, half of the slides were
treated with avidin and biotin to block endogenous biotin (see above Endogenous Biotin
Blocking section); the other half received no endogenous biotin blocking. Hybridization
histochemistry was performed as described in Experiment 2.3. Two QD labeling and
detection procedures were tested: the stringent (as described in Experiment 2.1) and less
stringent (as described in Experiment 2.2) washes.
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Results Experiment 2.4:
Intense and nonspecific labeling was identified throughout the neuronal tissue in
the majority of conditions tested. The blocking of endogenous biotin and the altered,
stringent post-detection steps, however, resulted in elimination of background signaling.

Experiment 2.5: Direct labeling testing two POMC probes, at different concentrations
Because blocking of endogenous biotin and stringent post-detection washes
resulted in removal of nonspecific background labeling, these steps were again performed
prior to hybridization of tissue with POMC probes 601-649 and 326-373. Since the
nonspecific labeling seemed to be resolved with these conditions, we next increased the
amount of probe for hybridization, in order to increase the likelihood of binding of probe
with target mRNA. Thus, each probe (2uM) was tested using three different
hybridization volumes (5 ul, 10 ul, 20 ul probe in hybridization buffer to equal 60 ul
mixture).

Results Experiment 2.5:
Despite the use of conditions believed to eliminate background labeling,
hybridization resulted in intense and non-specific labeling throughout the rat brain
sections. This occurred at all concentrations tested with each of the two probes.
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Experiment 2.6: Direct labeling testing two POMC probes, at two concentrations with
strict post-QD washes
Because the results in Experiment 2.5 still yielded high background labeling, we
sought to make all conditions strictly stringent. Thus, in addition to blocking of
endogenous biotin and stringent post-detection steps, we also performed strict posthybridization steps following hybridization with probe. Each probe was tested using
2.5ul or 5ul of 2uM probe in enough hybridization buffer to equal 60ul total.

Results Experiment 2.6:
Regardless of the biotin blocking and stringent post-hybridization and postdetection washes, hybridization still yielded intense and non-specific labeling.

Discussion
Many steps and much trouble-shooting have been under-taken in the development
of quantum dot labeled in situ hybridization. Over the course of many experiments, we
have altered probe concentrations and volumes as well as wash stringencies and blocking
steps. Each experiment lends itself to further understanding and need for more
investigation. Additionally, we found that blocking of endogenous biotin helps to reduce
the non-specific background labeling that resulted from the streptavidin-bound quantum
dots interacting with the endogenous biotin in the rat neural tissue. Also, the stringency
of washes plays an important role in the reduction of non-specific labeling. In both the
indirect and direct labeling procedures, the post-hybridization washes needed to be of
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high salt content and high temperature in order to wash away nonspecific binding. For
the direct labeling procedures, the post-detection washes (after incubation of tissues with
the QDs) also needed to be of high salt content to decrease nonspecific binding of QD.

While many specifics have been worked out, more trials need to be conducted in
the development of the quantum dot labeled in situ hybridization technique. Our QDs
were designed by the manufacturer to have multiple streptavidins, thus allowing for the
binding of biotinylated probes to the streptavidin-labeled QD. The ideal situation is to
have one biotinylated probe bound to one streptavidin site on each QD (Chan et al.,
2005). Yet because there are multiple streptavidins on each quantum dot and because
each streptavidin is a tetramer for potential biotin binding, there is great possibility for
the aggregation and clumping of many probes on one QD. The ratio of one biotinylated
probe per QD is therefore achieved by blocking the extra streptavidin sites with nonsaturating levels of biocytin. This would prevent the aggregation of many probes on a
single QD, and provide opportunity for optimal labeling without hindrance (Chan et al.,
2005). In regards to the indirect methodology, some of our experiments utilized biocytin
blocking of the streptavidin sites on the QDs while other experimental trials did not. In
these trials, there was no difference in results between the blocked and unblocked
procedures. It follows that this step may not be necessary for binding. Thus in
Experiment 1.3, we eliminated the blocking of streptavidin with biocytin. Our results
from Experiment 1.3 also yielded no true labeling of target mRNA with QD-labeled
probe. In evaluating our experimental conditions and results, we realize that in
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attempting to block the extra streptavidin sites with biocytin, all of the streptavidin sites
may have been blocked. This saturation of binding sites would prevent the binding of the
streptavidin-bound QDs to the biotinylated POMC probe, thus inhibiting conjugation of
the complex. Our next step, therefore, is to test many concentrations of biocytin in the
streptavidin blocking step and to determine which concentrations yield the most efficient
blocking.

In our direct labeling procedure, blocking of QD-streptavidin sites with biocytin is
not necessary because the biotinylated probe is first hybridized with the target mRNA
and then the QD is added. Thus in theory, each hybridized probe is bound to only one
QD. This blocking of streptavidin sites is not an issue, yet many other avenues need to
be explored for the optimization of the direct labeling procedure. Blocking endogenous
biotin and using stringent washes resulted in removal of non-specific labeling without
visible specific staining. Yet at higher concentrations of probe in the hybridization
buffer, the amount of background increased again. Thus, the optimal volume and
concentration of probe and quantum dot applied to the tissue is yet to be worked out and
will be examined in subsequent experiments.

QD technology offers the biological sciences numerous opportunities for
advancement of understanding. By developing the technique of QD labeled in situ
hybridization, our laboratory plans to implement simultaneous labeling of multiple
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mRNA sequences. Thus, in one experiment, we can investigate the colocalization of
NKB, KiSS-1, dynorphin, and ERα within the same neurons.
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Table 1: Indirect Labeling Procedures
Indirect Labeling Experiments

Results

1.1 Altered QD to probe concentrations, with and without
biocytin blocking of streptavidin

•

No labeling

•

1ul of 1:2 QD:probe without biocytin blocking step

•

No labeling

•

1ul of 1:2 QD:probe with biocytin blocking step

•

No labeling

•

1ul of 1:5 QD:probe without biocytin blocking step

•

No labeling

•

1ul of 1:5 QD:probe with biocytin blocking step

•

Nonspecific
labeling

•

Nonspecific
labeling

•

Nonspecific
labeling

•

No labeling

10ul of 1:2 QD:probe, with biotin blocking, without
stringent washes

•

Nonspecific
labeling

10ul of 1:2 QD:probe, without biotin blocking, with
stringent washes

•

No labeling

1.2 Increased volumes of QD to probe, with and without
biocytin blocking of streptavidin
•

10ul of 1:2 QD:probe without biocytin blocking of
streptavidin

•

10ul of 1:2 QD:probe with biocytin blocking of
streptavidin

1.3 Blocking for endogenous biotin, with and without altered
posthybridization washes
•

•

•

•

10ul of 1:2 QD:probe, without biotin blocking, without
stringent washes

10ul of 1:2 QD:probe, with biotin blocking, with
stringent washes
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Table 2: Direct Labeling Procedures
Direct Labeling Experiments
2.1 Hybridization with two concentrations of probe, 1:1000
QD:buffer
•

•

No labeling

•

No labeling

•

Nonspecific
labeling

•

Nonspecific
labeling

•

Nonspecific
labeling

•

Nonspecific
labeling

•

Nonspecific
labeling

•

Nonspecific
labeling

•

No labeling

•

No labeling

1ul of 0.2uM POMC 601-649

• 1ul of 2.0uM POMC 601-649
2.2 High probe concentration, various QD:buffer, and less
stringent washes
•

Results

10ul of 2.0uM POMC 601-649 with 1:50 QD:buffer
and less stringent washes

10ul of 2.0uM POMC 601-649 with 1:100 QD:buffer
and less stringent washes
2.3 Two different probes, with biotin blocking, various
QD:buffer, and less stringent washes
•

•

10ul of 2.0uM POMC 601-649 and 1:50 QD:buffer

•

10ul of 2.0uM POMC 601-649 and 1:100 QD:buffer

•

10ul of 2.0uM POMC 326-373 and 1:50 QD:buffer

•

10ul of 2.0uM POMC 326-373 and 1:100 QD:buffer

2.4 Blocking for endogenous biotin, 1:50 QD:buffer, with
altered postdetection wash stringency
•

10ul of 2.0uM POMC 601-649, with biotin blocking,
with stringent washes

•

10ul of 2.0uM POMC 601-649, without biotin
blocking, with stringent washes

•

Nonspecific
labeling

•

10ul of 2.0uM POMC 601-649, with biotin blocking,
without stringent washes

•

Nonspecific
labeling

•

10ul of 2.0uM POMC 601-649, without biotin
blocking, without stringent washes
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Direct Labeling Experiments (Continued)
2.5 Two different probes at various concentrations, with biotin
blocking and stringent washes
•

5ul of 2.0uM POMC 601-649

•

10ul of 2.0uM POMC 601-649

•

20ul of 2.0uM POMC 601-649

•

5ul of 2.0uM POMC 326-373

•

10ul of 2.0uM POMC 326-373

•

20ul of 2.0uM POMC 326-373

2.6 Two probes with biotin blocking and stringent
posthybridization and postdetection washes
•

2.5ul of 2.0uM POMC 601-649

•

5.0ul of 2.0uM POMC 601-649

•

2.5ul of 2.0uM POMC 326-373

•

5.0ul of 2.0uM POMC 326-373

Results
•

Nonspecific
labeling

•

Nonspecific
labeling

•

Nonspecific
labeling

•

Nonspecific
labeling

•

Nonspecific
labeling

•

Nonspecific
labeling

•

No labeling

•

No labeling

•

No labeling

•

No labeling
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Fig. 5.1:
Flowchart of procedure to conjugate streptavidin-coated QDs with biotinylated probe.
For simplicity, streptavidin (green) is illustrated in a monomeric form and only one QDprobe conjugate is shown. Attempts of purifying QD-probe conjugates with a Sephadex
column (not shown) were abandoned in favor of using a Nanosep filter.
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Fig. 5.2
1% agarose gel with ethidium bromide. All lanes with QD-probe conjugates show
greater migration than QDs alone. Distinct species of conjugates are seen in lanes for 1:5
and 1:10 concentrations.
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Fig. 5.3
Flowchart of procedure for in situ hybridization using both direct (right) and indirect
(left) labeling methods. Illustrations are given for cellular events occurring during
endogenous biotin blocking and separate incubations during direct labeling.
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Fig. 5.4
10X photomicrograph of rat arcuate nucleus (Arc), third ventricle (3V), and ventromedial
nucleus (VMN). Specific labeling is absent from preliminary (A) and altered (B) washes
for FISH.
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CHAPTER 6
CONCLUSIONS AND FUTURE DIRECTIONS
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In the course of this dissertation, we characterized alterations in kisspeptin and
dynorphin mRNA in the hypothalami of postmenopausal women and primate models of
menopause. In the following section, we seek to place each of our findings into the
context of the larger scientific field, with specific attention given to the fields of
reproductive neuroendocrinology and menopause.

Overview
Proper functioning of the reproductive axis is dependent on the integration of a
variety of physiological and environmental signals. These signals are interpreted by the
hypothalamo-pituitary gonadal axis which ultimately regulates the reproductive axis.
Throughout the lifetime of an organism, many changes take place which alter the
function of the reproductive axis and consequently the reproductive capability of the
organism. Our research focuses on the postmenopausal period, which occurs in the last
one-third of life in human females. This period is marked by cessation of menses and the
loss of reproductive capacity.

A plethora of changes within the reproductive axis accompany this shift from
reproductive capability to reproductive failure. The present research focuses on the
postmenopausal alterations within the hypothalamus, with an emphasis on the medial
basal hypothalamus, the major center for reproductive control in the primate. Previous
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research in our laboratory has shown changes in the medial basal hypothalamus of
postmenopausal women. Here, we examined the expression of two neuropeptides gene
transcripts, kisspeptin and dynorphin, which have established roles in the regulation of
reproduction, but had not yet been explored in the context of the postmenopausal period.
We set out to investigate whether there were differences in neuronal morphology or
mRNA transcription of these neuropeptides in the medial basal hypothalamus of
premenopausal and postmenopausal women. Because the postmenopausal period of life
is accompanied not only by alterations in ovarian steroid environment, but also
advancement of age, we also utilized a non-human primate model of menopause in which
age was controlled and ovarian status was altered. These animal studies provided insight
as to whether changes seen between our human groups were a consequence of age or
ovarian status. Finally, to offer greater ability for simultaneous examination of multiple
mRNA sequences, we began to set-up a methodology for fluorescent in situ hybridization
using quantum dot-labeled probes. The summary of findings and suggestions for future
studies will be addressed in the following pages.

Kisspeptin
The kisspeptins are a family of neuropeptides critically involved in the regulation
of reproduction. In chapter 2, in situ hybridization was utilized to examine kisspeptin
gene expression in the hypothalami of pre and postmenopausal women. Our findings
demonstrated the presence of KiSS-1 mRNA in the hypertrophied neuronal population of
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the postmenopausal infundibular nucleus. The size of neurons expressing KiSS-1 mRNA
in the infundibular nucleus of postmenopausal women was significantly increased
compared to KiSS-1 mRNA-expressing neurons in premenopausal women. Additionally,
the number of KiSS-1 mRNA-expressing neurons and the amount of KiSS-1 gene
transcript within the neurons (as indicated by number of grains per neuron) was increased
in postmenopausal women compared to the premenopausal group.

To determine if the changes in KiSS-1 neuronal morphology and gene expression
were due to ovarian hormone environment or age, two experiments were performed in
which KiSS-1 gene expression was examined in the hypothalami of young cynomolgus
monkeys. In the first experiment, young-adult female monkeys were either sacrificed
during the mid-follicular phase with their ovaries intact, or they were ovariectomized and
sacrificed 10-16 months later. In situ hybridization revealed hypertrophy of KiSS-1
mRNA-expressing neurons and increased transcription of KiSS-1 mRNA in the
infundibular nucleus of monkeys. These changes were nearly identical to that observed
in postmenopausal women. In a second experiment, three groups of young-adult female
monkeys were ovariectomized, and two of the groups were treated with different
regimens of long-term ovarian steroid replacement. The administration of gonadal
steroids resulted in marked decreases in numbers of KiSS-1 mRNA expressing neurons,
compared to the ovariectomized controls. The number of neurons expressing KiSS1 was
nearly undetectable in both replacement groups, prohibiting comparisons of neuron size
and the number of grains per neuron. Collectively, these results show regulation of
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KiSS-1 neurons and transcript by ovarian hormones. Importantly, they provide strong
evidence KiSS-1 neuronal hypertrophy and increased KiSS-1 gene expression in the
primate infundibular nucleus are secondary to ovarian failure.

These findings are in agreement with previous studies in animal models that
demonstrate steroid modulation of KiSS1 gene expression in the arcuate nucleus.
Hypothalamic KiSS-1 gene expression varies across the estrous (Estrada et al., 2006; Roa
et al., 2006) Moreover, in rodents and sheep, ovariectomy results in increased KiSS-1
gene expression in the hypothalamic arcuate nucleus, the homologue of the infundibular
nucleus (Smith et al., 2005; Smith et al., 2007). Conversely, hormone replacement
results in a dramatic decrease in KiSS-1 gene expression in the arcuate nucleus (Smith et
al., 2005; Smith et al., 2007). The estrogen-responsiveness of KiSS-1 neurons and their
alterations during menopause, as shown in Chapter Two, may have critical effects on the
reproductive axis. Kisspeptin fibers closely apposed GnRH neurons, which express
GPR54, the receptor for kisspeptin (Kinoshita et al., 2005; Clarkson and Herbison, 2006;
Parhar et al., 2004; Irwig et al., 2005; Messager et al., 2005; Han et al., 2005).
Exogenous kisspeptins stimulate the reproductive axis, resulting in increased fos
expression in GnRH neurons, increased GnRH, and increased levels of circulating
gonadotropins (Han et al., 2005; Matsui et al., 2004; Messager et al., 2005; Thompson et
al., 2004; Dungan et al., 2006).
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In postmenopausal women, ovarian failure results in ovarian steroids that are at
castrate levels. This withdrawal of ovarian steroids in postmenopausal women is likely
the cause of the increased KiSS-1 mRNA expression and the alterations in KiSS-1
neuronal morphology that are seen in postmenopausal women. Given the increase in
KiSS-1 gene expression within the infundibular nucleus of postmenopausal women, and
the stimulatory effects of kisspeptin on GnRH and gonadotropin release, it is likely that
the postmenopausal rise in GnRH and gonadotropins are due, at least in part, to increased
activity of kisspeptin neurons in the infundibular nucleus.

Dynorphin
The dynorphins are a family of endogenous opioid peptides that are involved in
numerous physiological functions, including the regulation of the reproductive axis
(Gindoff and Ferin, 1987). When infused centrally, dynorphin has an inhibitory effect on
the reproductive axis, causing a decrease in peripheral LH levels (Leadem and Kalra,
1985). Further, in rodents and sheep, dynorphin gene expression is modulated by ovarian
steroids, with ovarian steroids resulting in increased expression of dynorphin mRNA
within the hypothalamus (Simerly et al., 1996; Foradori et al., 2005a). It is thereby
possible that the withdrawal of ovarian steroids in postmenopausal women leads to
decreased hypothalamic dynorphin levels and a subsequent decrease in inhibitory tone on
the reproductive axis. This decline in inhibitory tone could then contribute to the rise in
gonadotropin secretion that is associated with the menopause.
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In chapter three, we addressed this hypothesis by examining dynorphin gene
expression in the hypothalami of pre and postmenopausal women. The numbers of
dynorphin mRNA-expressing neurons were examined in multiple hypothalamic nuclei.
Quantitative analysis revealed that the only areas demonstrating alterations in dynorphin
gene expression between groups were in the medial preoptic area and the infundibular
nucleus. In postmenopausal women, the numbers of dynorphin mRNA-expressing
neurons were significantly decreased within the medial preoptic area as well as in the
infundibular nucleus. Infundibular dynorphin mRNA-expressing neurons exhibited
neuronal hypertrophy in postmenopausal women, compared to premenopausal women.
No change in neuronal size was seen in dynorphin mRNA-expressing neurons of the
medial preoptic area. There were no differences between premenopausal and
postmenopausal women in the number of grains per dynorphin neuron in either the
medial preoptic area or the infundibular nucleus.

These findings are consistent with the hypothesis that a decline in hypothalamic
dynorphin levels and a decrease in inhibitory tone could contribute to the postmenopausal
hypersecretion of gonadotropins. Compared to premenopausal women, postmenopausal
women have a stunted increase in LH response when given naloxone, a pharmacologic
antagonist of opioids (Reid et al., 1983). This finding suggests that postmenopausal
women have a decrease in the endogenous opioid inhibitory tone on LH secretion (Reid
et al., 1983). The human data is complicated by the presence of two distinct variables:
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ovarian status and aging, thereby making it difficult to determine which factor contributes
to the postmenopausal alterations in opioid activity. Yet, postmenopausal patients given
hormone replacement exhibit a return of naloxone induced increases in LH, to levels
similar to premenopausal women (Casper and Alapin-Rubillovitz, 1985; Dawood et al.,
1986; Melis et al., 1984), suggesting the effect is mediated by ovarian hormones.
However, older premenopausal women who have normal levels of ovarian steroid and
who still have regular menstrual cycles exhibit a decreased LH response to naloxone
compared to younger premenopausal women (Coiro et al., 1997). Collectively, these
findings suggest that age as well as ovarian status may effect dynorphin gene expression
and opioid tone.

In chapter 4, we accessed the roles of ovarian steroids and aging in the
postmenopausal decrease in dynorphin gene expression, by using in situ hybridization to
examine dynorphin mRNA expression in a non-human primate model of menopause.
Because the medial basal hypothalamus is the major hypothalamic reproductive control
center in the primate, dynorphin gene expression was examined only in the infundibular
nucleus of the medial basal hypothalamus. In our first experiment, we demonstrate
hypertrophy of dynorphin mRNA expressing neurons in the infundibular nucleus of
ovariectomized, young-adult female monkeys. Unlike our human studies, there were no
differences in number of dynorphin mRNA-expressing neurons or number of grains per
dynorphin neuron. These data do not support the hypothesis that dynorphin gene
expression is modulated by ovarian steroids in the primate hypothalamus. Further, these
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findings disagree with those in the ewe which demonstrate an ovariectomy-accompanied
decline in dynorphin gene expression when compared to ovary-intact luteal phase ewes
(Foradori et al., 2005a). The discrepancies between our findings and that of other
laboratories could be a reflection of species differences or experimental design. In
particular, the intact animals were sacrificed at different point in the menstrual cycle.
Alternatively, these data may point to the complexity of regulation of dynorphins by both
ovarian steroids and age.

Estrogen treatment of ovariectomized monkeys significantly increased the number
of dynorphin neurons compared to the ovariectomized control. In contrast, estrogen plus
progesterone treatment did not significantly alter number of dynorphin mRNAexpressing neurons. These findings suggest a differential effect of the different ovarian
steroids on infundibular dynorphin gene expression. While estrogen plus progesterone
treatment did not increase dynorphin mRNA levels in the infundibular nucleus, the
finding does not exclude the ability of progesterone to influence infundibular dynorphin
neurons. Progesterone may be working at a cellular level to influence various second
messenger systems, intracellular cascades, or receptor availability. In such ways,
progesterone may still be affecting the activity of these dynorphin neurons.

In addition,

progesterone treatment alone may have a different impact on gene expression than
progesterone combined with estrogen. Regardless, future studies are needed to determine
the effects of ovarian steroids on the dynorphin neurons in the monkey infundibular
nucleus.
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Colocalization studies
In chapters 2 and 3, we demonstrate the presence of two neuropeptide mRNAs,
KiSS-1 and dynorphin, respectively, within the hypertrophied neurons of the
postmenopausal infundibular nucleus. Previous studies have revealed that the majority of
the hypertrophied infundibular neurons express ERα and NKB mRNAs, both of which
are involved with reproductive regulation. In chapter 5, therefore, we initiate studies to
set-up the methods to identify multiple mRNA transcripts within the same neurons. This
is an important next step to confirm the colocalization of NKB, dynorphin, KiSS-1, ERα.
Thus far, in the development of quantum dot labeled in situ hybridization experiments
(which will allow for the simultaneous detection of multiple gene transcripts), we have
optimized the technique to eliminate background signal and binding of quantum dots to
endogenous biotin within the tissue. Experiments are on-going that investigate the
further application of quantum dots for in situ hybridization studies.

The presence of multiple neuropeptides and receptors in the same neurons, which
are targets for ovarian hormones, offers great possibilities to understand dynamics of
these neurons and their effects on the reproductive axis. It also points to the vast gaps in
our knowledge. These gaps may be filled by molecular and cellular experiments which
would explore the specific regulation of these mRNA transcripts and their interactions in
the whole system. Another interesting approach to investigating the hypertrophied
infundibular neurons population would be to use laser capture and microarray
technologies to dissect and analyze the neurons for various molecular and cellular
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constituents. Additionally, determining the collective effects of these neurotransmitters
on the electrophysiological properties of GnRH neurons would be most interesting.

Overarching Implications
The postmenopausal period is marked by depletion of ovarian follicles,
subsequent declines in ovarian steroids, increases in GnRH levels, and a dramatic rise in
circulating gonadotropins. In the studies presented here, we demonstrate the presence of
both KiSS-1 and dynorphin in the hypertrophied neurons of the postmenopausal
infundibular nucleus. Additionally, we demonstrate a postmenopausal increase in KiSS-1
expression and a decrease in dynorphin gene expression. Because kisspeptin has been
implicated in the stimulation of GnRH production and dynorphin in the inhibition of
GnRH production, our findings suggest that the rise and decline in KiSS-1 and
dynorphin, resepectively, contribute to the elevation in GnRH and gonadotropins that are
seen in postmenopausal women.

Because little research has been done on the effects of increased gonadotropins,
the functional implications of increased gonadotropins are therefore yet to be determined.
What is clear, however, is that the gonadotropins have the capacity to be involved in
multiple arenas beyond the reproductive axis. Luteinizing hormone receptors, for
instance, have been found outside of the ovary in the uterus, placenta, fallopian tubes,
urinary tract, lymphocytes, and mammary gland, as well as in the hypothalamus,
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hippocampus, cerebellum, area postrema, ependyma, choroid plexus, brainstem, and
spinal cord (Lei et al., 1993; Yang et al., 2007). Scientific laboratories are only
beginning to unlock the physiological and pathological functioning of the gonadotropes
outside of the reproductive system. Recent evidence has demonstrated a link between
elevated LH levels and Alzheimer’s disease (Barron et al., 2006). LH crosses the bloodbrain barrier (Lukacs et al., 1995) and in postmortem human brains with Alzheimer’s
disease, LH is increased in the cytoplasm of pyramidal neurons and neurofibrillary
tangles (Bowen et al., 2002). Further, LH has been implicated in the cellular and
biochemical mechanisms leading to Alzheimer’s disease, namely the altered solubility
and metabolism of amyloid-β precursor protein (Barron et al., 2006; Bowen et al., 2002;
Meethal et al., 2005). More experimentation is needed in this intriguing field of research,
to further identify the physiological and pathological effects of the postmenopausal rise in
circulating gonadotropes.

It is well established that this postmenopausal rise in circulating gonadotropes is a
consequence of ovarian hormone withdrawal. Additionally, many postmenopausalrelated pathologies are believed to be caused by the decline in ovarian steroids. Medical
interventions have therefore sought to reverse the effects of the postmenopausal decline
in ovarian steroids by pharmacological treatments. Steroid replacement, however, has
proved to be challenging and dangerous, largely because of the widespread and diverse
actions of steroids throughout the entire body. Developing non-steroidal treatments that
have controlled effects is therefore an area of great scientific interest. Our findings that
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link neurokinin B, kisspeptin, and dynorphin with the neuronal alterations of menopause
are exciting because they offer another avenue for further therapeutic investigation.
Available pharmacological therapies will continue to evolve as the mysteries of the
reproductive axis are revealed, one experiment at a time.
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APPENDIX A
HUMAN/ANIMAL SUBJECTS APPROVAL

The research outlined in the course of this dissertation was conducted using
archival tissues from pathological specimens obtained at autopsy. The HHS regulations
(45 CFR Part 46), define a human subject as a living individual about whom an
investigator conducts research. Therefore, because these tissues are from deceased
individuals and the tissue cannot be linked to a living individual, they are not technically
considered “human subjects”. The human subject’s protocol received IRB approval on
an annual basis (01-004-01).

The animal studies used solely archival tissue. All animal treatments were carried
out in compliance with state and federal laws, standards of the Department of Health and
Human Services, and the guidelines of the Institutional Animal Care and Use Committee
at the Wake Forest School of Medicine and at the University of Arizona, protocol
numbers 95-118 and A96-047, respectively.
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