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ABSTRACT

To better understand the regulation and possible functions of the NPY
system in the hypothalamus, this thesis used lactation as a natural physiological
state to approach these issues. The first part of the thesis characterized the
possible factors that are important in regulating the activity of NPY neurons in
the hypothalamus during lactation. It was found that the suckling stimulus is a
key factor in activating two distinct populations of NPY neurons in the
hypothalamus: the caudal portion of the arcuate nucleus (ARH) and the
dorsomedial nucleus (DMH). However, the mechanism by which the suckling
stimulus activates the two NPY populations may be different. The activation of
ARH NPY neurons is dependent on the neural input activated by suckling,
whereas suckling-induced hyperprolactinemia is more important in the
activation of the DMH NPY neurons.

The studies described in this thesis used both retrograde and
anterograde tracing techniques to identify the downstream target systems for
both suckling-activated NPY populations in the hypothalamus. Retrograde
tracing combined with in situ hybridization demonstrated that the paraventricular
nucleus of the hypothalamus (PVH) is a target area for both NPY populations,
suggesting that during lactation, NPY input will have a great impact on the
activity of PVH, which may be important in mediating the food intake and/or
reproduction during lactation. Anterograde tracing combined with multiple
immunostaining was used to identify all of the possible target areas in the brain

of the ARH NPY neurons. It was found that ARH NPY neurons send projections

xviii



into several forebrain regions, including the lateral septum, bed nucleus of stria
terminalis and several hypothalamic nuclei. However, ARH NPY neurons do not
project heavily into the hindbrain regions. It was also found that the ARH NPY
neurons connect directly with both gonadotropin releasing hormone (GnRH)
and corticotropin releasing factor (CRF) systems in the hypothalamus,
suggesting that ARH NPY neurons may modulate physiological systems such
as food intake, stress response and reproduction in part by directly modulating
the activity of the two primary regulatory systems in the hypothalamus during
lactation.

In order to further understand the neural pathways that may be
transmitting the signals of the suckling stimulus to stimulate the ARH NPY
neurons, the immediate early gene protein, cFos, was used as a neuronal
marker to identify neural populations that were activated by the physical
suckling stimulus. Subsequently, suckling-induced cFos expression combined
with retrograde tracing was used to determine the neuronal afferent input into
the ARH that was speéiﬂcally activated by the suckling stimulus. Identification of
these neural pathways should facilitate an understanding of how
somatosensory information may regulate hypothalamic NPY neuronal activity.

The results from this thesis should facilitate our understanding of the
regulation of NPY system in the hypothalamus. The anatomical data provide a
framework for how the hypothalamic NPY system may be regulated by

incoming signals, both neuronal and hormonal. In addition, the identification of

XiX



multiple target areas of ARH NPY neurons should allow us to begin to study the

function of ARH NPY neurons more precisely and accurately.
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CHAPTERI

INTRODUCTION



A. OVERVIEW--THE HYPOTHALAMUS AS A CENTER FOR INTEGRATING
NEURAL, HORMONAL, AND METABOLIC SIGNALS THAT ALTER

NEUROENDOCRINE FUNCTION

In the central nervous system, the hypothalamus has been considered
one of the most important structures in maintaining homeostasis of an amimal’s
body. The hypothalamus is located in the base of the dienchphalon on both sides
of the third ventricle and immediately above the pituitary gland. Histological
staining reveals many clusters of neurons throughout the hypothalamic area.
Each of the clusters, also known as nuclei, represents a basic functional unit of
the hypothalamus. In addition to the well established close relationship between
the hypothalamus and the pituitary gland, anatomical studies have shown that
many brain areas provide extensive neural input into the hypothalamus, and the
hypothalamic efferent nerve fibers also connect to major sites of the brain,
including the cerebral cortex, thalamus and limbic system, and the spinal cord
(Simerly, 1995). Morebver, several studies have demonstrated that some nuclei
in the hypothalamus exhibit very extensive and complicated connections with
each other (Ter Horst and Luiten, 1987). In addition to the extensive neural
connections between the hypothalamus and the rest of the nervous system, the
hypothalamus is also well supplied with blood vessels. This suggests that
hypothalamic nuclei can be influenced by a wide variety of chemical messengers
from both the blood and CSF, as well as neurotranmission from other, more

distant neurons not having direct contact. Thus, the hypothalamus is the logical



place for integrating information derived from both the external and internal
environment; it responds to the condition appropriately by modulating various
systems of the body. It has been shown that the hypothalamus can regulate the
cardiovascular system, thermoregulatory responses, the immune system, the
digestive system and even behavior, including aggressive, feeding, maternal and
sexual behaviors (Brown, 1994).

Even with the great interest in how the hypothalamus may integrate
multiple signals and modulate so many different systems, little is known about
the detailed mechanisms by which the hypothalamus may accomplish these
complicated tasks. One of the difficulties in studying hypothalamic function is that
there are so many substances produced in the hypothalamus. In addition to
classical neurotransmitters, such as glutamate, gamma-aminobutyric acid
(GABA) and the catecholamines, several dozen neuropeptides have been
identified in the hypothalamus (Brown, 1994). Each neurochemical system
contributes to some of the hypothalamic functions in different degrees. The array
of the neurochemical substances in the hypothalamus presents a complicated
system to study at several different levels: (1) with few exceptions, most of the
neuroactive substances are expressed in more than one particular nucleus in the
hypothalamus, and the same substance may participate in different functions in
different nuclei; (2) the expression of the substances in different areas of the
hypothalamus is sometimes regulated differently; and (3) some neurochemical
substances are coexpressed in neurons in one area but not other areas of the

hypothalamus.



Thus, in order to understand how the hypothalamus regulates homeostasis
of the body, it is necessary to first dissect out the function of each neurochemical
system in the hypothalamus in detail, both pharmacologically and anatomically,
and to study how the system may function as a sensor to recognize and
integrate incoming signals within the hypothalamus. This information may then
allow us to study how different systems may interact with each other and how the
interaction may contribute to the integration of information in the hypothalamus
and the regulation of different systems of the body under different physiological

conditions.

B. HYPOTHALAMIC NEUROPEPTIDE Y (NPY): A MODEL SYSTEM TO
STUDY HOW MULTIPLE SIGNALS CAN ALTER NEUROENDOCRINE

FUNCTION

Neuropeptide Y (NPY) is one of the peptide systems in the hypothalamus
which has been extensively studied due to its wide involvement in regulation of
many physiological systems. It has been shown that hypothalamic NPY
participates in regulating the reproductive axis, energy homeostasis, hormone
secretion from the pituitary gland, insulin secretion, and cardiovascular function.
Thus, hypothalamic NPY may be a good model system to study how the
hypothalamus may convey multiple signals and modulate several physiological

systems simultaneously.



1; NPY and its receptors
a. NPY peptide family

Neuropeptide Y (NPY) is a 36 amino acid peptide discovered by Tatemoto
and colleagues while searching for C-terminally amidated peptides in extracts of
porcine brain (Tatemoto et al., 1982). Subsequently, NPY was also isolated from
other species including human (Corder et al., 1984), rat (Corder et al., 1988),
guinea-pig, rabbit (O'Hare et al, 1988), and sheep (Sillard et al., 1989),
suggesting that the NPY structure has been well conserved during evolution.
Amino acid sequence analysis has revealed that NPY belongs to a peptide
family including peptide YY (PYY, approximately 70% homology) and pancreatic
polypeptide (PP, approximately 50% homology). These peptides exhibit
considerable homologies in their primary, secondary and tertiary structures
(Glover et al., 1985; Schwartz et al., 1991). The NPY peptide is encoded ina 7.2
kilobase gene with four exons (Larhammer et al., 1987). NPY is first synthesized
as a preproNPY peptide with 98 amino acid residues (Minth et al., 1984, 1986).
A signal peptide of 29 amino acid precedes the mature NPY peptide, which is
followed by a Gly-Lys-Arg processing site. The cleavage at the processing site

results in the mature peptide and a carboxyl-terminal peptide of 30 amino acids.
X-ray crystallographic analysis of one of the peptide family, avian PP,
revealed that the peptide structure consists of an extended proline helix with
three prolines, a turn, and an amphipathic alpha helix (Glover et al., 1983). It has
been shown that this folded structure is important for binding to some of the

receptor subtypes (Beck-Sickinger, 1997). In addition to this characteristic



structure, all the peptides in the family have a C-terminal amide that is essential
for biological activity.
b. NPY receptors

The receptors for NPY and its family members belong to the seven
transmembrane domain-G protein coupled receptor family. All the receptors
identified to date are capable of coupling to G; to mediate an inhibition of
adenylate cyclase, though other second messenger systems can be modulated,
depending on the cell line in which the receptor is expressed. Currently six
receptor subtypes have been identified. Each receptor exhibits slightly different
rank order potency in binding to NPY analogues and related peptides. Each of
the receptors is discussed briefly below.

Y1 receptor. The Y1 receptor binds with high affinity only full length NPY
or full length analogues, such as [Pro34]NPY, and has a much reduced affinity
for C-terminal fragments such as NPY (13-36) (Schwartz et al., 1990). Both in
vivo and in virto studies have shown that this receptor can couple either to the
hydrolysis of phospﬁotidylinositol or the inihibition of adenylate cyclase
(Aakerlund et al., 1990; Herzog et al., 1992; Hinson et al., 1988). The distribution
of the Y1 receptor in the rat brain has been mapped with'®I-PYY as the
radioligand, using NPY13-36 to mask Y2-like receptors (Gehlert et al., 1992), or
by direct labeling with selective radioligands (Dumont et al., 1996). The Y1
receptor predominates in the cerebral cortex, thalamus, and amygdala and
several nuclei in the hypothalamus including the arcuate nucleus. Results from

Y1 receptor mMRNA mapping studies also show a similar distribution (Larsen et



al., 1994). Y1 receptor is also found in the cerebral vessels surrounding the brain
(Bao et al., 1997). In addition, the Y1 receptor has been found in the periphery,
including many arteries and veins (Palea et al., 1995; Wharton and Polak, 1990),
where it is associated with vasoconstriction or the potentiation of effects of other
vasoconstrictors (MalmstrOm and Lundberg, 1997). In the central nervous
system, the effects of NPY mediated by the Y1 receptor include anxiolysis-
sedation (Heilig et al., 1993; Wahlestedt et al., 1993) and the feeding response
(Kalra et al., 1991, Stanley et al., 1992), although its involvement in feeding has
been challenged by the study which showed that decreasing the expression of
Y1 receptor by antisense oligonucleotide treatment did not alter feeding (Heilig et
al., 1993). In addition, the deletion of either one or two of the N-terminal amino
acids does not result in a loss of potency to stimulate feeding, despite poor
affinities for the Y1 receptor (O’'Shea, endo). Recently, it has been shown that
the food intake in Y1 receptor deficient mice was modestly reduced, suggesting
that the food intake effect of NPY is mediated in part by the Y1 receptor
(Pedrazzini et al., 1998). The Y1 receptor is generally considered to be
postsynaptic (Wahlestedt et al.,, 1986), although several studies have also
suggested that it can be found in presynaptic sites and functions as a
presynaptic receptor (Chen and van den Pol, 1996; Pickel et al., 1998).

Y2 receptor. The Y2 receptor, in contrast to Y1, has a much higher
affinity for C-terminal fragments than for substituted analogues such as
[Pro34]NPY (Schwartz et al., 1990; Grundemar et al., 1993). Y2 receptors are

found in a variety of brain regions, including the hippocampus, substantia nigra,



thalamus, hypothalamus, and brainstem (Dumont et al., 1993; Gehlert et al.,
1992; Gustafson et al., 1997). In the periphery, Y2 receptors are found in
peripheral nervous systems such as sympathetic, parasympathetic and sensory
neurons, as well as the vasculature (Dumont et al., 1993, Gehlert et al., 1992;
Grundemar et al., 1990; Stjernquist and Owman 1990; Wahletedt and Hakanson
1986; Wahletedt et al., 1986). Like the Y1 receptor, the Y2 receptor can couple
to the inhibition of adenylate cyclase (Colmers and Pittman, 1989; Foucart and
Majewski, 1989). In addition, it has been shown that Y2 receptors can modulate
Ca®* currents by selective inhibition of N-type calcium channels (Toth et al.,
1993). Many Y2 receptor-mediated effects have been linked to the suppression
of transmitter release, and this is consistent with the observation that the Y2-like
receptor is predominately located presynpatically (Wahlestedt et al., 1986).

Y3 receptor. A group of receptors with disparate pharmacological profiles
have been labeled Y3 receptors. These receptors all share a common low affinity
for PYY and display a rank order potency for NPY-related peptides that differs
markedly from Y1 or Y2 receptors (Grundemar et al., 1991a,b). However, it has
been shown that the Y3 receptor can, like both Y1 and Y2 receptors, inhibit
adenylate cyclase activity (Balasubramaniam et al., 1990) and modulate Ca®*
influx (Foucart et al., 1993; Wahlestedt et al., 1992). No study has been done to
map the distribution of Y3 receptors in the nervous system. Electrophysiological
studies suggest that Y3 receptors are expressed in the brainstem, especially in
the nucleus of solitary tract (Glaum et al, 1997). Central effects associated with

the Y3 receptor include hypotension and bradycardia (Grundemar et al,



1991a,b). In the periphery, the Y3 receptor has been found in the adrenal
medulla (Wehlestedt et al.,, 1992) and has been suggested to play a role in
nicotine-stimulated release of catecholamines (Higuchi et al., 1988a).

Y4 receptor. The Y4 receptor is characterized by its high affinity for rat
PP with lower affinity for NPY and PYY (Bard et al., 1995). Like the Y1 receptor,
both the C- and N-termini are required for full potency, suggesting that the
binding domain is similar in these two subtypes. The Y4 receptor is also coupled
to inhibition of cAMP accumulation (Bard et al., 1995; Lundell et al., 1995) and to
modulation of Ca** current influx (Bard et al., 1995). The Y4 receptor is found
mostly in the periphery, including the colon, small intestine, pancreas and testis.
In the brain the Y4 receptor is found mostly in the circumventricular organs such
as the area postrema and the interpedunclular nucleus (Bard et al, 1995;
Whitcomb et al., 1990). The main function of the Y4 receptor may be mediating
the effects of PP in the inhibition of pancretic exocrine secretion and gall baldder
contraction (Schwartz 1983). The central effect of the Y4 receptor is currently
unknown.

Y5 receptor. The Y5 receptor has highest affinity for rat NPY and rat PYY
with lower affinity for rat PP (Gerald et al., 1996). [Pro34]NPY and C-terminal
analogs also exhibit high affinity for this receptor subtype (Gerald et al., 1996).
Perhaps the most selective peptide for the Y5 receptor is [dTrp32]NPY, which
has low affinity for the other receptor subtypes (Gerald et al., 1996). Interestingly,
genomic sequence analysis showed that the reverse complement of part of the

human Y5 receptor genomic DNA sequence corresponds to the genomic DNA



sequence for the human Y1 receptor, suggesting that the Y1 and Y5 receptor
gene could map, in opposite orientation, to the same locus on chromsome 4q
(Gerald et al., 1996). When expressed in mammalian cell lines, this receptor also
couples to the inhibition of adenylate cyclase (Gerald et al., 1996). The mRNA
for the Y5 receptor has been found in the brain and testis (Gerald et al., 1996). In
the brain, this receptor is found mainly in the nucleus tractus solitarius, area
posterma and lateral septum (Dumont et al., 1998). Functionally, the receptor
has been suggested as one possible candidate in mediating central NPY
induced feeding (Gerald et al., 1996; Schaffhauser et al., 1997).

Y6 receptor. The cDNA for the Y6 receptor was first cloned from mice
(Weinberg et al., 1996)). Pharmacological studies showed that it has high affinity
for PP and C-terminal fragments (Weinberg et al., 1996). Interestingly, when a
similar cDNA was cloned from humans and primates, it was found that the
human and primate sequences contain a deletion mutation that results in a
premature peptide which does not contain the 7th transmembrane domain
(Gregor et al.,, 1996). These results suggest that the Y6 receptor may not be

functional in the human and primate.

2. NPY distribution in the hypothalamus
a. NPY neurons in the hypothalamus
Immunohistochemical studies using antisera against NPY have shown
that the mediobasal hypothalamus contains the largest group of NPY-positive

neurons (Chronwall et al., 1985; De Quidt et al., 1990). However, NPY staining
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of many of these cells could be demonstrated only in colchicine-treated animals.
This population of neurons comprised small to medium-sized fusiform cells which
occasionally gave rise to thick dendrites at either or both poles and were
distributed rostrally from the ventral retrochiasmatic area to the subventricular
region of the caudal end of the arcuate nucleus. Some scattered cells were also
found in the lateral median eminence. In addition, other groups of NPY-positive
neurons were observed in animals treated with colchicine, including those in the
supramammillary nucleus, the ventral part of the medial preoptic area, the
periventricular nucleus, and within the parvocellular part of the paraventricular
nucleus. Also, clusters of large, multipolar cells were observed in the lateral
hypothalamic area even without colchicince treatment. NPY mRNA mapping
studies by in sifu hybridization revealed a similar distribution of NPY mRNA
positive neurons in the hypothalamus (Gehlert et al., 1987; unpublished
observation).
b. NPY fiber distribution in the hypothalamus

A complex network of NPY-positive fibers has been observed throughout
the hypothalamus (De Quidt et al., 1990). In the rostral portion of the
hypothalamus, a dense plexus of immunostained fibers has been found in the
organosum vasculosum lamina terminalis (OVLT) and the continuing
anteroventral periventricular nucleus (AVPV). The fiber density gradually
decreases into the more lateral areas of OVLT before reaching the lateral
septum, where extensive NPY fibers are found. The preoptic area (POA)

contains a moderate to dense plexus of fibers in the medial portions as well as
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the ventricular border where the periventricular preoptic area (PePOA) is located.
In the mid-hypothalamic area, a dense plexus of fibers has been observed
in the ventral part of the suprachiasmatic nucleus. The paraventricular nucleus
(PVH) contains a non-uniform fiber innervation, with the highest density in all of
the parvocellular subdivisions and a weak to moderate innervation‘ In the
magnocellular portion of the PVH. Scattered fibers and varicosity-like staining,
which may represent terminal buttons, have been found throughout the anterior
hypothalamic area. The dorsomedial nucleus (DMH) contains dense to moderate
levels of innervation in the dorsal and ventral portions, whereas the compact
zone of the DMH, sandwiched between the dorsal and ventral portion of the
DMH, contains only few scattered fibers. Dense fibers have also been found in
the medial portion of the lateral hypothalamus and the perifornical hypothalamic
area. NPY-positive fibers have also been detected in the ventromedial nucleus
(VMH) but with much less density compared to the neighboring nuclei, with the
exception of the dorspmedial portion of the VMH, which has a relatively high
density of fibers. |
The arcuate nucleus (ARH) contains the densest fiber plexus in the
hypothalamus. The fibers are found throughout the ARH, with more fibers in the
cadual portion of the ARH. The median eminence (ME) also contains some NPY-
positive fibers, mostly in the internal to intermediate layers of the ME. Few fibers
and varicosity-like staining are also found in the external layer of the ME.
The posterior hypothalamus (PH) receives only moderate innervation of

NPY fibers, with the exception of the rostral end of the PH located dorsal to the
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caudal end of the DMH, where a very dense plexus of NPY fibers is found. The
ventral premammillary nucleus is one of the few subdivisions of the mammillary
body which receives moderate levels of NPY innervation.

One of the difficulties in studying the function of NPY in the hypothalamus is
that there is more than one population of NPY neurons in the brain that project
into the hypothalamus. It has been shown that NPY neurons in the lateral
genigulate leaftlet contribute NPY projections to the suprachiasmatic nucleus
(Moore et al., 1984; Watts and Swanson, 1987). NPY neurons in the caudal
ventrolateral medulla have been shown to innervate multiple areas in the
hypothalamus, including the POA and the PVH (Sawchenko et al., 1985). The
projections of NPY neurons in the mediobasal hypothalamus (ARH) have not
been examined directly, although indirect evidence has suggested that NPY
neurons in the ARH also project to the POA, the PVH, and the DMH (Baker and
Herkenham, 1995; McShane et al., 1994). The complicated and overlapping
projection patterns add yet another level of difficulty in studying the function of
NPY in the hypothalamus. Thus, more detailed and sophisticated anatomical
studies are needed in order to establish the contribution of NPY projections in
the hypothalamus from different populations of NPY neurons.

3. The possible functions of hypothalamic NPY systems

a. NPY and the regulation of energy homeostasis

One of the most widely studied functions of NPY is its potent stimulatory

effect in inducing food intake (Lee et al., 1994; Tomaszuk et al., 1996). Central

administration, as well as site specific injection of NPY, has shown that NPY can
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elicit an increase in food intake even in satiated animals and that the response is
greatest when the peptide is infused into the perifornical region as well as the
PVH (Stanley and Leibowitz, 1985; Stanley et al., 1985, 1993). Moreover,
chronic central injection of NPY can resuit in obesity (Beck et al., 1992; Zarjevski
et al., 1993). In addition, several studies also showed that the levels of
endogenous NPY in the hypothalamus fluctuated according to the feeding
regimen (Sahu et al., 1988, 1992) and were significantly elevated in fasted or
food restricted animals (Brady et al, 1992; White and