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Preface

A little more than 20 years have now passed since the original discovery of neuro-
peptide Y (NPY) by Tatemoto and colleagues. Meanwhile a Medline search for the
keyword ‘NPY’ yields more than 7,000 hits, with a steady 400-500 per year in the
last decade.
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Fig. 1 Number of papers retrieved by year of publication from Medline under the keyword ‘NPY’

Papers devoted exclusively to the closely related peptide YY and pancreatic po-
lypeptide are not even included in this statistic. Thus, it is not surprising that the
field of NPY research has made remarkable progress and is coming of age.

Phylogenetic research has shown that NPY is an evolutionary very old and
highly conserved peptide. Members of the NPY family of peptides act on specific
G-protein coupled receptors, of which five subtypes have been cloned in a variety
of species and whose signal transduction is being unraveled. Cloning of the genes
for NPY and its receptors has enabled the generation of transgenic and knockout
animals. Using such tools we now understand major aspects of the physiological
role of NPY not only in the brain but also, for example, in the peripheral tissues
of the cardiovascular, gastrointestinal and immune system. While NPY largely ex-
erts these effects as a neurotransmitter, the related peptide YY and pancreatic po-
lypeptide predominantly act as hormones. Numerous peptide analogs and non-
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peptide ligands acting on NPY receptors, often in a subtype-selective manner,
have been described. They set the stage for the final act, the definition of the role
of NPY in human health and disease and ultimately the manipulation of this sy-
stem in treating patients.

The present volume addresses all of the above topics by established leaders in
their respective areas. I would like to take this opportunity to thank all contribu-
tors for the time and effort they have spent in preparing their chapters and also
Mrs. Susanne Dathe of Springer-Verlag who expertly supported the project. On
behalf of all contributors I hope that experienced NPY aficionados will find new
and useful additional information in this volume and that newcomers to the field
will discover how much exciting research this still has to offer.

August 2003 Martin C. Michel, Amsterdam
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Abstract Neuropeptide Y (NPY) is a 36-amino acid peptide with structural sim-
ilarities to peptide YY (PYY) and pancreatic polypeptide (PP). NPY, one of the
most abundant neuropeptides known, is widely distributed throughout the cen-
tral and peripheral nervous systems, while PYY and PP are predominantly dis-
tributed in the endocrine cells of the intestine and pancreas, respectively. Five
NPY receptor subtypes denoted as Yi, Y2, Y4, Ys, and ys mediate the actions of
NPY. NPY is involved in the regulation of diverse functions including food in-
take, blood pressure, circadian rhythms, stress, pain, hormone secretion, repro-
duction, and alcohol consumption. NPY has also been implicated in the patho-
physiology of a number of diseases such as feeding disorders, seizures, hyper-
tension, pain disorders, depression, and anxiety. This review will describe a
brief history and an overview of the studies on NPY concerning the isolation,
tissue distribution, receptor subtypes, receptor agonists and antagonists, physi-
ological functions, and pharmacological activities.

Keywords Neuropeptide Y - Tissue distribution - Receptor subtype - Receptor
antagonist - Review

1
Introduction

In this chapter, a brief history and an overview of the studies on neuropeptide Y
(NPY) during the last 20 years are described. The main thrust of this chapter is
to critically review the initial findings that have influenced later studies on NPY.
Particular attention is focused on the studies concerning the receptors and
physiological functions of NPY. The reader is referred to other excellent reviews
in this book for more comprehensive discussion.

2
Isolation and Primary Structures of NPY

2.1
Discovery of NPY

In the last century, many neuropeptides and hormonal peptides were identified
on the basis of specific biological responses mediated by them. Unlike most oth-
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er known neuropeptides, however, NPY was first identified in brain extracts by
its C-terminal tyrosine amide structure. In 1978, we developed a novel method
for the detection of biologically active peptides based on the C-terminal amide
structure that is a unique chemical feature of many peptide hormones and neu-
ropeptides (Tatemoto and Mutt 1978). Since peptides with this structure are
likely to be biologically active, the search for unknown peptide amides would
result in the finding of novel peptides. We therefore carried out the isolation of
previously unknown peptide amides from tissue extracts using a chemical
method as the detection device.

In 1980, we isolated two novel peptide amides, which were designated peptide
HI (PHI) and peptide YY (PYY) from porcine intestinal extracts (Tatemoto and
Mutt 1980). Subsequently, we isolated a peptide with a C-terminal tyrosine
amide from porcine brain extracts, which was named neuropeptide Y (Tatemoto
et al. 1982). Using a similar approach, we isolated a series of other novel pep-
tides such as galanin (Tatemoto et al. 1983), neuropeptide K (Tatemoto et al.
1985), and pancreastatin (Tatemoto et al. 1986).

2.2
Primary Structure of NPY

NPY is a linear polypeptide with 36 amino acid residues (Tatemoto 1982a).
Since NPY contains many tyrosine (Y) residues in its structure, we named this
peptide neuropeptide Y to distinguish it from PYY that possesses a very similar
structure to NPY (Tatemoto 1982b). A comparison of the primary structures of
NPY, PYY and pancreatic polypeptide (PP) reveals a high degree of sequence ho-
mology between NPY and PYY, with a lesser degree of homology between NPY
and PP, as shown in Fig. 1. It was therefore proposed that NPY, PYY, and PP are
members of a previously unrecognized peptide family (Tatemoto 1982a).

Later, human NPY was isolated from adrenal-medullary pheochromocytoma
tissue. The primary structure of human NPY differs from that of the porcine
peptide in only one position of the 36 residues (Corder et al. 1984). Subsequent
studies identified the primary structures of NPY molecules from various ani-
mals, birds, frogs, and others (for a review see Larhammar et al. 1993). These

homology
NeY YPSKEDNPGEDAPAEDLARYYSALREYINLITRQRIY* 100%
PYY YPAKPEARGEDASPEELSRYYASLRHYLNLVTIRQRY* 69%
24 APLEPVYPGDDATPEQMAQYAAELRRYINMLTREPRY* 50%

Fig. 1 Comparison of the amino acid sequences of the porcine peptides, neuropeptide Y (NPY), peptide
YY (PYY), and pancreatic polypeptide (PP). An asterisk indicates the amidated C-terminus. Identities are
underlined
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studies revealed that the structure of NPY has been strongly conserved through-
out evolution.

23
NPY mRNA

Dixon and coworkers were the first to identify the sequence of a human cDNA
encoding NPY from human pheochromocytoma cells. The 97-amino acid pre-
cursor has at least two processing sites, which would generate three peptides of
28 (signal peptide), 36 (NPY), and 30 (COOH-terminal peptide) amino acid re-
sidues (Minth et al. 1984). Subsequently, the structure of a human NPY gene
identified from a human genomic DNA library was reported. The DNA se-
quences located within 530 bases of the start of transcription were found to be
sufficient for transient expression in the two cell lines examined (Minth et al.
1986).

3
Cellular Localization of NPY

Since NPY was discovered by its chemical nature, no biological activity of the
peptide was known when it was isolated. Therefore, we prepared a large quanti-
ty of natural NPY from more than 1,000 kg of porcine brains, and the natural
NPY preparations thus obtained were sent to a number of laboratories in
Europe and the USA to examine the biological activities of the peptide and to
generate specific antisera against NPY for immunohistochemistry and radioim-
munoassay studies. Between 1982 and 1985, the natural NPY preparations were
used for many studies on the biological activity and localization of NPY, until
synthetic NPY preparations became commercially available.

3.1
NPY in the Peripheral Nervous System

Lundberg et al. (1982) were the first to demonstrate NPY-like immunoreactivity
in many peripheral neurons with a distribution mostly paralleling that of tyro-
sine hydroxylase (TH) and dopamine-beta-hydroxylase (DBH) containing neu-
rons. Very high levels of NPY-like immunoreactivity were found in sympathetic
ganglia and in tissues receiving a dense sympathetic innervation, such as the
vas deferens, heart atrium, blood vessels, and spleen. NPY- and DBH-nerves
had a roughly parallel occurrence in the heart, spleen, kidney, respiratory and
urogenitary tracts, around blood vessels, and within visceral smooth muscle.
NPY thus seems to be a major peptide in the sympathetic nervous system
(Lundberg et al.1983). The presence of NPY-like immunoreactivity was also
demonstrated in the neuronal elements of the gut and pancreas (Sundler. et al.
1983). NPY has generally been found in the sympathetic neurons, costored and
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coreleased with catecholamines, although NPY is also present in peripheral non-
sympathetic neurons (for a review see MacDonald 1988).

3.2
NPY in the Central Nervous System

Bloom and his colleagues have shown that NPY-like immunoreactivity is widely
and unevenly distributed in rat and human brains, and it is the most abundant
neuropeptide known (Allen et al. 1983; Adrian et al. 1983). The highest concen-
trations of NPY were found in the paraventricular hypothalamic nucleus, hypo-
thalamic arcuate nucleus, suprachiasmatic nucleus, median eminence, dorsome-
dial hypothalamic nucleus, and paraventricular thalamic nucleus (Chronwall et
al. 1985). The extremely high concentrations and widespread distribution indi-
cate important roles of NPY in many brain functions. Hokfelt and coworkers
(1983) reported the coexistence of NPY-like immunoreactivity in catecholamine
neurons in the medulla oblongata. During subsequent years, a number of in vit-
ro studies have shown the coexistence of NPY not only with catecholamines but
also with a variety of other neurotransmitters or neuropeptides (for a review see
Everitt and Hokfelt 1989). It is suggested that the physiological roles of NPY in
the central nervous system are very complex because of the interactions of NPY
with other effector systems. More recently, localization of NPY mRNA by means
of in situ hybridization was found to be comparable to that of NPY-immunore-
activity (Terenghi et al.1987; Gehlert et al. 1987).

4
Studies on the Receptors and Physiological Functions of NPY (1982-1992)

During the first 10 years of NPY research, a number of important biological ac-
tivities of NPY in both the central and peripheral nervous systems were discov-
ered, and the presence of NPY receptor subtypes, Y; and Y,, was demonstrated
using specific NPY receptor agonists.

4.1
Peripheral Actions of NPY

4.1.1
Cardiovascular Response

Lundberg and Tatemoto (1982) were the first to find a biological activity of
NPY, demonstrating that NPY induced potent vasoconstriction, more potent
than noradrenaline, which was resistant to alpha-adrenoceptor blockade. It was
also shown that NPY caused strong contractions of cerebral arteries (Edvinsson
et al. 1983), and that NPY produced an inhibition of colonic motility and a vaso-
constriction of long duration (Hellstrom et al. 1985). NPY induced renal vaso-
constriction and inhibited renin release by inhibiting adenylate cyclase in the
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vascular smooth muscle and renin-producing cells (Hackenthal et al. 1987).
NPY produced potent pressor responses (Allen et al. 1984; Petty et al. 1984),
while NPY (18-36), a C-terminal NPY fragment, exhibited substantial hypoten-
sive action (Boublik et al. 1989).

Interestingly, NPY was found to prevent the blood pressure fall induced by
endotoxin in conscious rats with adrenal medullectomy (Evequoz et al. 1988),
and plasma levels of NPY were found to markedly increase in patients with sep-
tic shock (Watson et al. 1988). These data suggest that NPY plays a role in main-
taining blood pressure during endotoxic shock.

4.1.2
Hormone Secretion

Allan et al. (1982) found that NPY inhibited the contraction of electrically stim-
ulated mouse vas deferens, suggesting inhibitory actions of NPY on noradrena-
line release at a pre-synaptic level. Subsequently, NPY was shown to depress the
secretion of H-noradrenaline and the contractile response evoked by field stim-
ulation in the vas deferens (Lundberg and Stjarne 1984).

4.2
Central Actions of NPY

421
Cardiovascular Response

Fuxe et al. (1983) first demonstrated an effect of central administration of NPY.
They found that NPY induced hypotension and bradypnea in the rat, suggesting
the involvement of NPY in the cardiovascular and respiratory controls of the
central nervous system.

422
Circadian Rhythms

Albers and Ferris (1984) found that microinjection of NPY into the suprachias-
matic region of the hypothalamus (SCN) phase-shifted the circadian rhythm of
hamsters housed in constant light. It is suggested that NPY functions as a chem-
ical messenger that is important for the light-dark cycle entrainment of circadi-
an rhythms.

423
Food Intake and Energy Expenditure

In 1984, NPY was found, for the first time, to stimulate feeding behavior in rats
(Clark et al. 1984; Levine and Morley 1984; Stanley and Leibowitz 1984). Since
then, a number of studies have shown that NPY is the most potent orexigenic
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peptide identified to date. Later, cerebrospinal fluid NPY concentrations were
found to be significantly elevated in anorectic and bulimic patients. These levels
normalized in long-term weight-restored anorectic patients who had a return of
normal menstrual cycles (Kaye et al. 1990). This suggests that NPY plays a role
in eating disorders. It was also reported that NPY decreased rectal temperature
after intracerebroventricular administration (Morioka et al. 1986). These obser-
vations suggest that NPY is involved in the regulation of food intake and energy
expenditure.

424
Hormone Secretion and Reproduction

Kalra and Crowley (1984) found that central administration of NPY suppressed
luteinizing hormone (LH) release in ovariectomized rats, while it stimulated LH
release in ovariectomized rats pretreated with estrogen and progesterone. Kalra
and coworkers found that NPY not only stimulated food intake but also inhibit-
ed sexual behavior in rats (Clark et al. 1985). NPY inhibited excitatory synaptic
transmission in the hippocampus by acting directly at the terminal to reduce a
calcium influx (Colmers et al. 1988). These observations suggest that NPY is in-
volved in the central control of hormone and neurotransmitter release.

425
Stress, Depression, Anxiety, and Pain

Fuxe et al. (1983) demonstrated that central administration of NPY induced
EEG synchronization. It is therefore suggested that NPY produces behavioral
signs of sedation. Subsequently, Heilig and Murison (1987) found that intracere-
broventricular administration of NPY protected against stress-induced gastric
erosion in the rat. Stress-induced erosion was reduced by approximately 50% by
NPY, suggesting the anti-stress action of NPY as a manifestation of its sedative
properties. In addition, it was reported that the administration of NPY into the
third ventricle of the brain enhanced memory retention. It is suggested that
NPY modulates memory processes (Flood et al. 1987).

Interestingly, NPY-like immunoreactivity was found to be significantly lower
in cerebrospinal fluid from patients with a major depressive disorder compared
with healthy controls (Widerlov et al. 1988). It was also found that antidepres-
sant drugs increased the concentrations of NPY-like immunoreactivity in the
brain (Heilig et al. 1988). These observations support the hypothesis that NPY is
involved in the pathophysiology of depressive illness.

Furthermore, Heilig et al. (1989) found that centrally administered NPY pro-
duced anxiolytic-like effects that were mediated through interactions with nor-
adrenergic systems in animal anxiety models. In a hot plate test, spinally ad-
ministered NPY produced a dose-dependent elevation in the nociceptive thresh-
old in rats, suggesting the involvement of NPY in the mechanism of pain control
(Hua et al. 1991).
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4.2.6
Seizures

Marksteiner and Sperk (1988) observed significantly increased levels of NPY-
like immunoreactivity in the frontal cortex of rats that had undergone strong
limbic seizures induced by kainic acid. The increase could be prevented by early
injection of an anticonvulsant (Marksteiner et al. 1990). These observations sug-
gest that NPY is involved in the control of seizures.

43
NPY Receptor Binding and Intracellular Signaling

The specific binding of the iodinated NPY to membranes from the cerebral cortex
was demonstrated. The binding of iodinated NPY was characterized by a Kd value
of 0.38 nM (Unden et al. 1984). A study on autoradiographic localization of NPY
receptors indicated that the receptors were discretely distributed in the rat brain
with high densities found in areas such as the olfactory bulb, superficial layers of
the cortex, ventral hippocampus, and area postrema (Martel et al. 1986).

NPY was found to be a potent inhibitor of cyclic AMP accumulation in feline
cerebral blood vessels (Fredholm et al. 1985). NPY was shown to inhibit adenyl-
ate cyclase through a pertussis toxin-sensitive G protein (Kassis et al. 1987). In
addition to inhibiting adenylate cyclase, NPY was found to elevate intracellular
calcium (Motulsky and Michel 1988). It was also shown that guanine nucleo-
tide-binding protein Go mediated the inhibitory effects of NPY on dorsal root
ganglion calcium channels (Ewald et al. 1988).

4.4
NPY Receptor Agonists and Antagonists

Centrally truncated synthetic NPY agonists were synthesized and shown to be bi-
ologically active (Beck et al. 1989; Krstenansky et al. 1989). Fuhlendorff et al.
(1990) reported that [Leu®, Pro**] NPY was a specific Y1 receptor agonist that
could be useful in delineating the physiological importance of Y1 receptors.
About the same time, the first NPY receptor antagonists, Ac-[3-(2,6-dichloroben-
zyl)Tyr?, p-Thr*?] NPY(27-36) and Ac-[3-(2,6-dichlorobenzyl) Tyr?>*, p-Thr*?]
NPY(27-36), designated PYX-1 and PYX-2, respectively, were synthesized based
on the C-terminal structure of the NPY molecule (Tatemoto 1990). PYX-2
was found to block the stimulatory action of NPY on carbohydrate ingestion
(Leibowitz et al. 1992).

45
NPY Receptor Subtypes

Wahlestedt et al. (1986) first suggested the presence of two receptor subtypes
for NPY and its related peptides. They studied the effects of NPY, PYY, and the
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C-terminal fragments of NPY or PYY on different smooth muscle preparations
in vitro, and found that PYY(13-36) reproduced the NPY- and PYY-induced
suppression of noradrenaline release. Thus, the C-terminal portion seems to be
sufficient for exerting pre-junctional effects of NPY and PYY, while the whole
sequence seems to be required for post-junctional effects. Later, Schwartz and
coworkers showed that two subtypes of NPY/PYY-binding sites occurred in dif-
ferent cells, supporting the hypothesis of NPY receptor subtypes (Sheikh et al.
1989).

Since 1989, a number of the studies on NPY receptor subtypes have been
published. Using selective receptor agonists, it was shown that Y; and Y, recep-
tors were independently expressed in the brain and the majority of NPY recep-
tors in the brain were of the Y, type (Aicher et al. 1991). It was found that the
hypothalamic Y, receptors mediated the stimulatory effect of NPY on carbohy-
drate intake and meal size, while the Y, receptors had the opposite effect of sup-
pressing carbohydrate intake (Leibowitz and Alexander 1991). Presynaptic inhi-
bition by NPY observed in rat hippocampal slice was shown to be mediated by a
Y, receptor (Colmers et al. 1991). Involvement of Y1 receptor subtype in the reg-
ulation of LH secretion was demonstrated by using NPY, NPY(2-36), [Leu’},
Pro*!] NPY, NPY(13-36) and other NPY fragments (Kalra et al. 1992).

5
Studies on the Receptors and Physiological Functions of NPY (1992-2002)

The main topics for the last 10 years have been the cloning of NPY receptor sub-
types, Y}, Ya, Y4, Ys, and ye, and subsequent studies on the biological functions
of these receptor subtypes. Thus, in addition to studies on NPY-transgenic and
deficient animals, a number of animals lacking specific NPY receptor subtypes
were generated and the physiological functions of these animals were studied.
Moreover, specific receptor agonists and antagonists for each NPY receptor sub-
type were developed and their physiological and pharmacological properties
were evaluated. The synthesis of selective and potent receptor agonists and an-
tagonists has provided useful tools to study the physiological functions of NPY
receptor subtypes and to develop novel pharmacological treatments.

5.1
Cloning of NPY Receptor Subtypes

Recent advances in molecular biology have resulted in the identification of five
NPY receptor subtypes, Y;, Ys, Y4, Ys, and ye receptors (for a review see Michel
et al. 1998). These receptor subtypes were found to share only modest sequence
homologies (30-50%). Moreover, each of the receptor subtypes seems to be
characterized by a distinct tissue localization and unique pharmacological pro-
file. The next section describes a brief history of the cloning of NPY receptor
subtypes.
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5.1.1
Y; Receptor

In 1992, the primary structures of rat and human Y1 receptors were identified
(Krause et al. 1992; Herzog et al. 1992; Larhammar et al. 1992). The Y, receptor,
the first NPY receptor to be cloned, was found to be a 384-amino acid protein
belonging to a G protein-coupled receptor family. The functionality of the ex-
pressed NPY receptor was demonstrated by inhibition of adenylate cyclase and
mobilization of intracellular calcium, both being characteristic of an NPY recep-
tor. The distribution of Y, receptor expression correlated with that of NPY-im-
munoreactive nerves and the apparent actions of NPY in the intestine, kidney,
and heart (Wharton et al. 1993).

5.1.2
Y, Receptor

The cloned Y, receptor consists of 381 amino acids, and has only 31% identity
to the structure of the Y, receptor (Rose et al. 1995; Gerald et al. 1995, Gehlert et
al. 1996; Rimland et al. 1996). The Y, receptor expressing cells have high affinity
binding sites for NPY, PYY, and NPY(13-36), whereas [Leu®, Pro*] NPY binds
with lower affinity. The Y, receptor is localized on a number of NPY-containing
neurons in the brain, suggesting that this receptor has a characteristic of an au-
toreceptor (Caberlotto et al. 2000).

5.1.3
Putative Y; Receptor

The Y; receptor is distinguished from the other NPY receptors by its high affin-
ity for NPY but relatively low affinity for PYY. However, evidence for the exis-
tence of such a subtype is not clear as the clone initially reported as a Y5 recep-
tor (Rimland et al. 1991) failed to confer NPY binding sites (Herzog et al. 1993;
Jazin et al. 1993). Therefore, the evidence is not sufficient to grant the presence
of a Y; receptor (Michel et al. 1998).

5.1.4
Y, Receptor

A unique feature of the Y, receptor is a high affinity for PP. Therefore, the Y,
receptor is probably a PP receptor. The cloned human Y, receptor has 43% se-
quence homology with the human Y; receptor (Lundell et al. 1995; Bard et al.
1995; Yan et al. 1996). Both NPY and PYY have low affinities for this receptor. Y,
receptor is present in the intestine, prostate, and pancreas (Lundell et al. 1995).
The Y, receptor mRNA is sparsely expressed in the brain, except in the brain-
stem (Parker and Herzog 1999).
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5.15
Y5 Receptor

The cloning of a novel NPY receptor designated Ys receptor was reported
(Gerald et al. 1996; Hu et al. 1996). The complementary DNA encoded a
456-amino-acid protein with less than 35% overall identity to the other known
NPY receptors. [D-Trp*?] NPY had a high affinity for the Ys receptor, while it
had low affinities for the other known NPY receptors. The Y5 receptor, original-
ly cloned as the ’feeding’ receptor in the hypothalamus, was also found in the
peripheral nervous system such as the testis, spleen, and pancreas (Statnick et
al. 1998).

5.1.6
ys Receptor

The cloning of a novel NPY receptor proposed to be a Y5 receptor was reported
(Weinberg et al. 1996). However, other researchers reported the same clone as a
PP receptor or Y}, receptor (Gregor et al. 1996; Matsumoto et al. 1996). To avoid
confusion, it was renamed the yg receptor. The y receptor gene is present in
chicken, rabbit, cow, dog, mouse, and human, but it is completely absent in rat
(Burkhoff et al. 1998). Sequence data revealed the ys gene to be the orthologue
of the mouse Y5 gene. Rabbits encode functional yg receptor, but the ys recep-
tors in primates are functionally inactive due to a frameshift mutation occurring
during early primate evolution (Matsumoto et al. 1996).

5.2
Selective NPY Receptor Agonists and Antagonists

Based on the C-terminal structure of the NPY molecule, the first nonpeptide Y,
receptor antagonist BIBP 3226 was designed and synthesized (Rudolf et al.
1994), demonstrating that such a nonpeptide compound could be a useful tool
for studying physiological functions and exploring therapeutic relevance.

Furthermore, synthesis of both peptide and nonpeptide Y, receptor antago-
nists such as [D-Tyr*”*, p-Thr*?] NPY(27-36), SR120819A, 1229U91, BIBO3304,
LY-357897, J-115814, and CP-617,906 have been reported. More recently,
T4-[NPY(33-36)]4 and BIIE0246 have been described as selective Y, receptor
antagonists. After the cloning of the Y5 receptor, a number of Y5 receptor antag-
onists including CGP71683A and L-152,804, and Y5 receptor agonists such as
[D-Trp**] NPY and [Ala’!, Aib*?] NPY were synthesized (for reviews see Balasub-
ramaniam 1997; Pheng and Regoli 2000; Parker et al. 2002). The Y, receptor an-
tagonist 1229U91 has been shown to exhibit an agonist activity for the Y, recep-
tor (Parker et al. 1998). However, no selective antagonist for the Y, receptor has
yet been reported.
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53
NPY Receptor Subtypes and Their Physiological Functions

The cloning of NPY receptor subtypes has made it possible to generate specific
receptor subtype-deficient animals. The generation of such animals has provid-
ed unique models to examine the physiological functions of NPY. The next sec-
tion focuses on the physiological functions of NPY and its receptor subtypes re-
vealed by the use of receptor agonists and antagonists and genetically modified
animals.

5.3.1
Cardiovascular Response

BIBP3226 antagonized vasoconstriction induced by NPY. This suggests that en-
dogenous NPY acting on the Y, receptor is likely to account for the long-lasting
component of sympathetic vasoconstriction in response to high-frequency stim-
ulation (Malmstrom and Lundberg 1995). It was reported that the incubation of
the subcutaneous arteries with Y, receptor antisense oligodeoxynucleotides at-
tenuated NPY-induced vasoconstriction (Sun et al. 1996). Furthermore, Y, re-
ceptor-deficient mice showed a complete absence of blood pressure responses
to NPY, suggesting the importance of Y, receptors in the NPY-mediated cardio-
vascular response (Pedrazzini et al. 1998).

However, it was also reported that the depressor effect of intrathecal NPY in-
jection was primarily mediated by a Y, receptor (Chen and Westfall 1993). Fur-
thermore, a Y, receptor agonist evoked vasoconstriction in the spleen, while a
Y, receptor antagonist BIIE0246 antagonized the response. These suggest that
the Y, receptor is also involved in NPY/PYY-evoked vasoconstriction (Malm-
strom 2001).

53.2
Circadian Rhythms

NPY has been implicated in the phase shifting of circadian rhythms. Microinjec-
tion of a Y, receptor agonist produced phase advances that were significantly
greater than those produced by the injection of a Y; receptor agonist. This sug-
gests that NPY phase shifts circadian rhythms via the Y, receptor (Huhman et al.
1996; Golombek 1996). There is, however, some evidence that the Y,/Ys receptors,
in addition to the Y, receptor, may also be involved in the mechanism of NPY ac-
tion by altering the levels of circadian clock-related genes (Fukuhara et al. 2001).

5.3.3
Food Intake and Energy Expenditure

NPY has been implicated to be a central stimulator of feeding behavior by inter-
acting with a number of other hormones and neuroregulators that play roles in
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the regulation of body weight. A novel obese gene product, leptin, was found to
regulate food intake by inhibiting the synthesis and release of NPY in the central
nervous system (Stephens et al. 1995). It was reported that the mild obesity
found in Y, receptor-deficient mice was caused by impaired insulin secretion
and low energy expenditure (Kushi et al. 1998). Furthermore, NPY-induced food
intake was remarkably reduced in Y;-deficient mice (Kanatani et al. 2000).
These results suggest the importance of Y, receptors in the regulation of food
intake and body weight through the central control of energy expenditure.

It was found that the Ys receptor was also involved in NPY-induced food in-
take (Gerald et al. 1996). The Y5 receptor-deficient mice responded significantly
less to NPY-induced food intake than wild-type mice (Marsh et al. 1998). On the
other hand, the results obtained using Y, receptor-deficient mice indicated an
inhibitory role for the Y, receptor in the central regulation of body weight and
food intake (Naveilhan et al. 1999). Hypothalamus-specific Y, receptor-deleted
mice showed a significant decrease in body weight and a significant increase
in food intake, suggesting an important role of hypothalamic Y, receptors in
body weight regulation (Sainsbury et al. 2002). In addition, it was reported that
peripheral injection of PYY(3-36) in rats inhibited food intake and reduced
weight gain. PYY(3-36) also inhibited food intake in mice, but not in Y, recep-
tor-deficient mice. This suggests that the anorectic effect requires the Y, recep-
tor (Batterham et al. 2002).

534
Hormone Secretion and Reproduction

NPY has been known to be a putative neuroregulator of the reproductive axis in
the central nervous system. A selective Y5 agonist inhibited LH secretion, while
the inhibitory action was fully prevented by Y5 receptor antagonists (Raposinho
et al. 1999). It was also shown that Y5 receptor activation suppressed the repro-
ductive axis in both virgin and lactating rats (Toufexis et al. 2002). These results
suggest that the actions of NPY on the reproductive axis are predominantly me-
diated by the Y5 receptor. On the other hand, using Y, receptor-deficient mice,
crucial roles for the Y, receptor in controlling food intake, the onset of puberty,
and the maintenance of reproductive functions were demonstrated (Pralong et
al. 2002).

5.3.5
Anxiety, Pain, Stress, and Depression

It has been shown that NPY exhibits anxiolytic, antinociceptive, anti-stress, and
anti-depressive actions. Involvement of the Y, receptor in the anxiolytic-like ac-
tion of NPY was demonstrated (Wahlestedt et al. 1993; Heilig et al. 1993). NPY
may produce not only an anxiolytic effect via the Y, receptor, but also an anxio-
genic effect via the Y, receptor (Nakajima et al. 1998). It was reported that NPY
transgenic mice displayed anxiolytic behaviors (Inui et al. 1998). Moreover,
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transgenic rats with hippocampal NPY overexpression were insensitive to re-
straint stress, had no fear suppression behavior, and displayed impaired spatial
learning (Thorsell et al. 2000). It was also reported that Y, receptor-deficient
mice developed hyperalgesia to acute pain, and showed a complete absence of
the pharmacological analgesic effects of NPY (Naveilhan et al. 2001). These data
suggest that NPY and its receptors are involved in the mechanisms of anxiety,
stress, learning, and nociception.

Using an animal model of depression, alterations in the NPY levels and Y, re-
ceptor mRNA were observed after treatment with an anti-depressant drug
(Caberlotto et al. 1998). When compared with healthy controls, the levels of
NPY appeared to be low in patients who had recently attempted suicide. Patients
who had repeatedly attempted suicide were found to have the lowest NPY levels
(Westrin et al. 1999). These data suggest the possible involvement of NPY and
Y, receptors in depression.

5.3.6
Seizures

NPY has been implicated to function as an endogenous anticonvulsant. It was
reported that NPY-deficient mice were susceptible to seizures induced by a
GABA antagonist (Erickson et al. 1996). Kainic acid-induced limbic seizures in
NPY-deficient mice progressed uncontrollably and ultimately produced death in
93% of the mice, whereas intracerebroventricular NPY infusion could prevent
such death (Baraban et al. 1997). Furthermore, the transgenic rats with NPY
overexpression showed a significant reduction in the number and duration of
kainic acid-induced seizures (Vezzani et al. 2002).

It was found that NPY, acting predominantly via Y, receptors, could dramati-
cally inhibit epileptiform activity in vitro models of epilepsy (Klapstein and
Colmers 1997). NPY was also found to potently inhibit seizures induced by kai-
nic acid via Ys receptor (Woldbye et al. 1997). Moreover, mice lacking the Ys re-
ceptor were more sensitive to kainic acid-induced seizures (Marsh et al. 1999).
In human epilepsy it is suggested that abundant sprouting of NPY fibers, con-
comitant upregulation of Y, receptors, and downregulation of Y, receptors in
the hippocampus of patients with Ammon’s horn sclerosis is involved in the an-
ticonvulsant mechanism by the NPY system (Furtinger et al. 2001).

537
Ethanol Consumption

Thiele et al. (1998) first reported that NPY-deficient mice showed increased eth-
anol consumption, while transgenic mice with NPY overexpression had a lower
preference for ethanol. These data suggest that alcohol consumption and resis-
tance are inversely related to the NPY levels in the brain. Recently, it was report-
ed that knockout mice lacking the Y; receptor showed increased ethanol con-
sumption. It is suggested that the Y; receptor regulates voluntary ethanol con-



Neuropeptide Y: History and Overview 15

sumption and some of the intoxicating effects caused by administration of etha-
nol (Thiele et al. 2002).

It was shown that blockade of central Y, receptors by a Y, receptor antago-
nist, BIIE0246, reduced ethanol self-administration in rats. It is therefore sug-
gested that the Y, receptor is a candidate target for developing novel pharmaco-
logical treatments for alcoholism (Thorsell et al. 2002).

6
Conclusions and Future Studies

NPY has been shown to be involved in the regulation of diverse physiological
functions and has been implicated in a variety of disorders such as anxiety, de-
pression, obesity, epilepsy, and alcohol dependence. Thus, the NPY system has
emerged as a potential drug target for a number of disorders.

During the last decade, the cloning of NPY receptor subtypes has made it
possible to clarify the functional importance of the subtypes and to discover
novel compounds with selective affinity to individual receptor subtypes. Indeed,
a number of impressive advances have been made in the development of non-
peptide antagonists to NPY receptor subtypes. However, further studies are
needed to clarify the potential of these compounds as useful drugs. In contrast,
synthesis of nonpeptide NPY receptor agonists has not yet been successful,
thereby hampering the development of drugs for the treatment of disorders
such as anxiety, depression, pain disorders, and epilepsy. In addition, such an
agonist may be of clinical importance for modulating the circadian-clock re-
sponses to light.

Advances in the development of orally-active nonpeptide NPY receptor ago-
nists and antagonists that are capable of crossing the blood-brain barrier will
facilitate our understanding of the physiological roles of NPY and will undoubt-
edly underscore the importance of NPY in the fields of pharmacology and clini-
cal medicine.

References

Adrian TE, Allen JM, Bloom SR et al. (1983) Neuropeptide Y distribution in human brain.
Nature 306:584-586

Aicher SA, Springston M, Berger SB et al. (1991) Receptor-selective analogs demonstrate
NPY/PYY receptor heterogeneity in rat brain. Neurosci Lett 130:32-36

Albers HE, Ferris CF (1984) Neuropeptide Y: role in light-dark cycle entrainment of ham-
ster circadian rhythms. Neurosci Lett 50:163-168

Allen JM, Adrian TE, Tatemoto K et al. (1982) Two novel related peptides, neuropeptide
Y (NPY) and peptide YY (PYY) inhibit the contraction of the electrically stimulated
mouse vas deferens. Neuropeptides 3:71-77

Allen JM, Rodrigo J, Yeats JC et al. (1984) Vascular distribution of neuropeptide Y (NPY)
and effect on blood pressure. Clin Exp Hypertens A 6:1879-1882

Allen YS, Adrian TE, Allen JM et al. (1983) Neuropeptide Y distribution in the rat brain.
Science 221:877-879



16 K. Tatemoto

Balasubramaniam AA (1997) Neuropeptide Y family of hormones: receptor subtypes and
antagonists. Peptides 18:445-457

Baraban SC, Hollopeter G, Erickson JC et al. (1997) Knock-out mice reveal a critical anti-
epileptic role for neuropeptide Y. ] Neurosci 17:8927-8936

Bard JA, Walker MW, Branchek TA, Weinshank RL (1995) Cloning and functional expres-
sion of a human Y4 subtype receptor for pancreatic polypeptide, neuropeptide Y,
and peptide YY. ] Biol Chem 270:26762-26765

Batterham RL, Cowley MA, Small CJ et al. (2002) Gut hormone PYY(3-36) physiological-
ly inhibits food intake. Nature 418:650-654

Beck A, Jung G, Gaida W et al. (1989) Highly potent and small neuropeptide Y agonist
obtained by linking NPY 1-4 via spacer to alpha-helical NPY 25-36. FEBS Lett
244:119-122

Boublik J, Scott N, Taulane ] et al. (1989) Neuropeptide Y and neuropeptide Y18-36.
Structural and biological characterization. Int J Pept Protein Res 33:11-15

Burkhoff A, Linemeyer DL, Salon JA (1998) Distribution of a novel hypothalamic neuro-
peptide Y receptor gene and it’s absence in rat. Brain Res Mol Brain Res 53:311-316

Caberlotto L, Fuxe K, Overstreet DH et al. (1998) Alterations in neuropeptide Y and Y1
receptor mRNA expression in brains from an animal model of depression: region
specific adaptation after fluoxetine treatment. Brain Res Mol Brain Res 59:58-65

Caberlotto L, Fuxe K, Hurd YL (2000) Characterization of NPY mRNA-expressing cells in
the human brain: co-localization with Y2 but not Y1 mRNA in the cerebral cortex,
hippocampus, amygdala, and striatum. ] Chem Neuroanat 20:327-337

Chen X, Westfall TC (1993) Depressor effect of intrathecal neuropeptide Y (NPY) is medi-
ated by Y2 subtype of NPY receptors. ] Cardiovasc Pharmacol 21:720-724

Chronwall BN, DiMaggio, DA, Massari V] et al. (1985) The anatomy of neuropeptide
Y-containing neurons in rat brain. Neuroscience 15:1159-1181

Clark JT, Kalra PS, Crowley WR, Kalra SP (1984) Neuropeptide Y and human pancreatic
polypeptide stimulate feeding behavior in rats. Endocrinology 115:427-429

Clark JT, Kalra PS, Kalra SP (1985) Neuropeptide Y stimulates feeding but inhibits sexual
behavior in rats. Endocrinology 117:2435-2442

Colmers WE, Lukowiak K, Pittman Q (1988) Neuropeptide Y action in the rat hippocam-
pal slice: site and mechanism of presynaptic inhibition. ] Neurosci 8:3827-337

Colmers WE, Klapstein GJ, Fournier A et al. (1991) Presynaptic inhibition by neuropep-
tide Y in rat hippocampal slice in vitro is mediated by a Y2 receptor. Br ] Pharmacol
102:41-44

Corder R, Emson PC, Lowry PJ (1984) Purification and characterization of human neuro-
peptide Y from adrenal-medullary phaeochromocytoma tissue. Biochem ] 219:699-
706

Edvinsson L, Emson P, McCulloch J et al. (1983) Neuropeptide Y: cerebrovascular inner-
vation and vasomotor effects in the cat. Neurosci Lett 43:79-84

Erickson JC, Clegg KE, Palmiter RD (1996) Sensitivity to leptin and susceptibility to sei-
zures of mice lacking neuropeptide Y. Nature 381:415-421

Evequoz D, Waeber B, Aubert JF et al. (1988) Neuropeptide Y prevents the blood pressure
fall induced by endotoxin in conscious rats with adrenal medullectomy. Circ Res
62:25-30

Everitt BJ, Hokfelt T (1989) The existence of neuropeptide Y with other peptides and
amines in the central nervous system. In: Mutt V et al. (eds) Neuropeptide Y. Raven
Press, New York, pp 61-71

Ewald DA, Sternweis PC, Miller R] (1988) Guanine nucleotide-binding protein Go-in-
duced coupling of neuropeptide Y receptors to Ca2+ channels in sensory neurons.
Proc Natl Acad Sci USA 85:3633-3637

Flood JE, Hernandez EN, Morley JE (1987) Modulation of memory processing by neuro-
peptide Y. Brain Res 421:280-290



Neuropeptide Y: History and Overview 17

Fredholm BB, Jansen I, Edvinsson L (1985) Neuropeptide Y is a potent inhibitor of cyclic
AMP accumulation in feline cerebral blood vessels. Acta Physiol Scand 124:467-469

Fuhlendorff ], Gether U, Aakerlund L et al. (1990) [Leu31, Pro34] neuropeptide Y: a spe-
cific Y1 receptor agonist. Proc Natl Acad Sci USA 87:182-186

Fukuhara C, Brewer M, Dirden JC et al. (2001) Neuropeptide Y rapidly reduces Period 1
and Period 2 mRNA levels in the hamster suprachiasmatic nucleus. Neurosci Lett
314:119-122

Furtinger S, Pirker S, Czech T et al. (2001) Plasticity of Y1 and Y2 receptors and neuro-
peptide Y fibers in patients with temporal lobe epilepsy. ] Neurosci 21:5804-5812

Fuxe K, Agnati LF, Harfstrand A et al. (1983) Central administration of neuropeptide Y
induces hypotension bradypnea and EEG synchronization in the rat. Acta Physiol
Scand 118:189-192

Gehlert DR, Chronwall BM, Schafer MP, O’Donohue TL (1987) Localization of neuropep-
tide Y messenger ribonucleic acid in rat and mouse brain by in situ hybridization.
Synapse 1:25-31

Gehlert DR, Beavers LS, Johnson D et al. (1996) Expression cloning of a human brain
neuropeptide Y Y2 receptor. Mol Pharmacol 49:224-228

Gerald C, Walker MW, Vaysse P] et al. (1995) Expression cloning and pharmacological
characterization of a human hippocampal neuropeptide Y/peptide YY Y2 receptor
subtype. ] Biol Chem 270:26758-26761

Gerald C, Walker MW, Criscione L et al. (1996) A receptor subtype involved in neuropep-
tide-Y-induced food intake. Nature 382:168-171

Golombek DA, Biello SM, Rendon RA, Harrington ME (1996) Neuropeptide Y phase
shifts the circadian clock in vitro via a Y2 receptor. Neuroreport 7:1315-1319

Gregor P, Millham ML, Feng Y et al. (1996) Cloning and characterization of a novel recep-
tor to pancreatic polypeptide, a member of the neuropeptide Y receptor family. FEBS
Lett 381:58-62

Hackenthal E, Aktories K, Jakobs KH, Lang RE (1987) Neuropeptide Y inhibits renin re-
lease by a pertussis toxin-sensitive mechanism. Am J Physiol 252:F543-F550

Heilig M, Murison R (1987) Intracerebroventricular neuropeptide Y protects against
stress-induced gastric erosion in the rat. Eur ] Pharmacol 137:127-129

Heilig M, Wahlestedt C, Ekman R, Widerlov E (1988) Antidepressant drugs increase the
concentration of neuropeptide Y (NPY)-like immunoreactivity in the rat brain. Eur
] Pharmacol 147:465-467

Heilig M, Soderpalm B, Engel JA, Widerlov E (1989) Centrally administered neuropeptide
Y (NPY) produces anxiolytic-like effects in animal anxiety models. Psychopharma-
cology (Berlin) 98:524-529

Heilig M, McLeod S, Brot M et al. (1993) Anxiolytic-like action of neuropeptide Y: media-
tion by Y1 receptors in amygdala, and dissociation from food intake effects. Neuro-
psychopharmacology 8:357-363

Hellstrom PM, Olerup O, Tatemoto K (1985) Neuropeptide Y may mediate effects of sym-
pathetic nerve stimulations on colonic motility and blood flow in the cat. Acta Phy-
siol Scand 124:613-624

Herzog H, Hort Y], Ball H et al. (1992) Cloned human neuropeptide Y receptor couples to
two different second messenger systems. Proc Natl Acad Sci USA 89:5794-5798

Herzog H, Hort Y], Shine ], Selbie LA (1993) Molecular cloning, characterization, and lo-
calization of the human homolog to the reported bovine NPY Y3 receptor: lack of
NPY binding and activation. DNA Cell Biol 12:465-471

Hokfelt T, Lundberg JM, Lagercrantz H et al. (1983) Occurrence of neuropeptide Y
(NPY)-like immunoreactivity in catecholamine neurons in the human medulla ob-
longata. Neurosci Lett 36:217-222

Hu Y, Bloomquist BT, Cornfield LJ et al. (1996) Identification of a novel hypothalamic
neuropeptide Y receptor associated with feeding behavior. ] Biol Chem 271:26315-
26319



18 K. Tatemoto

Hua XY, Boublik JH, Spicer MA et al. (1991) The antinociceptive effects of spinally ad-
ministered neuropeptide Y in the rat: systematic studies on structure-activity rela-
tionship. ] Pharmacol Exp Ther 258:243-248

Huhman KL, Gillespie CF, Marvel CL, Albers HE (1996) Neuropeptide Y phase shifts cir-
cadian rhythms in vivo via a Y2 receptor. Neuroreport 7:1249-1252

Inui A, Okita M, Nakajima M et al. (1998) Anxiety-like behavior in transgenic mice with
brain expression of neuropeptide Y. Proc Assoc Am Physicians 110:171-182

Jazin EE, Yoo H, Blomqvist AG et al. (1993) A proposed bovine neuropeptide Y (NPY)
receptor cDNA clone, or its human homologue, confers neither NPY binding sites
nor NPY responsiveness on transfected cells. Regul Pept 47:247-258

Kalra SP, Crowley WR (1984) Norepinephrine-like effects of neuropeptide Y on LH release
in the rat. Life Sci 35:1173-1176

Kalra SP, Fuentes M, Fournier A et al. (1992) Involvement of the Y-1 receptor subtype in
the regulation of luteinizing hormone secretion by neuropeptide Y in rats. Endocri-
nology 130:3323-3330

Kanatani A, Mashiko S, Murai N et al. (2000) Role of the Y1 receptor in the regulation of
neuropeptide Y-mediated feeding: comparison of wild-type, Y1 receptor-deficient,
and Y5 receptor-deficient mice. Endocrinology 141:1011-1016

Kassis S, Olasmaa M, Terenius L, Fishman PH (1987) Neuropeptide Y inhibits cardiac ad-
enylate cyclase through a pertussis toxin-sensitive G protein. ] Biol Chem 262:3429-
3431

Kaye WH, Berrettini W, Gwirtsman H, George DT (1990) Altered cerebrospinal fluid neu-
ropeptide Y and peptide YY immunoreactivity in anorexia and bulimia nervosa. Arch
Gen Psychiatry 47:548-556

Klapstein GJ, Colmers WF (1997) Neuropeptide Y suppresses epileptiform activity in rat
hippocampus in vitro. ] Neurophysiol 78:1651-1661

Krause ], Eva C, Seeburg PH, Sprengel R (1992) Neuropeptide Y1 subtype pharmacology
of a recombinantly expressed neuropeptide receptor. Mol Pharmacol 41:817-821

Krstenansky JL, Owen TJ, Buck SH et al. (1989) Centrally truncated and stabilized por-
cine neuropeptide Y analogs: design, synthesis, and mouse brain receptor binding.
Proc Natl Acad Sci USA 86:4377-4381

Kushi A, Sasai H, Koizumi H et al. (1998) Obesity and mild hyperinsulinemia found in
neuropeptide Y-Y1 receptor-deficient mice. Proc Natl Acad Sci USA 95:15659-15664

Larhammar D, Blomqvist AG, Yee F et al. (1992) Cloning and functional expression of a
human neuropeptide Y/peptide YY receptor of the Y1 type. ] Biol Chem 267:10935-
10938

Larhammar D, Blomqvist AG, Soderberg C (1993) Evolution of neuropeptide Y and its re-
lated peptides. Comp Biochem Physiol 106 C:743-752

Leibowitz SF, Alexander JT (1991) Analysis of neuropeptide Y-induced feeding: dissocia-
tion of Y1 and Y2 receptor effects on natural meal patterns. Peptides 12:1251-1260

Leibowitz SF, Xuereb M, Kim T (1992) Blockade of natural and neuropeptide Y-induced
carbohydrate feeding by a receptor antagonist PYX-2. Neuroreport 3:1023-1026

Levine AS, Morley JE (1984) Neuropeptide Y: a potent inducer of consummatory behav-
ior in rats. Peptides 5:1025-1029

Lundberg JM, Tatemoto K (1982) Pancreatic polypeptide family (APP, BPP, NPY and
PYY) in relation to sympathetic vasoconstriction resistant to alpha-adrenoceptor
blockade. Acta Physiol Scand 116:393-402

Lundberg JM, Terenius L, Hokfelt T et al. (1982) Neuropeptide Y (NPY)-like immunoreac-
tivity in peripheral noradrenergic neurons and effects of NPY on sympathetic func-
tion. Acta Physiol Scand 116:477-480

Lundberg JM, Terenius L, Hokfelt T, Goldstein M (1983) High levels of neuropeptide Y in
peripheral noradrenergic neurons in various mammals including man. Neurosci Lett
42:167-172



Neuropeptide Y: History and Overview 19

Lundberg JM, Stjarne L (1984) Neuropeptide Y (NPY) depresses the secretion of *H-nor-
adrenaline and the contractile response evoked by field stimulation, in rat vas defer-
ens. Acta Physiol Scand 120:477-479

Lundell I, Blomqvist AG, Berglund MM et al. (1995) Cloning of a human receptor of the
NPY receptor family with high affinity for pancreatic polypeptide and peptide YY.

] Biol Chem 270:29123-29128

MacDonald JK (1988) NPY and related substances. Crit Rev Neurobiol 4:97-135

Malmstrom RE (2001) Vascular pharmacology of BIIE0246, the first selective non-peptide
neuropeptide Y Y(2) receptor antagonist, in vivo. Br ] Pharmacol 133:1073-1080

Malmstrom RE, Lundberg JM (1995) Neuropeptide Y accounts for sympathetic vasocon-
striction in guinea-pig vena cava: evidence using BIBP 3226 and 3435. Eur ] Pharma-
col 294:661-668

Marksteiner J, Sperk G (1988) Concomitant increase of somatostatin, neuropeptide Y and
glutamate decarboxylase in the frontal cortex of rats with decreased seizure thresh-
old. Neuroscience 26:379-385

Marksteiner ], Prommegger R, Sperk G (1990) Effect of anticonvulsant treatment on kai-
nic acid-induced increases in peptide levels. Eur ] Pharmacol 81:241-246

Marsh DJ, Hollopeter G, Kafer KE, Palmiter RD (1998) Role of the Y5 neuropeptide Y re-
ceptor in feeding and obesity. Nature Med 4:718-721

Marsh DJ, Baraban SC, Hollopeter G, Palmiter RD (1999) Role of the Y5 neuropeptide Y
receptor in limbic seizures. Proc Natl Acad Sci USA 96:13518-13523

Martel JC, St-Pierre S, Quirion R (1986) Neuropeptide Y receptors in rat brain: autoradio-
graphic localization. Peptides 7:55-60

Matsumoto M, Nomura T, Momose K et al. (1996) Inactivation of a novel neuropeptide
Y/peptide YY receptor gene in primate species. ] Biol Chem 271:27217-27220

Michel MC, Beck-Sickinger A, Cox H et al. (1998) XVI International union of pharmacol-
ogy recommendations for the nomenclature of neuropeptide Y, peptide YY, and pan-
creatic polypeptide receptors. Pharmacol Rev 50:143-150

Minth CD, Bloom SR, Polak JM, Dixon JE (1984) Cloning, characterization, and DNA se-
quence of a human cDNA encoding neuropeptide tyrosine. Proc Natl Acad Sci USA
81:4577-4581

Minth CD, Andrews PC, Dixon JE (1986) Characterization, sequence, and expression of
the cloned human neuropeptide Y gene. ] Biol Chem 261:11974-11979

Morioka H, Inui A, Inoue T et al. (1986) Neuropeptide Y decreases rectal temperature af-
ter intracerebroventricular administration in conscious dogs. Kobe ] Med Sci 32:45-
57

Motulsky HJ, Michel MC (1988) Neuropeptide Y mobilizes Ca2+ and inhibits adenylate
cyclase in human erythroleukemia cells. Am J Physiol 255:E880-885

Nakajima M, Inui A, Asakawa A et al. (1998) Neuropeptide Y produces anxiety via
Y2-type receptors. Peptides 19:359-363

Naveilhan P, Hassani H, Canals JM et al. (1999) Normal feeding behavior, body weight
and leptin response require the neuropeptide Y Y2 receptor. Nature Med 5:1188-
1193

Naveilhan P, Hassani H, Lucas G et al. (2001) Reduced antinociception and plasma extra-
vasation in mice lacking a neuropeptide Y receptor. Nature 409:513-517

Parker RM, Herzog H. (1999) Regional distribution of Y-receptor subtype mRNAs in rat
brain. Eur ] Neurosci 11:1431-1448

Parker EM, Babij CK, Balasubramaniam A et al. (1998) GR231118 (1229U91) and other
analogues of the C-terminus of neuropeptide Y are potent neuropeptide Y Y1 recep-
tor antagonists and neuropeptide Y Y4 receptor agonists. Eur ] Pharmacol 349:97-
105

Parker E, Van Heek M, Stamford A (2002) Neuropeptide Y receptors as targets for anti-
obesity drug development: perspective and current status. Eur ] Pharmacol 440:173-
187



20 K. Tatemoto

Pedrazzini, Seydoux, Kunstner et al. (1998) Cardiovascular response, feeding behavior
and locomotor activity in mice lacking the NPY Y1 receptor. Nature Med 4:722-726

Petty MA, Dietrich R, Lang RE (1984) The cardiovascular effects of neuropeptide Y
(NPY). Clin Exp Hypertens A 6:1889-1892

Pheng LH, Regoli D (2000) Receptors for NPY in peripheral tissues bioassays. Life Sci
67:847-862

Pralong FP, Gonzales C, Voirol M] et al. (2002) The neuropeptide Y Y1 receptor regulates
leptin-mediated control of energy homeostasis and reproductive functions. FASEB
] 16:712-714

Raposinho PD, Broqua P, Pierroz DD et al. (1999) Evidence that the inhibition of luteiniz-
ing hormone secretion exerted by central administration of neuropeptide Y (NPY) in
the rat is predominantly mediated by the NPY-Y5 receptor subtype. Endocrinology
140:4046-4055

Rimland ], Xin W, Sweetnam P et al. (1991) Sequence and expression of a neuropeptide Y
receptor cDNA. Mol Pharmacol 40:869-875

Rimland JM, Seward EP, Humbert Y et al. (1996) Coexpression with potassium channel
subunits used to clone the Y2 receptor for neuropeptide Y. Mol Pharmacol 49:387-
390

Rose PM, Fernandes P, Lynch JS et al. (1995) Cloning and functional expression of a
cDNA encoding a human type 2 neuropeptide Y receptor. ] Biol Chem 270:22661-
22664

Rudolf K, Eberlein W, Engel W et al. (1994) The first highly potent and selective non-pep-
tide neuropeptide Y Y1 receptor antagonist: BIBP3226. Eur ] Pharmacol 271:R11-13

Sainsbury A, Schwarzer C, Couzens M et al. (2002) Important role of hypothalamic Y2
receptors in body weight regulation revealed in conditional knockout mice. Proc Natl
Acad Sci USA 99:8938-8943

Sheikh SP, O’Hare MM, Tortora O, Schwartz TW (1989) Binding of monoiodinated neu-
ropeptide Y to hippocampal membranes and human neuroblastoma cell lines. ] Biol
Chem 264:6648-6654

Stanley BG, Leibowitz SF (1984) Neuropeptide Y: stimulation of feeding and drinking by
injection into the paraventricular nucleus. Life Sci 35:2635-2642

Statnick MA, Schober DA, Gackenheimer S et al. (1998) Characterization of the neuro-
peptide Y5 receptor in the human hypothalamus: a lack of correlation between Y5
mRNA levels and binding sites. Brain Res 810:16-26

Stephens TW, Basinski M, Bristow PK et al. (1995) The role of neuropeptide Y in the an-
tiobesity action of the obese gene product. Nature 377:530-532

Sun XY, Zhao XH, Erlinge D et al. (1996) Effects of phosphorothioated neuropeptide Y
Yl-receptor antisense oligodeoxynucleotide in conscious rats and in human vessels.
Br ] Pharmacol 118:131-136

Sundler F, Moghimzadeh E, Hakanson R et al. (1983) Nerve fibers in the gut and pancreas
of the rat displaying neuropeptide-Y immunoreactivity. Intrinsic and extrinsic ori-
gin. Cell Tissue Res 230:487-493

Tatemoto K (1982a) Neuropeptide Y: complete amino acid sequence of the brain peptide.
Proc Natl Acad Sci USA 79:5485-5489

Tatemoto K (1982b) Isolation and characterization of peptide YY (PYY), a candidate gut
hormone that inhibits pancreatic exocrine secretion. Proc Natl Acad Sci USA
79:2514-2518

Tatemoto K (1990) Neuropeptide Y and its receptor antagonist. Ann New York Acad Sci.
611:1-6

Tatemoto K, Mutt V (1978) Chemical determination of polypeptide hormones. Proc Natl
Acad Sci USA 75:4115-4119

Tatemoto K, Mutt V (1980) Isolation of two novel candidate hormones using a chemical
method for finding naturally occurring polypeptides. Nature 285:417-418



Neuropeptide Y: History and Overview 21

Tatemoto K, Carlquist M, Mutt V (1982) Neuropeptide Y—a novel brain peptide with
structural similarities to peptide YY and pancreatic polypeptide. Nature 296:659-660

Tatemoto K, Rokaeus A, Jornvall H et al. (1983) Galanin—a novel biologically active pep-
tide from porcine intestine. FEBS Lett 164:124-128

Tatemoto K, Lundberg JM, Jornvall H, Mutt V (1985) Neuropeptide K: Isolation, structure
and biological activities of a novel brain tachykinin. Biochem Biophys Res Commun
128:947-953

Tatemoto K, Efendic S, Mutt Vet al. (1986) Pancreastatin, a novel pancreatic peptide that
inhibits insulin secretion. Nature 324:476-478

Terenghi G, Polak JM, Hamid Q et al. (1987) Localization of neuropeptide Y mRNA in
neurons of human cerebral cortex by means of in situ hybridization with a comple-
mentary RNA probe. Proc Natl Acad Sci USA 84:7315-7318

Thiele TE, Marsh DJ, Ste Marie L et al. (1998) Ethanol consumption and resistance are
inversely related to NPY levels. Nature 396:366-369

Thiele TE, Koh MT, Pedrazzini T (2002) Voluntary alcohol consumption is controlled via
the neuropeptide Y Y1 receptor. ] Neurosci 22:RC208:1-6

Thorsell A, Michalkiewicz M, Dumont Y et al. (2000) Behavioral insensitivity to restraint
stress, absent fear suppression of behavior and impaired spatial learning in transgen-
ic rats with hippocampal neuropeptide Y overexpression. Proc Natl Acad Sci USA
97:12852-12857

Thorsell A, Rimondini R, Heilig M. (2002) Blockade of central neuropeptide Y (NPY) Y2
receptors reduces ethanol self-administration in rats. Neurosci Lett 332:1-4

Toufexis DJ, Kyriazis D, Woodside B (2002) Chronic neuropeptide Y Y5 receptor stimula-
tion suppresses reproduction in virgin female and lactating rats. ] Neuroendocrinol
14:492-497

Unden A, Tatemoto K, Mutt V, Bartfai T (1984) Neuropeptide Y receptor in the rat brain.
Eur ] Biochem 145:525-530

Vezzani A, Michalkiewicz M, Michalkiewicz T et al. (2002) Seizure susceptibility and
epileptogenesis are decreased in transgenic rats overexpressing neuropeptide Y. Neu-
roscience 110:237-243

Wahlestedt C, Yanaihara N, Hakanson R (1986) Evidence for different pre-and post-junc-
tional receptors for neuropeptide Y and related peptides. Regul Pept 13:307-318

Wahlestedt C, Pich EM, Koob GF, Yee F, Heilig M (1993) Modulation of anxiety and neu-
ropeptide Y-Y1 receptors by antisense oligodeoxynucleotides. Science 259:528~531

Watson JD, Sury MR, Corder R et al. (1988) Plasma levels of neuropeptide tyrosine Y
(NPY) are increased in human sepsis but are unchanged during canine endotoxin
shock despite raised catecholamine concentrations. ] Endocrinol 116:421-426

Weinberg DH, Sirinathsinghji D], Tan CP et al. (1996) Cloning and expression of a novel
neuropeptide Y receptor. ] Biol Chem 271:16435-16438

Westrin A, Ekman R, Traskman-Bendz L (1999) Alterations of corticotropin releasing
hormone (CRH) and neuropeptide Y (NPY) plasma levels in mood disorder patients
with a recent suicide attempt. Eur Neuropsychopharmacol 9:205-211

Wharton J, Gordon L, Byrne J et al. (1993) Expression of the human neuropeptide tyro-
sine Y1 receptor. Proc Natl Acad Sci USA 90:687-691

Widerlov E, Lindstrom LH, Wahlestedt C, Ekman R (1988) Neuropeptide Y and peptide
YY as possible cerebrospinal fluid markers for major depression and schizophrenia,
respectively. | Psychiatr Res 22:69-79

Woldbye DP, Larsen PJ, Mikkelsen JD et al. (1997) Powerful inhibition of kainic acid sei-
zures by neuropeptide Y via Y5-like receptors. Nature Med 3:761-764

Yan H, Yang J, Marasco J et al. (1996) Cloning and functional expression of cDNAs encod-
ing human and rat pancreatic polypeptide receptors. Proc Natl Acad Sci USA
93:4661-4665



PP, PYY and NPY:
Synthesis, Storage, Release and Degradation

S. von Horsten! - T. Hoffmann? - M. Alfalah® - C. D. Wrann® - T. Karl' - R. Pabst!
S. Bedoui!

! Department of Functional and Applied Anatomy, OE 4120, Carl-Neuberg-Str.1,
30625 Hannover, Germany
e-mail: Hoersten.Stephan.von@MH-Hannover.de

2 Probiodrug AG, 06120 Halle, Germany

3 Department of Physiological Chemistry, School of Veterinary Medicine,
30559 Hannover, Germany

1 Introduction . . . . . . . . . o e e e e e

2 Storage and Synthesis of PR, PYYand NPY . . . .. ... ... ... ......
2.1 Subcellular Storagein Vesicles . . . . .. ........ ... ... . ... ...
2.1.1 Large Vesicles . . . . . . .. e
2.1.2 Small Vesicles . . . . . .. . e
2.2 Posttranslational Modification . . . . . . ... ... ... ...

3 Localization and Release of NPY, PYY and PP in the Periphery. . . . . . . ..
3.1 Cellular Sources for NPY and Release in the Periphery . . . . . .. ... .. ..
3.1.1 Sympathetic Nerves . . . . . . . .. . ... e
312 Adrenal Glands. . . . . . .. L
33 Platelets. . . . . oL e
3.2 Cellular Sources of PP in the Periphery . . . .. ... ..............
3.2.1 Pancreatic PP Cells. . . . . .. ... ... . ...
3.2.2 PPin the Gastrointestinal Tract. . . . .. ... ..................
3.3 Cellular Sources for PYY in the Periphery . . . . . . ...............
3.3.1 PYY in the Gastrointestinal Tract. . . . . ... ... ... ............
332PYYinthePancreas. . . .. .. .. ... ..
333 PYYin Enteric Nerve Fibers . . .. ... ... .. .. ... .. ... . ...

4 The Release of Peptides by Exocytosis. . . . .. ... .. ............
4.1 The Process of EXOCYtosis. . . . . . v v v i it
4.2 Docking of the LDCV to the Cell Membrane . . . ................
4.2.1 Fusion with the Cell Membrane. . . . ... ........ . ... ........
4.3 Molecular Regulation of the Release of PP, PYYand NPY . ... ........

5  Degradation of NPY, PPand PYY . . . . ... ..................
5.1 Limited Proteolysis of NPYand PYY. . . . ... .................
52 Cleavageof PP . . . . . ... . ...
5.3 In Vivo Metabolism of NPY Family Peptides . . . . . ... ...........

6 ConcludingRemarks . . . . ........ ... ... ... ... ...,

References . . . . . . . . . . e e e

24

26
26
26
27
27

29
29
29
30
31
32
32
32
32
32
33
33

33
33
34
34
35

35
35
37
37

38
39



24 S. von Horsten et al.

Abstract Peptides of the NPY family are synthesized as large precursor mole-
cules in the endoplasmatic reticulum (ER), where posttranslational modification
takes place, and from where they are translocated to the Golgi apparatus. After
several structural and functional adjustments, two types of mature vesicle—
large dense core vesicles and synaptic vesicles—serve as a storage depot. No-
tably, the expression of a gene for a peptide from the NPY family is not suffi-
cient to ensure the production of mature peptides since several posttranslational
steps are specifically involved and these steps themselves are subjected to specif-
ic regulatory processes. Similarly, after exocytotic release of NPY-like peptides,
their local action depends on their concentration, their different receptor selec-
tivity and the local expression of the different Y-receptors. Another major player
in this complex network is found in the action of specific peptidases influencing
half-life and receptor selectivity. At least aminopeptidase P, dipeptidyl-peptidase
IV-like enzymes, specific endopeptidases, like meprin or neprilysin-like en-
zymes, and post-arginine hydrolyzing endoproteases are cleaving enzymes for
NPY-like peptides. Due to a striking change of receptor specificity after N-ter-
minal cleavage of NPY-like peptides, the development of inhibitors for NPY,
PYY and PP cleaving peptidases is a complementary approach to the develop-
ment of Y-receptor agonists or antagonists. In this chapter, we summarize key
findings about synthesis, storage, release and localization of NPY family pep-
tides, add recent findings on their degradation by specific enzymes and discuss
implications for the interpretation of studies in future research.

Keywords Synthesis of NPY-like peptides - Storage of NPY-like peptides -
Release of NPY-like peptides - Expression of NPY-like peptides - Degradation of
NPY-like peptides - Peptidases of NPY-like peptides

1
Introduction

Current research on synthesis, storage, release and degradation of the neuropep-
tide Y (NPY)-like peptides pancreatic polypeptide (PP), peptide YY (PYY) and
NPY provides a controversial picture. While there are not many recent studies
available providing novel insights into synthesis, storage and release of NPY-like
peptides, there are increasing numbers of data on specific peptidases, which
mediate specific steps of limited proteolysis of these peptides. These are of great
relevance because N-terminal degradation of NPY-like peptides results in chan-
ged receptor specificity. NPY itself, for example, represents one of the best, if
not the best, substrates for the ectopeptidase dipeptidyl peptidase IV (DP IV)
(Mentlein 1999). Cleavage of NPY by DP IV results in a specific loss of NPY Y,
receptor affinity, while the remaining peptide NPY(3-36) is still active at the
NPY Y,_s receptors (Michel et al. 1998).

Peptides of the NPY family are synthesized as large precursor molecules in
the ER. After posttranslational modification, precursor molecules are translo-
cated to the Golgi apparatus, sorted in the trans Golgi network (TGN), and guid-
ed towards the secretory pathway. During these processes several posttranslatio-
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Fig. 1 Steps in the posttranslational modification of peptides from the NPY-family. 7: The peptide is
generated as a large precursor consisting of the so-called pre-pro-peptide. In this molecule the peptide
is flanked by a c-peptide and a signal peptide. After enzymatic cleavage of the signal peptide the mol-
ecule is then referred to as pro-peptide. 2: Enzymes such as prohormone convertase (PC) and car-
boxypetidase E (CPE) the pro-peptide cleave the pro-peptide at the dibasic site, thereby generating the
mature peptide (3)

nal steps are specifically involved and these steps themselves are subjected to
specific regulatory processes (Fig. 1). After exocytotic release of NPY-like pep-
tides, the local action not only relies on their concentration, receptor selectivity,
and the expression of Y-receptors, but also on the action of specific peptidases
influencing half-life and receptor selectivity. The action of NPY-like peptides
therefore is also influenced by the local distribution and concentration of, for
example, aminopeptidase P and dipeptidyl-peptidase IV-like enzymes of which
several are inducible by inflammatory processes. Moreover, these peptidases
may also act on counter-regulatory peptides and endogenous inhibitors and
competitive substrates influence their specific activity. Thus, the development of
inhibitors for NPY, PYY and PP cleaving peptidases is a complementary ap-
proach to the development of Y-receptor agonists or antagonists.

The aim of this chapter is to summarize key findings about synthesis, stor-
age, release and localization of NPY family peptides, and discuss recent findings
on their degradation by specific enzymes.
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2
Storage and Synthesis of PP, PYY and NPY

2.1
Subcellular Storage in Vesicles

Polarized cells such as neurons and epithelial cells maintain separate plasma
membrane domains, each with a distinct protein and lipid composition and in-
tracellular sorting mechanisms that recognize classes of proteins which ensure
that specific vesicles are transported to the correct surface domain (Nillson
1992). Sorting proteins to the correct membrane is essential for their biological
functions, since missorting often results in pathological conditions. Peptides of
the NPY family are synthesized as large precursor molecules in the ER, from
where they are translocated to the Golgi apparatus. Confined within a vesicle,
the precursor molecules are sorted in the TGN and are guided towards the se-
cretory pathway. After several structural and functional adjustments, two types
of mature vesicles serve as a storage depot.

211
Large Vesicles

These vesicles have a diameter of 70-100 nm and are characterized by electron
dense granules attached to the membrane of the vesicle. Therefore, they are re-
ferred to as large dense core vesicles (LDCV). The electron dense granules in
LDCV have been recognized to contain protein and enzyme aggregates that are
crucial for the biological activation of the precursor molecule. LDCV are found
in neurons and endocrine cells.

After the formation of LDCV the majority is transported towards the plasma
membrane or the axon (Pickel et al. 1995). This process is mediated by interac-
tions with microtubuli, since treatment with vinblastine, a drug destroying mi-
crotubuli, dramatically decreases the number of neuropeptide containing LDCV
found in the axon (Hemsén et al. 1991). The transport of LDCV from the TGN
towards the plasmalemma is a rather slow process. D’Hooge et al. (1990) have
demonstrated that NPY containing LDCV are transported with a velocity of
about 5 mm/h.

Zhang et al. (1993) found that various combinations of peptides, presumably
at varying concentrations, occur in the LDCV in a given nerve ending. There-
fore, it is likely that individual LDCV produced in a neuron are heterogeneous
with regard to peptide content and thus to the message that they transmit upon
release. Indeed, peptide containing LDCV have been demonstrated to also com-
prise additional transmitters or hormones. Shortly, after NPY was discovered it
became obvious that NPY is costored with catecholamines (Fried et al. 1985).
Compelling evidence is now available to indicate that NPY is not only frequently
costored with catecholamines, but also with a variety of other signaling mole-
cules (see Table 1).
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Table 1 Mediators and hormones that are costored with NPY

GABA, Gamma-aminobutyric acid; VIP, vasointestinal peptide; ANP, atrial natriuretic peptide; CGRP, calci-
tonin gene-related peptide.

2.1.2
Small Vesicles

In addition to the storage in LDCV, some members of the NPY family are also
stored in smaller vesicles. With a diameter between 30 and 50 nm the so-called
synaptic vesicles (SV) are the smallest known membrane-bound organelles
(Dannies 1999).

2.2
Posttranslational Modification

As mentioned above, peptides of the NPY family are not synthesized in their
final biologically active form. Instead, a larger and biologically inactive mole-
cule is generated at first. Once the nascent peptide has passed all quality control
mechanisms in the ER, it is transported onwards by vesicular transport
(Rodriguez-Boulan 1992) or by tubular structure (Presley 1997) to the TGN.
Most of secretory and membrane-bound proteins undergo several structural
and posttranslational modifications including glycolysylation, fatty acid acyla-
tion, phosphorylation, amidation, or proteolytic cleavage (Matter 2000; Caplan
1997; Eipper 1992).

During intracellular travel along the secretory pathway, the precursor is sub-
mitted to successive enzymatic processing. The precursor contains additional
amino acids at both the N terminus and the C terminus and only after specific
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Fig. 2 Scheme to illustrate posttranslational modification, storage, release and enzymatic degradation
of peptides of the NPY-family. Abbreviations: ppP, pre-pro-peptide; pP, pro-peptide; P peptide; cP
cleaved peptide; LDCV, large dense core vesicle; PC, prohormone convertase; CPE, carboxypeptidase E;
SNARES, soluble N-ethyl-maleimide-sensitive fusion protein; DPP IV, dipeptidyl peptidase IV

enzymes have cleaved both of these additional peptide sequences does the pep-
tide become activated (see Fig. 2). This process is termed posttranslational
modification and was first identified and characterized in the biosynthesis of in-
sulin (for details see Lang 1999).

The precursors of PP, PYY and NPY contain about three times as many amino
acids as the final biologically active peptide; for example pre-pro-PP and pre-
pro-NPY consist of 96 amino acids, whereas the mature forms of PP and NPY
consist of only 36 amino acids (Schwartz et al. 1981). Consistent with their pro-
posed common evolutionary origin, the precursors of PP, PYY and NPY are or-
ganized into similar structural domains. The biologically active amino acid se-
quence is preceded by a peptide sequence referred to as signal peptide and fol-
lowed by a Gly-Lys-Arg cleavage site and another peptide sequence at the C ter-
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minus (C-peptide) (Conlon 2002). The length of the signal peptide and the
c-peptide varies slightly between different species (Sundler et al. 1993).

The activation of the pre-pro-peptides requires the proteolytic separation of
the different structural domains on the one hand and an amidation at a central
structural point on the other. Specific enzymes in different cellular compart-
ments as well as in the LDCV mediate these reactions. So far little is known
about the enzymes catalyzing the cleavage of the signal peptide, thereby gener-
ating pro-peptides. However, the reactions leading towards the generation of the
mature NPY are much better characterized. Prohormone convertases (PC), in
particular PC2 and PC3, and carboxypetidase E directly cleave the pro-peptides
at a single dibasic site consisting of Gly-Lys-Arg (Paquet et al. 1996). The signif-
icance of the dibasic site for the proteolytic activation was recently documented
by Brakch and colleagues (2002). By introducing a mutated version of pro-NPY
into pituitary cells that are capable of generating mature NPY from normal pro-
NPY, it was demonstrated that a single mutation at the dibasic site suppresses
the formation of mature NPY dramatically. After cleaving, the molecule is con-
verted to the mature peptide by enzymatic amidation. The so-called a-amida-
tion is a two-step reaction catalyzed by two distinct catalytic domains within
the responsible enzyme peptidylglycine-a-amidating monooxygenase (peptidyl-
glycine-a-hyroxylating monooxygenase, peptidyl-a-hydroxylglycine amidating
lyase) (Oyarce 1993; Eipper 1992). The enzymatic reaction depends on the pres-
ence of ascorbic acid (vitamin C), involves the reduction of the two copper
atoms that are bound to its catalytic core and zinc is required for proper activi-
ty. When this process of posttranslational modification is completed, mature
peptides are stored within the LDCV and can be released upon stimulation.

Thus, the capability of a certain cell to secrete biological active peptides de-
pends on the activity and presence of specific enzymes. It is obvious, therefore,
that the expression of a gene for a peptide from the NPY family is not sufficient
to ensure the production of mature peptides.

3
Localization and Release of NPY, PYY and PP in the Periphery

3.1
Cellular Sources for NPY and Release in the Periphery

3.141
Sympathetic Nerves

Immuncytochemical studies have located NPY in postganglionic sympathetic
nerve fibers throughout the body. Simultaneous immunostaining for NPY and
tyrosine hydroxylase or dopamine hydroxylase, critical enzymes for the synthe-
sis of catecholamines (CA), has provided evidence that NPY and norepinephrine
(NE) coexist in many cell bodies in sympathetic ganglion and many perivascu-
lar fibers (reviewed by Lundberg, 1992). In fact, several studies have demonstra-
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ted that NPY and CA can be released simultaneously (Lundberg et al. 1989).
Such a pattern of NPY and CA corelease was shown in stimulation of the sympa-
thetic nerves in various preparations, both in vitro, for example in isolated per-
fused canine spleen and guinea pig heart, in situ in perfused pig spleen, and in
vivo, in conscious calves, pithed guinea pigs, and rats (reviewed by Zukowska-
Grojec et al. 1993). Interestingly, the process of corelease is regulated by several
mechanisms. According to neurophysiological studies NPY is preferentially re-
leased under conditions of elevated neuronal activity (5-40 Hz), whereas the re-
lease of CA dominates under moderate stimulation (1-10 Hz) (Hokfelt et al.
1991). However, the duration of the nerve activation also modifies the composi-
tion of the sympathetic transmitter output. Prolonged sympathetic stimulation
over 1 h decreases the content of NPY in sympathetic fibers innervating
the spleen by 58% (Lundberg et al. 1989). Due to the rather slow velocity of
the axonal transport of NPY of approximately 5 mm/h (D’Hooge et al. 1990), a
complete re-supply of the nerve terminal with NPY can take up to 11 days
(Lundberg et al. 1989).

3.1.2
Adrenal Glands

NPY can also be found in chromaffin cells of the adrenal medulla. There are
studies indicating the presence of NPY in both epinephrine and norepineph-
rine-containing chromaffin cells. Additionally, NPY is contained in the nerve
fibers derived from a plexus in the adrenal capsule and penetrating through ad-
renal cortex and medulla, many of which innervate blood vessels (Zukowska-
Grojec et al. 1993). The adrenomedullary content varies markedly among spe-
cies, with the highest levels found in the mouse and cat, and the lowest in pig
adrenal glands. Furthermore, aging increases adrenomedullary content of NPY
several fold. Several investigators have shown that the release of NPY can be
evoked pharmacologically from the perfused bovine adrenal gland (Hexum et
al. 1987), cultured chromaffin cells (Kataoka et al. 1985), and by direct splanch-
nic nerve stimulation (Briand et al. 1990).

In spite of these lines of evidence, the notion of NPY as a adrenomedullary
hormone in physiological conditions is questionable. In vivo, the only known
situation in which the adrenal medulla secretes large quantities of NPY into the
bloodstream is in the pathological situation of pheochromocytoma (Corder et
al. 1985; Pernow et al. 1986; Takahashi et al. 1987). In animals with normal adre-
nal medullas, increases in circulating plasma NPY levels evoked by stress
(Zukowska-Grojec et al. 1988) correlate positively with norepinephrine, but not
with epinephrine. This correlation indicates that NPY is derived from sympa-
thetic nerves rather than from the adrenal glands. Furthermore adrenalectomy
does not affect circulating levels of NPY at rest and upon immobilization stress
in rats (Bernet et al. 1998). Therefore, under physiological conditions, the adre-
nomedullary NPY might play a role in the local microenvironment but does not
have a systemic role.



PP, PYY and NPY: Synthesis, Storage, Release and Degradation 31

3.13
Platelets

The presence and synthesis of NPY in extra neuronal tissues was first suggested
by findings of NPY mRNA in megakaryocytes from rats and mice prone for cer-
tain autoimmune diseases (Ericsson et al. 1989). Subsequent studies revealed
that rat platelets are a rich source of circulating NPY (Myers et al. 1988). Rat
platelet-rich plasma, and plasma pellets prepared from it, contains approximate-
ly tenfold higher concentrations of NPY than platelet-poor plasma (Myers et al.
1988). Collagen, which evokes the secondary, irreversible stage of platelet aggre-
gation and the associated release reaction, causes a dose-dependent release of
NPY in parallel, as measured in platelet-poor plasmas prepared from the aggre-
gating platelet suspension. Much less NPY is released during primary, reversible
platelet aggregation, such as that induced by adenosine diphosphate in rat plate-
lets prepared from citrated blood. Also, in vivo, circulating plasma NPY levels
increase in a dose-dependent manner following intravenous injection of colla-
gen in rats.

There are major variations in the platelet content of NPY among different spe-
cies. In rats, high resting circulating NPY levels appear to result from platelet-de-
rived NPY, and this may explain marked differences with other species, such as
pigs, guinea pigs, rabbits, cats, dogs, and humans. The issue of whether the species
with low circulating NPY platelet levels do not possess and/or release NPY has not
been completely resolved. In contrast to rat megakaryocytes, no NPY mRNA was
detected in normal human and pig bone marrow (Ericsson et al. 1991). It should
be noted, however, that low quantities of NPY are detectable in human platelet-rich
plasma and platelet pellet (Zukowska-Grojec et al. 1993), but the significance of
these findings is unknown. High levels of NPY were also found in rabbit platelet-
rich plasma and platelet pellets (Zukowska-Grojec et al. 1993). Conversely, Persson
et al. (1989) were unable to detect NPY mRNA in rabbit spleen, although it is not
certain whether the splenic expression of the NPY gene corresponds to that of me-
gakaryocytes. On the one hand, the spleen contains large numbers of platelets,
suggesting that data on NPY protein expression in this organ are always critically
dependent on a proper perfusion aimed towards removing platelets. On the other
hand, a high expression of the NPY Y, receptor is found in the spleen, being
strongly suggestive for functional role of endogenously released NPY within the
local microenvironment of this organ (Gehlert et al.1996).

Interestingly, it has been shown that although megakaryocytes from normal
mice do not contain any NPY mRNA, autoimmune NZB mice express the NPY
gene in megakaryocytes (Ericsson et al. 1989). Thus, it is possible that the NPY
gene is expressed in platelets in all species, including humans, but is normally
downregulated by unknown factors, and might be upregulated under some patho-
physiological conditions. For example, in spontaneously hypertensive rats, platelet
content of NPY has been shown to be several fold higher than in normotensive rats
(Ogawa et al. 1989). Whether this “upregulation” of platelet-derived NPY is genetic
and/or secondary to pathophysiological changes remains to be determined.
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3.2
Cellular Sources of PP in the Periphery

3.21
Pancreatic PP Cells

PP is a hormone, which is released from the dominating endocrine cell type of
the duodenal pancreas (Schwartz et al. 1983). Once PP had been localized to the
pancreatic endocrine cells, it became of interest to identify the cell type. Using
different histochemical staining techniques for the visualization of islet cells and
a combination of light and electron microscopic immunocytochemistry, it be-
came clear that the PP-containing cells were different from those that store insu-
lin, glucagons, or somatostatin. In fact, PP cells represent the fourth cell type in
the endocrine pancreas with the three others producing insulin (beta), glucagons
(alpha), and somatostatin (delta). Morphologically these cells are found in the
peripheral areas of the islet and are often scattered between glucagons and so-
matostatin cells (Ekblad and Sundler 2002). Several morphological features dis-
tinguish the PP cell from the other endocrine pancreatic cells. Clusters of PP cells
can also be found within the exocrine portion of the pancreas (Bottcher et al.
1993), and PP cells are more frequent in the duodenal part of the pancreas (Orci
et al. 1976). The different distribution within the pancreas is thought to reflect
the fact that the pancreas derives from different primordia, one ventral and one
dorsal, which fuse during embryonic development (Orci et al.1982).

3.2.2
PP in the Gastrointestinal Tract

PP cells occur also in the gastric mucosa as shown in the opossum, cat, and dog
(Cox et al. 1998). Such cells are few and are considered to represent a subpopula-
tion of gastrin producing cells (Ekblad and Sundler 2002). Cells immunoreactive
for PP can also be found in the intestine, colon and rectum. Overall, there are
large variations between different mammalian species, and the presence of the
cells appears to be transient: in humans and rats, for example, PP cells appear in
the gastric mucosa for a short postnatal period only (Tsutsumi et al. 1984).

3.3
Cellular Sources for PYY in the Periphery

3.3.1
PYY in the Gastrointestinal Tract

PYY is found in endocrine cells in the intestine of a wide range of mammalian
and submammalian species (Ekblad and Sundler 2002). By light microscopy,
PYY expressing cells are flask-shaped and are characterized by an accumulation
of secretory granules at the basal site, which are the light microscopic equivalent
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of LDCV (Sundler et al. 1993). Even though PYY cells are found in both the up-
per and the lower gastrointestinal tract, only a few PYY cells are present in the
gastric mucosa, whereas PYY cells become particularly numerous in the distal
ileum and in the colon. Notably, the vast majority of intestinal PYY cells also
contain other peptide hormones. Glicentin, also referred to as gut glucagon, and
the glucagon-like peptides I and II (GLP I and II) have been reported to coexist
with PYY (reviewed by Ekblad and Sundler 2002). There are also reports de-
scribing that PYY and serotonin occur together in endocrine cells of the human
rectum (Horsch et al. 1994).

3.3.2
PYY in the Pancreas

PYY also occurs in the pancreas of mammalian as well as of submammalian spe-
cies (Lundberg et al. 1983; El-Salhy et al. 1987; Bottcher et al. 1993). There is,
however, a certain variation in the cellular localization in between different spe-
cies. The predominant PYY containing cell types in the islet are glucagon cells
(Sundler et al. 1993). Findings describing a very early expression of PYY in islet
cell precursors during embryonic development have fostered speculation on a
possible involvement of PYY in the process of islet cell differentiation and
growth (Aponte et al. 1985).

333
PYY in Enteric Nerve Fibers

Notably, endocrine cells are not the only source for PYY in the gastrointestinal
tract. PYY is also present in myenteric nerves. These fibers are quite numerous
in the myenteric ganglia of the stomach and upper intestine, where they pre-
dominantly innervate smooth muscles (reviewed by Sundler et al. 1993). Immu-
nohistochemical studies revealed that PYY-containing nerve fibers are distinct
from autonomic fibers positive for NPY.

4
The Release of Peptides by Exocytosis

4.1
The Process of Exocytosis

As indicated above, peptide-containing LDCV are formed within the Golgi appa-
ratus and are subsequently transported towards the cell membrane. Once ar-
rived, they gather beneath the cell membrane in clusters and lie there waiting
until a signal reaches the membrane and induces the vesicles to fuse with the
cell membrane. Interestingly, LDCV are targeted to specific regions, called active
zones, that are below the cell membrane . These active zones are in close prox-
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imity to ion channels within the cell membrane and reflect the location where
the LDCV will dock and fuse with the membrane.

4.2
Docking of the LDCV to the Cell Membrane

The exocytotic release of storage vesicles is a complex phenomenon. Before exo-
cytosis occurs, the vesicles undergo a “docking’ reaction, which involves the
interaction with specific proteins. The functional importance of these proteins,
including soluble N-ethyl-maleimide-sensitive fusion protein (SNARE) and
Muncl8 (Rizo et al. 2002), was first shown by the observation that they consti-
tute the specific targets for clostridial neurotoxins, which inhibits neurotrans-
mitter release (Link et al. 1992; Blasi et al. 1993). Further studies have estab-
lished that the docking event requires the assembly of SNARE complexes, which
are composed of proteins that are anchored to each of the membranes that are
destined to fuse (Chapman et al. 2002). The SNARE complex drives the LDCV
into direct contact with the cell membrane. Subsequently, an energy wasting
process is initiated to finally make the vesicles competent for the final step in
exocytosis, the fusion with the cell membrane (Klenchin et al. 2000).

4.2.1
Fusion with the Cell Membrane

A key signal in initiating fusion with the cell membrane is the influx of Ca*".
With the depolarization of a neuron or the stimulation of endocrine cells by a
secretagous, specific ion channels are activated and opened. Due to the gradient
between the internal and external concentrations of free Ca**, intracellular con-
centrations of Ca™ rapidly increase. This, in turn, directly affects proteins on
the surface of LDCV present in active zones. Ca** induces structural changes of
the so-called C2 domain of synaptostagmin, the most abundant Ca**-binding
protein on LDCV surfaces (Chapman et al. 1994), which results in it forming a
bond with specific proteins on the internal surface of the cell membrane. The
LDCV is now tightly attached to the cell membrane via the SNARE complex on
the one hand and the Ca**-activated synaptostagmin on the other. The steps
which follow are still not clear, but Chapman et al. (2002) have recently pro-
posed a model, in which the C2 domains of synaptostagmin penetrate the target
membrane and thereby initiate the fusion of the external layer of the vesicles
with the internal layer of the cell membrane. Finally, both membranes fuse and
the content of the vesicles is secreted to the outside of the cell.

After the secretion is completed, the inserted membrane part is taken back
into the cytoplasm by endocytosis and remains ready to be recycled.

Exocytosis is one of the fastest things that animal cells can do (Almers et al.
1994). The release of neurotransmitters and hormones is known to proceed in
fractions of milliseconds (0.5 ms) after the influx of Ca** has occurred. This ini-
tial rapid burst results from exocytosis of vesicles that had been in a release-
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competent state at the time of the Ca*™*-influx. Sustaining this response, howev-
er, is much slower, as additional vesicles need to undergo the preceding reaction
before being competent to fuse with the cell membrane. Thus, distinct kinetics
for the exocytotic release can be anticipated depending on the duration of the
stimulus (Rettig and Neher 2002).

43
Molecular Regulation of the Release of PP, PYY and NPY

At the molecular level, ion currents regulate the release of NPY over the cell
membrane. The rise of intracellular Ca*™ via voltage-dependent N-type Ca**-
channels is a key event in the release of NPY and CA, indicating the exocytotic
nature of the process. The Ca**-dependent intracellular pathway can be activat-
ed by acetylcholine or increases in the extracellular concentrations of K*. In ad-
dition to this classical pathway, Martire and colleagues (1997) demonstrated that
decreases in extracellular Na+ concentrations also evoke a release of NPY. This
effect, however, cannot be abolished by removal of extracellular Ca**. Further
testing revealed that the removal of extracellular Na* activates a Na*/H* ex-
changer, which, in turn, decreases the intracellular pH. Since intracellular acidi-
fication has been demonstrated to stimulate the release of Ca** from intracellu-
lar stores, it was concluded that the intracellular release of Ca™ accounts for the
findings that removal of extracellular Na* evokes the release of NPY (Martire et
al. 1997).

5
Degradation of NPY, PP and PYY

After release, the activity of the peptides depends on the one hand on the local
distribution of the different Y-receptors, and on the other hand on the action of
a couple of soluble and membrane bound peptidases. Hydrolysis by peptidases
with broad specificity limits the half-life of the peptides by complete degrada-
tion. But beside this, in the case of the pancreatic polypeptide family, a limited
proteolysis by highly specific peptidases was found, which results in a change of
receptor selectivity of the peptides.

5.1
Limited Proteolysis of NPY and PYY

In vitro investigations identified a couple of arginine specific endoproteases, in-
cluding urokinase-type plasminogen activator, plasmin, thrombin, and trypsin
which are able to cleave NPY after all four arginines located in the C-terminal
part of the peptide (arrows in Table 2) (Ludwig et al. 1996). This degradation
leads to a complete loss of activity of NPY and PYY. Inactivation of NPY was
also observed by endopeptidase-24.18 (E.C. 3.4.24.18) an NPY degrading en-
zyme (Price et al. 1991; Ludwig et al. 1995). In contrast to this, the limited pro-
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Table 2 Main cleavage sites of peptides of the NPY family

APP DPIV T NEP T T NEP NEP T T
Uy L A | VA [
1 10 20 30 36
NPY human, rat Y/P/SKPDNPGEDAPAEDMAR/Y/YSAIR/H YIN L/ITR/QR/Y
PYY rat Y/P/AKPEAPGEDASPEELSR-Y-YASLR-H YIN/L-VTR-QR-Y
PYY human Y/P/IKPEAPGEDASPEELNR-Y-YASLR-H YIN/L-VIR-QR-Y
PP rat A-P/LEPMYPGDYATHEQRAQ Y-ETQLR-R-YIN T LTR PR Y
PP human A-P/LEPVYPGDNATPEQMAQ Y-AADIR-R-YIN M LTR PR Y

teolysis catalyzed by aminopeptidase P (AP P, E.C. 3.4.11.9) or DP IV (E.C.
3.4.14.5) results in a release of only the N-terminal amino acid or dipeptide, re-
spectively (Table 2, arrows; Mentelin et al. 1993; Grandt et al. 1993). In fact, the
N-terminal tyrosine is a prerequisite for efficient Y;-receptor binding (Michel et
al. 1998). Hydrolysis by these exopeptidases abolishes Y;-receptor activation
whereas the remaining (2-36) or (3-36) peptides maintain their activity on the
other Y-receptors. Nonspecific N-terminal degradation by other aminopeptidas-
es, like aminopeptidase N or W, is prevented by proline in the penultimate posi-
tion (Medeiros et al. 1993a, 1993b). In addition, prolines in position 5, 8 and 13
prevent further N-terminal degradation of the (3-36) peptide including further
hydrolysis by DP IV. Furthermore it was demonstrated that NPY (3-36) could
inhibit DP IV activity (Hoffmann et al. 1995).

Because of the amidated C-terminus the peptides seem to be also resistant to
carboxypeptidase-catalysed hydrolysis, as exhibited by, for example, angiotensin
converting enzyme. C-terminal degradation could be demonstrated for neutral
endopeptidase (NEP, E.C. 3.4.24.11), which preferentially cleaves NPY between
Tyr® and Tyr?! and between Leu® and Ile’! (Medeiros et al. 1996) and PYY at
Asn®-Leu®® (Table 2, arrows; Medeiros et al. 1994). Interestingly, an N-acetylet-
ed 22-36 fragment was described as selective agonist for the rat intestinal PYY
receptor or the neuronal Y, receptor (Balasubramaniam et al. 2000).

The experiments with purified enzymes were supported by investigations us-
ing cell lines and brush border membrane preparations. The product and inhib-
itor profiles determined during these experiments indicate that DP IV-like en-
zymes, AP P, NEP-like enzymes, endopeptidase 24.18 and post-arginine cleaving
endoproteases are in general the main convertases of NPY and PYY. Depending
on the enzymes expressed, different cell lines or membrane preparations pro-
duce a specific fragment pattern. Medeiros (1993) found that PYY is cleaved
preferentially by NEP in a renal brush border membrane preparation whereas in
the jejunal preparation, AP P- and DP IV-dependent cleavage was predominant
(Medeiros et al. 1994). Similar results were observed for NPY (Medeiros et al.
1996). Using human smooth muscle cells only cleavage by AP P was found
(Mentlein et al. 1996).
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5.2
Cleavage of PP

Only very limited data are available concerning PP metabolism. Adamo and
Hazelwood (1989) found that avian PP is degraded by a not further character-
ized soluble cytosolic endoprotease (Adamo and Hazelwood 1989), whereas
Tasaka and colleagues (1989) described that thiol protease inhibitors inhibit the
degradation of PP by an extract from rat submaxilliary glands (Tasaka et al.
1989). From the primary structure of PP it could be predicted that similar to
NPY and PYY the conserved N-terminal part responsible for Y,-receptor activa-
tion should be a substrate of AP P or DP IV. DP IV cleavage was shown by
Nausch and coworkers (1990), whereas no experimental data about AP P are
available so far. The same holds true for post-arginine cleavage and NEP-cat-
alyzed hydrolysis. There are a number of amino acid exchanges around the
cleavage sites in comparison to NPY and PYY necessitating an experimental ap-
proach to prove hydrolysis of PP by these enzymes. Concerning the post-argi-
nine cleavage it could be predicted that there is a preferred cleavage after the di-
basic Arg?®-Arg?. On the other hand the monobasic cleavage site at position 20
should be lost because in PP there is a Gln instead of an Arg in NPY and PYY at
this position. The degradation after Arg® and Arg® should be minimized by
the proline in position 34.

5.3
In Vivo Metabolism of NPY Family Peptides

In general, the investigation of the in vivo release and metabolism of peptides is
difficult. Separation techniques used for in vitro experiments are often limited
by the sensitivity and specificity of assays, that is the detection of metabolites
and by the high background of other compounds in biological samples. In addi-
tion, common antibody based detection methods often could not distinguish
between the intact peptide and its hydrolysis products. Specific assays for active
and truncated forms of peptides, as described for GLP-1 or glucose-dependent
insulinotropic polypeptide, so far are not available for the pancreatic polypep-
tide family (Wolf et al. 2001). However, as long as 10 years ago, the first direct
evidence for a proteolytic processing of NPY and PYY by DP IV was provided
(Mentlein et al. 1993). In addition, other studies demonstrated that not only
NPY and PYY but also NPY(3-36) (Grandt et al. 1996) as well as PYY(3-36)
(Grandt et al. 1994a, 1994b) are abundantly present in mammals and are likely
to be involved in energy metabolism via inhibition of exocrine pancreas func-
tion (Grandt et al. 1995) or other feeding associated processes (Gue et al. 1996;
Lloyd et al. 1996). Recently, these studies became very important, since it was
shown that the gut hormone PYY(3-36) physiologically inhibits food intake
(Batterham et al. 2002). Thus, it is increasingly important to answer questions
on the sources of these N-terminal truncated forms of NPY and PYY, on the in-
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tracellular and/or extracellular compartments where cleavage takes place, on the
enzymes responsible, and on their regulation.

So far, there are some in vivo data available from experiments using pepti-
dase inhibitors and/or NPY and truncated forms of NPY. Fujiwara demonstrated
that the neutral endopeptidase inhibitor phosphoramidone enhances the inhibi-
tory effect of NPY on acetylcholine output. In a model of acute inflammation
(concanvalin A-induced paw edema), we recently demonstrated that the DP IV
inhibitor Ile-Thiazolidide potentiates the pro-inflammatory effect of NPY, which
in turn is mediated via the NPY Y, receptor (Dimitrijevic et al. 2002). These
findings are among the first providing direct in vivo evidence that limited prote-
olysis by the highly specific peptidase DP IV results in prolonged Y, receptor se-
lectivity of NPY. These findings agree with the very recent findings demonstrat-
ing that DP IV knock out mice (Marguet et al. 2000) and F344 rat substrains ex-
hibiting a lack of DP IV enzyme activity (Karl et al. 2003a) both show an im-
proved glucose tolerance. This phenomenon is most likely mediated via pro-
longed action of the incretin GLP-1, which is also a substrate of DP IV. Similarly,
we were able to demonstrate that F344 rat substrains mutant for DP IV exhibit a
phenotype of reduced anxiety, which is likely to be mediated by the DP IV sub-
strates NPY or substance P (Karl et al. 2003b) and that central application of
NPY results in more potent anxiolytic-like and sedative-like effects in those
F344 substrains that lack DP IV enzyme activity (Karl et al. 2003c). The latter
findings are most likely mediated by prolonged activation of central NPY Y, re-
ceptors, the predominantly anxiolytic-like acting receptor of NPY (Kask et al.
2002). Thus, there is now accumulating evidence that inhibition of DP IV is a
novel and highly specific pharmacological tool for the potentiation of endoge-
nous receptor specific effects mediated by substrates of DP IV including but not
limited to NPY and GLP-1.

6
Concluding Remarks

Peptides of the NPY family are synthesized as large precursor molecules, which
are translocated to the Golgi apparatus, and guided towards the secretory path-
way. During these processes, several specifically regulated posttranslational
steps are involved. After exocytotic release, NPY-like peptides are specifically
subjected to several steps of limited proteolysis (summarized in Fig. 2). This as-
pect provides a novel mechanism for the regulation of NPY-like peptide mediat-
ed effects. So far, it can be concluded that the action of the peptides of the pan-
creatic polypeptide family depends on their local concentrations, their different
receptor selectivity and the local expression of the different Y-receptors. A ma-
jor player in this complex network is additionally found in the action of specific
peptidases influencing half-life and receptor selectivity of these peptides. The
action of the peptides therefore also depends on the local distribution and con-
centration of at least aminopeptidase P, DP IV-like enzymes, specific endopepti-
dases, like meprin or neprilysin-like enzymes, and post-arginine cleaving en-
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zymes. Moreover, these peptidases may also act on counter-regulatory peptides
and beyond it the specific activity of the peptidases could be influenced by en-
dogenous inhibitors and competitive substrates. Nevertheless peptidases are in-
teresting targets for drug development. The development of inhibitors for NPY,
PYY and PP cleaving peptidases is a complementary approach to the develop-
ment of Y-receptor agonists or antagonists.
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Abstract The neuropeptide Y family acts through five cloned G protein coupled
receptors (Y}, Y, Y4, Ys, V), all of which bind two or more of the endogenous
peptides. At least three subtypes (Y;, Y, and Ys) may signal as homodimers,
whose formation is independent of the presence of agonist or G protein het-
erotrimers. All the Y receptors display the full complement of pertussis-toxin
sensitive Gy, signalling pathways (mediated by o or By subunits) in a suitable
cell context, including the inhibition of cAMP formation, intracellular Ca?* mo-
bilization and modulation of Ca?* and K* channels. However recent studies have
highlighted emerging differences in the desensitization and cellular trafficking
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of each subtype. Signalling of the Y, receptor is regulated by phosphorylation
and palmitoylation at key C-terminal motifs, and on agonist stimulation this
subtype rapidly associates with the inhibitory protein, -arrestin 2. In contrast
the interaction of the Y, receptor with f-arrestin 2 is much less pronounced,
consistent with its reduced ability to undergo clathrin-mediated internalization
compared to Y; and Y, subtypes. This observation may have additional conse-
quences for the spatial and temporal organization of longer-term Y receptor sig-
nals, since B-arrestins have a wider role as scaffolds for protein kinase cascades.
However current evidence suggests that Y;, Y, Y4 and Y5 subtypes are all able to
couple to mitogen activated protein kinase pathways, and as a consequence in-
fluence the control of gene expression and cell fate.

Keywords Y receptor - Dimerization - Desensitization - Internalization -
Mitogen activated protein kinase

1
Introduction

The neuropeptide Y family of peptides including NPY, PYY, PP and active
metabolites such as PYY(3-36) acts through a group of receptors belonging to
the class A (rhodopsin-like) G protein coupled receptor (GPCR) family with sev-
en transmembrane (TM) domains (Fig. 1). Five members of this family have
been identified by molecular cloning and are designated Y;, Y, Y4, Y5 and ye.
Unusually these receptors are distinguished both by their relative promiscuity
for the endogenous ligands and the coupling of all subtypes to a single class of
G protein (Gj,). However rapid advances in the GPCR field have unmasked a
new complexity in the way in which these receptors can interact with down-
stream signalling and regulatory components. The definition and basic sig-
nalling properties of the Y receptor subtypes have been reviewed comprehen-
sively previously (Michel et al. 1998). Hence the present manuscript will sum-
marize this information only briefly and focus on more recent data regarding
the molecular understanding of Y receptors. In the context of these develop-
ments we will suggest how they may provide a means for different subtypes
(which at first sight seem superficially similar) to tailor cell signalling responses
to NPY-related ligands.

2
Agonist Activation of Y Receptors

2.1
Receptor Subtype Classification

Five subtypes of Y receptors are currently recognized and have been identified
by molecular cloning (Michel et al. 1998; Michel 2002). These subtypes are
products of the functional genes created by successive duplications of a single



NPY Receptor Subtypes and Their Signal Transduction 47

Fig. 1 The human Y; receptor sequence. Highlighted amino acids include extracellular N-glycosylation
and disulphide bridge sites, residues which may form the activation switch, and potential recognition
motifs for the AP-2 complex. The palmitoylated Cys, and Ser/Thr residues which may act as phosphory-
lation sites (including two PKC consensus motifs) are also indicated

ancestor (see the chapter by Larhammar, this volume) and differences in their
affinities for endogenous and synthesized peptides provide an explanation for
much of the pharmacology observed in endogenous cells and tissues.

The Y, receptor is a 384-amino acid protein that binds NPY and PYY with
much higher affinity than PP, has high affinity for Pro**-substituted fragments
of NPY and PYY and low affinity for C-terminal fragments of NPY and PYY. Se-
lective antagonists for the Y, receptor include BIBP 3226, BIBO 3304 and GR
231118. The Y, receptor is a 381-amino acid protein that also preferentially
binds NPY and PYY over PP, but has high affinities for C-terminal fragments
and low affinities for Pro**-substituted analogues of NPY and PYY. BIIE 0246 is
a selective antagonist for this subtype. The Y, receptor is a 375-amino acid pro-
tein that is specific for PP over PYY and NPY, but apart from this no specific
agonists or antagonists have been reported for this subtype. The Y5 receptor is a
445-amino acid protein that recognizes all three endogenous peptides, their long
C-terminal fragments and Pro* substituted ligands. CGP 71683A is a selective
antagonist for this subtype. The ys receptor is functional in mouse and rabbit
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(Gregor et al. 1996a; Rose et al. 1997; Weinberg et al. 1996), but is absent from
the rat genome and is a pseudogene in primates. A frameshift mutation in the
human coding sequence generates a six-TM domain protein unable to bind any
peptides (Gregor et al. 1996a; Rose et al. 1997). The pharmacology of the mouse
Yo receptor is also controversial (Rose et al. 1997; Weinberg et al. 1996), but re-
cent functional studies suggest a Y;-like phenotype (Mullins et al. 2000).

Two further Y receptor subtypes were originally suggested to mediate re-
sponses in tissues where NPY and PYY were not equipotent (Michel et al. 1998).
The peripheral ’PYY-preferring’ receptor is in fact the Y, receptor (Cox and
Tough 2000; Goumain et al. 2001). The second anomaly, where NPY responses
were more potent than those of PYY, lead to the proposal of a Y; receptor. How-
ever, no such receptor has been cloned and the emergence of a specific molecu-
lar entity with such characteristics becomes increasingly unlikely following the
sequencing of the human genome. Rather, this proposed site may involve one or
a combination of known receptors, for example in rat colon (Pheng et al. 1999)
and bovine adrenal chromaffin cells (Cavadas et al. 2001; Zhang et al. 2000). In
addition some effects of NPY at high concentration, such as its action on mast
cells, result from the direct stimulation of G proteins by its amphipathic a-helix
(Mousli et al. 1995). Although a case may still be made for an unknown Y3 sub-
type in the nucleus tractus solitaris (Glaum et al. 1997) the following discussion
will be restricted to the cloned Y receptors. An overview table of these cloned
receptors and their characteristics is presented in the chapter by Redrobe et al.
in this volume.

22
Agonist Binding

Peptide affinities for the Y receptor subtypes have largely been determined in
competition binding assays which use agonist radioligands (e.g. iodinated PYY,
NPY and PP), although limited information is also available from the radiola-
belled Y; antagonist BIBP 3226 (Entzeroth et al. 1995). GPCR agonists have low
affinity for the inactive ground state of the receptor and bind selectively to a
high affinity receptor conformation, most commonly the agonist-receptor-G
protein complex (Kenakin 1996). Thus the number of binding sites attained in
saturation curves will depend not only on total receptor number but also on the
ability of the radiolabelled agonist to effect this conformational change (its effi-
cacy). In addition, different radiolabelled agonists may preferentially target dis-
tinct receptor conformations, which can lead to large discrepancies in displace-
ment curves amongst competing ligands (e.g. for the NK; receptor; Holst et al.
2001). ['*I]NPY and ['*I]PYY appear interchangeable in competition experi-
ments using Y; and Y, receptors (although non-specific binding using ['>*I]NPY
is significantly greater), but the choice between ['**I]PP and ['*I]PYY may pro-
foundly influence the purported pharmacology of other Y receptor subtypes.
Thus PP binding to the ys receptor may only be detected if it is labelled with
['®I]PP {as in COS-7 (Gregor et al. 1996a) but not HEK293 cells where
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['®I]PYY was used; (Mullins et al. 2000)}. The relative affinities of PYY and NPY
for the Y, receptor are very much dependent on the radioligand (e.g. for the
mouse orthologue; Gregor et al. 1996b). In addition, ['*I]PYY recognized only
5%-60% of guinea-pig Y, receptor sites labelled by ['*’I]PP, depending on levels
of expression and host cell type (Berglund et al. 2001; Eriksson et al. 1998). Thus
PYY might have a lower efficacy than PP, and a reduced ability to convert the Y,
receptor pool to a high affinity conformation. Such differences could subse-
quently be masked by intervening amplification steps in cAMP assays, where PP
and PYY are full agonists (Eriksson et al. 1998). Alternatively PP and PYY may
select unique conformations of the guinea pig Y, receptor, raising the possibility
that they could traffic receptor signals to different pathways (Kenakin 1996).

2.3
Signalling Motifs

In the predicted Y receptor sequences a number of critical amino acids are con-
served, which may form the activation switch of class A GPCRs (Fig. 1). An Asn
in TMJ, an Asp in TMII and the NPXXY motif in TMVII form a polar pocket in
the crystal structure of rhodopsin (Lu et al. 2002) that in the silent conformation
holds the Arg (of the conserved E/DRY sequence) at the foot of TMIIIL In mod-
els of receptor activation a shift of TMs VI and VII away from TMIII disrupts
this contact site, aided by the protonation of the acidic amino acid adjoining
the TMIII Arg. The role of the conserved Asp in the DRY motif was first investi-
gated by Scheer et al. (1997), who observed that its mutation significantly in-
creased the constitutive (i.e. agonist independent) activity of the a;-adrenocep-
tor, and has also been suggested in many other (though not all) GPCRs (Lu et al.
2002). All but one of the Y receptor subtypes retain the acidic TMIII residue
(predominantly as Glu), but in Y5 it has been replaced by Val, an interesting de-
viation which provides one of the distinctive characteristics of this receptor.

Contact between GPCR and G protein is established through the second and
third intracellular loops, and perhaps also the recently identified juxtamem-
brane helix 8 following TMVII (Palczewski et al. 2000). All Y receptors share
some features that may determine G protein coupling efficacy and fidelity (such
as basic residues lining the N- and C-terminal portions of the third intracellular
loop; Okamoto and Nishimoto 1992). However, the Y5 receptor third intracellu-
lar loop (136 amino acids in the human sequence) is four times as long as the
other subtypes. This portion of the Y5 receptor may have expanded to include
regulatory motifs normally carried in the C-terminal tail (as in the a,s-adreno-
ceptor; Liggett et al. 1992), which is correspondingly much shorter than the Y,
Y,, Y4 or ys sequences. However the underlying nucleotide code for the Y5 third
intracellular loop also provides (in the opposite direction) promoter B for the
Y, receptor gene, a dual function dictated by the overlapping gene structure
(Herzog et al. 1997). Thus this unusual feature of the Y5 receptor may be con-
served by a selection pressure unrelated to its function.
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The C termini of all five Y receptors contains a Cys residue which may act as
a palmitoylation site to create a fourth intracellular loop, by insertion of the fat-
ty acid tails into the lipid bilayer (Qanbar and Bouvier 2003). Dynamic control
of this post-translational modification could provide a mechanism for Y recep-
tor regulation, because of its influence on proximal (e.g. helix 8) and distal
C-terminal regions. The human Y}, Y,, Y, and y subtypes contain similar num-
bers of intracellular Ser/Thr residues (8-12, predominantly in the C terminus)
which could act as acceptors for phosphorylation by second messenger kinases
[2-3 protein kinase C (PKC) consensus sites in each receptor] or GPCR kinases
(GRKs) which target agonist-occupied receptors. In the Ys receptor clusters of
Ser/Thr (26 in all) are concentrated in the third intracellular loop, and include
multiple PKC (6) and protein kinase A (PKA, 2) motifs.

2.4
Dimerization

In recent years, the idea that GPCRs functioned as purely monomeric entities
has been largely superceded in the face of mounting evidence that they form
multimeric complexes (of which the simplest case is a dimer). Early biochemical
experiments demonstrated that differentially tagged receptors could be co-im-
munoprecipitated as dimers, and that coexpression of mutant GPCRs deficient
in either binding or signalling domains restored functional activity (Bouvier
2001). These studies have been complemented by the development of methods
to study receptor oligomerization in living cells using fluorescent resonance en-
ergy transfer (FRET). Receptors are labelled with pairs of chromophores using
fluorescent ligands, antibodies or fusion constructs containing variants of green
fluoresecent protein (GFP). The excitation wavelength of the acceptor fluo-
rophore is matched to the emission peak of the donor. When the donor is stim-
ulated its excitation energy will be transferred to the acceptor molecule, provid-
ed that the two are close enough. The limit for FRET observance (between 50
and 100 &) is of the same order of magnitude as the cross-sectional diameter of
rhodopsin (Lu et al. 2002) and so its presence implies at least tight receptor
clustering, if not dimeric units.

The ability of NPY and related peptides to form dimers in solution (Bader et
al. 2001; see also chapter by Morl and Beck-Sickinger, this volume) and the fact
that dimeric ligands such as GR 231118 have much higher affinity for the Y, re-
ceptor than the monomers (Daniels et al. 1995) suggest that Y receptors may be
suitable candidates for dimerization. To this end Dinger et al. (2003) have ap-
plied FRET to study homodimerization of Y;, Y, and Ys receptors tagged at the
C terminus with GFP pairs [e.g. cyan (CFP) and yellow (YFP)]. These fusion
proteins retained the binding and functional properties of the wild-type recep-
tors and when expressed alone in BHK cells no FRET was observed, even when
a suitable acceptor GFP variant was cotransfected and present in the cytoplasm.
However when the CFP and YFP fusion proteins of Y;, Y, or Ys receptors were
coexpressed, exciting at the CFP wavelength resulted in FRET and a weak yellow
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Fig. 2A, B Dimerization of the human Ys receptor. A Fluorescence images obtained with the FRET
filter set from transiently transfected baby hamster kidney cells expressing the hYs-CFP fusion construct
and cytoplasmic YFP (negative control), the hYs—CFP-YFP tandem (positive control) and hYs—CFP/hY;—
YFP fusion proteins. B Emission spectra from the negative controls (hYs-CFP + cytoplasmic YFP) are
overlaid with those from cells coexpressing the hYs-CFP/hYs—YFP FRET pair, in the absence or presence
of 1 uM NPY. (Reproduced with permission from Dinger et al. 2003)

fluorescence from YFP, suggesting that each subtype can form homodimers
(Fig. 2A). Figure 2B illustrates this FRET signal analysed in more detail by spec-
troscopy for the Ys-CFP/YFP fusion protein pair. The spectra following excita-
tion at 433 nm include not only the CFP emission peak (475 nm) and shoulder
(505 nm) but a second peak at 525 nm corresponding to the YFP signal. By ex-
amining the 475/525 nm ratio, the effect of agonist exposure or disrupting the
receptor G protein interaction (with GTPyS) was quantified. For each Y receptor
subtype, the FRET signal was unaffected by NPY and GTPyS, illustrated for
Y5-CFP/YFP in Fig. 2B. The constitutive signal appeared greater for Y, and Y;
than for Y, receptors, but this may be a consequence of the Y-YFP acceptor fu-
sion protein expression being proportionately more for the former subtypes,
thus resulting in more Y-CFP/Y-YFP heterodimers able to display FRET com-
pared to the Y-CFP/Y-CFP and Y-YFP/Y-YFP silent combinations. Thus Y;, Y,
and Y5 receptors may form constitutive homodimers, and unusually it appears
that dimerization is unaffected by agonist. At present the importance of homod-
imerization to Y receptor function and signalling can only be speculated, al-
though it is necessary for the proper cell surface expression of some GPCRs
(e.g. GABAp) and the dimer may provide an increased contact interface between
receptor and a single G protein heterotrimer (Bouvier 2001). In addition, the
possibility of heterodimerization amongst Y receptor subtypes, or indeed Y re-
ceptors and GPCRs responding to different ligands (Bouvier 2001), may yet pro-
vide a further level of complexity in the study of Y receptor pharmacology.
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3
Intracellular Signalling

3.1
Coupling to Pertussis-Toxin Sensitive G Proteins and cAMP Inhibition

Y receptor-mediated responses are almost always sensitive to inhibition by per-
tussis toxin indicating predominant if not exclusive coupling to G-proteins of
the Gj, family (Michel et al. 1998). This G protein dependent pathway is high-
lighted by the ability of stable analogues of GTP (such as GTPyS) to disrupt the
receptor-G protein complex and radiolabelled agonist binding (e.g. Feth et
al. 1992; Freitag et al. 1995; Voisin et al. 2000), while stimulation of GTPy[*S]
binding may be used to monitor Y receptor activation in isolated membranes
(Holliday and Cox 2003) and in autoradiography of brain slices (Primus et al.
1998). While the list of potential G protein independent pathways for GPCRs is
expanding (Brzostowski and Kimmel 2001) there are as yet few clear instances
where the Gy, inactivator pertussis toxin does not severely attenuate Y receptor
responses.

At least five o subunits (plus the pertussis toxin insensitive G,a) and several
possible By complexes exist within the G;, family, and a few studies have ad-
dressed the specificity of Y receptors for members of this group. The use of G
protein antisera allowed an examination of Y, receptor coupling to specific Ga
subunits in SMS-KAN cells (Freitag et al. 1995), which suggested that Gja but
not Goa contributed to cAMP responses. Go protein expression has also been
targeted in cell lines expressing Y receptors. Dimethyl sulfoxide treatment
down-regulated Gjsa over Gpo in human erythroleukaemia (HEL) cells and in-
hibited endogenous Y, receptor Ca** but not cAMP signalling (Michel 1998). In
renal proximal tubule cells the knockdown of Gpa but not Gjza (by antisense
RNA expression) reduced the affinity of PYY for Y, receptors and eliminated
cAMP and proliferative responses (Voisin et al. 1996). A complementary ap-
proach has been to increase the G;,,a concentration, and in dorsal root ganglion
neurones including purified G,,a subunits in the patch pipette solution marked-
ly increased Y, receptor inhibition of Ca’* channel currents (Ewald et al. 1988).
In addition Xenopus oocytes over-expressing Gj;or potentiated Y, receptor acti-
vation of G protein activated inwardly rectifying K™ channels (GIRK1; Brown et
al. 1995), an effect not replicated for another G; coupled receptor (D, dopamine)
or by introduction of cDNAs for three other Ga (i2, i3 and ol). These early in-
vestigations have hinted at the ability of Y receptor subtypes to direct signalling
through particular Go subunits, and it remains to be seen whether this choice
may also be influenced by the agonist-receptor combination.

All cloned Y receptor subtypes activate Gj, proteins to inhibit adenylyl
cyclase, which is frequently assessed as forskolin-stimulated cAMP accumula-
tion (Bard et al. 1995; Gerald et al. 1995; Gerald et al. 1996; Herzog et al. 1992;
Mullins et al. 2000). This response has also been observed ubiquitously in cells
and tissues natively expressing NPY receptors (Michel et al. 1998). However,
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analogy to other Gy, coupled receptors suggests that lowering of intracellular
CAMP concentrations may not be the most important mechanism in mediating
the physiological effects of Y receptor stimulation (Limbird 1988).

3.2
Elevations of Intracellular Ca?* and Cross-Talk Between G; and Gq

Y receptor stimulation can cause elevations of intracellular Ca?* concentrations
as first shown for Y, receptors natively expressed in HEL cells (Motulsky and
Michel 1988). Heterologously expressed Y;, Y, and Y, receptors also elevate in-
tracellular Ca®* in a manner which is largely independent of the presence of
extracellular Ca>* (Bard et al. 1995; Gerald et al. 1995; Grouzmann et al. 2001;
Selbie et al. 1995). The Ca®* source is often an endoplasmic reticulum compart-
ment sensitive to the Ca’* ATPase pump inhibitor thapsigargin (Connor et al.
1997; Michel 1994; Selbie et al. 1995), although a thapsigargin and ryanodine in-
sensitive store has also been described (Grouzmann et al. 2001). In contrast with
the ubiquitous observance of cAMP signals, the Y receptor Ca®* response is very
much dependent on cell type. In epithelial cell lines for example, Y receptors
only inhibit cAMP accumulation (Mannon et al. 1994) and as a consequence
counteract coincident Ca’* signals from other receptors (Bouritius et al. 1998).
Moreover within an apparently homogeneous population both responding and
non-responding cells may be observed (Grouzmann et al. 2001). In this context
it is difficult to assess the importance of the only study which examined both
cAMP and Ca’* signalling pathways for the Ys receptor (Bischoff et al. 2001)
and found that this subtype was not linked to Ca** mobilization. Whether this
represents a true distinction between the Y5 receptor and other subtypes, or is a
reflection of the cell context (HEC-1B endometrial cells) remains to be deter-
mined.

In dissecting the potential Ca’* signalling pathways, emphasis has been
placed on the coupling of Y; receptors responsible for the vasopressor actions
of sympathetically released NPY. In rabbit mesenteric small arteries, NPY pro-
motes constriction through three mechanisms, all blocked by BIBP 3226 (Prieto
et al. 2000). It reverses vasodilation caused by agents which elevate cAMP, but in
addition increases intracellular Ca** and tension itself, and potentiates the ac-
tions of coreleased noradrenaline. Such synergy between a;-adrenoceptor (Gg1
coupled) and Y receptor (Gy,) mediated events is characteristic of vascular
smooth muscle cells (Racchi et al. 1999) and may also be true of other cell types.
Indeed in SH-SY5Y cells activation of a Gg/1; coupled muscarinic receptor was
necessary for Y, receptor Ca®* responses (Connor et al. 1997). The interaction
between Gg/; and Gy, signalling has focussed attention on phospholipase Cf3
(PLCP), the enzyme which converts phosphotidylinositol 4,5-bisphosphate to
the divergent messengers inositol (1,4,5) trisphosphate (IP3) and diacylglycerol
(DAG). IP; mobilizes Ca®* from intracellular stores, while DAG activates PKC. In
this pathway, PLCJ is a prime candidate for a coincidence detector because cer-
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tain isoforms are activated not only by Gg/11, but also Ca** and Gy, subunits
(Exton 1996).

Selbie et al. (1995) studied these interactions using Chinese hamster ovary
(CHO) cells cotransfected with cDNAs for a; and Y receptors. Surprisingly they
observed that the Ca’* elevations in response to PYY alone preceded a slow rise
in IP; production. Thus while Y; receptor Ca** mobilization from intracellular
stores was pertussis-toxin sensitive, it appeared independent of the PLCJ path-
way, and did not involve other possible intermediates (sphingosine-1-phosphate
and cyclic ADP-ribose). Y receptors can apparently stimulate Ca** without a
causative rise in IP; in vascular smooth muscle (Mihara et al. 1989) and contro-
versially in HEL cells (Daniels et al. 1992; Motulsky and Michel 1988). More re-
cent data suggest that the Y, receptor Ca** response in LN319 cells is not abol-
ished by a PLCJB inhibitor (U73122), as well as being partly insensitive to per-
tussis toxin (Grouzmann et al. 2001). In contrast the synergy between phenyl-
ephrine (PE) and PYY stimulation in the CHO model was mediated by PLCS,
since co-addition of both agonists potentiated PE production of IP; (Selbie et al.
1995). The independent release of Ca** by PYY would be expected to contribute
to this potentiation, but a role for G;,,y subunits has also been suggested be-
cause of the inhibitory actions of GBy scavengers such as transducin (Selbie et
al. 1997). Although PE and PYY together caused at most additive peak Ca®* re-
sponses, stimulation of PKC was markedly enhanced and led to pronounced
synergy in the downstream activation of phospholipase A, and arachidonic acid
production (Selbie et al. 1995, 1997). Clearly activated Y receptors can couple to
PLCB, and in many instances the basal G, tone provided by endogenous para-
crine agents (e.g. ATP; Selbie et al. 1997) may make this a significant route to
the generation of Ca’* responses. However the evidence for an independent
pathway leading to Ca®* release from IP; sensitive stores is mounting, although
the mechanisms at present remain elusive.

Interestingly an additional mechanism by which Y receptors promote syner-
gistic signals has recently become apparent. NPY stimulates the recruitment of
a;a-adrenoceptors held in reserve in intracellular vesicles to the plasma mem-
brane of renal cortical cells (Holtbick et al. 1999), which consequently become
sensitized to noradrenaline. Indeed this observation provides one explanation
for the blockade of NPY responses in renal proximal tubular cells (stimulation
of Na* K* ATPase activity) by a-adrenoceptor antagonists (Ohtomo et al. 1994).
The unmasking of silent receptor populations may thus provide a more general
mechanism for interactions between Y receptors and other GPCRs, which does
not depend on the overlapping signals generated by downstream cAMP or Ca**
pathways.

3.3
Modulation of lon Channels

As for many other GPCRs, the activation of Y receptors rapidly alters the gating
of ion channels in both excitable and non-excitable tissues. In several instances
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these responses can be attributed to the cAMP inhibition and Ca®" pathways
which influence PKA and PKC. For example PKC can activate L type Ca®" chan-
nels, a mechanism of Ca®* entry which makes a significant contribution to NPY
constrictor responses in some types of vascular smooth muscle (Tanaka et al.
1995). Similarly Y receptor-mediated inhibition of PKA provides a sufficient ex-
planation for its antisecretory actions in epithelial cells, through PKA-activated
apical Cl" channels (the cystic fibrosis conductance regulator) and basolateral
K* conductances (Bouritius et al. 1998).

In neurones NPY exerts its effects through GIRK class K* channels or presyn-
aptic inhibition of N- and P/Q-type voltage gated Ca’* channels. Y}, Y, and Y,
receptors can each demonstrate this capacity to couple to K* and Ca?* channels
in transfected HEK293 cells (Sun et al. 1998). Ewald et al. (1988) described at
least two phases of Y receptor signalling to presynaptic Ca?* channels. A slow
second messenger mediated phase was prevented by long-term treatments,
which depleted PKC but there was also a more rapid modulation enhanced by
the inclusion of purified Gy in the patch pipette. There is now clear evidence
supporting a role for G proteins in the fast component of G;;, GPCR modulation
of both N- and P/Q-Ca?' channels and GIRKs. The direct allosteric modulation
of channel gating appears to be mediated by released Gy subunits (reviewed in
Dascal 2001). The role of Gy, is much less well defined, but it certainly deter-
mines signalling specificity by providing a pool of Gfy, which is released only
on stimulation of an appropriate GPCR. Interestingly Gy,¢ can interact with
GIRK subunits directly, and with Ca’* channels through the participation of
the accessory protein syntaxin, and it has been suggested that these are anchor-
ing points which ensure close targeting of Gfy subunits to their binding sites
(Dascal 2001). Indeed G;,, coupled GPCRs can also form stable complexes with
GIRKSs, for which Gfy are required to initiate but not to maintain the interac-
tion (Lavine et al. 2002). Thus it is possible that Y receptors are also organized
in multi-protein signalling complexes, allowing rapid transmission of G proteins
between receptor and effector over tightly controlled spatial domains. It remains
to be seen whether because of this close proximity Y receptors could contribute
directly to Gy, independent modulation of downstream signals (perhaps ac-
counting for the few instances of pertussis-toxin insensitive NPY effects; e.g.
Lynch et al. 1994), and if so whether such directly interacting motifs are sub-
type-specific.

4
Y Receptor Regulation and Trafficking

4.1
Desensitization and B-Arrestin Interactions

The signalling of prototypic GPCRs such as the B;-adrenoceptor is rapidly in-
hibited after prolonged agonist exposure (Ferguson 2001), and there is convinc-
ing evidence that at least some Y receptor subtypes also undergo homologous
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desensitization. NPY pretreatment inhibits subsequent Y, vasoconstrictor re-
sponses in isolated arterioles (Van Riper and Bevan 1991) and its long-term in-
fusion also reduces NPY and sympathetic cardiovascular responses in vivo
(Moriarty et al. 1993). Similarly in cells expressing endogenous or transfected
Y, receptors (Gicquiaux et al. 2002; Michel 1994), prior exposure to NPY pro-
foundly reduces Ca** or cAMP responses to a second agonist challenge. The ex-
tent to which other Y receptors desensitize is less clear cut, and may depend on
cell type. Repeated NPY stimulation of Y, receptors in SH-SY5Y cells results in
reproducible Ca®* responses over an extended period, in contrast to profound
homologous desensitization of endogenous somatostatin receptors observed in
the same cells (Connor et al. 1997). However in LN319 cells even threshold con-
centrations of NPY substantially decrease subsequent Y, receptor-mediated Ca**
increases (Grouzmann et al. 2001). Human Y, receptors recombinantly ex-
pressed in CHO cells have also been reported to be resistant to desensitization
(Voisin et al. 2000), but a long-term conditioning PP treatment was generally
used (24 h, as opposed to 10-30 min typically used). Other studies have found
rapid desensitization of rabbit and human Y, receptors (Cox et al. 2001; Feletou
et al. 1999). More generally the use of paired agonist additions to assess peptide
GPCR desensitization can be problematic, since the high affinity (and thus low
dissociation rate) of peptide ligands make adequate intervening wash steps es-
sential. An alternative is to follow the time course of the receptor response, but
this is difficult in standard second messenger assays measuring cAMP accumu-
lation or a transient Ca®* signal. However measurement of anion secretion in
epithelial cell monolayers provides a continuous readout of G; coupled receptor
activity that broadly reflects the time profile of cAMP inhibition. In this way we
have investigated the functional responses to transfected and endogenous Y,
and Y, receptors (Cox et al. 2001; Cox and Tough 1995; Holliday and Cox 1996),
all of which inhibit vasoactive intestinal polypeptide responses in a more tran-
sient manner as the agonist concentration is increased (Fig. 3). These time pro-
files differ substantially from those of other endogenous G; coupled receptors,
and do not result from general compensatory mechanisms following an antise-
cretory stimulus; thus they provide a signature demonstrating Y; and Y, recep-
tor desensitization in these cells.

The mechanisms underlying Y receptor inactivation have yet to be rigorously
examined. Desensitization of HEL cell NPY Ca’** calcium responses was en-
hanced by activators of PKC (Daniels et al. 1992; Michel 1994), and the size of
the response could be increased by tyrosine kinase inhibitors such as herbimy-
cin (Michel 1994). Possible sites of action of these kinases could include many
downstream stages of the signalling pathway, but a role for PKC is feasible in
specific desensitization of Y receptors (all of which contain appropriate phos-
phoacceptor recognition sites), at least in cells where they are coupled to the
PLCp pathway. The phosphorylation of GPCRs by downstream second messen-
ger kinases is well recognized as a signal terminator: for the G, coupled f,-adre-
noceptor PKA phosphorylation may even switch signalling to a G protein with
opposing effects (Gj, a somewhat controversial finding; Lefkowitz et al. 2002).
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Fig. 3 Desensitization of Y; and Y, receptors in transfected epithelial cells. Epithelial layers stably ex-
pressing the rat Yy (HCA-7 Colony 1) or human Y, receptors (HT-29) were pretreated with the secreta-
gogue vasoactive intestinal polypeptide (30 nM) to stimulate I, followed by a single addition of PYY
or PP. The time courses illustrated (n=3-8) demonstrate how the antisecretory responses to each recep-
tor become more transient as the agonist concentration is increased

This type of desensitization derives certain key characteristics from the ability
of PKA and PKC to phosphorylate both occupied and empty receptors. Because
the amplification inherent in signalling pathways leads to kinase activation,
GPCRs may become phosphorylated at low levels of agonist occupancy and thus
threshold doses may be sufficient for full desensitization (as observed for Y, re-
sponses in LN319 cells; Grouzmann et al. 2001). In addition other unstimulated
GPCRs may also be targeted, leading to heterologous desensitization (e.g. bra-
dykinin inactivation of Y, receptors; Grouzmann et al. 2001), or Y; receptor in-
hibition of a4-adrenoceptor responses (Michel 1994).

In many cells and tissues where the predominant Y receptor response is an
inhibition of cAMP (Gicquiaux et al. 2002; Holliday and Cox 1996) and second
messenger kinases are not activated, desensitization may be initiated by the re-
cruitment of GRKs to the plasma membrane through GSy subunits and their
specific phosphorylation of activated receptors. In this case signal termination
requires the subsequent binding of a member of the B-arrestin family member
to restrict access to the receptor-G protein contact interface. Recently Berglund
et al. (2003) confirmed the interaction of rhesus monkey Y receptor subtypes
with B-arrestin 2, a promiscuous isoform with the ability to bind a broad spec-
trum of GPCRs. Using a FRET based approach they showed that Y; and Y5 re-
ceptor-luciferase fusion proteins associate with GFP-tagged f-arrestin 2 rapidly
(t12 3-5 min) on agonist stimulation in transfected HEK293 cells. However sim-
ilar Y, and Y, receptor constructs exhibited a much lower FRET response [23%
(Y,) and 41% (Y,4) compared to Y] with slower kinetics (f;, of 23 and 9 min
respectively). Differential receptor association with f-arrestins thus provides
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one explanation for the emerging differences in desensitization and internaliza-
tion (see below) of different Y receptor subtypes.

4.2
Two Ways of Signal Termination—The Roles of Phosphorylation
and Palmitoylation

The rapid desensitization and S-arrestin binding exhibited by the Y, receptor
suggests that its primary sequence contains unique intracellular motifs that are
not shared by subtypes such as the Y, receptor. Candidates include the clustered
organization of Ser/Thr amino acids in the C-terminal tail, since their phos-
phorylation could be the trigger for f-arrestin association. To investigate this
possibility we have compared a haemagluttinin (HA) epitope-tagged rat Y, re-
ceptor with two truncated forms (T361STOP and S$352STOP) that respectively
remove four and eight of the 10 C-terminal Ser/Thr residues (N.D. Holliday
and H.M. Cox, unpublished results). Both wild-type and the mutant HA-Y, re-
ceptors stimulated GTPy**S binding (a measurement of G protein activation;
Holliday and Cox 2003) with similar potency and maximal response, using CHO
clones with similar expression levels (Fig. 4). Thus truncation at or beyond
Ser’” does not alter Y, receptor-G protein coupling. When CHO HA-Y; cells
were pretreated with NPY (100 nM, 10 min) and extensively washed before be-
ing used in the GTPy*S assay, basal GTPy**S binding was not significantly in-
creased compared to controls, nor was it inhibited to a greater extent by the Y;
antagonist BIBO3304, confirming removal of the agonist. However, maximal
GTPyS responses to the second NPY exposure were reduced by 55%. A similar
attenuation was observed in the HA-Y;(T361%) clone, but not in pretreated
HA-Y,(8352*) membranes. In addition the $352* truncation substantially in-
hibited the NPY-induced phosphorylation of immunoprecipitated HA-Y recep-
tors (Fig. 4D). These studies suggest that the region between Ser**? and Thr’®!
may be a target for GRKs, and as such makes an important contribution to Y;
receptor desensitization.

Because of its unique ability to radically alter the tertiary structure of the C-
terminal tail, the dynamic palmitoylation of GPCRs has received considerable
attention as a potential modulator of signalling (Kopin et al. 1988). The rat Y,
receptor is acylated at Cys**’ (Holliday and Cox 2003) and Cys*’ mutation to
Ser or Ala substantially inhibits receptor activation of G proteins in CHO mem-
branes (Fig. 5A). Thus depalmitoylation (for example following agonist expo-
sure) would be expected to inhibit Y; receptor signalling. However this ’desensi-
tizing’ effect is more subtle than traditional mechanisms involving phosphoryla-
tion. When expressed in epithelial cells, the differences in functional efficacy be-
tween Y, and Y,(C337S) receptors are less pronounced because of the many in-
tervening steps in the signalling pathway which amplify the stimulus. However
in contrast with the transient Y, antisecretory responses, Y;(C337S) receptors
mediate sustained inhibition of anion secretion (Fig. 5B). This indicates that the
agonist-occupied Y;(C337S) receptor conformation is not only less able to cou-
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Fig. 4A-D Role of the Y; receptor C terminus in desensitization and phosphorylation. NPY GTPy**S re-
sponses were measured in CHO membranes stably expressing the HA-tagged Y, receptor (['"1IPYY Bray:
5.4+1.5 pmol/mg, A), or the truncation mutants HA-Y(T361*) (Bmax: 3.9+1.1 pmol/mg, B) and HA-
Y1(5352%) (Bax: 5.6%1.2 pmol/mg, €). Control concentration response curves were compared with those
in which the cells had been pretreated with 100 nM NPY for 10 min (both n=4-5), with significant
differences at 1 uM agonist indicated by ***P<0.001. In the example phosphorylation experiment in D,
equal numbers of HA-Y; and HA-Y4(5352%) receptors were immunoprecipitated from CHO clones la-
belled with 50 pCi 32P;, and resolved by SDS-PAGE. Increased radiolabelling of the 78-kDa receptor
band, visualized by autoradiography of the dried gel (upper panel), was observed from CHO HA-Y cell
preparations pretreated with 1 pM NPY for 1 or 10 min, compared to unstimulated controls (C). Differ-
ences between the HA-Y; and HA-Y(5352%) responses are quantified in the histogram below, measur-
ing relative density of the bands using Scion Image
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Fig. 5A, B Preventing palmitoylation reduces Y; receptor signalling efficacy. A NPY and PYY-stimulated
GTPy*S binding in a CHO clone transfected with the Y; receptor was compared with responses to the
non-palmitoylated Y,(C3375) mutant expressed at similar levels (n=3-5), with significance at 1 uM ag-
onist indicated by **P<0.01. B Isc time courses to 100 nM PYY are shown for Colony 1 clones expressing
the Y7 (Y1-6, Y1-15) and Y4(C337S) receptors (Y1C-3, Y1C-5), expressed as a percentage of the peak
antisecretory response in VIP-stimulated epithelial layers (n=6-8). ***P<0.001. (Reproduced with per-
mission from Holliday and Cox 2003)

ple to G proteins, but may also be resistant to phosphorylation by GRKs target-
ing the active state, in the same way that reduced desensitization is observed af-
ter partial agonist stimulation (Clark et al. 1999). By controlling receptor effica-
cy, palmitoylation may regulate the balance between G protein activation and
events initiated by GRK phosphorylation and thereby profoundly influence lon-
ger term Y, receptor signalling.

43
Internalization

Many stimulated GPCRs are rapidly removed in vesicles from the plasma mem-
brane, a process known as internalization (Ferguson 2001). Originally this was
viewed as a mechanism of desensitization, as the sequestered receptors were no
longer available to agonist. However the onset of desensitization is often more
rapid than internalization and receptors may still be uncoupled from G proteins
in the presence of internalization inhibitors (Pippig et al. 1995), suggesting that
earlier events (e.g. phosphorylation and f-arrestin-binding) are more important
in this respect. However internalization continues to be of interest in GPCR reg-
ulation as the first stage in a sorting pathway that may recycle receptors to the
cell surface after the removal of the agonist, or target them for degradation
(‘down-regulation’) in lyzosomes. Although several receptor internalization
pathways have been described, the best characterized and most widespread for
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class A GPCRs involves the formation of a complex between receptor-bound
f-arrestin and clathrin, a scaffolding protein whose cage-like multimers shape
the endocytotic ‘coated’ vesicles. Clathrin-dependent endocytosis requires addi-
tional adaptor proteins (e.g. AP-2, which may interact with GPCR motifs
(NPXXY, YXX®; Fig. 1) and the small G protein dynamin (Ferguson 2001).

Multiple complementary studies indicate that Y; receptors undergo internal-
ization through the f-arrestin-clathrin pathway. Ultrastructural immunochemi-
cal localization of rat Y; receptors in dorsal root ganglion neurones clearly iden-
tifies receptor proteins associated with clathrin-coated vesicles and early endo-
somes (Zhang et al. 1999). Using confocal microscopy Fabry et al. (2000) found
that Y, receptors in SK-N-MC cells rapidly clustered in response to stimulation
with carboxy-fluorescein NPY, and temperature-dependent internalization of
both radiolabelled and fluorescent ligands was observed in more conventional
experiments which measured the increase in acid-resistant NPY binding to
whole cells. In CHO cells stably expressing the cloned guinea-pig Y, receptor,
internalization of ['*’I|NPY is significantly greater than for ['*I|PYY (at peak,
10 min after agonist addition at 37°C; Parker et al. 2001, 2002b). ['**I|NPY se-
questration was inhibited by agents that prevent clathrin-mediated endocytosis,
phenylarsine oxide and hypertonic sucrose, and also by filipin III, a cholesterol
chelating compound known for its disruptive influence on plasma membrane
microdomains such as caveolae (Parker et al. 2002b).

The use of radiolabelled or fluorescent agonists has a disadvantage in that it
is impossible to observe the unstimulated receptor. Gicquiaux et al. (2002) have
addressed this problem by constructing a human Y, receptor tagged at the
N-terminus with GFP (to avoid hindering potentially important C-terminal in-
teractions). GFP-Y, receptors were observed at the cell surface of stably trans-
fected HEK293 cells, and were partially redistributed to intracellular vesicles on
stimulation with NPY. These vesicles could also be labelled with transferrin-
Texas Red, a marker for clathrin dependent endocytosis, in accordance with a
previous investigation in dorsal root ganglion neurones demonstrating partial
colocalization of internalized transferrin and Y, receptors (Zhang et al. 1999).
Interestingly no colocalization between GFP-Y, receptors and a lyzosomal
marker (Lysotracker Red) was detected by confocal microscopy for up to
60 min after NPY stimulation, suggesting that the GFP-Y, protein was not sort-
ed over this period to a degradative pathway. Gicquiaux et al. (2002) also made
use of the pH sensing properties of GFP, whose fluorescence is inhibited in a
more acidic environment. NPY, PYY and Pro** substituted agonists (but not PP)
decreased GFP fluorescence measured in cell suspensions (reaching a maximum
3-4 min after agonist addition at 37°C), an effect which was sensitive to Y, an-
tagonists and pertussis toxin. This was interpreted as the transfer of the N-ter-
minal GFP from an extracellular (pH 7.4) to an early endosomal (pH 6.0} com-
partment, as collapsing the pH gradient in endosomes (using monensin) or
blocking internalization using 0.4 M sucrose or concanavalin A all inhibited the
response. Moreover the subsequent recovery of the fluorescence intensity was
suggested to result from fast trafficking of GFP-Y, receptors to recycling endo-
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somes (pH 6.5) prior to their return to the cell surface. A mathematical model
of the response over 30 min, used time constants for internalization and recy-
cling very similar to those obtained for the transferrin receptor. Together the
GFP-Y, experiments suggest that activated Y, receptors are internalized via a
clathrin-dependent pathway, but may be rapidly recycled rather than degraded
over the short term (Fig. 6). The only study to date that has investigated antago-
nist- (the homodimeric peptide GR 231118) and agonist-induced Y, receptor se-
questration and internalization is that of Pheng et al. (2003). Using stably trans-
fected HEK293 cells they observed internalization of both ['*’I]GR 231118 and
['*1]Pro**PYY and subsequently confirmed that the agonist induced receptor
endocytosis and recycling via endosomes (a monensin, and pertussis toxin-sen-
sitive mechanism) however, the antagonist also induced sequestration and in
contrast this was long-lasting, toxin insensitive (G-protein independent) and
only partially sensitive to hypertonic sucrose. Immunofluorescence labelling in-
dicated subtly different patterns of Y, receptor intracellular localization follow-
ing agonist (clustered and potentially pericentriolar endosomal labelling) or an-
tagonist treatment (relatively diffuse cytoplasmic Y, staining). Thus Pheng et al.
(2003) concluded that GR 231118 induced Y; receptor sequestration via a non-
recycling (monensin-insensitive) pathway that was distinct from the clathrin de-
pendent, agonist-induced Y, internalization.

Surprisingly no fluorescence decreases were observed using a GFP-Y, con-
struct (Gicquiaux et al. 2002), consistent with the low internalization of
["IINPY in CHO cells expressing the guinea-pig Y, receptor (Parker et al.
2001) and the slow interaction of the rhesus monkey subtype with B-arrestin 2
(Berglund et al. 2003). Human Y, receptors tagged at the C terminus also fail
to redistribute from the plasma membrane after 24 h’ pretreatment with PP
(Voisin et al. 2000), but this finding is more controversial since ['*’I]PP is effec-
tively and rapidly sequestered by rat Y, receptors in the same cell line (CHO;
Parker et al. 2001, 2002a). Although more detailed investigations are required,
the differences observed between Y, and Y, receptors are of particular interest.
Despite similar selectivity for endogenous ligands and second messenger re-
sponses, these subtypes might be distinguished by the way in which they engage
the trafficking machinery, with broader consequences for signalling mecha-
nisms which use B-arrestins as a focal point.

<

Fig. 6 A model of Y; receptor internalization and recycling. Activation of the Y, receptor also promotes
its phosphorylation and desensitization through S-arrestin binding, prevented in a truncation mutant
(S352STOP) lacking the phosphoacceptor sites. The bound 3-arrestin recruits the components required
for internalization, resulting in clathrin-dependent endocytosis (blocked by hypertonic sucrose, conca-
navalin A). The results of Gicquiaux et al. (2002) suggest that the Y, receptor is rapidly recycled through
sorting endosomes, in which dephosphorylation may occur, together with dissociation of the ligand. So
far there is little evidence for a degradative pathway targeting the Y, receptor to lyzosomes
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5
Long-Term Signalling by Y Receptors

5.1
Activation of Extracellular Signal Related Kinases

The rapid modulation of second messenger release and channel activity, fol-
lowed by receptor inactivation processes, does not account for the full reper-
toire of GPCR signalling pathways. GPCR signals also integrate with mitogen-ac-
tivated protein kinase (MAPK) cascades at numerous levels, including G pro-
teins, second messenger-activated protein kinases and the B-arrestins (for a re-
view, see Pierce et al. 2001). These cascades phosphorylate cytoplasmic and nu-
clear proteins to control gene expression and cell proliferation and differentia-
tion, and thus provide a means by which GPCRs may influence long-term events
traditionally ascribed to receptor tyrosine kinases such as the epidermal growth
factor (EGF) receptor.

Y), Y;, Y4 and Y5 receptors in transfected CHO cells all increase MAPK activi-
ty in immunoblotting assays for phosphorylated extracellular signal-related ki-
nases 1/2 (ERK; Mannon and Raymond 1998; Mullins et al. 2002; Nakamura et
al. 1995; Nie and Selbie 1998). In CHO Y, cells, the transient increase in ERK
activation involves the Ras-Raf-MAPK kinase (MEK)-ERK cascade (Fig. 7),
since PYY stimulates GTP binding to Ras and ERK activation can be inhibited
by introduction of dominant negative mutant Ras and Raf proteins (Mannon
and Raymond 1998). It is assumed that these downstream components also par-
ticipate in responses to other Y receptors, although so far only a more general

Fig. 7 Activation of ERK by Y receptors. This model (adapted from Pierce et al. 2001) illustrates the
potential sites of action of various inhibitors of Y receptor MAPK signalling. The roles of the EGF recep-
tor (EGF R, inhibited by PD153035) and Src (blocked by PP1) have so far been investigated only in IEC-
6 cells transfected with the Yy receptor (Mannon and Mele 2000). Arr, B-arrestin; DN, dominant nega-
tive; GRK, G protein coupled receptor kinase
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role of MEK has been demonstrated using the inhibitor PD98059 (Mannon and
Raymond 1998; Mullins et al. 2002; Nie and Selbie 1998). MAPK signals have
also been measured in endogenous Y; (Hansel et al. 2001; Keffel et al. 1999) and
Y5 receptor systems (Pellieux et al. 2000), but they are cell type dependent (for
example, Ys receptors were unable to activate any MAPK in human endometrial
carcinoma cells; Bischoff et al. 2001). In addition, Keffel et al. (1999) demonstra-
ted that NPY activated ERK but not other MAPKs (p38, N-terminal Jun kinase)
in HEL cells, suggesting that Y, receptor signalling can be tailored to a particu-
lar protein kinase cascade.

ERK activation by Y receptors depends on functional G;, proteins and is pre-
vented by pertussis toxin (Keffel et al. 1999; Mannon and Mele 2000; Mannon
and Raymond 1998; Mullins et al. 2002). Free Gfy subunits are crucial for Y, re-
ceptor signalling in transfected IEC-6 cells, since their sequestration with trans-
ducin Ga prevented PYY- but not EGF-stimulated ERK activity (Mannon
and Mele 2000). Downstream targets of GSy include phophoinositide-3-kinase
(PI3-K; Hawes et al. 1996), and the PI3-K inhibitors wortmannin and LY294002
can partially suppress CHO Y, receptor ERK responses (Keffel et al. 1999; Man-
non and Raymond 1998; Mullins et al. 2002; Nie and Selbie 1998). Mannon and
Raymond (1998) also observed that activation of PKC and its effects on Raf or
Ras were required in addition to the PI3-K Ras pathway. Their experiments pre-
vented Y; receptor-stimulation of ERK in CHO cells by using PKC inhibitors or
down-regulating the enzyme through long-term phorbol ester treatment. The
specificity of these interventions has been questioned (Keffel et al. 1999) and in
addition a permissive effect of basal PKC activity on the Ras-MAPK pathway
cannot be excluded, particularly as NPY stimulation of PKC is difficult to detect
in CHO hY, cells (Selbie et al. 1995). However in the IEC-6 cells Y, receptors
stimulate transient translocation of PKC isoform ¢ from the cytosol to the mem-
brane before peak ERK activation, and both processes are blocked by the PKC
inhibitor sphingosine (Mannon and Mele 2000). Here the PKC mechanism may
predominate over PI3-K-dependent events, since wortmannin and LY294002 are
without effect. PKC has also been implicated in ERK signalling from transfected
Y3, Y4 and Y5 receptors (Mullins et al. 2002) and in endogenous cell systems. Y5
receptors activated PKC in mouse cardiomyocytes, and PKC down-regulation
abolished the resulting phosphorylation of ERK, p38 and N-terminal Jun kinase
(Pellieux et al. 2000). Similarly, the chemically distinct PKC inhibitors calphos-
tin and bisindolylmaleimide I, completely blocked Y, receptor-mediated MAPK
activation in primary neuronal cultures (Hansel et al. 2001).

MAPK responses induced by native and transfected Y, receptors are also sen-
sitive to tyrosine kinase inhibitors such as genistein (Hansel et al. 2001; Mannon
and Mele 2000; Mannon and Raymond 1998). Interestingly more specific block-
ers suggest that PYY-stimulation of ERK in IEC6 cells requires autophosphory-
lation of the EGF receptor and downstream involvement of the cytoplasmic ty-
rosine kinase Src (Mannon and Mele 2000). One recent model of GPCR ERK re-
sponses (reviewed in Pierce et al. 2001 and depicted for the Y, receptor in
Fig. 7) suggests that the transactivated EGF receptor (perhaps stimulated by re-
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lease of a tethered EGF ligand) recruits the Shc-Grb2-SOS adapter complex
linked to Ras, in addition to contributing to PKC activation through PLCy.
These elements would also serve as targets for convergent GPCR signals through
PI3-K and Src, brought to the complex by its interaction with S-arrestins
(Luttrell et al. 1999; Fig. 7). This first description of a role for receptor and cyto-
plasmic tyrosine kinases in Y; receptor signalling is therefore consistent with
the emerging view of their participation in GPCR-MAPK responses.

5.2
Control of Gene Expression

Y receptor MAPK signalling provides one mechanism by which NPY and related
peptides may exert long lasting effects on cells and tissues. In neuronal cells, they
increase the expression of immediate early genes which encode transcription fac-
tors such as c-Fos (e.g. in hypothalamus; Batterham et al. 2002; Yokosuka et al.
1999). This may contribute to changes in plasticity by altering neuropeptide syn-
thesis (Batterham et al. 2002; Sarkar and Lechan 2003) and influence the rhyth-
mic control of circadian clock genes (Maywood et al. 2002). Similarly, epithelial
PYY responses include long-term up-regulation of proteins involved in fat ab-
sorption (fatty acid binding protein; Halldén and Aponte 1997) and differentia-
tion (such as the cytoskeletal associated protein CD63; Halldén et al. 1999). In
addition, protein synthesis is increased following NPY stimulation of cardiac
myocytes, resulting in hypertrophy (Goldberg et al. 1998). PYY and NPY are also
proliferative for epithelial cells (Mannon 2002; Mannon and Mele 2000; Voisin et
al. 1993), vascular smooth muscle (Zukowska-Grojec et al. 1998) and neuronal
precursors (Hansel et al. 2001). Indeed NPY released by the olfactory epithelium
is critical for the development of the full complement of olfactory neurones in
adulthood (Hansel et al. 2001).

Determination of cell fate can be critically dependent on the time profile of
ERK phosphorylation (Kao et al. 2001). Recent studies have also highlighted the
increasing complexity in the way different GPCRs control the spatial localization
of MAPK signalling, allowing specific targeting of cytoplasmic or nuclear ERK
activity (Pierce et al. 2001). A key factor in this control is the length of time the
GPCR remains associated with f-arrestin, which provides the scaffold for Src
and other MAPK signalling proteins (e.g. c-Jun N-terminal kinase; Pierce et al.
2001). Thus future analysis of Y receptor MAPK activation may yet reveal signif-
icant differences between the subtypes (particularly the Y; and Y, receptors),
with important consequences for the way in which they regulate long-term cel-
lular responses.

6
Conclusions

There have been exciting developments in the field of GPCR signalling in recent
years; from the concept that these receptors can act as dimers in tightly spatially
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organized complexes, to the mechanisms of their regulation and an increased
awareness that proteins which terminate second messenger responses may in
fact act as springboards for a new wave of longer term signalling. Armed with
the molecular structure of the cloned subtypes, these advances represent an op-
portunity to probe Y receptor function in much greater detail using the latest
techniques, as recent studies on dimerization (Dinger et al. 2003) and internal-
ization (Gicquiaux et al. 2002; Berglund et al. 2003; Pheng et al. 2003) have illus-
trated. Future investigations could address the intriguing differences between
the individual Y receptor intracellular domains which interact with G proteins
and other signalling components, the potential for agonist trafficking (all Y re-
ceptors bind more than one endogenous peptide) and the complex pharmacolo-
gy that may result from heterodimerization. In addition, the current evidence
suggesting differential desensitization and internalization of Y receptors is an
observation that has potentially far reaching consequences for the extent and
type of signalling pathways they engage. By clearly defining the manner in
which different Y receptors are regulated, our understanding of the individual
physiological roles of each subtype will be significantly enhanced.
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Abstract All vertebrates investigated to date possess the related peptides neuro-
peptide Y and peptide YY. Additional duplicates of peptide YY have arisen in
several lineages, for instance pancreatic polypeptide in tetrapods. The peptides
bind to the Y family of G-protein coupled receptors which expanded dramatical-
ly before the radiation of jawed vertebrates (gnathostomes). First, an ancestral Y
receptor gene generated a cluster consisting of the progenitors of Y, Y, and Ys.
Today these are only about 30% identical to each other. Subsequently, this chro-
mosomal region (or the entire chromosome) was quadrupled whereupon differ-
ential gene losses in different classes of vertebrates ensued. Three Y,-like genes
sharing about 50% identity exist in mammals, chicken, and a shark, namely Y,
Y, and Y. Teleost fishes seem to have lost Y, and Y4 but have retained Y, (ini-
tially called Ya) and what probably is the fourth Y;-like gene named Yb. The Y5
gene is present in tetrapods as well as sharks, but not in zebrafish or pufferfish,
and no duplicates of Y5 seem to have survived. The Y, gene is present in all ma-
jor vertebrate lineages. A duplicate of Y, called Y; has been found in amphib-
ians, bony fishes and a shark, consistent with duplication before the origin of
gnathostomes, but this gene has been lost in mammals. The evolutionary rates
differ greatly between the various subtypes as well as for some specific subtypes
across vertebrate classes. For instance, Y4 has evolved more slowly in shark than
in mammals. The degree of sequence conservation suggests that Y;, Y, and Ys
are all subjected to strong conservative selection pressures. Future comparative
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studies may be able to unravel how Y, and Y,-Ys came to exert opposite effects
on feeding in mammals.

Keywords Neuropeptide Y - G-protein coupled receptor - Gene duplication
Paralogon - Tetraploidy

1
Background

The neuropeptide Y system with its multiple peptide ligands and receptors in
vertebrates offers a number of interesting features as well as challenges from an
evolutionary point of view. One surprise that emerged several years ago was that
the most divergent member of the peptide family, pancreatic polypeptide (PP),
which was the first to be discovered (Kimmel et al. 1968, 1975), is actually the
most recent member among the three major peptides in tetrapods. Its sequence
divergence is due to a high rate of evolutionary change (Larhammar et al. 1993).
The other two peptides, neuropeptide Y (NPY) and peptide YY (PYY), are pres-
ent in all vertebrates investigated and evolve much more slowly (Cerdéd-Reverter
and Larhammar 2000; Larhammar 1996). Indeed, NPY is one of the most highly
conserved neuropeptides known. Recent detailed studies of the chromosomal
locations of the genes encoding NPY and PYY add further support for their ori-
gin from a common ancestral gene through a chromosome duplication event as
will be described here.

Another remarkable feature of the NPY system is that the three major recep-
tor subtypes, named Y;, Y, and Y5, are quite divergent from each other, sharing
only approximately 30% identity. Yet, all three evolve slowly, suggesting great
evolutionary age for all three subtypes (Larhammar et al. 2001). Furthermore,
all three of these receptors have the ability to respond to both NPY and PYY
which share 70% identity. Such receptor subtype diversity is unusual for pep-
tide-binding receptors and may prove useful to identify the most important
points of interaction between the peptide ligands and the various receptor sub-
types.

The Y receptor family includes a number of Y,-like receptors sharing approx-
imately 50% identity with Y, and with one another, including Y, and Y, (the In-
ternational Union of Pharmacology recommends designating the mammalian
Y, receptor as yg receptor because it has not yet been documented as a biologi-
cally functional receptor in sufficient detail) in mammals, and the three fish re-
ceptors Ya, Yb and Yc (Larhammar et al. 2001; Lundell et al. 1997; Ringvall et al.
1997; Starbidck et al. 1999). The functional roles of these Y;-like subtypes are still
unknown. Their evolutionary inter-relationships have been somewhat confusing
but now seem possible to disentangle thanks to detailed phylogenetic analyses
of sequences from multiple vertebrate species in combination with data on
chromosomal location. Also subtype Y, has a closer and recently discovered rel-
ative with approximately 50% identity called Y, (Fredriksson et al. 2003). Here
we describe how the sequence and chromosome comparisons lead to the con-
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clusion that a broad repertoire of Y receptors was already present in the ances-
tor of all jawed vertebrates (gnathostomes), and that the different evolutionary
lineages radiating from this ancestor then lost different members of the Y recep-
tor family. For example, Y; is present in shark, bony fishes and amphibians, but
seems to have been lost in the lineage leading to mammals.

Recent studies have reported surprising differences in the tissue distribution
of specific receptor subtypes across vertebrate classes. For instance, chicken Y,
is more widespread than its mammalian ortholog (Lundell et al. 2002). Also, the
Ys gene which is a pseudogene in primates and several other mammals, but not
all (Starbéck et al. 2000), has a broad tissue distribution in a shark, whereas Y,
has a more narrow distribution in shark than in mammals (Salaneck et al.
2003).

Thus, the families of NPY-like peptides and Y receptors contain examples of
gene acquisition and loss, peptides and receptors evolving at variable rates
across vertebrate classes and changes in tissue distribution. In short, the NPY
system displays both extraordinary evolutionary conservation and surprisingly
dynamic changes.

2
Evolution of NPY-Family Peptides

The NPY-family peptides in vertebrates are comprised of 36 amino acids, with a
few exceptions (chicken PYY has 37 amino acids and Burmese python PP has
35 amino acids), and a carboxy-terminal amide group (Fig. 1). Thanks to se-
quence information from a large number of species it was possible to detect
large differences in the evolutionary rates of the three peptides NPY, PYY and
PP (Larhammar 1996; Larhammar et al. 1993). This led to the following scheme
of gene duplications (Fig. 2) which has been corroborated by additional se-
quence information (for recent reviews, see Cerdd-Reverter and Larhammar
2000; Conlon 2002) as well as chromosomal locations of the genes (see below).
The vertebrate ancestor most probably had a single NPY/PYY-like gene that was
duplicated to generate NPY and PYY. A single peptide gene in a vertebrate an-
cestor is supported by the findings of single NPY-like genes in the fruitfly Dro-

1 10 20 30 36 identities

| | | | |
NPY human YPSKPDNPGEDAPAEDMARYYSALRHYINLITRQRY-amide

o0 00| o0cee o|| eoe||ccee |00 |0000e 24
PYY human YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY-amide

@ o o0 o o 00 o | o0 cee| |00 19
PP human APLEPVYPGDNATPEQMAQYAADLRRYINMLTRPRY-amide

ole | o || e o ° o 7

NPF D. melanogaster SNSRPPRKNDVNTMADAYKFLQDLDTYYGDRARVRF-amide

Fig. 1 Alignment of amino acid sequences for the three human NPY-family peptides and the Drosophi-
la melanogaster NPY-like peptide called neuropeptide F (NPF; Brown et al. 1999). Residues identical to
the top sequence (human NPY) are marked with dots and conservative replacements are marked with
vertical bars
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Fig. 2 Gene duplications in the NPY family during chordate evolution. The tree shows schematically
the generally accepted phylogeny. Note that for some of the vertebrate classes, only the branches with
NPY-family gene duplications are shown. The only Chondrostean fish that has been studied is a stur-
geon. Duplicates of PYY and PP have arisen independently in several lineages although some of them
were assigned the same names when they were first identified

sophila melanogaster (Brown et al. 1999) and the pond snail Lymnaea stagnalis
(Tensen et al. 1998). However, the NPY-like gene seems to have been lost in the
tunicate Ciona intestinalis, unless the gene is still missing from the database,
but this lineage is known to have lost many genes (Dehal et al. 2002). In tetra-
pods, PYY was duplicated to generate PP. Many additional duplications of PYY
have occurred independently in various vertebrate lineages (see below).

Vertebrate NPY is predominantly if not exclusively expressed in the nervous
system, whereas PYY is expressed in endocrine cells as well as a few neuronal
sites (Pieribone et al. 1992; S6derberg 2000; Soderberg et al. 1994). The findings
that the Drosophila melanogaster NPY-related peptide NPF and the yellow fever
mosquito Aedes aegypti NPY are present in both neurons and gut endocrine
cells (Brown et al. 1999; Stanek et al. 2002) suggest that the ancestral vertebrate
NPY/PYY-like peptide also had broad expression and that the gene duplication
led to specialization or subfunctionalization as has been observed after other
gene duplication events (Force et al. 1999). All vertebrates that have been inves-
tigated with regard to both the central nervous system and gut endocrine cells
seem to express both NPY and PYY.
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After the initial duplication that generated NPY and PYY, no additional dupli-
cations seem to have taken place for NPY except that the frog Xenopus laevis has
two highly similar forms differing by a single conservative amino acid replace-
ment (Griffin et al. 1994; van Riel et al. 1993). This is not surprising in light of
its recent tetraploidization estimated to have taken place in the range 27-44 mil-
lion years ago (Hughes and Hughes 1993). Future studies will tell whether any
additional species or lineages that have undergone tetraploidization may have
retained duplicates of NPY. In contrast, the evolutionary history of the PYY gene
is replete with duplications (Fig. 2). The PP gene in tetrapods is a tandem copy
of PYY within a distance of only a few kilobases and PP is present in all tetra-
pods investigated. Furthermore, the PYY-PP gene pair has been duplicated in-
dependently in primates (human and baboon) and artiodactyls (cattle and
sheep) (Couzens et al. 2000; Herzog et al. 1995; Lewis et al. 1985). Whereas the
original and functional human PYY and PP genes are located in 17q21.2 close to
the HOXB cluster (Fig. 3), the duplicates PYY2 and PP2 (the gene is called
PPY2) are nonfunctional and located close to the centromere of 17q (Couzens et
al. 2000), abbreviated Hsal7q for Homo sapiens chromosome 17. The human
PYY2 peptide is prematurely truncated and terminates after only 15 amino acids
and the PP2 gene terminates even earlier in the signal peptide. The human and
baboon PYY gene orthologs are 95% identical at the nucleotide level as are the
PYY2 genes. The PYY-PYY2 gene identity within human (as well as the PP-PP2
gene identity) is lower, 91%-92%, suggesting that the gene duplication took
place before the divergence of the lineages leading to human and baboon. Inter-
estingly, the coding regions of the duplicates have diverged more rapidly than
the introns, suggesting that there has been positive selection for peptide diver-
gence, perhaps because an increased dose of PYY or PP due to the gene duplica-
tion was detrimental. Whereas it seems unlikely that the primate duplicates may
have any functional roles, the cattle duplicate of PYY, also known by the name
of seminalplasmin, is expressed in testis and has been reported to have antimi-
crobial activity and to inhibit lymphocyte proliferation (Reddy and Bhargava
1976) as well as calmodulin activity (Comte et al. 1986).

Duplication of PYY and PP has also occurred in Xenopus laevis, probably
through its tetraploidization (see above). Interestingly, the two copies of PYY
have diverged considerably more (six differences) than the two PP copies (only
a single difference) (Conlon 2002; Kim et al. 2001). Analysis of the nucleotide
sequences will be necessary to see whether there has been positive selection for
PYY amino acid divergence. Duplications of PYY have also taken place in the
pallid sturgeon Scaphirhynchus albus, which expresses three forms (Kim et al.
2000), probably as a result of tetraploidization(s) in this lineage of Chon-
drostean fishes. Teleost fishes too seem to have undergone tetraploidization be-
fore their extensive radiation (Taylor et al. 2003; Van de Peer et al. 2003), and
consistent with this the pufferfish Fugu rubripes has two rather divergent PYY
genes (D. Larhammar, unpublished results). The zebrafish (Danio rerio) genome
database contains only a single PYY gene, but it is still unclear whether this is
due to loss of the PYY duplicate or an incomplete database. A teleostean pancre-
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atic peptide called PY has previously been found only in a subgroup of teleosts
called Acanthomorpha (Cerdd-Reverter and Larhammar 2000; Cerdd-Reverter et
al. 2000), but the genome databases show that this peptide is present also in ze-
brafish (D. Larhammar, unpublished results), suggesting that it arose in a teleost
ancestor or even earlier. Finally, two PYY-like peptides, one of which is called
PMY (=PYY1), have been sequenced in the river lamprey Lampetra fluviatilis
(Conlon et al. 1991; Soderberg et al. 2000; Wang et al. 1999).

3
Origin of the NPY and PYY Genes by Block (or Chromosome) Duplication

The basal vertebrate gene duplication that generated NPY and PYY has been
possible to trace because the two genes map close to the HOXA and HOXB clus-
ters, respectively, in the human genome (Baker et al. 1995; Hort et al. 1995) as
well as in zebrafish (Soderberg et al. 2000). This led to the hypothesis that the
NPY/PYY ancestral gene was part of a large chromosomal block containing a
HOX cluster as well as a few other genes, and that this whole block, or the entire
chromosome, was duplicated before the radiation of vertebrates (Larhammar
1996; Soderberg et al. 2000). A detailed examination of these chromosomal re-
gions in the human genome database provides further support for this hypothe-
sis, as several additional genes have been discovered that belong to the same du-
plicated block (Fig. 3). However, it is also clear that many local rearrangements
have subsequently taken place in each of the daughter chromosomes. For in-
stance, either NPY or PYY (along with PP) has undergone inversion relative to
its HOX cluster. As it has been reported that intrachromosomal rearrangements
take place at a much higher rate than interchromosomal events (Pevzner and
Tesler 2003; Postlethwait et al. 2000), one may analyze the entire chromosomal
regions regardless of the exact gene order along the chromosomes. This has al-
lowed identification of members on both chromosome 7 and 17 for a large num-
ber of gene families, and also on the two other HOX-bearing chromosomes 2
(HOXD) and 12 (HOXC) (Fig. 4). Such a set of paralogous chromosome regions
has been named a paralogon (Coulier et al. 2000). In fact, the human genome
contains several such paralogons (Lundin et al. 2003; Popovici et al. 2001) that
seem to support the suggestion that the entire vertebrate genome underwent at
least one and probably two tetraploidizations at an early stage and that the
many new gene copies that were generated in these events facilitated the evolu-
tionary novelties and the rapid radiation of the vertebrates (Garcia-Fernandez
and Holland 1994; Holland et al. 1994; Shimeld and Holland 2000).

No less than 24 gene families can be identified in the extended HOX regions
shown in Fig. 4, most of which are in close proximity to NPY/PYY on at least
one of the two chromosomes. Note that each of the HOX clusters consists
of many genes that correspond to 13 paralogy classes. Additional gene families
belonging to this paralogon have been identified through analyses of even
wider regions of the chromosomes (Larhammar et al. 2002; Lundin et al. 2003;
Panopoulou et al. 2003; Popovici et al. 2001). Very few of the gene families in
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Fig. 4 are complete, i.e., they do not have the full quartet of members. Only the
EGFR, NFE and ASB families still retain all four members as do only three of
the 13 HOX subfamilies, showing that gene losses are extremely common after
block duplications. It follows from the scheme in Fig. 4 that there once were ad-
ditional copies of the ancestral NPY/PYY gene on chromosomes 2 and 12, but
these seem to have been lost. It is still unclear which pairs of chromosomes are
most closely related to each other, probably because the two proposed
tetraploidizatons took place within a relatively short period of time. Thus, NPY
and PYY may have arisen in the first tetraploidization while the second
tetraploidization was followed by a loss of both the NPY duplicate and the PYY
duplicate, i.e., two separate loss events (the two lamprey PYY-like peptides may
possibly be products of this duplication, but it is also possible that they arose
through a separate event in the lamprey lineage). Alternatively, the first
tetraploidization may have been followed by a loss of one of the copies, where-
upon the remaining copy was duplicated in the second tetraploidization to gen-
erate NPY and PYY. The latter alternative requires only one loss and is therefore
more parsimonious, but both scenarios are possible as gene losses occur fre-
quently as mentioned above.

Neuropeptide specialists will notice that other neuropeptide systems also ex-
panded in the same duplication events, as the genes for glucagon (GCG) and
GIP are located on chromosomes 2 and 17, respectively, and the genes for corti-
cotropin-releasing hormone (CRH) receptors 1 and 2 are on chromosomes 17
and 7, respectively. The phylogenies and taxonomic distributions of these genes
are consistent with origin in early vertebrate evolution.

It should be mentioned that a few criticisms of the block or chromosome
duplication scenario have been published, arguing that the phylogenies of the
gene families located on these chromosomes disagree with each other and are
therefore inconsistent with block duplications (Hughes 1999; Hughes et al. 2001;
Martin 1999, 2001). However, some of those analyses have included gene fami-
lies that do not belong to the duplicated blocks. Also, those studies have extrap-
olated duplication events from phylogenetic trees that were based on a very lim-
ited number of species (mostly mammals), as recently pointed out (Larhammar
et al. 2002). Furthermore, the critics have not taken into consideration the high
rate of gene loss after such duplications (Gu and Huang 2002) as shown below
for the Y receptor family.

As the NPY and PYY genes arose from a common ancestral gene by block du-
plication (rather than retrotransposition of the coding region only), they proba-
bly had identical promotor regions and regulatory elements immediately after
the duplication event. The differences that we see today in tissue distribution
most likely resulted from regulatory mutations. The block duplication therefore
corroborates the notion that the gene duplication resulting in NPY and PYY was
followed by subfunctionalization, i.e., specialization of the two daughter genes
in neurons and (primarily) gut endocrine cells, respectively. Therefore, an am-
phioxus descendant of the NPY/PYY-like ancestral peptide, if still present, will
be expected to have both neuronal and gut endocrine expression.
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4
Sequence Relationships of the Y Receptor Family

Phylogenetic analyses of vertebrate Y receptors result in trees with three distinct
clades displaying only approximately 30% identity to each other (Fig. 5), name-
ly the Y; subfamily, the Y, subfamily, and Ys. The Y, subfamily consists of the
Y, Y; and Y, receptors and the teleost fish Ya, Yb and Yc receptors. These are
approximately 50% identical among each other, except that teleost Yb and Yc
are more closely related (75%). The second clade includes Y, and the newly dis-
covered Y; receptor (Fredriksson et al. 2003). The third clade contains Ys se-
quences only, suggesting that no duplications of Y5 have occurred, or rather that
no Ys duplicates have been retained. The proposed Y3 receptor (Michel et al.

Y1 Dog
Y1 Pig
Y1 Human
Y1 Mouse
Y1 Rat
Y1 Guinea pig
Y1 Chicken
Y1 X. laevis
Y1 Spiny dogfish
y6 Peccary
y6 Rabbit
y6 Mouse
Y6 Spiny dogfish
Y4 Human
Y4 Pig
Y4 Guinea pig
Y4 Mouse
‘ C Y4 Rat
Y4 Chicken
Y4 Spiny dogfish
Ya Zebrafish
Yb Zebrafish
Yc Zebrafish
Yb Atlantic cod
Y Lamprey
Y5 Guinea pig
Y5 Human
Y5 Dog
Y5 Mouse
Y5 Rat
Y5 Pig
Y5 Chicken
Y2 Cattle
Y2 Human
Y2 Pig
Y2 Mouse
Y2 Rat
Y2 Guinea pig
L—— Y2 Chicken
Y2 Zebrafish
Y7 Zebrafish
Y2/7 Lamprey

Y L. stagnalis
Y D. melanogaster

Fig. 5 Phylogenetic tree for full-length Y receptor sequences constructed with the Neighbor-Joining
method. The human bradykinin B1 sequence was used as an outgroup to root the tree
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1998) does not correspond to a separate gene product and the origin of this
pharmacological binding profile remains to be accounted for.

The Y; receptor has been cloned in mammals, chicken (Holmberg et al.
2002), frogs and sturgeon (E.T. Larson and D. Larhammar, unpublished results),
and a shark (Salaneck et al. 2003). However, Y; has not been found in any teleost
fish despite extensive cloning efforts, suggesting that this subtype was lost in
the ancestor of this lineage. Likewise, the Y¢ gene is present in mammals (except
rat), chicken and frogs (R. Fredriksson and D. Larhammar, unpublished results),
and a shark (Salaneck et al. 2003), but is missing in teleosts and may therefore
share the fate of Y; of having been lost. This conclusion is based on the crucial
discovery of Y; and Y in the shark spiny dogfish, Squalus acanthias (Salaneck
et al. 2003). The phylogenetic analyses consistently show that Y, and Y, are
more closely related to each other than to Y, (Fig. 5). The Y4 gene has a peculiar
evolutionary history in mammals as it expressed in mouse and rabbit (Gregor
et al. 1996; Matsumoto et al. 1996; Weinberg et al. 1996) but is a pseudogene in
human and other primates, pig, and guinea pig (Gregor et al. 1996; Matsumoto
et al. 1996; Rose et al. 1997; Starbdck et al. 2000; Wraith et al. 2000). The Y, gene
has been found in mammals, chicken (Lundell et al. 2002), and shark (Salaneck
et al. 2003), which shows that the Y, gene already existed by the time at which
PP arose as a copy of PYY in tetrapods. Apparently, the Y, and PP sequences
then started to drift and coevolve to the present state in mammals where PP is
the favored ligand for Yy, particularly in rat and mouse.

The zebrafish Ya, Yb and Yc receptors have, ever since their discovery, been
difficult to reconcile with the mammalian receptor subtypes, both from se-
quence comparisons and the limited chromosomal mapping data available at
the time (Starbéck et al. 1999). The chromosomal region around zebrafish Ya
showed some resemblance to Hsa4 (Y;) and the Yc region was reminiscent of
Hsa5 (Y¢), but today we know that neither of these was correct (see below).
More extensive phylogenetic analyses with additional sequences from a shark
(Salaneck et al. 2003) and an agnathan, the river lamprey Lampetra fluviatilis
(Salaneck et al. 2001), suggest that Ya may be the telost ortholog of Y, (Fig. 5).
These studies also indicate that Y,/Ya and Yb/Yc form a clade within the Y, sub-
family and that the lamprey sequence may be an ortholog of the common ances-
tor of these two lineages, a so-called pro-ortholog. The duplication that led to
Yb and Yc has been difficult to date, probably due to high evolutionary rates for
these genes. The Yb-like sequences from Atlantic cod and rainbow trout
(Arvidsson et al. 1998; Larson et al. 2003) gave conflicting results, but the pres-
ence of both Yb and Yc in the pufferfish Fugu rubripes (D. Larhammar, unpub-
lished results) suggests that the duplication may coincide with the basal teleost
tetraploidization (Taylor et al. 2003; Van de Peer et al. 2003).

The Y, clade includes the recently discovered Y; receptor which was initially
found in zebrafish (Fredriksson et al. 2003). Like the Y;-subfamily duplications,
the one leading to Y, and Y; also seems to have taken place before the radiation
of gnathostomes, as the two genes have also been cloned in spiny dogfish (E.T.
Larson, R. Fredriksson, E. Salaneck and D. Larhammar, unpublished results).
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Both Y, and Y7 have also been cloned in frogs (Fredriksson et al. 2003), showing
that Y; was still present in early tetrapods. Thus, the gene was lost in the lineage
leading to amniotes or even later in a mammalian ancestor. A Y,/Y;-like gene
has been identified in the river lamprey (E. Salaneck and D. Larhammar, unpub-
lished results), and although it groups with zebrafish Y7 in Fig. 5, this difference
is not statistically significant. Thus the lamprey sequence may be a pro-ortholog
of gnathostome Y, and Y7.

Finally, the Y5 clade is somewhat more closely related to the Y; subfamily
than to the Y, clade. This is consistent with the closer physical distance between
Ys and Y; on human chromosome 4, just over 20 kilobases for the coding re-
gions (Herzog et al. 1997), whereas the Y, gene is located 8.1 megabases closer
to centromere (Fig. 6). Thus, both the sequence divergence and the physical
chromosomal distances suggest that the first gene duplication of an ancestral Y
gene led to Y; and the Y,/Y; ancestor and that these drifted apart on the chro-
mosome. Later, the Y;/Y5 ancestor was duplicated to generate Y, and Ys. In the
pig, a pericentric chromosomal inversion has placed Y, on the opposite arm rel-
ative to the Y,-Ys pair (Wraith et al. 2000), and in the mouse there has been a
translocation to a different chromosome (Lutz et al. 1997a, 1997b). However, it
is also possible that the first duplication led to Y; and Ys and that these genes
were kept together physically by overlapping or shared regulatory regions, and
that Y, arose later from one of these but was allowed to diverge more rapidly.
All known Ys-like sequences follow the expected species phylogeny as shown in
Fig. 6, which strongly suggests that they are true orthologs and that no gene du-
plicates have been retained. The Y5 sequences display somewhat lower sequence
identity than Y; or Y,, but this is largely due to divergence of the large cytoplas-
mic loop between transmembrane regions 5 and 6 (Larhammar et al. 2001;
Wraith et al. 2000).

A few invertebrate receptors seem to be pro-orthologs of the vertebrate Y re-
ceptors, namely one receptor from Lymnaea stagnalis, one from Drosophila mel-
anogaster and one from the malaria mosquito Anopheles gambiae (Garczynski
et al. 2002; Hill et al. 2002; Tensen et al. 1998). The two former are included in
the phylogenetic tree in Fig. 5. In addition to their closer relationship to the ver-
tebrate Y receptors than to other peptide receptors, they also respond to the
NPY-like peptides found in these species (Fig. 1). However, the receptor in
Caenorhabditis elegans previously reported to be involved in social feeding (de
Bono and Bargmann 1998), NPR-1, is not a true NPY receptor as the ligand for
this receptor is the nonapeptide AF9 which is not a member of the NPY family
(Kubiak et al. 2003).

5
Origin of the Y Receptor Genes by Block (or Chromosome) Duplications

The chromosomal locations of the human and porcine Y receptors suggest that
they belong to a set of related chromosomes thought to have arisen from a com-
mon ancestral chromosome (Larhammar et al. 2001; Wraith et al. 2000). In hu-
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mans this paralogon includes Hsa4 with the Y;, Y, and Y; genes, Hsa5 with the
Ys gene, and Hsal0 with the Y4 gene (Fig. 7). A fourth related chromosome in
this paralogon is Hsa8 (Lundin et al. 2003; Pébusque et al. 1998; Vienne et al.
2003; Wraith et al. 2000) although no Y receptor genes have been found on this
chromosome (Wraith et al. 2000). The human genome database has allowed
identification of several additional gene families represented on two to four of
these four chromosomes, as shown in Fig. 7 which shows a total of 20 gene fam-
ilies that are likely to have duplicated in the same block duplication or chromo-
some doubling events. As for the HOX chromosomes described above for NPY
and PYY-PP, all of these families seem to have lost one or more members, but it
is also possible that the fourth member has been translocated to a different
chromosome which shares only a short segment with this paralogon. The neuro-
peptide FF receptors and the tachykinin precursor genes also arose in these
block duplications (Fig. 7).

Preliminary analyses of the still fragmentary pufferfish and zebrafish genome
databases confirm linkage of many of these gene families with one another, al-
though it is not yet possible to reconstruct the entire fish chromosomes. Impor-
tantly, the fish databases suggest that the Ya gene in pufferfish and zebrafish is
located together with several genes that in human map to Hsal0, thereby adding
further evidence that Ya is an ortholog of mammalian Y, in agreement with the
sequence analyses described above. Such analyses also indicate that the fish Yb
and Yc genes are located close to genes that in the human genome are located
on Hsa8, thereby supporting the idea that the Yb/Yc ancestor is the fourth
member of the original quartet of Y,-subfamily genes and not an ortholog of Y
as initially proposed (Starbdck et al. 1999).

The location of Y7 in this paralogon is supported by the mapping of Y; adja-
cent to a gene in the zebrafish genome whose ortholog is located on chromo-
some 5 in the human genome (Fredriksson et al. 2003). As expected, the ze-
brafish Y, gene is in a region which is syntenic with Hsa4 (Fredriksson et al.
2003). Thus, the ancestor of human chromosome 5 must once have had an Y,
gene, but this was probably lost in the mammalian ancestor or even in the com-
mon ancestor of mammals and bird/reptiles, because no Y7 gene has been found
in the chicken genome.

As the chromosomal data from fishes provide additional support for the par-
alogon comprised of regions on Hsa4, 5, 8, and 10, they also strengthen the re-
cently proposed duplication scheme for the complete family of Y receptors
(Fredriksson et al. 2003; Salaneck et al. 2003). This scheme is shown in Fig. 8
and begins with two local duplications of an ancestral Y gene resulting in the
ancestors of the three clades Y, Y, and Ys. After the first chromosome duplica-
tion, the extra copies of Y, and Y5 were probably lost. The four remaining genes
were duplicated again in the next tetraploidization whereupon the new Ys dupli-
cate was also lost. The resulting set of seven genes probably constituted the Y
repertoire of the gnathostome ancestor. The mammalian lineage subsequently
lost two of these, Y; and Yb, while the teleost fish lineage seems to have lost Y,
Ys, and Y. An additional duplication then took place in the lineage leading to
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Fig. 8 Proposed gene duplication scheme for the Y receptor family. The crossed-through genes were
probably lost after each duplication event
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teleosts, generating Yc from Yb, presumably as a result of the early teleost
tetraploidization (Taylor et al. 2003; Van de Peer et al. 2003).

6
Discussion

The combined results from sequence analyses and chromosomal mapping
strongly support the notion that chromosome duplications in early vertebrate
evolution, before the divergence of gnathostomes, gave rise to NPY and PYY and
to an extensive repertoire of Y receptors. This initial receptor family consisted
of three subfamilies with a total of seven members (Fig. 8): the Y, subfamily also
included Yy, Ys and Yb; the Y, subfamily included Y7; and the Y5 subfamily had
just a single member. After these duplications, the receptor family underwent
differential losses in the different vertebrate lineages, with loss of Yb and Y; in
the mammalian lineage and subtypes Y;, Y, and Ys in the lineage leading to te-
leost fishes. The latter have acquired an extra duplicate of Yb called Yc. In con-
trast to the many losses of receptor genes, the peptide family has undergone
several additional and independent duplications of PYY in several lineages
(Fig. 2), but the functional importance of these duplicates is still largely un-
known.

To further narrow down the time periods for the losses of Y receptor genes in
mammals and teleost fishes, we have tried to clone the different receptor sub-
types in additional distantly related vertebrates. In chicken we have cloned the
full-length coding regions for all five of the mammalian subtypes (Holmberg et
al. 2002; Lundell et al. 2002; Salaneck et al. 2000). Y appears to be functional
(R. Fredriksson and D. Larhammar, unpublished results) although its properties
and functional roles have yet to be defined. In frogs we have found by polymer-
ase chain reaction (PCR) the subtypes Y;, Y, Y5, Y6, and Y;. The Y, receptor
has not yet been found but is expected to be present. Work is in progress to de-
fine the Y gene repertoire in the sarcopterygian (flesh-finned) fish Latimeria
chalumnae, the famous coelacanth. We are also studying basal actinopterygian
(ray-finned) fishes such as bichir, sturgeon and gar to see when the Y;, Y5 and
Ys genes were lost in the lineage leading to teleost fishes. As mentioned above,
the Y, gene is present in sturgeon (E.T. Larson, E. Salaneck, and D. Larhammar,
unpublished results) which diverged from the lineage leading to teleosts approx-
imately 330 million years ago.

A particularly interesting evolutionary question is how Y,, with its inhibitory
effect on food intake (Batterham et al. 2002), acquired a role opposite to that of
Y, and Ys, both of which stimulate food intake (Pedrazzini et al. 2003). As Y,
probably arose by a local duplication of an ancestral Y gene, it is possible that
the duplicated region did not include all of the regulatory elements, or that Y,
came under influence of other regulatory regions. Alternatively, it could be that
Y, represents the function of the ancestral Y receptor while the Y;/Ys ancestor
became a stimulator of feeding. It should also be kept in mind that Y receptors
influence many other physiological functions, for instance the circadian system,
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thus the roles in feeding may be a more recent addition; however, all vertebrates
that have been investigated with regard to connections between the NPY system
and food intake show increased feeding in response to NPY (mammals, chicken,
sparrow, garter snake, and goldfish (Clark et al. 1984; Kuenzel et al. 1987;
Lépez-Patino et al. 1999; Morris and Crews 1990; Richardson et al. 1995) and
fasting leads to an upregulation of NPY mRNA (goldfish and salmon; Narnaware
and Peter 2001; Silverstein et al. 1998) or to upregulation of NPY-binding sites
(E.T. Larson and D. Larhammar, unpublished results).

The Y; and Y; receptors have also evolved some interesting differences. First,
their anatomical distribution differs in that Y; is much more widespread than
Ys. Cells that express Ys; always seem to express also Y; (Parker and Herzog
1999). Some species differences have been observed for Ys distribution, but its
expression in feeding centers appears to be conserved across mouse, rat, guinea
pig, and human (Holmberg et al., in press). Second, the recent development of
subtype-selective agonists and antagonists have allowed functional studies in
vivo that suggest subtype-specific effects on different aspects of feeding in guin-
ea pigs (Lecklin et al. 2002, 2003). Stimulation of Y, increased the number of
small meals, decreased the latency to the first meal, and reduced average meal
size and duration (Lecklin et al. 2003). Thus, Y; stimulates the appetitive phase
of feeding (the period before eating when the animal is looking for food) rather
than the consummatory phase, i.e., biting and swallowing. Y5 on the other hand
increased the time spent on eating and the average meal size and duration, but
did not affect the number of meals. Thus, Ys stimulates the consummatory
phase of feeding (Lecklin et al. 2003). Future studies in other species will show
whether this distinction between Y; and Y; is a general mammalian feature or
tends to differ between species.

The appearance of PP by duplication of PYY seems to postdate the origin of
its favored receptor in mammals, namely Y,, thus the ligand-receptor pair of PP
and Y, constitutes an interesting example of rapid ligand-receptor co-evolution.
As PYY has been found to act as an inhibitor of feeding (Batterham et al. 2002,
2003a), it is interesting to note that also PP has been found to have such effects
in rat and mouse (Asakawa et al. 2003) as well as in humans (Batterham et
al. 2003b) and patients with the Prader-Willi syndrome (Bernston et al. 1993).
Interestingly, the chicken Y, receptor binds PYY and PP with equal affinity
(Lundell et al. 2002), suggesting that this species is still in a more ancestral state
with regard to PYY and PP binding to Y,.

The Y, receptor, too, seems to be in great evolutionary flux in mammals as it
is clearly a pseudogene in several species. Furthermore, the inactivating muta-
tions in the coding region appear to have occurred independently in primates,
pig and guinea pig. This is further supported by the finding that a distant
relative of the pig, the collared peccary, seems to have an intact open reading
frame in the Y gene (Wraith 1999). One possible explanation is that the Y re-
ceptor had a rather minor role in the ancestor of mammals and then underwent
further deterioration into a pseudogene in some lineages (Larhammar et al.
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2001; Starbdck et al. 2000). In mouse and rabbit it may have regained some im-
portance although its specific role is still unclear.

Our cloning of the three Y,-subfamily receptors Y, Y, and Y, in spiny dog-
fish allowed studies of receptor mRNA distribution by reverse transcription
(RT)-PCR. Surprisingly, the anatomical distribution differs greatly from that of
mammals in that Y, has the widest distribution with expression in brain, retina,
kidney and muscle, whereas Y, has narrow but strong expression in liver and
kidney but was undetectable in brain (Salaneck et al. 2003). Ys mRNA was found
in retina, kidney and the gastrointestinal tract. Likewise, the river lamprey
Y;-subfamily receptor, which is thought to be a pro-ortholog of Y, and Yb, was
detected by RT-PCR in the central nervous system, the liver and the gonads
(Salaneck et al. 2001). The Yb receptor in rainbow trout, on the other hand,
could only be detected in hypothalamus and telencephalon and not in liver, kid-
ney or intestine (Larson et al. 2003). Although these RT-PCR experiments were
at best semi-quantitative and need to be complemented with in situ hybridiza-
tions, the results suggest that the anatomical distribution of a specific subtype
may differ across classes of vertebrates, probably reflecting changes in the phys-
iological roles of the receptor subtypes during evolution.

The pharmacological properties of the novel Y; subtype in zebrafish differ
from the Y, receptor in mammals and chicken in that Y; does not respond to
amino-terminally truncated fragments of NPY and PYY. Porcine NPY(13-36)
has 50-fold lower affinity than intact NPY (Fredriksson et al. 2003). Thus, Y, re-
mains unique among the Y receptors in its ability to respond to short fragments
of NPY, in addition to the zebrafish Ya receptor which has a quite promiscuous
pharmacological profile (Starbéck et al. 1999).

Y receptors from different species of mammals usually display indistinguish-
able or almost identical pharmacological profiles, even in comparisons across
different orders of mammals. This great conservation was one reason why we
decided to clone and express in vitro all five 'mammalian’ subtypes in chicken
whose ancestor began to diverge from the mammalian lineage approximately
300 million years ago. In addition to the interesting properties of the chicken Y,
receptor described above, we also found that the chicken Y, receptor differed
from its ortholog in mammals in the binding of the antagonist BIIE 0246, al-
though the binding of the peptide radioligand was unaffected (Salaneck et al.
2000). After detailed sequence comparisons a few potentially important amino
acid positions were selected for mutagenesis to identify the crucial positions.
We introduced the residues found in chicken Y, into the human receptor, one at
a time and in various combinations. Three chicken residues were thereby found
to affect antagonist affinity, each of which reduced binding by approximately
one order of magnitude (Berglund et al. 2002). To confirm the importance of
these positions, the human residues were reciprocally introduced into the chick-
en Y, receptor whereby antagonist binding to this receptor could be achieved
(Berglund et al. 2002). Further mutagenesis studies of the three positions sug-
gested that one was important for direct interaction with the antagonist whereas
the other two only needed to have sufficiently small side chains to allow space
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for the antagonist in the binding pocket. This illustrates the usefulness of evolu-
tionary comparisons of species at appropriate evolutionary distances. The
chicken Y; and Ys receptors, in contrast, were found to bind both agonists and
antagonists with affinities very similar to those of the mammalian orthologs
(Holmberg et al. 2002). Thus, these antagonists developed in mammals may be
useful for in vivo studies of feeding in chicken.

The expansion of the NPY system by gene duplications in early vertebrate
evolution by a mechanism of block or chromosome duplications is mirrored by
similar expansions for other G-protein coupled receptor families. As briefly
mentioned above, the CRH and NPFF receptors arose simultaneously with the
duplications of the NPY and Y receptor chromosomes, respectively. The latter
paralogon also contains the dopamine receptors Dy, and D;p (=Ds) on Hsa5q
and Hsadp. These are the only D; receptor subtypes present in mammals where-
as a third subtype, Djc, is present in all other classes of gnathostomes. Thus,
D;c seems to have been lost in mammals (Le Crom et al. 2003). A fourth and
seemingly equally old subtype, Dip, has so far been found only in chicken.
A scenario very similar to that of the Y receptors has recently been proposed
for the adrenergic receptors, where an ancient local triplication led to the ances-
tors of a1, @, and B, whereupon chromosome quadruplication and a few gene
losses led to the three subtypes of each of these presently found in mammals
(Ruuskanen et al. 2003). In addition, a fourth ancient @, subtype was discovered
in zebrafish as well as several other teleost fishes (Ruuskanen et al. 2003). On
top of that, many of these subtypes were found in duplicate due to the teleost
tetraploidization. Another gene family with basal vertebrate duplications fol-
lowed by several gene losses is the melanocortin receptor family (Klovins et al.
2003).

In conclusion, the complex families of NPY-like peptides and Y receptors
have quite eventful evolutionary histories which are gradually beginning to re-
veal themselves thanks to combined comparative studies of sequences, chromo-
somal locations, anatomical distribution and pharmacological properties in a
broad range of vertebrate species. The common ancestry of the different pep-
tides and receptor subtypes helps explain their partially overlapping functions.
The challenges ahead include studies of the NPY system in species that
branched off before the origin of vertebrates, such as amphioxus, and the search
for an evolutionary explanation to the opposing effects of NPY-Y;-Y; and
PYY(3-36)-Y, on food intake.
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Abstract In this chapter, we briefly review the pharmacology and distribution
of the neuropeptide Y (NPY) Y,, Y,, Y, Y5 and y; receptor proteins and mRNAs.
NPY and its receptors are widely distributed in the central nervous system with
varying concentrations being found throughout the limbic system and the hip-
pocampal formation. Such brain structures have been implicated either in the
modulation of emotional and cognition processing as well as in the pathogene-
sis of depressive and epileptic disorders. In fact, both preclinical and clinical
studies lead us to suggest that NPY and its receptors may have a direct implica-
tion in psychiatric disorders such as depression and anxiety related illnesses.
Furthermore, experimental studies also suggest that NPY and its receptors may
play a role in the regulation of cognitive function associated with learning and
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memory and has anticonvulsant properties. Together, these data support the po-
tential therapeutic usefulness of NPY in these disorders.

Keywords Neuropeptide Y - Depression - Anxiety - Learning and memory -
Epilepsy

1
Introduction

Neuropeptide Y (NPY) was isolated from porcine brain more than two decades
ago (Tatemoto and Mutt 1980). This 36-amino acid residue shares high se-
quence homology and structural identity with two other peptides, namely pep-
tide YY (PYY) and the pancreatic polypeptide (PP) (Tatemoto et al. 1982). All
these peptides have thus been included in the same peptide family called the
NPY family (Table 1). NPY is one of the most abundant peptides found in the
central nervous system (CNS) of all mammals, including humans (Chronwall et
al. 1985; Chan-Palay et al. 1985a, 1986a), while PYY and PP are mostly found in
endocrine cells of the intestine (Solomon 1985). Additionally, PYY has also been
shown to be present in the brainstem and various hypothalamic nuclei (Ekman
et al. 1986). These peptides, especially NPY and PYY, are among the most con-
served peptides during evolution (Larhammar 1996a, 2001).

At present, five NPY receptor subtypes have been cloned and designated as
Y, Y,, Y4, Ys and yg (Table 1). All belong to the seven-transmembrane G pro-
tein-coupled receptor of the rhodopsin family (Michel et al. 1998). Despite the
fact that NPY and PYY have very high affinities for the cloned Y;, Y,, Y5 and ys
subtypes (Table 1) (Michel et al. 1998), these receptors display relatively low se-
quence identities between each other (about 30%-50%). In fact, NPY receptors
appear to be the most divergent receptors among a given receptor family
(Larhammar 1996b, 1997). Indeed, some NPY receptor subtypes have even high-
er homology for other families of G protein-coupled receptors (Elshourbagy et
al. 2000; Bonini et al. 2000; Parker et al. 2000a, 2000b).

2
Overview of NPY Receptor Subtypes

The reader is invited to consult our recent reviews for more details on NPY re-
ceptors distribution and their pharmacology (Dumont et al. 2000b, 2002) and to
refer to Table 1.

2.1
The Y, Subtype

The first NPY receptor clone was initially reported as an orphan receptor isolat-
ed by screening a rat forebrain cDNA library (Eva et al. 1990). Upon transfection
into a cell line, this clone demonstrated a ligand selectivity profile that was typi-
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cal to that of the Y, receptor: PYY>NPY>[Leu®,Pro**|NPY>NPY(2-36)>>hu-
man (h)PP>NPY(13-36) (Krause et al. 1992). Subsequently, the human (Herzog
et al. 1992; Larhammar et al. 1992), mouse (m; Eva et al. 1992; Nakamura et al.
1995), guinea pig (gp; Berglund et al. 1999), porcine (p), dog (d; Malmstrom et
al. 1998) and monkey (mo; Gehlert et al. 2001) Y, receptor cDNAs were isolated.

In rat brain, the localization of Y, receptor mRNA (Eva et al. 1990; Larsen et
al. 1993; Tong et al. 1997; Parker and Herzog 1999) closely matches that of the
Y, receptor protein (Dumont et al. 1990, 1993, 1996; Dumont and Quirion 2000;
Gehlert et al. 1992; Schober et al. 1998) with predominant expression in the ce-
rebral cortex, thalamus and brainstem nuclei. However, species differences have
been noted concerning the distribution of the Y, receptor subtype (Dumont et
al. 1997, 1998b, 2000b; Jacques et al. 1997; Statnick et al. 1997, 1998).

2.2
The Y, Subtype

Expression screening from cDNA libraries of neuroblastoma cells known as
SMS-KAN (Rose et al. 1995a, 1995b), human hippocampus (Gerald et al. 1995)
and human brain (Gehlert et al. 1996a) led to the isolation of a human cDNA
receptor clone which possesses a pharmacological binding profile similar to that
of the Y, receptor. This receptor has now been cloned from various species in-
cluding the rat (r; St Pierre et al. 1998), bovine (b; Ammar et al. 1996), mouse
(Nakamura et al. 1996), guinea pig, porcine, dog (Malmstrom et al. 1998) and
monkey (Gehlert et al. 2001). High homology (90%-95%) is observed between
species (Larhammar et al. 2001). Rather surprisingly, considering that NPY and
PYY possess very high affinities for both the Y, and Y, receptor subtypes, the
overall homology between the Y, and Y, receptors is only 31%.

In the rat CNS, Y, receptor mRNA and protein are abundantly expressed in
the hippocampal formation and brainstem nuclei, while moderate levels of re-
ceptors are detected in various hypothalamic nuclei (Dumont et al. 1993, 1996,
1997, 2000a,b; Gustafson et al. 1997; Larsen and Kristensen 1998; Parker and
Herzog 1999). In fact, the Y, receptor mRNA is discretely distributed in the rat
brain and its localization is largely similar to that of the Y, receptor protein
(Dumont et al. 2000b). However, as for the Y, subtype, species differences exist
in the level of expression of the Y, receptor in various brain regions (Dumont et
al. 1997, 1998b, 2000b).

23
The Y3 Subtype

Various groups have proposed the existence of a receptor that possesses high af-
finity for NPY, but not PYY, in several assays including the rat brain (Grundemar
et al. 1991), rat colon (Dumont et al. 1994), rat lung (Hirabayashi et al. 1996) and
bovine adrenals (Wahlestedt et al. 1992). However, evidence for the existence of
such a subtype is circumstantial as the clone initially reported as a Y3 receptor
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(Rimland et al. 1991) does not bind NPY (Herzog et al. 1993; Jazin et al. 1993)
but actually belongs to the cytokine receptor family (Feng et al. 1996). The clon-
ing of a genuine Y; receptor is still awaited. It may well be that the Y5 receptor
protein is a G protein-coupled receptor for which the expression at the cell sur-
face is dependent on the presence of regulating activity modifying protein. Alter-
natively, the Y5 receptor could exist as a dimer of any of the cloned NPY recep-
tors. Further studies are required to verify these hypotheses.

24
The Y, Subtype

The use of sequence homology screening, with a Y; receptor probe, led to the iso-
lation of a new human NPY receptor cDNA. This receptor was originally desig-
nated as either PP; (Lundell et al. 1995; Gehlert et al. 1996b) or Y, (Bard et al.
1995). Homologues of the Y, receptor have now been cloned from mouse (Gregor
et al. 1996b), rat (Lundell et al. 1996; Yan et al. 1996) and guinea pig (Eriksson et
al. 1998). Sequence homology between human and other species is one of the low-
est (less than 75%) reported between different mammalian species (Larhammar
et al. 2001). Moreover, the human Y, receptor protein has higher homology with
the human Y, (43%) than the human Y, (34%) receptor (Larhammar 1996b).

In the rat brain, only low levels of expression of the Y, receptor mRNA have
been detected thus far (Parker and Herzog 1999). Studies using ['*’I]rPP and
['*I]hPP (Trinh et al. 1996) or ['*’I]bPP (Gehlert et al. 1997; Whitcomb et al.
1997) have confirmed the restricted distribution of PP (Y,-like) binding sites in
the rat brain.

25
The Y5 Subtype

In the 1990s, the existence of an atypical receptor subtype was proposed on the
basis of the effects of NPY and long C-terminal fragments, such as NPY(2-36),
on food intake. This receptor was referred to as the atypical Y, or ‘feeding’ re-
ceptor (Quirion et al. 1990; Stanley et al. 1992). More recently, the profile of an-
other NPY receptor cloned from human and rat tissues was classified as the Y5
subtype and was found to have a pharmacological profile similar to that of the
atypical feeding receptor (Gerald et al. 1996; Hu et al. 1996). This Y5 receptor
has now been cloned from various species including mouse (Nakamura et al.
1997), dog (Borowsky et al. 1998), guinea pig (Lundell et al. 2001) and monkey
(Gehlert et al. 2001).

In the rat brain, in situ hybridization signals of the Y5 receptor mRNA are
seen in the external plexiform layer of the olfactory bulb, anterior olfactory nu-
clei, hippocampus, suprachiasmatic and arcuate nuclei (Parker and Herzog
1999; Larsen and Kristensen 1998); a distribution pattern relatively similar to
that observed for the Ys receptor protein, except for very low levels of Y5 recep-
tor protein in the arcuate nucleus (Dumont et al. 1998a, 2000b). In the human
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brain, strong in situ hybridization signals of Y5 receptor mRNA have also been
detected at the levels of the arcuate nucleus, a key structure implicated in feed-
ing behaviors (Jacques et al. 1998; Statnick et al. 1998).

2.6
The yg Subtype

Three groups have reported the cloning of another NPY receptor in mice, rabbit,
monkey and human tissues (Gregor et al. 1996a; Matsumoto et al. 1996; Weinberg
et al. 1996) now known as the ys subtype (Michel et al. 1998). Upon transfection
of the mouse and rabbit receptor clone into cell lines, distinct pharmacological
profiles have been reported with similarities to the Y, (Matsumoto et al. 1996), Y4
(Gregor et al. 1996a) or Ys; (Weinberg et al. 1996) receptors. Surprisingly, trans-
fection of the human ys receptor cDNA failed to be fully translated and hence to
generate a functional receptor. It is now known that the ys receptor is not ex-
pressed in the rat (Burkhoff et al. 1998), while in human and primates, the cDNA
contains a single base deletion resulting in the expression of a nonfunctional
NPY receptor (Gregor et al. 1996a; Matsumoto et al. 1996). Pseudogenes have also
been reported in the guinea pig (Starback et al. 2000) and pig (Wraith et al. 2000)
while in the dog, it is expressed as a functional receptor (Borowsky et al. 1998).

3
Biological Effects of NPY and Related Peptides

3.1
General Overview

Numerous studies have addressed the physiological functions of NPY and its
congeners in the central and peripheral nervous systems (Table 1). In fact, in-
tracerebroventricular (icv) injections of NPY or PYY demonstrated that these
peptides are among the most potent substances known, thus far, to stimulate
feeding behaviors (Stanley and Leibowitz 1984; Inui 1999).

It has also been reported that NPY and PYY inhibit glutamatergic excitatory
synaptic transmission (Colmers and Bleakman 1994; Vezzani et al. 1999), induce
hypothermia (Esteban et al. 1989), decrease sexual behavior (Clark et al. 1985),
shift circadian rhythms (Albers et al. 1984; Albers and Ferris 1984) and modu-
late various neuroendocrine secretions (Kalra and Crowley 1992).

Reducing the synthesis of NPY by icv administration of NPY antisense oligo-
nucleotides has been shown to decrease food intake (Akabayashi et al. 1994)
and attenuate progesterone-induced luteinizing hormone (LH) surge (Kalra et
al. 1995). In addition, icv injection of an NPY Y; receptor antisense induced
marked anxiogenic-like behaviors (Wahlestedt et al. 1993) and decreased body
temperature (Lopez-Valpuesta et al. 1996).

It has been demonstrated that NPY-knockout mice exhibited mild spontane-
ous seizures (Erickson et al. 1996), increased alcohol consumption (Thiele et al.
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1998) and anxiogenic-like behaviors (Bannon et al. 2000). Moreover, transgenic
mice overexpressing NPY were shown to be low alcohol drinkers (Thiele et al.
1998), while transgenic rats displayed anxiolytic-like behaviors and memory
impairments (Thorsell et al. 2000).

There is strong evidence for the involvement of the Y; receptor in feeding
behaviors based on the use of recently developed nonpeptide Y, receptor an-
tagonists. Such molecules include BIBO 3304 (Wieland et al. 1998), ]104870
(Kanatani et al. 1999), J115814 (Kanatani et al. 2001), BIBP 3226 (Kask et al.
1998b), GR 231118 (Ishihara et al. 1998) and GI 264879A (Daniels et al. 2001).
On the other hand, mice lacking Y, receptors do not display major abnormali-
ties in feeding behavior (Pedrazzini et al. 1998). However, food intake induced
by NPY is profoundly altered in these animals (Kanatani et al. 2000b). Addition-
ally, Y;-knockout mice develop hyperalgesia to acute thermal, cutaneous and
visceral chemical pain, and exhibit mechanical hypersensitivity (Naveilhan et al.
2001) suggesting a role for the Y; receptor subtype in nociception. Furthermore,
Y,-knockout mice showed increased consumption of ethanol (Thiele et al.
2002), suggesting that the NPY Y1 receptor regulates voluntary ethanol con-
sumption and some of the intoxicating effects caused by administration of etha-
nol.

The only consistent results obtained in the CNS, regarding the physiological
role of the Y, receptor subtype, is its involvement in the inhibition of glutamate
release (Colmers et al. 1987; Kombian and Colmers 1992; Colmers and Bleakman
1994). Early studies also suggested that NPY may facilitate learning and memory
retention via action at the Y, receptor (Flood et al. 1987; Redrobe et al. 1999). It
has also been reported that Y, receptor knockout mice displayed increased body
weight and food intake (Naveilhan et al. 1999) suggesting that the Y, receptor
subtype may negatively regulate feeding behaviors. In agreement with a role of
Y, receptors in downregulating food intake, it has been reported that peripheral
administration of PYY(3-36) in rats inhibited food intake and reduced weight
gain (Batterham et al. 2002). Similar effects were observed in mice but not in the
NPY Y, knockout. Furthermore, this group also reported a decrease in food in-
take in humans following peripheral administration of PYY(3-36) (Batterham et
al. 2002). They suggested that peripheral PYY(3-36) may act through the arcuate
nucleus Y, receptors to inhibit food intake. However, the recently developed hy-
pothalamus specific Y, receptor knockout mice show a significant decrease in
body weight and a significant increase in food intake in association with in-
creased mRNA levels of NPY (Sainsbury et al. 2002a).

Limited information is currently available regarding the potential role of the
Y, receptor subtype. Two reports have suggested its possible involvement in LH
secretion (Jain et al. 1999; Raposinho et al. 2000). A recent study has shown that
when genetically obese ob/ob mice are crossed with Y, receptor knockout mice,
fertility is improved in the Y, /-, ob/ob double knockout animals by 100% in
males and 50% in females (Sainsbury et al. 2002b). These data suggest that un-
der conditions of centrally elevated NPY, Y, receptor signaling may act to specif-
ically inhibit reproductive function.
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least in some respects, the behavioral, biochemical and neurochemistry of the
clinical condition.

Experiments have shown that repeated, but not single, electroconvulsive
shock stimulation in rats, considered as an animal model of electroconvulsive
therapy in humans, increased NPY gene expression (Mikkelsen et al. 1994).
Such treatment also markedly increased levels of NPY immunoreactivity in
homogenates of hippocampal and cortical regions (Stenfors et al. 1995), pre-
pro-NPY mRNA in the stratum oriens of the hippocampus (Zachrisson et al.
1995a) and hilus of the dentate gyrus (Mikkelsen et al. 1994). Moreover, it has
recently been found that electroconvulsive shock stimulation significantly in-
creased extracellular levels of NPY in the dorsal hippocampus of freely moving
rats as determined by microdialysis, suggesting that such treatment led to an in-
creased biosynthesis and release of NPY in this region (Husum et al. 2000). Sim-
ilar results were obtained following treatment with lithium, a therapy often used
for the pharmacotherapy of bipolar disorder (Husum et al. 2000). Previously, it
has been shown that lithium increased levels of pre-pro-NPY mRNA and NPY
immunoreactivity in hippocampal and cortical regions (Zachrisson et al.
1995b). Thus, it can be concluded that an animal model (i.e., electroconvulsive
shock), incorporating characteristics similar to treatment employed in the clinic
(i.e., electroconvulsive therapy), induces significant changes in NPY-ergic medi-
ated systems.

In addition, chronic antidepressant treatment has been shown to increase
NPY and NPY Y;-type receptor mRNA levels (Caberlotto et al. 1998), and to re-
duce NPY Y,-type receptor densities in certain brain regions (Widdowson and
Halaris 1991). Similarly, chronic treatment with the tricyclic antidepressant imi-
pramine, increased NPY immunoreactivity in frontal cortex (Heilig et al. 1988a)
and decreased [*H|NPY binding in frontal cortex and hippocampus of rats
(Widdowson and Halaris 1991). In contrast, chronic treatment with the selective
serotonin reuptake inhibitor (SSRI) citalopram did not induce any significant
changes in NPY immunoreactivity in rat hippocampal homogenates after chron-
ic treatment (Husum et al. 2000; Heilig and Ekman 1995). However, citalopram
treatment did increase ['*I]PYY binding sites in the hippocampal formation,
changes representative of a possible increase in expression, or decreased degra-
dation, of NPY-sensitive receptors (Husum et al. 2000). Another possible mech-
anism may be related to the ability of citalopram to increase the affinity of NPY-
sensitive receptors for the endogenous ligand (Husum et al. 2000) and hence in-
crease NPY neurotransmission.

Interestingly, NPY-like immunoreactivity and NPY Y;-type receptor binding
sites were shown to be differentially altered, depending on the brain region
studied, in the Flinders Sensitive Line (FSL) rats (Caberlotto et al. 1999), a pur-
ported genetic animal model of depression (Overstreet 1993). These animals
display features similar to those observed in depressed patients: reduced basal
motor activity (Overstreet and Russel 1982), elevated REM (rapid eye move-
ment) sleep (Shiromani et al.1988) and increased immobility and anhedonia re-
sponses after stress exposure (Pucilowski et al.1993). NPY Y,-type receptor



110 J. P. Redrobe et al.

mRNA expression was unchanged, suggesting that this subtype may not play
such an important role as Y; receptors in this model. Moreover, treatment with
the SSRI fluoxetine, attenuated changes in NPY-like receptor mRNA observed in
the ‘depressed’ animals (Caberlotto et al. 1998).

Maternal deprivation is an animal model of depression/vulnerability to stress
that posits that early life stress may cause changes in the CNS (e.g., hypothalam-
ic-pituitary adrenal dysregulation) that are associated with an increased risk of
adult life depressive psychopathology (Holsboer 2000). Using this model in rats
for 3 h per day during postnatal days 2-14, NPY levels were shown to be re-
duced in the hippocampus and striatum and increased in the hypothalamus
(Husum et al. 2002; Jimenez-Vasquez et al. 2001). However, if lithium treatment
was used on days 50-83, the changes in NPY-like immunoreactivity induced by
maternal deprivation were not observed in the hippocampus and striatum while
NPY levels were further increased in the hypothalamus (Husum and Mathe
2002). Consequently, early life stress has long-term effects on NPY in the CNS
and may be a factor in the development of depression; possibly through an in-
creased vulnerability to stress.

Additional evidence of a role for NPY in depressive disorders is found in
studies using the olfactory bulbectomized (OB) rat model of depression. Sub-
chronic icv administration of NPY attenuated the increase in ambulation, rear-
ing, grooming and defecation scores consistently found when OB animals are
tested in the open field (Song et al. 1996). Treatment with NPY also increased
noradrenaline and serotonin levels in the amygdala and hypothalamus (Song et
al. 1996). In addition, NPY reversed the suppression of lymphocyte proliferation
seen following OB (Song et al. 1996) as well as in depressed patients (Kronfol
and House 1989). Another study demonstrated that OB caused long-term in-
creases in the expression of the NPY gene in the olfactory/limbic system, sug-
gesting that NPY plasticity may play some role in this model (Holmes et al.
1998).

More recently, it has been shown that NPY displayed antidepressant-like ac-
tivity in the rat forced swimming test (Stogner and Holmes 2000). These results
have since been confirmed in the mouse version of this test (Redrobe et al.
2002). The forced swimming test is an acute animal model widely used for the
screening of potential antidepressant drugs (Porsolt et al.1977). Intracere-
broventricular NPY administration significantly reduced immobility time in a
dose-dependent manner, as did [Leu®'Pro®*]PYY (a preferential Y /Y5 agonist)
(Redrobe et al. 2002). In contrast, BIBP 3226 and BIBO 3304 (selective Y; antag-
onists; Doods et al. 1996; Wieland et al. 1998) and NPY(13-36) (a preferential Y,
agonist) did not display any activity at the doses tested. However, pretreatment
with BIBP 3226 and BIBO 3304 significantly blocked the anti-immobility effects
of NPY (Redrobe et al. 2002). Hence, these results suggest that the development
of synthetic NPY Y, agonists may serve as a new family of pharmacotherapeutic
agents for the treatment of depressive disorders.

In contrast to the multitude of preclinical data implicating a role for NPY in
depressive disorder, clinical studies have generated somewhat inconsistent find-
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Table 3 Summary of clinical evidence indicating a role for NPY in depressive illnesses

T, Increase; |, decrease; =, no change.

ings (Table 3). Several studies have demonstrated decreased NPY levels in the
cerebrospinal fluid (CSF) (Widerlov et al. 1988; Heilig and Widerlov 1990) and
platelet-poor plasma (Hashimoto et al. 1996; Nilsson et al. 1996) of depressed
patients, when compared to healthy control subjects. These authors also found
that NPY immunoreactivity in the platelets of depressed patients was signifi-
cantly increased (Nilsson et al. 1996). These results suggested that NPY release
may be reduced, or that metabolism of the peptide is increased, in the CNS of
depressed subjects. However, other studies involving patients suffering from
major affective disorders failed to reveal any significant changes in CSF levels
of NPY (Berrettini et al. 1987). Methodological differences have been suggested
to account for the differences in the findings from these studies (Heilig and
Widerlov 1990). In addition, these authors showed CSF NPY levels to be nega-
tively correlated to scores of anxiety in clinically depressed patients (Heilig and
Widerlov 1990), suggesting a possible link between low concentrations of NPY
and predisposition to anxiety-related or stress-induced depression.

Further inconsistencies are found in studies where initial analysis revealed
decreased NPY concentrations in the frontal cortex and caudate nucleus of sui-
cide victims, which appeared to be particularly evident in subjects affected by
major depression (Widdowson et al. 1992). However, studies published 3 years
later (Ordway et al. 1995), demonstrated no significant differences in frontal
cortex NPY levels between control subjects and subjects who were deemed af-
fected by major depression. The authors used a rigorous methodology in the
second study and did not only rely on a coroner’s report which, they suggested,
could have resulted in wrongful diagnosis in the initial study (Ordway et al.
1995).

The question as to whether increased concentrations of CNS NPY, as reported
in several animal studies following antidepressant administration, may play
some role in the clinical pharmacotherapeutic efficacy of these drugs has also
been raised (Widdowson et al. 1992). Post-mortem NPY measurements from
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suicide victims who tested positive for antidepressant drugs at autopsy did not
demonstrate any significant increase in CNS NPY concentrations when com-
pared to subjects who tested negative (Widdowson et al. 1992). However, the
sample size of suicide victims who tested positive for antidepressant drugs was
rather small. On the other hand, various antidepressant treatments, including
electroconvulsive treatment, have indeed been demonstrated to increase NPY
immunoreactivity levels in the CSF of depressed patients (Mathé et al. 1996).
Therefore, on the basis of these studies, a role for NPY in the efficacy of antide-
pressant drugs cannot be ruled out.

One of the major problems that may be pivotal in explaining the somewhat
inconsistent results obtained from clinical studies to date is related to post-mor-
tem recuperation of samples. It has been shown that several post-mortem pa-
rameters can influence the stability of mRNAs and proteins in the human brain
(Caberlotto and Hurd 2001). It was shown that measurement of NPY Y, mRNA
expression was significantly affected by post-mortem delay. Moreover, it was
demonstrated that prefrontal cortical Y, mRNA expression was negatively corre-
lated with post-mortem interval (Caberlotto and Hurd 2001). These findings are
consistent with previous animal studies that demonstrated that post-mortem in-
terval could influence NPY binding sites (Caberlotto et al. 1997). Therefore, it is
suggested that the factors that differentially affect NPY receptor mRNA and pro-
tein stability should be investigated further.

Overall, the clinical data do suggest some involvement of NPY systems in the
pathogenesis of affective disorders. However, the available clinical evidence has
not yet revealed a correlation between depressive disorder and polymorphic al-
leles of the NPY gene, suggesting that any dysregulation of the NPY system
could possibly result as a secondary event (Detera-Wadleigh et al. 1987). Only
studies incorporating recently developed DNA-array techniques will serve to
confirm, or not, a direct influence of depressive disorder on the NPY gene and
NPY receptor genes or vice versa.

33
Role for NPY and Its Receptor Subtypes in Anxiety

NPY has also been implicated in the pathogenesis of anxiety disorders, based on
the findings showing NPY-induced anxiolytic activity in animal models widely
used for the screening of anxiolytic-like compounds/molecules (Table 4).

The open field test is an animal model often used to measure behavioral
changes induced by anxiolytic or anxiogenic-like compounds (Harro 1993).
Theoretically, anxiogenic drugs should increase the time that is spent close to
the wall of the apparatus (thigmotaxis), yet in the case of NPY Y, receptor me-
diated anxiogenesis, there seems to be poor correlation between experimental
anxiety and this measure (von Horsten et al. 1998). The time spent in the cen-
ter of the arena, together with the number of lines crossed in the central area,
may provide some information on innate fearfulness. Interestingly, NPY defi-
cient mice were found to be less active in the central part of the open field and
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Table 4 Summary of preclinical evidence indicating a role for NPY in anxiety

presented reduced rearing behavior, suggesting that these animals were more
anxious (Bannon et al. 2000). The number of line crossings may not be an ide-
al measure to assess anxiety-related behavior in the open field test. Many anx-
iogenic-like compounds may also increase freezing responses and consequent-
ly decrease exploratory activity. In addition, it may be difficult to dissociate
increased anxiety from nonspecific changes in locomotor activity. More re-
cently, NPY Y, receptor knockout mice displayed increase preference for the
central area of the open field when compared to Y,** animals without changes
in locomotor activity given that total entries did not differ between groups
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(Redrobe et al. 2003a). This study suggests that NPY Y, receptors may play an
inhibitory role and may be involved in the regulation of anxiety-like behavior
by NPY.

Colonic motility is affected by stress, and when exposed to novel fear-pro-
voking environment, rodents often urinate and defecate (Brady and Nauta
1955). The number of defecations is thought to correlate with emotionality (Hall
1934) and this measure is often used, in addition to horizontal and vertical ac-
tivity (rearing) in the open field test (Abel 1991). NPY causes dose-dependent
suppression in open field activity when the icv dose of NPY exceeds 5 ug (Heilig
and Murison 1987; Heilig et al. 1988b; Jolicoeur et al. 1991, 1995), suggesting a
nonspecific sedative effect. On the other hand, chronic daily administration with
a nonsedative dose of NPY (7 days) has been shown to antagonize the increase
in ambulation, rearing, grooming, and defecation that occurs when OB rats are
exposed to a novel stressful environment (Song et al. 1996). Intracerebral ad-
ministration of BIBO 3304, a selective NPY Y, receptor antagonist, has been
shown to increase defecation in a novel open-field test (Kask and Harro 2000),
results which are consistent with the emotionality-reducing role of NPY. The ef-
fects of intracerebral administration of NPY on locomotor activity depend on
the site of injection. Microinjection of NPY into the frontal cortex has been
shown to increase locomotor activity (Smialowski et al. 1992). Intrahippocampal
injection (CA1) of NPY did not modulate locomotor activity, but inhibited am-
phetamine-induced increases in sniffing and rearing and, to a lesser extent, the
number of line crossings (Smialowska et al. 1996).

The elevated plus-maze test is one of the most widely used animals model of
anxiety (Hogg 1996) and its popularity owes much to the relative simplicity of
the test. The test is based on a conflict between the natural aversion of rodents
for open spaces and the drive to explore a novel environment (Harro 1993).
Typically, the time spent on the open arms and the numbers of entries onto the
open and closed arms of the maze are recorded. The percentage of open arm en-
tries relative to the number of total arm entries is considered to be the superla-
tive measure reflecting innate fearfulness. Few investigators have tried to incor-
porate additional measures such as activity on open arms or measures reflecting
risk-assessment behavior such as rearing, approaches towards the open part
(peeking) or stretch—attended postures and head dipping (Harro 1993; Rodgers
et al. 1999). NPY, administered icv, decreased the preference of the rats for the
closed arms and also increased the time spent on open arms (Heilig et al. 1989).
Higher doses of NPY (exceeding 2 nmol) suppressed the entries to both closed
and open arms, consistent with the sedative action of NPY observed at high dos-
es (Heilig and Murison 1987). These findings were confirmed in a study that
demonstrated the anxiolytic-like activity of PYY, NPY(2-36), and [Leu’,
Pro**]NPY [but not NPY(13-36)] (Broqua et al. 1996). Anxiolytic-like effects in
the elevated plus-maze have also been observed after direct administration of
NPY and NPY(13-36) into the locus coeruleus in rats (Kask et al. 1998a). On the
other hand, the Y,-type receptor agonist, NPY(13-36), has also been shown to
induce anxiogenic-like effects in this model, using mice, when administered icv



Neuropeptide Y and Its Receptor Subtypes in the Central Nervous System: Emphasis on Their Role 115

(Nakajima et al. 1998). Additionally, Y, receptor knockout mice displayed anxio-
lytic-like behavior in the elevated plus-maze as they made more entries into and
spent significantly more time on the open arms of the maze when compared to
their wild-type controls (Redrobe et al. 2003a). Thus, NPY Y, receptors may play
an inhibitory role in the anxiolytic-like effects of NPY.

Using another anxiety model based on exploration, the light/dark compart-
ment test, it was found that icv NPY increased the number of transitions be-
tween the two compartments (Pich et al. 1993), a validated measure of anxiolytic
activity in this test. This effect of NPY was expressed in a lower dose in sponta-
neously hypertensive rats compared to the normotensive Wistar-Kyoto rats
(Pich et al. 1993). Interestingly, in this study, NPY increased the activity of ani-
mals in the dark compartment in both rat strains, even though the effect of NPY
in the open field was, as usually reported, to reduce activity (Pich et al. 1993).
This suggests that the sedative effects of NPY, frequently reported after only
marginally higher doses than those eliciting anxiolytic activity, are context-spe-
cific, but this possibility has received little attention.

Social interaction has been pharmacologically validated as an experimental
model of anxiety (File 1980; File and Hyde 1978). Typically, rats are either tested
in a novel, brightly or dimly lit environment (high-unfamiliar and low-unfamil-
iar, respectively) or under familiar testing conditions (high-familiar and low-fa-
miliar). The time spent in active social behavior, as well as locomotor activity, is
recorded.

The effects of NPY in this model have also been studied and it has been
shown that NPY increased social behavior when it was microinjected into the
basolateral nucleus of the amygdala (Sajdyk et al. 1999) and into the caudal dor-
solateral septum (Kask et al. 2001). Intracerebroventricular NPY can also reverse
deficits of social behavior that are induced by the selective noradrenergic neu-
rotoxin DSP-4 (Kask et al. 2000). Thus, NPY has anxiolytic-like effects in this
paradigm of anxiety in rats, and several brain regions appear to mediate NPY-
induced anxiolysis. This anxiolytic-like effect of NPY can even be observed
without concomitant restoration of general locomotor activity in animals with
lesioned projections of the locus coeruleus (Kask et al. 2000), suggesting that
these effects are independent of vigilance and arousal.

Most recently, it has been suggested that the Y,-type NPY receptor may me-
diate anxiety-like behaviors in the amygdala (Sajdyk et al. 2002). These authors
injected a Y, receptor agonist, C2-NPY, directly into the basolateral nucleus of
the amygdala and found decreased times spent in social interaction, and these
effects were dose dependent (Sajdyk et al. 2002). However, this study is lacking
in some respects as the authors did not attempt to reverse the anxiogenic-like
effects of this molecule with a selective Y, receptor antagonist, such as
BIIE 0246 (Doods et al. 1999).

Several versions of behavioral tests based on conflict of motivations have
been developed. In all these tests, subjects are deprived of food or water. In
Vogel punished drinking tests, subjects can be tested immediately, whereas in
Geller-Seifter tests, rats are trained to associate defined cues with shock that
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comes during a punished phase. Thus, the Vogel test is based on unconditioned
suppression of behavior, whereas the Geller-Seifter test requires previous train-
ing (Pollard and Howard 1979). In both tests, the treatment with anxiolytic
drugs increases the number of accepted shocks during the punished phase. In-
tracerebroventricular injection of NPY consistently produces dose-dependent
anticonflict/anxiolytic-like effects in the Geller-Seifter test of operant respond-
ing (Britton et al. 1997, 2000; Heilig et al. 1992), an established animal model of
anxiety especially suitable for detecting the effects of benzodiazepine-like anxi-
olytics. Similarly, icv NPY markedly increased the number of electric shocks ac-
cepted in the Vogel’s punished drinking test (Heilig et al. 1989). At the doses
used, NPY was reported not to affect pain sensitivity in a shock threshold test,
or thirst. Thus the anti-conflict effects can be considered related to a reduction
of anxiety (Heilig et al. 1989). In a modified Geller-Seifter conflict paradigm,
neither PP nor NPY(13-36) increased responding during the punished phase,
suggesting that the effects of NPY are mediated via NPY Y, receptor activation
(Britton et al. 1997). The robust effect of NPY in punished responding proce-
dures suggests that nonpeptide NPY agonists could serve as potent anxiolytics
alternative to the benzodiazepines. However, given the fact that very low doses
of NPY (0.04 nmol) have antinociceptive effects in the periaqueductal gray mat-
ter in the rat (Wang et al. 2000), and NPY has potent NPY Y, receptor-mediated
antinociceptive effects in mice (Broqua et al. 1996; Naveilhan et al. 2001) and
spontaneously hypertensive rats (Pich et al. 1993), the anti-conflict effect of
NPY in punished responding paradigms needs further characterization. It must
also be taken into account that NPY treatment, in most of the studies, had a
clear tendency to increase unpunished responding. Even though the proportion
of this effect is lower than the increase in punished responding, it should be
considered that the absolute levels of responding are very much lower in pun-
ished than in unpunished conditions.

Startle is an adaptive response to acoustic stimuli that enables the organism
to avoid, or reduce, the risk of an injury by a predator (Koch 1999). The acoustic
startle can be modified by a variety of stimuli and neuronal pathways underly-
ing acoustic startle have been well characterized (Davis 1984). In fear-potentiat-
ed startle, an acoustic stimulus is paired with an aversive intervention such as
foot-shock or air-puff, and after training, the conditioning stimulus alone is ca-
pable of elevating startle amplitude.

It has been shown that icv injections of NPY, PYY, NPY(2-36) and [Leu®!
Pro®*]NPY inhibited fear-potentiated startle, whereas NPY(13-36) had no effect
(Broqua et al. 1995). Treatment with monosodium glutamate (MSG) in the neo-
natal period produces damage to the arcuate nucleus and decreases NPY levels
in this region (Abe et al. 1990; Kerkerian and Pelletier 1986; Meister et al. 1989),
whereas in adult rats MSG treatment increases NPY content in hypothalamus
(Tirassa et al. 1995). MSG-induced hypothalamic lesions do not affect NPY con-
tent in the median eminence (Meister et al. 1989). However, these lesions do lead
to complete disappearance of agouti-related peptide-immunoreactivity (an indi-
rect selective marker for arcuate nucleus-derived NPY terminals), in the ventral
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part of the periaqueductal gray matter and in the parabrachial nucleus of the
brainstem (Broberger et al. 1998). MSG treatment has been shown to increase
acoustic startle response (Yang et al. 2000). Collectively, these data suggest that
NPY released from nerve terminals arising from the arcuate nucleus may damp-
en the expression of acoustic startle response. Whether such a reduction in star-
tle amplitude reflects the decrease in anxiety levels or simply the reduced re-
sponse to sensory stimuli is not known.

34
Role for NPY and Its Receptor Subtypes in Learning and Memory

The hippocampal Y, receptor has been implicated in facilitating learning and
memory processes with increases in memory retention induced by NPY (Flood
et al. 1987; Flood and Morley 1989). It has also been shown that NPY can reverse
amnesia induced by protein synthesis inhibitors or the cholinergic antagonist,
scopolamine (Flood et al. 1987).

Additional experiments involved direct injection of NPY in discrete brain re-
gions (Flood et al. 1989). This work demonstrated that the effects of NPY on
cognitive function may be region specific, i.e., inducing differential effects de-
pending on the injection site (Table 5). Injection of NPY into the rostral hippo-
campus and the septal area enhanced memory retention, whereas NPY injection
into the amygdaloid body and the caudal hippocampus induced amnesia. In fur-
ther support of a physiological role for NPY in cognitive behaviors, it was
shown that a passive immunization with NPY antibodies, injected into the re-
sponsive hippocampal regions, induced amnesia (Flood et al. 1989). Recently,
NPY Y, receptor knockout mice displayed a deficit on the probe trial in the
Morris water maze task when compared to NPY Y, wild-type animals. The Y,
mice also exhibited a marked deterioration in object memory 6 h, but not 1 h
after an initial exposure in the object recognition test (Redrobe et al. 2003b).
These data suggest that NPY Y, receptors may play a facilitatory role in learning
and memory. Further studies investigating the effects of the more recently de-
veloped NPY antagonists on learning and memory behaviors are warranted. For
example, experiments using the nonpeptide Y, receptor antagonist, BIIE 0246
(Doods et al. 1999) should provide key evidence as to the role played by this re-
ceptor subtype in cognition.

Table 5 Comparative effect of NPY and NPY antibodies on learning and memory (adapted from Flood
and Morley 1989; Flood et al. 1987, 1989)
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On the other hand, it has recently been demonstrated that icv injection of
NPY attenuated long-term potentiation (LTP) and inhibited KCl-induced gluta-
mate release in synaptosomal preparations from dentate gyrus (Whittaker et al.
1999). These data are in further support of the work by St. Pierre et al. (2000) in
which it was suggested that NPY Y; receptors, present on glutamatergic neu-
rons, may act as heteroreceptors to regulate the release of this transmitter be-
lieved to play an important role in cognition. In addition, it was shown that,
when incubated with NPY or following icv injection, synaptosomal activity of
the stress-activated kinase, c-Jun NH,-terminal kinase (JNK) was increased. It
was suggested that activation of JNK may explain the inhibitory effects of NPY
on LTP. However, the mechanisms by which NPY may activate JNK remain un-
known (Whittaker et al. 1999).

The hippocampal formation is associated with learning and memory process-
es and is an area severely affected in Alzheimer’s disease (AD) (Terry and
Davies 1980). Several studies have reported significant decreases in NPY-like
immunoreactivity in cortical, amygdaloid and hippocampal areas in AD brains
(Beal et al. 1986; Chan-Palay et al. 1985b, 1986b). NPY-like immunoreactivity
has also been detected within neuritic plaques present in the brains of patients
with AD (Chan-Palay et al. 1986b). Moreover, the levels of [’H]NPY binding
sites are apparently reduced in the temporal cortex and hippocampus of pa-
tients suffering from AD (Martel et al. 1990). These data suggest that the degen-
erative processes occurring in AD may involve changes in NPY-related innerva-
tion. Interestingly, a major loss in NPY-like immunoreactive neurons has been
reported in aged rats especially in cortical areas, the caudate putamen and the
hippocampus (Cha et al. 1996 1997; Huh et al. 1997, 1998). Furthermore, injec-
tion of the immunotoxin 192TrkA-saporin, which induces degeneration of cho-
linergic basal forebrain neurons, resulted in 33%-60% decreases in NPY-like
immunoreactivity in the frontoparietal and occipital cortices as compared to
age matched control rats (Zhang et al. 1998). Thus, the loss of NPY-like immu-
noreactivity seen in AD may be a consequence of the well established choliner-
gic deficits. However, the direct impact of NPY losses on cognitive behaviors in
AD remains to be established and further studies are warranted in this regard.

More recently, the generation of an NPY-transgenic rat has offered an attrac-
tive model for study of the effects of this peptide on learning and memory pro-
cessing (Thorsell et al. 2000). This model is rather unconventional in several re-
spects, which may render it advantageous. Firstly, the choice of species (rat) al-
lows for a direct comparison with functional effects previously recorded follow-
ing exogenous NPY administration. In addition, the construct used in generat-
ing these animals contains the normal intronic sequence thought to express the
major regulatory elements normally controlling NPY expression (Larhammar
1997; Michalkiewicz and Michalkiewicz 2000). The expression of the transgene
may therefore be regulated in a manner similar to that of endogenous NPY.

NPY transgenic rats were shown to display deficits in both the acquisition
and retention of a spatial memory task, namely the Morris water maze (Thorsell
et al. 2000). Concurrent anatomical mapping studies revealed a restricted, but
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highly significant, hippocampal NPY overexpression which was accompanied by
a profound downregulation of NPY Y, receptors in NPY transgenic subjects
(Thorsell et al. 2000). Attempts to understand the mechanisms behind these be-
havioral deficits lead us to the glutamatergic system, which is a crucial factor in
learning and memory processing (Vizi and Kiss 1998). In vitro studies have
shown that NPY, within the hippocampal formation, acts mainly on Y, sites to
reduce presynaptic Ca’* entry, inhibit glutamatergic transmission, and hence
suppress the formation of LTP (Qian et al. 1997; Colmers et al. 1988; Whittaker
et al. 1999). The studies performed in the Morris maze are in agreement with
this in vitro work, and suggest an enhanced NPY Y,-mediated inhibition of exci-
tatory synaptic activity in the hippocampus.

3.5
Role for NPY and Its Receptor Subtypes in Seizure and Epilepsy

It has been shown that hippocampal NPY expression is increased following vari-
ous treatments that induce seizure, e.g., electroconvulsive shocks (Kragh et al.
1994; Mikkelsen et al. 1994; Wahlestedt et al. 1990), electrical kindling (Rizzi et
al. 1993; Schwarzer et al. 1995) and kainic acid administration (Sperk et al.
1992). This increase is also apparent in the entorhinal cortex of chronically epi-
leptic rats (Vezzani et al. 1996a-c), spontaneously epileptic rats (Sadamatsu
et al. 1995) and lhara’s epileptic rats (Takahashi et al. 1997). The increase in
NPY-like immunoreactivity in the hippocampus could be a compensatory anti-
seizure mechanism. Thus, it has been suggested that NPY may act as an endoge-
nous anticonvulsant (Greber et al. 1994; Sperk et al. 1992, 1996; Sperk 1994;
Vezzani et al. 1999) (see Table 6).

Indeed, administration of NPY attenuated epileptiform-like activity in vari-
ous models of epilepsy (Klapstein and Colmers 1997; Woldbye et al. 1996) and
reduced seizure activity following kainic acid administration to NPY-deficient
mice (Baraban et al. 1997). Furthermore, in vivo microdialysis in the dorsal hip-
pocampus (Husum et al. 1998) and in entorhinal hippocampal (slices Vezzani et
al. 1996a-c) revealed increases in the release of NPY in the kainic acid model of
epilepsy. These changes in NPY release are associated with apparent increases of
['*I]PYY binding sites within the first 6-24 h following the kainic acid injection
(Kofler et al. 1997; Roder et al. 1996). Moreover, under masking binding assay
conditions, ['*I]PYY/[Leu®!,Pro*|NPY-sensitive (Y;-like) sites are reduced
(Gobbi et al. 1996, 1998, 1999; Kofler et al. 1997) while ['*I|PYY/[Leu’!,Pro*]
NPY-insensitive (Y,-like) binding is increased (Gobbi et al. 1998; Roder et al.
1996) (Table 6).

In accordance with these variations in ['*I]PYY binding, in situ hybridiza-
tion studies have shown decreases in Y, receptor mRNA and increases in Y,
receptor mRNA in the granule cell layer of the hippocampus of kindled rats
(Gobbi et al. 1998). Isotherm saturation ['*I]PYY(3-36) binding revealed that
stratum oriens (CA1) By, values were not modified within the first 6 h follow-
ing a kainic acid injection, only the apparent affinity (Ky) was increased
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Table 6 Models of seizure and their effects on hippocampal NPY

(Schwarzer et al. 1998). In the dentate gyrus, no change in either K4 or By, val-
ues of ['*I]PYY(3-36) binding were observed at 6 h, while marked increases in
Bmax (800%) were noted 24-48 h post kainate injection (Schwarzer et al.
1998).Taken together, these data suggest that NPY plays a major role in the mod-
ulation of neuronal activity in the hippocampus, especially during seizures.
Early electrophysiological and pharmacological studies suggested that the an-
ticonvulsant-like activity of NPY may be mediated by an NPY Y;-mediated
mechanism (Colmers et al. 1988, 1991; Bleakman et al. 1992). These studies im-
plicated an NPY Y,-mediated suppression of excitatory transmission and, con-
sequently, an inhibition of preseynaptic glutamate release (Colmers et al. 1988,
1991; Bleakman et al. 1992). More recently, studies with rat hippocampal slices
suggest the involvement of both NPY Y, and Y; receptor subtypes (Bijak 1999).
Interestingly, NPY(3-36), [Leu®',Pro**|NPY and hPP [but not NPY(13-36)]
were shown to inhibit kainic acid induced seizures, suggesting that the anticon-
vulsive activity of NPY is mediated by a Ys-like receptor subtype (Woldbye et al.
1997). A marked decrease in Ys receptor binding was recently observed in ex-
perimental rat models of epilepsy (kainate and/or kindling). Binding experi-
ments were performed using ['*°I][Leu’’,Pro**|PYY in the presence of 1 uM
BIBP 3226 (Bregola et al. 2000). Y5 receptor binding levels remained low (50%
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reduction) in rats killed 7 days after the last stimulus-evoked seizures (Bregola
et al. 2000). These data suggest that a long-lasting decrease in Ys receptor levels
may contribute to the development of epileptic hyperexcitability.

The anticonvulsant properties of BIBP 3226 (Y, receptor antagonist) do sug-
gest that the Y, receptor subtype may also have a permissive role in seizure
modulation (Gariboldi et al. 1998). Studies using the recently developed Y, re-
ceptor antagonist, BIBO 3304 (less toxic than BIBP 3226) are warranted in order
to confirm the possible implication of the Y, receptor in seizure modulation.

Most interestingly, the development of mutant mice lacking NPY (knockout
mice) (Baraban et al. 1997) has confirmed that NPY plays a critical role in the
control of seizure. It was shown that these mice were more susceptible to kainic
acid induced seizures, compared to their wild-type littermates. Seizures in
knockout mice progressed uncontrollably and ultimately resulted in the death
of 93% of NPY-deficient mice (Baraban et al. 1997). The icv infusion of NPY, be-
fore kainic acid administration, prevented death (Baraban et al. 1997). It has
been suggested that kainic acid-induced seizures are a result of excess excitation
of neurons, leading to synchronized epileptiform discharge in the dentate gyrus,
which then leads to excitatory epileptiform discharge throughout the hippocam-
pal formation (Sperk 1994).

Other genetic approaches used to investigate the mechanisms by which NPY
exerts anticonvulsant effects include the recent generation of mice lacking the
NPY Y; receptor (Marsh et al. 1998). These studies showed that NPY Y5 knock-
out did not exhibit spontaneous seizure-like activity; however these animals
were more sensitive to kainic acid-induced seizures (Marsh et al. 1999). Electro-
physiological analysis of hippocampal slice preparations from mutant mice re-
vealed normal function, although the anti-epileptic effects of exogenously ap-
plied NPY were absent. Collectively, these results point to a role for the NPY Y
receptor in the mediation of the anti-epileptic-like activity of NPY. However, this
receptor subtype does not seem important for normal hippocampal function or
the control of normal excitatory signaling (Marsh et al. 1999).

More recently it has been suggested that the role played by NPY may vary de-
pending to the type of seizure induced, and the NPY receptor subtype activated
(Reibel et al. 2001). These authors showed that agonists of NPY Y,, Y, and Y;
receptors reduced seizure-like activity in hippocampal cultures. In addition, icv
administration of NPY or NPY Ys-like agonists reduced the expression of focal
seizures produced by a single electrical stimulation of the hippocampus (Reibel
et al. 2001). Conversely, NPY receptor agonists were found to increase the dura-
tion of generalized, hippocampal-independent, seizures induced by pentylente-
trazol (Reibel et al. 2001). Taken together, these studies suggest a role not only
for NPY Y5 receptors in seizure modulation, but also that other NPY receptor
subtypes in brain structures besides the hippocampus that may be involved in
initiation, propagation and seizure-control. For example, a recent report re-
vealed that exogenously applied NPY to rat layer V pyramidal neurons has a
long-lasting increase in Ca**-dependent inhibitory synaptic transmission as well
as prolonged decreases in the amplitude of evoked monosynaptic inhibitory
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postsynaptic currents in interneurons (Bacci et al.2002); suggesting powerful
anticonvulsant effects of NPY in the neocortex through decreases in excitability
in cortical circuits.

Thus, it is suggested that NPY acts as an endogenous anticonvulsant on the
basis of the cumulative evidence discussed above. However, the precise receptor
subtype(s) involved remains to be fully established. Accordingly, the eventual
clinical use of NPYergic molecules in seizure control is still awaited.

4
Conclusion and Future Directions

It is rather evident that NPY may play a role in the pathophysiology of depres-
sion, and thus may represent a potential novel target for the treatment of this
illness, probably via the development of selective nonpeptide NPY Y, receptor
agonists.

Preclinical studies have demonstrated multi-level changes in NPY immunore-
activity, NPY receptor mRNA expression and NPY receptor subtype functioning
both in animal models considered relevant for the study of depression (whether
they be pharmacological, behavioral or genetic), as well as following treatment
with pharmacologically distinct antidepressant drugs. The results, to date, sug-
gest that the NPY Y, receptor subtype seems to be mostly involved, while the Y,
receptor subtype may play a more minor role. Little is known about the role of
the other NPY receptor subtypes in animal models of depression. However, as
selective nonpeptide ligands for these subtypes, together with transgenic ani-
mals are becoming more accessible, further investigation into the possible roles
of these subtypes is warranted.

In addition to the preclinical data, there is a plethora of clinical evidence sug-
gesting a role for NPY in depression. However, differences in experimental de-
sign, wrongful patient diagnosis, small sample size, difficulties with sample
availability and comorbidity of depression with other psychiatric disorders
could overshadow the global conclusions drawn when the clinical data are re-
viewed.

Amongst the many neuropeptides implicated in anxiety, NPY (along with
corticotrophin releasing factor) is most prominent as a peptide for which there
is most extensive and consistent evidence emerging from different models of
anxiety. As revealed by studies using the first subtype-selective nonpeptide an-
tagonists of NPY, endogenous levels of this peptide play a role in reducing anxi-
ety and could thus serve as a physiological stabilizer of neural activity in circuits
involved in arousal and anxiety.

NPY appears to have a universal role in this regard in several brain regions,
but the mediation of NPY anxiety-related effects do not seem to be restricted to
a single NPY receptor subtype. Further characterization of NPY receptors and
neural pathways mediating the effects of NPY on anxiety are still needed, as
drugs related to NPY receptor subtypes remain an attractive target for the treat-
ment of anxiety-related disorders.
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In addition to the role played by NPY in mood-related disorders, it is also
clear that hippocampal NPY plays a major role in the modulation of seizure,
with the Yy, Y, and Ys receptor subtypes being implicated. The role of NPY in
seizure has also been underlined by the recent development of NPY and NPY
Ys-deficient mice, where these mice are more susceptible to seizures, and often
die, following kainic acid administration; a phenomenon which is prevented by
prior icv infusion of NPY. Further studies using more selective agonists and an-
tagonists for the different NPY receptor subtypes will serve to further the
knowledge of the role played by this peptide in seizure control. This work could
then pave the way for the development of NPY-related medication for the treat-
ment of epilepsy.

It is unfortunately evident that the investigation into the role played by NPY
in learning and memory has been somewhat neglected since studies performed
in the late 1980s. This early work demonstrated that NPY improved memory re-
tention (possibly acting via Y, receptors) when administered following several
amnesic molecules such as scopolamine and protein synthesis inhibitors. How-
ever, it was also shown that NPY may be beneficial or detrimental to cognitive
processing depending on the injection site. Changes in NPY have also been doc-
umented in the brains of patients suffering from Alzheimer’s disease. Now that
more specific molecules and transgenic animals are available, the question of
how NPY may modulate learning and memory needs further attention.

Recent advances in medicinal chemistry technology are beginning to yield
more and more selective agonists and antagonists for each NPY receptor sub-
type. In addition, genetic manipulation has brought about the generation of
NPY, Y, Y, and Y5 receptor ‘knockout’ mice, together with NPY transgenic mice
and rats. Exploitation of these new tools and models will hopefully result in
therapeutic agents suitable for the treatment of the multitude of conditions in
which NPY is thought to play a role.
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Abstract Neuropeptide Y (NPY) has been shown to be colocalized and core-
leased with noradrenaline (NA) and adenosine-5'-triphosphate (ATP) in most
sympathetic nerves in the peripheral nervous system, especially those innervat-
ing blood vessels. There is also convincing evidence that NPY exerts prejunc-
tional modulatory effects on transmitter release and synthesis. Moreover, there
are numerous examples of postjunctional interactions that are consistent with a
cotransmitter role for NPY at various sympathetic neuroeffector junctions. This
chapter will provide convincing evidence that NPY does function physiologically
as the third sympathetic cotransmitter together with NA and ATP. The functions
of NPY include: (a) direct postjunctional contractile effects; (b) potentiation of
the contractile effects of the other sympathetic cotransmitters, NA and ATP; and
(¢) inhibitory modulation of the nerve stimulation-induced release of all three
sympathetic cotransmitters. Studies with selective NPY-Y, antagonists provide
evidence that the principal postjunctional receptor is of the Y, subtype although
information is incomplete and other receptors are also present at some sites and
may exert physiological actions. Studies with selective NPY-Y, antagonist sug-
gest that the principle prejunctional receptor is of the Y, subtype both in the
periphery and central nervous system (CNS). Again, there is evidence for a role
for other NPY receptors and clarification awaits the further development of se-
lective antagonists. NPY can also act prejunctionally to inhibit the release of
acetylcholine, calcitonin gene related peptide (CGRP) and substance P. In the
CNS, NPY exists as a cotransmitter with catecholamines in some neurons and
with peptides and mediators in other neurons. A prominent action of NPY is
the presynaptic inhibition of the release of various neurotransmitters including
NA, dopamine (DA), gamma-aminobutyric acid, glutamate, serotonin as well as
inhibition or stimulation of various neurohormones such as luteinizing hor-
mone (LH), luteinizing hormone releasing hormone, vasopressin, oxytocin as
well as others. Evidence also exists for stimulation of NA and DA release. NPY
also acts on autoreceptors to inhibit the release of itself. There is evidence that
NPY may use several mechanisms to produce its prejunctional/presynaptic ef-
fects including: inhibition of calcium channels, activation of potassium channels
and perhaps regulation of the vesicle release complex at some point post calci-
um entry. NPY may also play a role in several pathophysiological conditions.
The therapeutic manipulation of NPY release and the development of further se-
lective agonists and antagonist should to be an important goal of future research
in order to further understand the physiological and pathophysiological role of
NPY.

Keywords Neuropeptide Y - Cotransmission - Noradrenaline -
Adenosine-5'-triphosphate - Sympathetic neurotransmission - Catecholamine

1
Introduction

Although proposed as early as 1904 by Elliot, the first experimental evidence for
chemical neurotransmission is credited to Otto Loewi who in 1921 demonstra-
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ted that stimulation of the vagus nerve innervating a perfused frog heart re-
leased an inhibitory substance he called ‘vagus-stoff’ and stimulation of the
sympathetic nerve released an excitatory substance called ‘accelerens-stoff’. We
now know these substances as acetylcholine and adrenaline (epinephrine). The
mediator released from mammalian sympathetic neurons was subsequently
identified as noradrenaline (NA) (Euler 1946). For years it was widely assumed
that a neuron had only one neurotransmitter and this was due to an incorrect
interpretation of the work of Sir Henry Dale and called ‘Dales Principle’ (Eccles
1986). Today we know this is not the case and it is known that in the central
nervous system (CNS), peripheral nervous system and enteric nervous system,
most neurons contain multiple mediators (Koelle 1955; Changeux 1986; Morris
and Gibbins 1992; Sneddon 1995) that can act as cotransmitters/comodulators.
The major focus of the present chapter is to discuss the evidence that NPY acts
as a cotransmitter in peripheral sympathetic neurons and plays an important
role as a prejunctional modulator via its action on autoreceptors and heterore-
ceptors in both the central and peripheral nervous system.

2
Role of Neuropeptide Y as a Sympathetic Cotransmitter

Adenosine triphosphate has long been suspected of being a cotransmitter
with NA in sympathetic nerves (Holton and Holton 1954; Burnstock et al. 1970;
Sneddon and Westfall 1984; Westfall et al. 1991). For instance not only is ATP
present with NA in both small and large dense core vesicles in sympathetic neu-
rons (Stjarne 1964; Lagercrantz 1971; Euler 1972; Smith 1979; Fried 1981; Klein
1982; Lagercrantz and Fried 1982) there is biochemical, electrophysiological and
pharmacological evidence that nerve impulses release ATP along with NA
(Stjirne 1989). In addition there is evidence that ATP contributes to the
postjunctional responses together with NA following sympathetic nerve stimu-
lation. Currently it seems well accepted that ATP plays a role in sympathetic
neuroeffector mechanisms as a cotransmitter with NA at selective neuroeftector
junctions (see extensive reviews by Stjarne 1989; Westfall et al. 1991; Silinsky et
al. 1998; Burnstock 1999; Westfall et al. 2003). More recently there is evidence
that neuropeptide Y (NPY) may also act as a sympathetic cotransmitter at some
sympathetic neuroeffector junctions. The cardinal features for the acceptance of
a chemical substance as a neurotransmitter or cotransmitter is that the sub-
stance is costored, coreleased and acts postjunctionally as well as prejunctional-
ly in a coordinated fashion with the other cotransmitters.

2.1
Colocalization of NPY in Sympathetic Nerves

Neuropeptide Y has been shown to be present in a variety of organs and tissues
in the periphery of numerous species (for complete references see reviews by
Potter 1991; Sundler et al. 1993). For instance, NPY levels have been identified
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in the heart and stellate ganglia of cat, rat, mouse, guinea pig, cattle, pig, dog
and man. The peptide has also been reported to be present in the respiratory
system and in perivascular nerves of the lung, pancreas, uterus, bladder, nasal
mucosa, submandibular gland, gastrointestinal tract, thyroid gland, muscle,
skin, eye and vas deferens.

Immunohistochemical techniques reveal that NPY is mainly localized with
NA in sympathetic ganglia and sympathetic nerve fibers of most of these organs
and tissues (Potter 1991). In particular the colocalization of NPY and NA is very
striking in postganglionic sympathetic nerves in blood vessels. NPY has also
been found in the adrenal medulla although there is marked species variation in
the amount found. In the adrenal medulla NPY has been found in both adrena-
line containing chromaffin cells (Allen al. 1983a; Fisher-Colbrie et al. 1986;
Kuramoto et al. 1986) as well as noradrenaline containing chromaffin cells
(Varndell et al.1984; Majane et al. 1985).

In sympathetic neurons, where colocalization of NPY and NA has been dem-
onstrated, unlike ATP, NPY appears to be present only in large dense core vesi-
cles together with NA and ATP (De Deyn et al. 1989) while most of the NA has
been shown to be stored separately in small dense core vesicles with ATP (Fried
et al. 1985a,b; DeQuid et al. 1985; Lundberg et al. 1989b). Additional evidence
for the location of NPY in sympathetic nerves are the observations that surgical
sympathectomy and chemical destruction of sympathetic nerves with 6-hydrox-
ydopamine results in a loss of perivascular NPY immunoreactive nerve fibers
(Lundberg et al. 1982; Furness et al. 1983; Edvinsson et al. 1983; Ekblad et al.
1984).

2.2
Nerve Stimulation-Induced Release of NPY from Sympathetic Neurons

Numerous investigators have demonstrated that stimulation of sympathetic
nerves results in the corelease of both NA and NPY-ir, in vitro, in situ and in
vivo in a variety of species (see reviews by Lundberg 1996; Pernow 1988; Lacroix
1989; Dahlof 1989; Malmstrom 1997). In addition we and others have demon-
strated (Kasakov et al. 1988) the simultaneous release of NA, NPY and ATP
(Fig. 1). Corelease of NA and NPY has been observed in the isolated guinea pig
heart (Haass et al. 1989a,b) the perfused pig spleen (Lundberg et al. 1986,
1989a-c) cat spleen (Lundberg et al. 1984a), pig heart (Rudehill et al. 1986), dog
gracilis muscle (Pernow 1988), dog spleen (Schoups et al. 1988) and rat mesen-
teric artery (Westfall et al. 2002). In addition corelease of NA and NPY has also
been observed in vivo in conscious calves (Allen et al. 1984) and in the pithed
guinea pig (Didhlof et al. 1986) and the pithed rat (Zukowaska-Grojec et al.
1992). The release of both NA and NPY-ir depends on influx of extracellular
Ca?* through omega-conotoxin sensitive N-type channels (Franco-Cercede et al.
1989; Haass et al. 1989a,b) and the release of both mediators is inhibited by the
neuronal blocking agent, guanethidine (Lundberg et al. 1984a). Physiological ac-
tivation of the sympathetic nervous system has been shown to enhance NPY-ir
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Fig. 1 Periarterial nerve stimulation induced overflow of NA, ATP and NPY-ir from the perfused mesen-
teric arterial bed. Periarterial nerves were stimulated for 90 s at a frequency of 16 Hz, supramaximal
voltage. Superfusate effluents were continuously collected and analyzed for NA by high-pressure liquid
chromatography coupled to electrochemical detection (HPLC-EC) (Chen and Westfall 1994), ATP by
HPLC-flurometric detection (Levitt et al. 1984; Todorov et al. 1996) and NPY-ir by radioimmunoassay
(DiMaggio et al. 1994; Chen and Westfall 1994)

in parallel with catecholamines both in animals exposed to stress (Zukowaska-
Grojec et al. 1988; Zokowaska and Vaz 1988; Dahlof et al. 1986; Han et al. 1998b)
and by reflex-mediated sympathetic activation, as for example, by hemorrhagic
hypotension or endotoxin shock. There is release of NPY-ir in man during grad-
ed and prolonged physical exercise. In both humans and animals, it is thought
that the plasma NPY-ir is mainly derived from sympathetic nerves rather than
the adrenal medulla since NPY-ir levels correlate better with NA levels than ad-
renaline levels (Lundberg et al. 1985a; Pernow et al. 1986a). In both animal and
human studies, NPY release appears to require high frequency nerve stimula-
tion or high frequency bursts compared to stimulation with a continuous low
frequency given the same number of pulses.

23
Physiological and Pharmacological Evidence for a Cotransmitter Role
for NPY at the Sympathetic Neuroeffector Junction

In addition to the observation that NPY is colocalized and coreleased with NA
and ATP from sympathetic nerves and that it exerts prejunctional modulatory
effects on transmitter release (discussed below), there are numerous examples
of postjunctional interactions that are consistent with a cotransmitter role for
NPY at various sympathetic neuroeffector junction.
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Table 1 Preparations in which a nonadrenergic contractile response remains after reserpine or o-adre-
noceptor blockade

The presence of a nonadrenergic component of the contractile or vasocon-
strictor response following sympathetic nerve stimulation has been observed in
numerous vascular and non-vascular neuroeffector junctions of various species
(Table 1). These include: human saphenous vein; pig spleen, nasal mucosa and
kidney; dog gracilis muscle and hindlimb; cat spleen, nasal mucosa, hindlimb
and submandibular salivary gland; guinea pig vas deferens, vena cava and infe-
rior mesenteric vein; rat vas deferens, mesenteric artery, tail artery and anococ-
cygens muscle; and mouse vas deferens among others. In these preparations it
was repeatedly observed that the vasoconstrictor or contractile responses to
sympathetic nerve stimulation could not be totally blocked by a-adrenoceptor
antagonists implying that a nonadrenergic mediator or mediators contribute to
the response. Two obvious candidates for the nonadrenergic component are
ATP and NPY. At some neuroeffector junctions, such as the guinea pig and rat
vas deferens it is clear that ATP is responsible for the fast contractile response
following sympathetic nerve stimulation while NA is responsible for the more
sustained phase (Westfall and Westfall 2001). This role for ATP has been dis-
cussed and summarized in many recent reviews (Stjirne 1989; Westfall et al.
1991; Burnstock 1999; Westfall et al. 2003).

At other neuroeffector junctions there is considerable evidence for NPY con-
tributing to the nonadrenergic component of the contractile effect following
nerve stimulation. In the majority of cases, NPY appears responsible for the slow
and long lasting contractile or vasoconstrictor effect to sympathetic nerve stim-
ulation in the presence of a-adrenoceptor and some cases B-adrenoceptor an-
tagonists. In many preparations, such as dog gracilis muscle, sympathetic nerve
stimulation-induced vasoconstriction is slow in onset, has a long duration and
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is most pronounced after high frequency stimulation (Pernow 1988). In addition
it is sensitive to reserpine pretreatment. In this and other preparations the rapid
and short lasting purinergic component of the response to nerve stimulation
is not influenced by reserpine treatment (Muramatsu 1987; Warland and
Burnstock 1987), and appears to involve low frequency nerve stimulation
(Burnstock and Warland 1987; Westfall et al. 2003).

Further support for a role for NPY were the observations that there was inhi-
bition of sympathetic nonadrenergic vasoconstriction after tachyphylaxis to
NPY (Ohlen et al. 1990; Morris 1991) or in the presence of antiserum to NPY
(Laher et al. 1994). In addition supersensitivity to NPY evoked vasoconstriction
was produced in the pig nasal mucosal preparation after sympathetic denerva-
tion (Lacroix and Lundberg 1989). In many studies there were also a high level
of correlation between sympathetically induced vasoconstriction and the over-
flow of NPY-ir detected in the local venous effluent (Lundberg et al. 1989c¢).
There have also been many examples of NPY-mediated potentiation of the
postjunctional contractile responses to NA and ATP, which is consistent with a
cotransmitter role (Edvinsson et al. 1984; Westfall et al. 1987, 1990a, 1995).

The most convincing evidence for a cotransmitter role for NPY is a result of
studies utilizing selective and potent NPY antagonists. There are now many ob-
servations demonstrating that the nonadrenergic, nonpurinergic contractile or
vasoconstrictor responses to sympathetic nerve stimulation are attenuated by
NPY-Y, antagonists. For instance this has been demonstrated in the guinea pig
vena cava (Malmstrom and Lundberg 1995b) pig hindlimb, spleen kidney and
nasal mucosa (Malmstrom 1997), rat mesenteric arterial bed (Han et al. 1998a;
Donoso et al. 1997; Cortes et al. 1999), human saphenous vein (Racchi et al.
1999), and rat tail artery (Bradley et al. 2003). In some preparations, like the hu-
man saphenous vein (Racchi et al. 1999) the rat mesenteric arterial bed (Donoso
et al. 1997) and rat tail artery (Bradley et al. 2003), it was necessary to block the
response of all three cotransmitters (NA, ATP and NPY) with a ‘cocktail’ of ap-
propriate antagonists (prazosin or phentolamine, suramin and BIBP 3226) in or-
der to completely attenuate the vasoconstrictor response to sympathetic nerve
stimulation. Figure 2 depicts a summary of experiments (carried out by Donoso
et al. 1997) demonstrating the necessity to block the effect of all three mediators
to totally attenuate sympathetic nerve stimulation-induced contraction. In sum-
mary, the presently available data suggests that NPY acts as a cotransmitter or
comodulator with NA in the control of numerous peripheral vascular junctions
as well as heart, spleen and vas deferens of several species. It appears to be most
important under conditions of high sympathetic nerve activity. The contribu-
tion of NPY versus the other sympathetic cotransmitters NA and ATP varies be-
tween species, vascular bed and even vessels within each vascular bed as well as
the impulse patterns of sympathetic activity. It also appears that all three co-
transmitters have synergistic actions with each other for instance, despite the
fact that NPY may have little direct effect on the contraction of vascular smooth
muscle in some cases, neurogenically released NPY can act as a neuromodulator
markedly potentiating the actions of the other two cotransmitters.
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Fig. 2 Effects of simultaneous perfusion of the rat arterial mesenteric bed with either 3 uM suramin
plus 0.1 nM prazosin, and 500 nM BIBP 3226, 3 uM suramin and 0.1 nM prazosin on the increase in
perfusion pressure caused by electrical stimulation of the periarterial nerves. Representative polygraphic
tracings show the increase in perfusion pressure caused by a 4-min pulse of 30 uM NA, followed by 10-
s trains of 10, 15, 20 and 30 Hz (feft side) or 30-s trains of electrical pulse (right side). The upper control
trace shows a recording obtained in the absence of the antagonists. (Reproduced from Donoso et al.
1994 with permission)

3
Prejunctional Effects of NPY at the Sympathetic Neuroeffector Junction

3.1
Concept of Prejunctional/Presynaptic Modulation of Transmitter Release:
Autoreceptors and Heteroreceptors

It is well established that receptors are located on soma, dendrites and axons of
neurons, where they may respond to neurotransmitters or modulators released
from the same neuron or from adjacent neurons or cells. Soma-dendritic recep-
tors are those receptors located on, or near the cell body and dendrites, and
when activated primarily modify functions of the soma-dendritic region such
as protein synthesis and generation of action potentials. Presynaptic receptors,
by convention, are those receptors presumed to be located on, in or near axon
terminals or varicosities, and when activated modify functions of the terminal
region such as synthesis and release of transmitters. Two main classes of pre-
synaptic receptor have been identified: heteroreceptors are those presynaptic re-
ceptors that respond to neurotransmitters, neurohormones or neuromodulators
released from adjacent neurons or cells or distant tissues, while autoreceptors
are those receptors located on or close to those axon terminals of a neuron
through which the neurons own transmitter can and under appropriate condi-
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Fig. 3 A representation of the cell body and terminal region of a hypothetical neuron. Impuise modu-
lating inhibitory and excitatory heteroreceptors or impulse modulating inhibitory or excitatory autore-
ceptors exist on the soma and dendrites of neurons. Likewise in the terminal region, there may be
inhibitory or excitatory heteroreceptors and autoreceptors that regulate synthesis and/or release of the
transmitter. (Reproduced from Westfall 1995 with permission)

tions may, modify transmitter synthesis or release. Figure 3 depicts a summary
of various auto and heteroreceptors.

The basic evidence for presynaptic autoreceptors has been extensively dis-
cussed in numerous publications (for selected reviews see Boehm and Kubista
2002; Boehm and Huck 1997; Fuder and Muscholl 1995; Lundberg 1996; Chesse-
let 1984; Gillespie 1980; Langer 1981, 1988, 1997; Miller 1998; Starke 1977, 1981,
1987; Starke, Gothert and Kilbunger 1989; Stjirne 1989; Westfall, 1977, 1980,
1990b; Westfall and Martin, 1990; Westfall et al., 1986; von Kugelgen 1996).
Briefly, agonists inhibit or enhance the release of the transmitter, while antago-
nists counteract the effect of the agonists and when given alone produce the op-
posite effects of the agonists. Although still not definitively proven, the locations
of these receptors is thought to be presynaptic because the effects are obtained
in the absence of cell bodies, can be seen in synaptosomal preparations and in
neurons grown in tissue culture and by ligand binding and immunohistochemi-
cal studies where the receptors disappear upon denervation (Westfall 1990b).
Evidence exists for the presence of presynaptic autoreceptors and heterorecep-
tors in all types of neurons in the CNS as well as in the periphery (Westfall
1990b, 1995). It is likely that both types of receptors are a basic feature of all
neurons.

3.2
NPY-Mediated Modulation of Sympathetic Cotransmitter Release

3.2.1
NA Release

The evidence for presynaptic o, adrenoceptor-mediated autoreceptor modu-
lation of NA release has been firmly established for many years (see reviews
Westfall 1977, 1990b; Westfall et al. 1986; Starke 1977, 1987; Starke et al. 1989;
Langer 1981, 1988, 1997). Since the discovery that ATP and NPY are colocalized
and coreleased with NA in sympathetic neurons and behave as cotransmitters,
as discussed above, several investigators have examined the effect of NPY on NA
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Table 2 Examples of neuropeptide Y Induced inhibition of noradrenaline release from sympathetic
neurons

release. The first evidence that NPY can indeed inhibit the evoked release of NA
came from studies in which it was observed that NPY inhibited muscle contrac-
tion induced in various in vitro preparations by transmural nerve stimulation.
For instance this inhibition was observed in the mouse vas deferens (Allen et al.
1982; Lundberg et al. 1982) rat uterus (Stjernquist 1983) and guinea pig urinary
bladder (Lundberg et al. 1984b). Subsequently numerous overflow studies con-
firmed that NPY inhibited the evoked release of H-NA or endogenous NA from
numerous tissue preparations and species (see Table 2 and Fig. 4). In vitro
preparations have included: human submandibular artery, right atrium and re-
nal cortex; dog gracilis muscle; pig spleen; rabbit kidney, oviduct and ear artery;
guinea pig heart and atrium; rat mesenteric artery, basilar artery, femoral artery,
portal vein and vas deferens; mouse vas deferens. Similar types of studies have
been carried out in situ in such preparations as the pithed rat (Dahlsf 1989) ca-
nine gracilis muscle (Pernow et al. 1988a; Kahan et al. 1988) and blood perfused
pig spleen (Lundberg et al. 1989c).

The presence of a; or a, adrenoceptor antagonists did not alter the inhibitory
effect of NPY on NA release (Westfall et al. 1987). The nature of the receptor me-
diating NPY-induced inhibition of NA release has been extensively investigated.
Early studies by Wahlstedt et al. (1986, 1987) examined the effect of NPY and
NPY analogs on the three well known actions of NPY depicted in Fig. 5: (1) di-
rect postjunctional effects of NPY were studied on isolated blood vessels such as
guinea pig iliac vein and cat middle cerebral artery; (2) the postjunctional po-
tentiation effect of NPY on NA evoked vasoconstriction was studied in other
blood vessels such as the rabbit femoral artery or vein or rabbit pulmonary ar-
tery; and (3) the prejunctional inhibitory effect on neurotransmitter release was
studied in the rat vas deferens (Wahlestedt et al. 1986, 1987).
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Fig. 4 The effect of NPY on the periarterial nerve stimulation induced release of NA from the perfused
mesenteric arterial bed of the rat. Data are plotted as fractional release of endogenous NA (measured
by HPLC-EC detection) versus the concentration of NPY. (Reproduced from Westfall et al. 1990a, with
permission)

NPY and intestinal polypeptide (PYY) were active in all three types of assay
while pancreatic polypeptide (PP) displayed much weaker activity. They ob-
served that C-terminal fragments [e.g. NPY(13-36); PYY(13-36)] were essential-
ly inactive in the assays for postjunctional activity, while they retained substan-
tial activity prejunctionally. On the basis of these results Wahlstedt and col-
leagues proposed that NPY receptor subtypes exist (Wahlestedt et al. 1986). The
nomenclature Y, and Y, was introduced and it was proposed that the whole
NPY or PYY molecule was necessary to activate the Y, receptor while the Y, re-
ceptor could be selectively stimulated by the long C-terminal NPY or PYY frag-
ments. This was a very useful and important hypothesis; however we now know
that it was an oversimplification similar to the original a;-a, adrenoceptor des-
ignation of postjunctional and prejunctional a-adrenoceptors (Westfall 1977). It
is now known that Y, receptors are located prejunctionally as well as postjunc-
tionally and Y, receptors are located postjunctionally as well as prejunctionally
(McAuley and Westfall 1995; Malmstrém 2001; Lundberg and Modin 1995;
Malmstrom et al. 1998, 2000; Malmstrém and Lundberg 1996a,b). Moreover, we
now know there are at least five distinct NPY receptors that have been estab-
lished by molecular approaches and have been cloned. As discussed in the chap-
ter by Holliday et al. in this volume, these include Y, (Gerald et al. 1996; Krause
et al.,, 1992; Larhammar et al. 1992; Pittito et al. 1994), Y, (Gehlert et al. 1996;
Rose et al. 1995) Y4 (Gerald et al. 1996; Lundell et al. 1995), Y5 (Gerald et al.
1996) and Y, (Gregor et al. 1996; Weinberg et al. 1996). Another putative recep-
tor subtype the Y; receptor has not been cloned but has been suggested based
on functional and biochemical studies (McCullough and Westfall 1995, 1996;
Norenberg et al. 1995).
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Fig. 5 A schema depicting the prejunctional and postjunctional effects of the three sympathetic co-
transmitters NA, ATP and NPY following their release from a sympathetic nerve. In the case of NPY, it
can exert direct postjunctional contractile effects or potentiate the contractile effect of NA, ATP or other
vasoactive agents. Prejunctionally, NPY can inhibit the evoked release of NA, ATP or NPY itself

It is of interest that recently the location of Y; and Y, receptors in the periph-
ery has been confirmed by using antibodies directed at the Y; and Y, receptor.
It was observed that immunostaining for the Y, receptor was mainly seen in the
smooth muscle layer of blood vessel and immunostaining for the Y, receptor
was seen mostly in nerve cell bodies (Uddman et al. 2002).

Despite the existence of several NPY receptors there is a great deal of evi-
dence that, at the sympathetic vascular neuroeffector junction, the Y; receptor
is most important in mediating the direct contractile responses as well as the
potentiation of contraction to NA as discussed above. On the other hand, the Y,
receptor is thought to be the most prominent receptor mediating inhibition of
NA release as well as the release of other transmitters such as acetylcholine from
parasympathetic nerves (Potter 1991) and CGRP from sensory nerves (Kawasak
et al. 1991). Data supporting this idea include the numerous studies demonstrat-
ing that agonists with some selectivity for Y, receptors, e.g. PYY(13-36);
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Fig. 6 The effect of NPY(13-36) alone or in the presence of BIIE 0246 on the periarterial nerve stimula-
tion induced overflow of endogenous NA from the perfused mesenteric arterial bed of the rat.
BIIE 0246 antagonized the inhibitory effect of NPY 13-36 at all three frequencies 4, 8 and 16 Hz

NPY(13-36), NPY(3-36), PYY(3-36), N-acetyl [Leu?Leu* |[NPY(24-36), inhibit
nerve stimulation-induced release of NA, ATP and NPY from a variety of prepa-
rations while nonselective agonists are less effective.

Recently, even more convincing evidence for the nature of the prejunctional
Y, receptor was obtained following the use of the selective and potent Y, antag-
onist BIIE 0246. BIIE 0246 is the first potent and selective Y, antagonist devel-
oped (Dumont et al. 2000; Doods et al. 1999). The antagonistic and selectivity of
BIIE 0246 for the Y, receptor has been demonstrated in several in vitro bioas-
says, and binding affinity studies. It possesses high affinity for the NPY Y, re-
ceptor and is devoid of affinity for the Yy, Y4 or Ys receptors or 60 other recep-
tor types and enzymes in various binding assays (Dumont et al. 2000; Doods et
al. 1999). In in vitro bioassays, no agonistic or antagonistic activities for
BIIE 0246 were observed in isolated tissues in which NPY-induced effects are
mediated by the activation of Y, or Y, subtypes. In contrast, it was observed to
be a potent antagonist in the rat vas deferens and dog saphenous vein, two pro-
totypical Y, assay systems (Pheng et al. 1997; Wahlstedt 1987).

Not only has BIIE 0246 been shown to attenuate the NPY-induced inhibition
of contractions of the rat vas deferens and dog saphenous vein (Doods et al.
1999; Dumont et al. 2000), it has also been shown to attenuate the PYY-induced
inhibition of the nerve stimulation evoked release of NA and NPY-ir from the
pig kidney (Malmstrom 2002). Studies carried out in the author’s laboratory
demonstrate that BIIE 0246 antagonized the effect of NPY(13-36) to inhibit the
transmural stimulation-induced release of NA from the perfused mesenteric ar-
terial bed (Fig. 6) and caused a frequency-dependent enhancement of the nerve
stimulation-induced increase in NA overflow in this preparation. This latter ob-
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Fig. 7 The effect of BIIE 0246 (100 uM) on the periarterial nerve stimulation induced overflow of NA
from the perfused mesenteric arterial bed of the rat. BIIE 0246 produced a significant increase in NA
overflow over what was seen with nerve stimulation alone (at all three frequencies of nerve stimula-
tion). The BIIE 0246 increase in NA overflow becomes greater as the frequency of nerve stimulation
increases

servation is consistent with a physiological regulation by NPY sympathetic neu-
rotransmission in this preparation (Fig. 7).

It was also shown that BIIE 0246 antagonized functional responses attributed
to Y, receptors at cholinergic and purinergic peripheral autonomic neuroeffec-
tor junctions by the Y, selective agonist N-acetyl (leu?®Leu’')NPY(24-36)
(Smith-White et al. 2001). Finally, BIIE 0246 attenuated the NPY-induced inhibi-
tion of the evoked release of NA in hippocampal and hypothalamic slices in the
brain (King et al. 2000; Weiser et al. 2000).

3.2.2
ATP Release

It appears that activation of NPY receptors not only inhibits the release of NA
but also the cotransmitter ATP. For instance in the mouse vas deferens NPY has
been shown to inhibit the nerve stimulation evoked release of NA as well as the
rapid stimulus evoked excitatory junction potentials (EJP) in smooth muscle
cells that are caused by ATP (Stjirne et al. 1986, 1989). In addition in at least
one overflow study it has been reported that NPY inhibits the evoked release
of ATP and NA to a similar degree in the guinea pig vas deferens (Ellis and
Burnstock 1990). There are also studies demonstrating that activation of a,-ad-
renoceptor autoreceptors decreases the evoked release of ATP (Bohmann et al.
1995; Hammond et al. 1988; Sperlagh and Vizi 1992; Driessen et al. 1993; for a
review see von Kiigelgen 1996).
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3.2.3
NPY Release

Activation of prejunctional NPY autoreceptors can also inhibit the evoked re-
lease of NPY itself in addition to NA and ATP. It was demonstrated by Pernow
and Lundberg (1989a) that the evoked release both of NPY and NA from the pig
kidney was attenuated by PYY. A similar NPY autoreceptor-mediated inhibition
of NPY release was seen in nerve growth factor (NGF)-differentiated PC12 cells
(Chen et al. 1997). In this preparation PYY(13-36), a selective NPY Y, agonist,
produced a concentration-dependent attenuation of the K*-evoked release of
NPY-ir as well as catecholamines. Further evidence for the autoreceptor being
that of the Y, subtype was the observation that the selective Y, receptor antago-
nist BIIE 0246 attenuated the PYY-induced inhibition of the nerve stimulation-
induced release of NPY in the pig kidney (Malmstrom et al. 2002).

3.24
Mechanism(s) for Presynaptic/Prejunctional Modulation
of Transmitter Release by NPY

The mechanism(s) of action for the presynaptic inhibitory modulation of trans-
mitter release by NPY has been the subject of intense investigation but remains
incompletely understood. This aspect of NPY as well as the action of other pre-
synaptic receptors, has been recently reviewed (Langer 1997; Miller 1998;
Boehm and Kubista 2002). There is evidence that NPY may use several mecha-
nisms to produce its presynaptic modulatory effects including: inhibition of
Ca’* channels, activation of K* channels and regulation of the vesicle release
complex.

Inhibition of Ca** currents by NPY would directly suppress Ca®* influx into
nerve terminals and inhibit transmitter release. There is considerable evidence
for the idea that NPY-Y,-induced inhibition of transmitter release is pertussis
toxin sensitive, and acts by inhibiting of N-type voltage gated Ca?* channels.
NPY has been shown to attenuate the stimulation-induced increase in [Ca’*]; in
the NGF-differentiated PC12 cell (Chen et al. 1994), the KCl-induced rise in cy-
tosolic Ca?* in cultured rat superior cervical ganglion cells (Oellerich et al. 1994;
Plummer et al. 1991; Foucart et al. 1993) and the K*-induced increase in depo-
larization calcium transients in cultured sympathetic neurons (Hirning et al.
1990). The Y, receptor-mediated inhibition of N-type voltage gated channels
has been further demonstrated in dorsal root ganglion (Bleakman et al. 1991),
neuroblastoma cells (McDonald et al. 1995; Lynch et al. 1994) nodose ganglion
(Bleakman et al. 1991), superior cervical ganglia cocultured with atrial myocytes
(Toth et al. 1993) and NGF-differentiated PC12 cells (McCullough et al
1998a,b). In addition to inhibiting N-type voltage channels, NPY was observed
to inhibit P/Q channels as well as N channels in the hippocampus (Qian et al.
1997) and to inhibit both L and N channels in NGF-differentiated PC12 cells
(McCullough and Westfall 1996; McCullough et al. 1998a,b).



152 T. C. Westfall

It is clear, therefore, that activation of NPY-Y, receptors can inhibit the stim-
ulation-induced release of transmitter via inhibition of N-type voltage gated
channels. However, this may not be the only mechanism. There is also evidence
that NPY inhibits transmitter release by activation of K™ channels that would in-
crease the conductance of the terminal making incoming action potentials less
effective in activating Ca’* channels. Evidence for NPY-induced activation of
K*-channels has been observed in desheathed mouse vas deferens, where excita-
tory junctional currents (EJC) were used to monitor ATP release from sympa-
thetic nerves (Stjirne et al. 1989). In this preparation it was shown that tetraeth-
ylammonium and 4-aminopyridine increased EJCs and blocked the ability of
NPY to decrease EJCs, suggesting that inhibition of ATP by NPY was due to ac-
tivation of K™ channels. In amphibian sympathetic ganglia, NPY activates an in-
wardly rectifying K*-channel in C-cells (Zidichouski et al. 1990). The ability of
NPY to decrease sensory neurotransmitter release in the guinea pig was sensi-
tive to charybdotoxin, an agent that blocks Ca**-activated K* channels (Stretton
et al. 1992).

In neurons acutely isolated from the rat arcuate nucleus, NPY was observed
to regulate both Ca?* and K* currents and produced a change in the pattern of
electrical signaling in these cells (Sun and Miller 1999).

Although most of the available evidence points to the NPY-Y, receptor as the
most important and prominent receptor modulating transmitter release, there
is evidence for a role for additional NPY receptors. Sun and Miller (1999) ob-
served that in the rat hypothalamic slice preparation, NPY analogs targeting dif-
ferent types of NPY receptors could inhibit both excitatory (glutamate) and in-
hibitory (GABA)-mediated synaptic transmission. In fact it was suggested that
all of the major types of NPY receptors could inhibit the evoked release of gluta-
mate. Bitran et al. (1999) provided evidence that the inhibitory effect of NPY to
inhibit the evoked release of NA in rat hypothalamic slices may be mediated by
the Y, and Ys receptor as well as the Y,. Studies carried out in the NGF-differen-
tiated PC12 cell also suggest that there exists a complex role for NPY in the
modulation of sympathetic neurotransmission. It was observed that NPY and PP
act through at least four receptor subtypes to modulate N and L-type channels
(McCullough et al. 1998b). It has also been observed that NPY analogs with dif-
ferent affinity for NPY receptors inhibits NA synthesis in the rat mesenteric ar-
terial bed (Westfall et al. 2003; see below). In addition to inhibition of Ca®* cur-
rents and activation of K* currents there is some suggestion that NPY may also
modulate sympathetic cotransmitter release at some point post calcium entry.

The molecular mechanisms involved in release and regulation of release of
neurotransmitter has been the subject of intense study and there are several ex-
cellent reviews that have addressed the subject (Boehm and Kubista 2002; Miller
1998). Briefly, it is known that the majority of transmitters are stored in vesicles
that are localized at special release sites, close to the presynaptic membrane,
and ready for release to occur upon the appropriate stimulus. The vesicles ini-
tially dock and then are primed. It appears that there is the formation of a mul-
tiprotein complex that attaches and fastens the vesicle to the plasma membrane
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close to other signaling elements. The complex involves proteins from both the
vesicular membrane and the presynaptic neuronal membrane, as well as other
components that help link the two together. It is established that these various
synaptic proteins, including the plasma membrane proteins syntaxin, and
synaptosomal protein 25 kDa (SNAP-25), and the vesicle membrane protein, or
synaptobrevin, form a complex. This complex interacts in an ATP-dependent
manner with the soluble proteins N-ethylmaleimide sensitive fusion protein
(NSF) and soluble NSF attachment proteins (SNAPs). The ability of synapto-
brevin, syntaxin 1 and SNAP-25 to bind SNAPs has led to their designation as
SNAP receptors (SNARES). It has been hypothesized that most if not all intracel-
lular fusion events are mediated by SNARE-interactions (Boehm and Kubista
2002; Miller 1998). Important evidence supporting the involvement of SNARE
proteins (SNAP-25, syntaxin, synaptobrevin) in transmitter release comes from
the fact that botulinum neurotoxins and tetanus toxin, which potently block
neurotransmitter release, proteolyse these three proteins. This raises the ques-
tion as to whether these proteins are associated with mechanisms of prejunc-
tional receptor-induced modulation of transmitter release. Evidence exists that
there is an interaction between the muscarinic cholinergic autoreceptor and the
SNARE complex that is modulated by depolarization levels (Linial et al. 1997). It
has also recently been observed that botulinum neurotoxin A can selectively in-
hibit the release of acetylcholine or NA without, or only minimally, affecting the
release of the cotransmitter peptides vasoactive intestinal polypeptide or NPY
from parasympathetic or sympathetic neurons, respectively (Morris et al. 2001;
2002). An important area of future research will be studies of the interactions
between presynaptic NPY receptors and SNARE proteins as a mechanism for
mediating inhibition of transmitter release.

3.25
NPY-Induced Modulation of Catecholamine Synthesis

In addition to producing an inhibition of the evoked release of NA, ATP and
NPY from a variety of sympathetic neurons, there is evidence that NPY can
also alter the synthesis of catecholamines (McCullough and Westfall 1995, 1996;
McCullough et al. 1998a,b). Utilizing the NGF-differentiated PC12 cell, it was ob-
served that NPY-inhibited depolarization stimulated catecholamine synthesis as
determined by in situ measurement of dihydroxyphenylalanine (DOPA) produc-
tion in the presence of the decarboxylase inhibitor m-hydroxybenzylhydrazine
(NSD-1015). Following differentiation with NGF, the PC12 cell resembles sympa-
thetic neurons and has been a useful model to study cellular aspects of NPY
function concomitant with catecholamine and NPY neurotransmission (Chen et
al. 1997). The inhibition by NPY was concentration dependent and was prevent-
ed by pretreatment with pertussis toxin in a similar way as for the inhibition of
K*-induced release of catecholamine from these cells. This suggests the involve-
ment of a GTP-binding protein of the G; or G, subtype. The NPY analog [Leu’!
Pro*]NPY also caused inhibition of DOPA production but was less potent than
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NPY itself, while PYY and NPY(13-36) had no significant effect. This pattern is
most consistent with the involvement of the NPY-Y; receptor subtype.

Other studies utilize multiple selective Ca-channel and protein kinase ago-
nists and antagonists to elucidate the mechanisms by which NPY modulates cat-
echolamine synthesis (McCullough and Westfall 1996). The L-type Ca** channel
blocker, nifedipine, inhibited the depolarization-induced stimulation of DOPA
production by approximately 90% and attenuated the inhibitory effect of NPY. In
contrast, the N-type Ca®* channel blocker, @-conotoxin GVIA, did not inhibit ei-
ther the stimulation of DOPA production or the effect of NPY. Antagonism of
Ca’** calmodulin-dependent protein kinase (CaM kinase) greatly inhibited the
stimulation of DOPA production by depolarization and prevented the inhibitory
effect of NPY, whereas alterations in the cyclic adenosine monophosphate-depen-
dent protein kinase pathway modulated DOPA production but did not prevent
the inhibitory effect of NPY. Stimulation of Ca** phospholipid-dependent protein
kinase (PKC) with phorbol-12-myristate 13-acetate (PMA) did not affect the bas-
al rate of DOPA production in NGF-differentiated PC12 cells but did produce a
concentration-dependent inhibition of depolarization-stimulated DOPA produc-
tion. In addition, NPY did not produce further inhibition of DOPA production in
the presence of PMA, and the inhibition by both PMA and NPY was attenuated
by the specific PKC inhibitor chelerythrine. These results indicate that NPY in-
hibits Ca?* influx through L-type voltage-gated channels, possibly through a
PKC-mediated pathway, resulting in attenuation of the activation of CaM kinase
and inhibition of depolarization-stimulated catecholamine synthesis.

Using whole-cell patch-clamp recording, the effect of NPY on Ba?* currents in
the NGF-differentiated PC12 cells was examined in order to demonstrate that ac-
tivation of the different receptor subtypes results in differential Ca®* channel
modulation. NPY was found to inhibit the voltage-activated Ba®* current in a re-
versible fashion with an ED50 of 13 nM. Experiments using selective NPY analogs
revealed that most of this inhibition was mediated by the Y, and Y3 receptor sub-
types. It was observed that the Y, effect was confined to inhibition of N-type
Ca?* channels. NPY also inhibited L-type Ca®* channels in these cells, as demon-
strated both by occlusion of the effects of nifedipine and by reduction of BAY K
8644-enhanced tail currents. The inhibition of L-channels was prevented by the
PKC inhibitors chelerythrine and PKC(19-36) and was mimicked by the PKC ac-
tivator PMA. The results of these studies indicate that in NGF-differentiated
PC12 cells, NPY acts via Y, receptors to inhibit N-type Ca’** channels concomi-
tant with catecholamine and NPY-ir release and via Y5 receptor and a PKC-de-
pendent pathway to inhibit L-type Ca** channels and catecholamine synthesis.

In more recent studies multiple NPY, PYY and PP analogs were used to
further define the receptor subtype involved in this Ca?* channel modulation
(McCullough et al. 1998b). It was observed that NPY and PP modulate Ca**
channels through Y, Y,, Y; and Y, receptors. In addition it was observed that
these receptors are differentially coupled to N, L and Non-N, Non-L Ca?* chan-
nel subtypes. Therefore it would appear that there is an intriguing and complex
role for NPY and PP in the modulation of sympathetic neurotransmission.
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Fig. 8 The inhibitory effect of NPY(10”" M) on the periarterial nerve stimulation induced increase in NA
synthesis in the absence or presence of the Y antagonist BIBO 3304, the Y, antagonist BIIE 0246, the Y5
antagonist CGPT 1683A or a combination of all three. NA synthesis was determined by measuring the
increase in DOPA formation in the presence of the aromatic L-amino acid decarboxylase inhibitor
NSD 1015 (see McCullough and Westfall 1995). All three of the antagonists attenuated the inhibitory
effect of NPY but it required a combination of all three to completely block the effect of NPY

A similar inhibition of catecholamine synthesis by NPY and related analogs
has also been observed in the perfused mesenteric arterial bed (TC Westfall, in
press) and in the rat striatum (Adewale et al. 2001); although stimulation of syn-
thesis has also been seen in the striatum depending on the receptor subtype ac-
tivated (Adewale 2001). It appears that multiple NPY receptors contribute to the
inhibitory effect of NPY in the mesenteric artery. It took a combination of the
Y, antagonist BIBO 3304, the Y, antagonist BIIE 0246 and the Ys antagonist
CGP 71683A to completely block the maximal inhibitory concentration of NPY.
Figure 8 depicts a summary of the results using the three antagonists. Addition-
al experiments are needed utilizing additional preparations, but the observation
that catecholamine synthesis and release can be differentially modulated by
NPY implies an additional level of control in the prejunctional regulation of
sympathetic neurotransmission.

3.3
NA and ATP-Induced Modulation of NPY Release

In addition to NPY being able to inhibit its own release following stimulation of
sympathetic nerves, activation of a-adrenoceptors also leads to inhibition of
NPY-ir release. Activation of a,-adenoceptors has been demonstrated to inhibit
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Fig. 9 The effect of adenosine or ATP on the K*-evoked (50 mM) release of NPY-ir from NGF-differenti-
ated PC12 cells. Adenosine (1 uM) or ATP (3 mM) significantly inhibited K*-evoked release of NPY-ir.

The effect of ATP was antagonized by a,3-methylene ATP (100 nM). (Reproduced from Chen et al. 1997
with permission)

nerve stimulation-induced release of NPY-ir as well as NA from the guinea pig
heart (Haass et al. 1989a,b) and in the pithed guinea pig preparation (Dahlof et
al. 1986, 1991). Moreover blockade of a,-adrenoceptors lead to an increase in
the release of NPY-ir from the cat, dog and pig spleen (Lundberg et al. 1984a;
Schoups et al. 1988; Lundberg et al. 1986a, 1989b), guinea pig heart (Archelos et
al. 1987; Haass et al. 1989a,b) dog gracilis muscle (Pernow et al. 1988a; Kahan et
al. 1988) guinea pig vas deferens and urinary bladder (Lundberg et al. 1984b).
Nerve stimulation-induced release of NPY also appears to be modulated by pre-
junctional f,-adrenoceptors known to enhance NA overflow (Westfall et al.
1979; Dahlof 1981). Activation of 3-adrenoceptors with isoproterenol enhanced
NPY-ir levels in the pithed guinea pig and this was blocked by propranolol
(Dahlof et al. 1991a; Lundberg et al. 1989a). Evidence is also available that en-
dogenous angiotensin enhances the evoked release of NPY-ir (Pernow and
Lundberg 1989a; Dahlof et al. 1991b).

ATP and adenosine have been observed to inhibit the K*-evoked release of
NPY-ir from nerve growth factor differentiated PC12 cells (Fig. 9). The adeno-
sine-induced inhibition of the evoked release of NPY-ir is consistent with the
observation in the guinea pig heart that the adenosine analog cyclohexyladeno-
sine significantly reduced the stimulated overflow of NPY (Haass et al. 1989).
Thus it appears that all three sympathetic cotransmitters can produce autore-
ceptor-mediated inhibition of themselves and the other cotransmitters.
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3.4
Preferential and Differential Modulation of Sympathetic Cotransmitter Release

There is emerging evidence that the three sympathetic cotransmitters NA, ATP
and NPY can be differentially released and modulated under certain conditions.
For instance, D. P. Westfall and colleagues argue that if ATP and NA originate
from the same vesicles, then the ratio of released NA to purine should remain
constant during stimulation, and the time course of release should be similar
for both substances. However, they have observed that the release of ATP and
NA from the sympathetic nerves of the guinea pig vas deferens differs markedly
(Todorov et al. 1994). Release of NA reaches a peak between 30 s and 40 s and
then remains constant for the duration of the stimulation, whereas the release
of purines is transient reaching a peak at 20 s and then declines dramatically
even with continued stimulation. There is also evidence for the differential mod-
ulation of sympathetic cotransmitters. For instance, clonidine inhibits the re-
lease of NA but not ATP from the myenteric plexus of the guinea pig ileum
(Hammond et al. 1988). Activation of prejunctional a;-adrenoceptors appears to
depress the release of NA more than the release of ATP in several other prepara-
tions including the mouse vas deferens (Hammond et al. 1988; von Kugelgen et
al. 1989), rabbit ileocolic artery (Bulloch and Starke 1990) and guinea pig vas
deferens (Driessen et al. 1993). In contrast, the adenosine A, receptor-mediated
inhibition of the release of ATP is more marked than the inhibition of NA re-
lease (Driessen et al. 1994). In the rat vas deferens angiotensin produces oppo-
site effects on the release of ATP and NA, reducing the former and increasing
the latter (Ellis and Burnstock 1989). Similarly, atrial natriuretic peptide inhibits
the purinergic but not the adrenergic component of transmission in the guinea
pig vas deferens (Todorov et al. 1996). In addition, pretreatment with the a,-ad-
renoceptor antagonists idazoxan and yohimbine produces a greater increase in
the overflow of NA than ATP suggesting that endogenously released NA has a
greater influence on its own release than on the release of ATP (von Kugelgen
1996). Furthermore, it has been shown that endothelin 3 (ET-3, one of two en-
dogenous endothelins) facilitates the release of ATP from the guinea pig vas def-
erens, which is converted to inhibition of release in the presence of BQ123, an
antagonist for one of the two ET receptor subtypes (ET4). On the other hand,
NA release is not facilitated by ET-3 (Mutafova-Yambolieva and Westfall 1995).
The same investigators have found that in the rat-tail artery both ATP and NA
release are modulated in parallel by ET suggesting that the modulation of sym-
pathetic neurotransmission can differ from tissue to tissue (Mutafova-Yambolie-
va and Westfall 1998). Finally, it is known that NPY release is resistant to low-
frequency stimulation and requires either high frequency or a bursting pattern
for release such as would take place during stress or intense sympathetic nerve
stimulation (Lundberg et al. 1986, 1987; Haass et al. 1989a,b). Evidence for dif-
ferential modulation of NA and NPY release has also been obtained (Hoang et
al. 2002, 2003). It was observed that catestatin, sulprostone, iloprost, adrenome-
dullin and proadrenomedullin N-terminal 20 peptide (PAMP) inhibited the
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Fig. 10 Effect of increasing concentrations of ET-3 on the periarterial nerve stimulation induced
(16 Hz, 90 s) overflow of NPY-ir or NA from the perfused mesenteric arterial bed of the rat. ET-3 pro-
duced an inhibition of the evoked release of NPY-ir but not NA. (Reproduced from Hoang et al. 2002

with permission)
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Fig. 11 The effect of increasing concentrations of the prostanoids PGE;, iloprost or sulprostone on the
periarterial nerve stimulation (16 Hz, 90 s) induced overflow of NPY-ir and NA from the perfused me-
senteric arterial bed of the rat. All three prostanoids produced a concentration-dependent attenuation
of the evoked release of NA but not NPY-ir. (Reproduced from Hoang et al. 2003 with permission)

evoked release of NA, but not NPY-ir, while endothelins (ET-1, ET-3 and
STX6C) inhibited NPY-ir but not NA. Figure 10 depicts the ability of ET to in-
hibit the nerve stimulation-induced release of NPY-ir but not NA (Hoang et al.
2002) while Fig. 11 shows that the prostanoids PGE,, iloprost and sulprostone
can inhibit NA but not NPY-ir (Hoang et al. 2003).
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3.5
NPY-Mediated Modulation of the Release of Other Neurotransmitters
in the Periphery

3.5.1
Acetylcholine

In addition to prejunctional effects on sympathetic neurons, NPY appears to
have prejunctional actions on other peripheral nerves. There is evidence that
following its release from sympathetic neurons, NPY can inhibit the release of
acetylcholine (ACh) and thus alter the postjunctional response seen following
cholinergic neurotransmission. This has been seen at several neuroeffector
junctions. The normal increase in contraction following stimulation of
parasympathetic nerves in the uterine cervix (Stjernquist et al. 1983) trachea
(Grundamer et al. 1988) and stomach (Potter 1991) were all attenuated by prior
stimulation of sympathetic nerves or by the administration of NPY or NPY ana-
logs. The vasodilation normally seen following parasympathetic nerve stimula-
tion in the nasal mucosa of cat and dog was also decreased following sympathet-
ic nerve stimulation or the administration of exogenous NPY (Lacroix et al.
1989, 1994).

Both the nasal vasodilator effect and increase in nasal secretions due to
parasympathetic nerve stimulation were decreased in response to sympathetic
nerve stimulation, an effect mimicked by NPY (Revington et al. 1997). Interac-
tions between sympathetic and parasympathetic nerves have also been observed
in the heart and have been particularly well characterized there. For instance,
sympathetic nerve stimulation or exogenous NPY have been observed to attenu-
ate the vagally mediated effects on heart rate, A-V conduction and atrial con-
traction (Potter 1985, 1987a,b; Warner and Levy 1989a,b; Warner et al. 1990;
Yang and Levy 1993; Smith-White et al. 1999). A prejunctional site is suggested
because the actions of NPY and sympathetic nerve stimulation inhibition of the
vagally induced bradycardia was not seen following the exogenous administra-
tion of cholinomimetics (Potter 1985, 1987a). The effects were also not mim-
icked by the exogenous administration of NA or various peptides including: va-
soactive intestinal polypeptide, somatostatin, neurotensin, vasopressin or sub-
stance P (Kilborn et al. 1986). Attenuation of the vagal effects could also be
modified by the administration of agonists and antagonists (Hall and Potter
1988), reduced by guanethidine (Potter 1987) but persist following reserpine
pretreatment (Moriarty et al. 1993). The overflow of NPY-ir into the coronary
sinus blood or the plasma in response to stimulation of the cardiac sympathetic
nerves correlated well with the subsequent attenuation of vagal neurotransmis-
sion elicited by sympathetic nerve stimulation (Potter 1987b; Warner et al.
1991). These prejunctional effects of NPY on parasympathetic neurons appear
to be due to activation of Y, receptors since the effect is mimicked by the NPY-
Y, agonist N-acetyl[Leu?®*']NPY(24-36) and antagonized by the selective Y,-an-
tagonist BIIE 0246 (Smith-White et al. 2001). Further evidence for this impor-
tant effect of NPY on Y, receptors is the observation that the ability of the Y,
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agonist N-acetyl (Leu?®') NPY(24-36) to increase the pulse interval evoked by
cardiac vagal stimulation in control mice was absent when examined in Y, (-/-)
receptor knockout mice (Smith-White et al. 2002).

3.5.2
Calcitonin Gene Related Peptide/Substance P

In addition to the evidence that NPY can modulate the release of the sympathet-
ic cotransmitters NA, ATP and NPY as well as the release of ACh from choliner-
gic neurons, it appears that the peptide can also inhibit the release of transmit-
ters from sensory vasodilator nerves. There is considerable evidence that CGRP
is the major vasodilator transmitter released from sensory nerves in the mesen-
teric arterial bed (Kawasaki et al. 1991; Han et al. 1990a,b). Both Grundamar et
al. (1990) and Kawasaki et al. (1991) have shown that NPY inhibited the neuro-
genic release of CGRP-ir induced by perivascular nerve stimulation in rat me-
senteric arteries resulting in a reduction of neurogenically induced vasodilation.
Kotecha (1998) observed that both intrinsic and extrinsic nerves supplying the
intestinal blood vessels were subject to modulation by NPY and the Y, selective
agonists N-acetyl [Leu®®*']NPY(24-36). This investigator observed that the Y,
receptor agonist had no effect on the relaxation produced by the exogenous ap-
plication of ACh, but significantly reduced the relaxing action of vasodilator
nerve stimulation to arterioles of the isolated submucosa of the guinea pig small
intestine, which were precontracted with the thromboxane analog U46619. The
Y, agonist significantly decreased the amplitude of EJPs evoked by perivascular
nerve stimulation in normal arterioles and arterioles treated with the sensory
neurotoxin, capsaicin. On the other hand, the Y, agonist failed to alter the am-
plitude of the constrictions obtained by perivascular nerve stimulation in nor-
mal arterioles, but significantly attenuated the amplitude of constriction in arte-
rioles treated with capsaicin. This suggests that normally the Y, agonist acted to
reduce the release of inhibitory transmitters (CGRP) from sensory nerves which
masked the effects of reduced excitatory transmitter release from the sympa-
thetic nerves. It will be of interest to know whether the NPY-induced inhibition
of CGRP release and attenuation of neurogenic vasodilation occurs at other vas-
cular neuroeffector junctions. In addition to inhibition of CGRP release NPY
has also been observed to inhibit the release of substance P from rat sensory
neurons (Ewald et al. 1988; Walker et al. 1988).

3.6
Distribution/Location of NPY in the CNS

NPY is widely distributed in the CNS of all species examined including guinea
pig, mouse, rat, cat, dog, pigs, rabbits, primates and man (see Allen et al. 1983c;
Hendry 1993; Potter 1991; Chromwall 1989; Everitt et al. 1989 for extensive re-
views) and has been observed to be colocalized with several different neuro-
transmitters. NPY-ir has been found in cerebral cortex, hippocampus, olfactory
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bulb, striatum, septum, basal forebrain, amygdala, thalamus, hypothalamus,
brain stem (e.g. pons and medulla) and spinal cord. The only area which lacks
NPY-ir appears to be the cerebellum (Allen and Bloom 1986; Maccarrone and
Jarrott 1986).

Of particular importance to this chapter are neurons in which NPY is colocal-
ized with catecholamines. Everitt showed NPY-ir is colocalized with cate-
cholamines in noradrenergic/adrenergic cell bodies in the A1/C1 cell groups in
the rat ventrolateral medulla, as well as the noradrenergic cell bodies of the lo-
cus coeruleus (A6) and adrenergic cell bodies of the C2 cell group. NPY is also
localized with catecholamines in A2 and C3 cell groups in the reticulum nuclei
and in the nucleus tractus solitarius (Harfstrand et al. 1987) NPY/catecholamine
neurons originating in the brain stem project to many hypothalmic nuclei as
well as to the spinal cord (Blessing et al. 1986, 1987).

Colocalization of NPY with catecholamines has also been reported in the dor-
sal motor nucleus of the vagus, the nucleus of the tractus solitarius and the lat-
eral reticular nucleus (Hokfelt et al. 1983a,b). Colocalization was not found in
the A5 or A7 noradrenergic cells groups nor in the dopaminergic cells of the
mesencephalon and forebrain (A8-A15), although there is a close juxtaposition
of NPY and DA neurons in the striatum.

3.7
NPY-Induced Modulation of Noradrenaline Neurotransmission in the CNS

In a similar fashion as to what has been observed in peripheral sympathetic
neurons, evidence exists for a NPY-induced modulation of NA neurotransmis-
sion in the CNS. It has been reported that NPY can inhibit the evoked release of
NA both in vivo and in vitro as well as decrease NA turnover in various brain
regions. Initial studies demonstrated that NPY potentiated the inhibitory effect
of a;-adrenoceptor agonists on the K*-evoked release of NA from synaptosomes
prepared from the medulla oblongata, hypothalamus and frontal cortex (Martire
et al. 1986, 1989a,b). Others reported that NPY can directly inhibit K*-evoked
(Westfall et al. 1988, 1990a,c) and electrically induced overflow of SH-NA from
slices of anterior and posterior hypothalamus (Westfall 1988, 1990a,c) hypothal-
amus (Yokoo et al. 1987) and the pineal gland (Simonneaux et al. 1994). There is
regional specificity for this effect of NPY with an inhibitory effect being seen
from slices obtained from hypothalamus, hippocampus, medulla oblongata and
frontal cortex, but not the parieto-occipital cortex (Martire et al. 1993, 1995;
Widdowson et al. 1991). Table 3 represents a summary of studies demonstrating
NPY-induced inhibition of the evoked release of NA or *H-NA in the brain.
There is evidence to suggest that NPY inhibits the evoked release of NA fol-
lowing the activation of NPY-Y, receptors. This was demonstrated with Y, selec-
tive agonists such as NPY(13-36) (Martire et al. 1993, 1995; Grouzmann et al.
1997) and antagonized by Y, antagonists such as T4[NPY(33-36)], (Grouzman
et al. 1997). More recent studies, however, suggest that there may be an involve-
ment of Y; and Y5 receptors in addition to Y, (Hastings et al. 2001; Bitran et al.



162 T. C. Westfall

Table 3 Selected examples of inhibition of the evoked release of *H-NA or NA from brain slices or syn-
aptosomes by NPY analogs

1999). This is suggested by the ability of analogs with Y, and Y5 receptor activi-
ty to mimic the effect of NPY as well as the ability of Y; antagonists to attenuate
these effects (Hastings et al. 2001; Bitran et al. 1999). In vivo studies are consis-
tent with the idea that NPY inhibits NA neurotransmission in the brain. For in-
stance it was observed that the intracerebroventricular (ICV) injection of NPY
resulted in a decrease in NA turnover in the brainstem, hypothalamus, midbrain
and hippocampus (Vallejo et al. 1987). Using microdialysis techniques, the ICV
administration of Leu*'Pro** NPY produced a significant reduction in basal NA
concentrations in the paraventricular hypothalmic nucleus (Hastings et al.
1997). NPY has also been demonstrated to potentiate the inhibitory effect of NA
in the rat locus coeruleus using intracellular electrophysiological recordings in a
pontine slice preparation containing the locus coeruleus (Illes et al. 1993). The
inhibitory effect of NPY and the a,-adrenoceptor agonist UK 14,304 on NA re-
lease has been reported to be significantly attenuated in slice preparations ob-
tained from the Spontaneously Hypertensive Rat compared to WKY (Tsuda et
al. 1989, 1990), although this has not been universally observed (Westfall et al.
1988, 1990a,b). This would suggest that NPY and o,-adrenoceptors might be in-
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volved in the regulation of central catecholamine activity in this form of genetic
hypertension.

Despite the many observations that NPY inhibits the evoked release of NA
from selective brain regions, there is also some evidence for a facilitatory effect
on NA transmission in the CNS (Pavia et al. 1995). These investigators reported
that the ICV administration of NPY produced a doubling of the K*-induced re-
lease of NA into the microdialysis cannula placed in the paraventricular region
of the hypothalamus. Because of the regional specificity of the NPY-induced in-
hibitory effect in the brain, it is possible that both the inhibitory and the facili-
tatory effect may be produced depending on the brain region.

3.8
NPY-Induced Modulation of DA Release in the CNS

Although NPY and DA are not colocalized in the same neurons, both are present
in the basal ganglia and limbic systems in very high abundance (Allen et al.
1983; Adrian et al. 1983). It is also known that NPY and DA neurons are in close
juxtaposition in structures such as the striatum. Therefore it is possible that
NPY and DA may exert modulatory influences on their respective neurotrans-
mission. It has even been suggested that there is a reciprocal regulation between
DA and NPY in these structures (Vuillet et al. 1989; Tatsuoka et al. 1987;
Wahlestedt et al. 1991). The nature of the interaction between NPY and DA is far
from clear. It has been observed that the administration of NPY results in a de-
crease in DA turnover in the brainstem and striatum in a manner similar to the
effect of NPY on NA (Vallejo et al. 1987). Consistent with this observation are
the studies of Tsuda et al. (1997) who observed that NPY significantly inhibited
the electrically induced release of *H-DA in rat striatal slices. This is consistent
with what has been seen in NGF-differentiated PC12 cells where NPY has been
shown to inhibit the K™-evoked release of DA (DiMaggio et al. 1995; Chen et al.
1994). In contrast, NPY has been observed to enhance N-methyl-p-aspartate
stimulated DA release in rat striatal slices (Ault and Weiling 1997, Ault et al.
1998). These effects of NPY could be mimicked by the Y, agonist NPY(13-36)
but not by PYY or Leu’'Pro**NPY. Moreover there is evidence that NPY can in-
hibit or stimulate DA synthesis depending on the type of NPY receptor activated
(Adewale et al. 2001). Consistent with these results, others have reported that
NPY enhanced the turnover of DA in rat striatum (Beal 1986; Heilig et al. 1990).
In addition Kerkrian-Le Goff (1992) observed the ICV injection of NPY in-
creased the release of DA as measured by voltametry.

Currently, the effect of NPY on DA neurotransmission in the basal ganglia
must still be considered an open question. Similarly unresolved are the effects
of DA on NPY neurotransmission. It has been hypothesized that DA can exert
an inhibitory effect on the functional activity of NPY containing neurons. This
is supported by the finding that destruction of the nigrostriatal dopaminergic
system by 6-hydroxydopamine leads to enhanced neuronal density and NPY
levels in striatal regions (Kerkerian et al. 1986; Moukhles et al. 1992). An in-
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crease in NPY-ir was also observed in the rat cerebral cortex after treatment of
rats with reserpine, haloperidol and SCH 23390. These agents can interrupt DA
function by depletion of DA levels (e.g., reserpine) or blocking DA receptors
(haloperidol and SCH 23390). These results were interpreted to indicate an in-
hibitory regulation of NPY-ir expression by DA neurons. It is suggested that
when NPY neurons are deprived of this tonic inhibitory influence, the level of
NPY-ir increases, most likely as a result of enhanced peptide synthesis. An in-
crease in NPY-ir has also been observed in the locus coeruleus after reserpine
or haloperidol treatment (Smialowska and Legutko 1990, 1992).

It has also been observed that the administration of the DA agonists apomor-
phine or n-propylnorapomorphine produced a concentration-dependent inhibi-
tion of the K*-evoked release of NPY-ir from the NGF-differentiated PC12 cell
as well as NPY-ir from slices of nucleus accumbens and striatum. This effect
could be blocked by the D2 receptor antagonist, eticlopride D, which is consis-
tent with a D, mechanism (Cao and Westfall 1993, 1995; Cao et al. 1995).

3.9
NPY-Induced Modulation of Other Neurotransmitters in the CNS

3.9.1
GABA

In addition to the colocalization of NPY with catecholamines, NPY is known to
be colocalized with peptides (Chronwall et al. 1984) and other neurotransmitters
such as GABA in the hypothalamus (Francois-Bellan et al. 1990) and other brain
regions (Hendry et al. 1984; Morris 1989; Bendotti et al. 1990; Cox et al. 1995,
1997). Several investigators have provided evidence that NPY can mediate inhi-
bition of presynaptic GABA release. Chen and van den Pol (1996) have obtained
direct electrophysiological evidence that NPY does indeed mediate inhibitory
GABAergic neurotransmission in the brain. Using single neuron microcultures
of supra chiasmatic nucleus (SCN) neurons of the hypothalamus, they observed
that both NPY-Y; and Y, receptors exist in the same SCN neurons and that both
receptors mediate the inhibition of presynaptic GABA release and postsynaptic
whole cell calcium currents.

The effect of NPY receptors on GABAergic transmission appears to differ
however with the brain region and neuronal cell type. In addition, it seems rea-
sonable to suspect that NPY receptors can be functionally segregated in differ-
ent brain regions. This appears to be the case in the thalamus where NPY-Y, re-
ceptors were observed to be predominantly expressed at the somata and den-
drites while the Y, receptors are located at recurrent and feed forward GABAer-
gic terminals (Sun et al. 2001). Activation of Y; receptors appear to reduce the
excitability of neurons in both the thalamic reticular nucleus and the adjacent
ventral basal complex, while activation of Y, receptors decreases GABA release
in the feed-forward GABAergic terminals in the ventral basal complex via inhi-
bition of Ca?* influx from voltage gated Ca’* channels (Sun et al. 2001).
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Further evidence of the differing effects of NPY in different brain nuclei are
the observations in the hippocampus where NPY has been shown to affect func-
tions at excitatory nerve terminals by selectively inhibiting glutamatergic re-
lease without a direct effect on GABA release (Klapstein and Colmers 1993).

3.9.2
Glutamate

Just as GABA is perhaps the most important inhibitory neurotransmitter in the
brain, the amino acid glutamate is known to be one of the prominent excitatory
neurotransmitters. While both neurotransmitters enjoy a ubiquitous distribu-
tion in the brain, a key region for NPY-glutamate interactions appears to be the
hippocampal formation. Although NPY is not colocalized with glutamate in the
hippocampus, NPY is contained in interneurons throughout the hippocampus
(Kohler et al. 1986). Electron microscopic studies indicate the presence of NPY
immunoreactive varicosities in immediate apposition to glutamatergic presyn-
aptic terminals (Milner and Vezendaroglu 1992). There is abundant evidence
from both electrophysiological and overflow studies that NPY inhibits the
evoked release of glutamate from hippocampal neurons. For instance electro-
physiological studies demonstrate that NPY exerts a presynaptic inhibitory ef-
fect on the glutamatergic transmission at Shaffer collateral/Cl1 synapses and at
mossy fiber/C3 synapses of the hippocampus (Colmers et al. 1985, 1988; Haas et
al. 1987; Klapstein and Colmers 1993).

Other investigators have observed that NPY produces a direct inhibitory ef-
fect on the potassium evoked overflow of glutamate from hippocampal slices or
synaptosomes or preparations of subregions of the hippocampus such as den-
tate gyrus, C1 or C3 (Greber et al. 1994; Whittaker 1999; Silva et al. 2001). Stud-
ies from both the electrophysiological and overflow studies suggest that the
principal NPY receptor mediating these effects is the Y, subtype. For instance,
Gerber et al. (1994) observed that the inhibitory effects of NPY were mimicked
by PYY and NPY(13-36) but not Leu’'Pro**NPY. A similar conclusion was pre-
sented by Silva et al. (2001), however the possibility still exists for participation
by Y, receptors or other NPY receptors. These latter investigators showed that
both NPY Y, and Y, receptors can modulate (inhibit) intracellular calcium con-
centrations [Ca®*]; and glutamate release from hippocampal synaptosomes.
They claim that the Y, receptor played the predominant role both in the modu-
lation of Ca’**-dependent and -independent release, while admitting that the
physiological relevance of the presynaptic Y, receptors in the dentate gyrus and
C3 subregions remains to be clarified. Experiments carried out with the selec-
tive Y, antagonist BIIE 0246 provide very strong support for a role for the Y,
receptor (Weiser et al. 2000). The effect of BIIE 0246 on the electrophysiological
properties of NPY in rat hippocampus was determined as well as the affinity of
the antagonist for rat hippocampal NPY Y, receptors. It was observed that
BIIE 0246 was able to block NPY-mediated effects in the hippocampus and
demonstrates that the presynaptic receptor in the hippocampus is the Y, sub-
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type. The inhibitory effects of NPY on the evoked release of glutamate are not
limited to the hippocampus as NPY has also been shown to inhibit glutamate
release in the striatum (Ellis and Davies 1994).

Emerging evidence continues to indicate that NPY plays an important physi-
ological role to limit excitability within the hippocampus (see reviews by
Colmers and Bleakman 1994; Klapstein and Colmers 1993, 1997). Moreover,
there is evidence that NPY plays an important role during pathological hyperac-
tivity, such as that which occurs during seizures (Patrylo et al. 1999). It has been
shown that NPY and its receptors are significantly affected by seizures, most no-
tably in the hippocampus. NPY neurotransmission may be specifically enhanced
by both the increased release of NPY and the increase in the number of presyn-
aptic Y, receptors (Schwarzer et al. 1998; Furtinger et al. 2001). It has been hy-
pothesized that this leads to a more efficient inhibition of glutamate release
(Vezzani et al. 1999). It has been observed that exogenous NPY has anticonvul-
sant actions in several experimental models (Vezzani et al. 1999). In contrast to
the inhibitory effects of NPY via Y, receptors, there is also evidence that NPY
has proconvulsant actions mediated via Y, receptors (Vezzani et al. 1999). It
would appear that NPY receptors represent an important target for antiepileptic
drugs. As pointed out by Vezzani et al. (1999), a vast amount of work remains in
what is clearly an exciting and important area of NPY research.

3.9.3
Serotonin

It has been reported that NPY, PYY and PP all attenuated the electrically and po-
tassium evoked release of *H-serotonin from slices or synaptosomes prepared
from rat cerebral cortex (Schlicker et al. 1991). Since the NPY-induced inhibi-
tion of the evoked release of *H-serotonin was seen in slices in which the propa-
gation of action potentials along the axons was inhibited by tetrodotoxin, and
inhibition of overflow was seen in synaptosomes a presynaptic site of action is
likely and an involvement of interneurons is excluded. The inhibitory effect by
NPY was not due to activation of a,-adrenoceptor since the inhibitory effect of
NPY on *H-serotonin overflow was not attenuated by the a-adrenoceptor antag-
onist, phentolamine and the inhibitory effect obtained at the maximal concen-
tration of the a;, agonist, clonidine was further increased by NPY.

The role of NPY in modulating serotonin neurotransmission remains an open
question, however, because there are a lack of reports replicating the findings of
Schlicker et al. (1991) and other investigators have failed to see an inhibitory ef-
fect by NPY on the K*-evoked *H-serotonin overflow from synaptosomes of the
rat hypothalamus and frontoparietal cortex (Martire et al. 1989a). The nature of
the receptor subtype modulating the inhibitory effect of NPY is also unknown
and awaits experiments utilizing selective agonists and antagonists.
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3.9.4
Neuroendocrine Mediators

As has been repeatedly stated in this chapter and others, NPY is probably the
most abundant peptide in the nervous systems and is present in high amounts
in key endocrine and neuroendocrine regulatory centers in the hypothalamus
and pituitary. A discussion of the effects of NPY on the secretion of various neu-
rohormones is beyond the scope of this chapter and the reader is referred to the
chapters by Crowley and by Kalra and Kalra in this volume as well as the nu-
merous reviews in the literature. Suffice to say, there is support for a role of
NPY acting in a paracrine, autocrine or neuroendocrine fashion in modulating
the secretion of luteinizing hormone, luteinizing hormone releasing hormone,
corticotropin releasing hormone, vasopressin, oxytocin, growth hormone,
growth hormone releasing hormone, melanocyte stimulating hormone, follicle
stimulating hormone, thyrotropin releasing hormone, adrenocorticotrophic
hormone and thyroid stimulating hormone.

3.10
Autoreceptor-Mediated Modulation of NPY-ir Release in the CNS

In addition to the many effects of NPY on the evoked release of other neuro-
transmitters and neurohormones including colocalized NA, there is evidence
for autoreceptors modulating the release of NPY. It has been observed that acti-
vation of a,-adrenoceptors with clonidine results in a significant inhibition of
NPY-ir release from slices of rat hypothalamus while the ¢,-adrenoceptor antag-
onist enhanced stimulated overflow (Ciarleglio et al. 1993; Westfall et al. 1990a).

There is also evidence that NPY acting on autoreceptors can inhibit its own
release (King et al. 1999, 2000). The Y, agonists NPY(13-36) and N-acetyl
(Leu®®Pro®') NPY(24-36) and the Y4/Ys agonist human pancreatic polypeptide
(hPP) all significantly reduced both basal and K*-evoked NPY-ir release (King
et al. 1999). The inhibitory effect of NPY(13-36) was partially prevented by the
weak Y, antagonist T,-[NPY(33-36)], but strongly blocked by the selective Y,
antagonist BIIE 0246 (King et al. 2000). The hPP- and rPP-induced inhibition of
release was not affected by theYs antagonist CGP71682A or the Y, antagonist
BIBP 3226. The selective Y;, Ys or weak Y, antagonist had no effect on either
basal or K" stimulated release when administered alone (King et al. 1999). In
contrast the Y, antagonist BIIE 0246, which exhibits more than 100-fold higher
affinity at Y, receptors over T, [NPY(33-36)],, was observed to enhance NPY-ir
release from the hypothalamus slices following depolarization (King et al. 2000).
It would appear, therefore, that these data support the role of presynaptic Y, re-
ceptors in regulating the release of NPY from the hypothalamus. The precise
role for Y, receptors in mediating autoreceptor-mediated inhibition of NPY-ir
release must wait the availability of Y, selective antagonists.
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Abstract In the two decades since its discovery neuropeptide Y (NPY) has
emerged as a major peptidergic neuromessenger in neuroendocrine regulation,
affecting the secretion of every anterior and posterior pituitary hormone. Inner-
vation of these neuroendocrine networks derives from the major NPY cell group
in the hypothalamic arcuate nucleus and from noradrenergic and adrenergic
cells in the lower brainstem, in which NPY serves a cotransmitter role. Regard-
ing the magnocellular neuroendocrine system, NPY directly innervates vaso-
pressin (VP)-secreting, and probably, oxytocin (OT)-secreting, cells, and stimu-
lates the release of both peptides. Whether such effects are important for the re-
lease of OT or VP in response to specific physiological stimuli remains to be de-
termined, however. Much more information is available regarding NPY effects
on anterior pituitary hormone secretion. NPY, mainly deriving from arcuate
neurons, inhibits the secretion of prolactin (PRL), thyroid stimulating hormone
(TSH) and growth hormone (GH), and stimulates the secretion of adrenocorti-
cotropic hormone (ACTH). For the most part, these effects are exerted by alter-
ing the neurosecretion of the cognate hypothalamic releasing and/or inhibiting
hormone systems that regulate anterior pituitary secretion. In addition, an ac-
tion at the anterior pituitary gland is important in the NPY inhibition of PRL
secretion. In the case of PRL, TSH, and ACTH, the agouti-related peptide, which
is coexpressed in arcuate NPY neurons, exerts the same effect as NPY, suggest-
ing a postjunctional co-action of these two messengers. When considered to-
gether with the critical orexigenic effects of NPY, it is evident that the arcuate
NPY system is important in integrating a variety of physiological, neuroendo-
crine and behavioral responses to conditions of nutritional inadequacy. More-
over, changes in circulating leptin, signaling the status of adipose tissue energy
stores, appears to be a major factor in orchestrating these behavioral and neu-
roendocrine changes via its effects on hypothalamic NPY synthesis and release.

Keywords Adrenocorticotropic hormone - Growth hormone - Leptin -
Prolactin - Thyroid stimulating hormone

1
Introduction

In the two decades since the discovery of neuropeptide Y (NPY), this peptide
has been clearly established as a major signaling molecule in neuroendocrine
regulation. In a major review published in 1992 (Kalra and Crowley 1992), we
focused primarily on the critical actions of NPY on the hypothalamic-pituitary-
gonadal axis, and touched only briefly on the effects of NPY on secretion of oth-
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er anterior and posterior pituitary hormones. The critical role of NPY in regula-
tion of gonadotropin secretion remains perhaps the best characterized neuroen-
docrine action of this peptide and is reviewed elsewhere in this volume (see
chapter by Kalra and Kalra). This chapter will focus on NPY’s actions on the se-
cretion of other anterior pituitary hormones, as well as on the two magnocellu-
lar neurosecretory systems, and thus will update and extend our previous re-
view in this regard.

It is possible to identify a number of common themes that apply to the ac-
tions of NPY in control of anterior pituitary hormone secretion. These include:
(1) direct innervation of hypothalamic releasing hormone systems by NPY neu-
rons; (2) actions of NPY primarily exerted within the brain, but sometimes in-
volving effects at the anterior pituitary gland; (3) anatomical colocalization with
other neuromessengers; (4) postjunctional interactions with other neuroendo-
crine messengers related to signal amplification; and (5) plasticity in NPY syn-
thesis and release in response to alterations in specific physiological and endo-
crine conditions.

In addition, from the explosion of research on the critical role of NPY in en-
ergy balance during the past 20 years (Kalra et al. 1999; Schwartz et al. 2000;
chapter by Levens, this volume), it is also now possible to place the neuroendo-
crine regulatory effects of NPY within an overarching physiological framework,
namely, the integration of neural controls over energy balance with the secretion
of anterior pituitary hormones in response to alterations in the physiological
milieu. Furthermore, it is now abundantly clear that the adipocyte-derived hor-
mone leptin plays a critical role in signaling the status of peripheral energy
stores to both brain and anterior pituitary gland; thus, a state of negative energy
balance reduces the secretion of leptin (Schwartz et al. 2002), and produces
characteristic adaptive changes in the secretion of every anterior pituitary hor-
mone as an overall homeostatic response. This chapter will review the essential
involvement of hypothalamic NPY in this regulatory mechanism.

2
Anatomy of the Neuroendocrine NPY Systems

The anatomical distribution of NPY-expressing perikarya and associated nerve
fiber and terminal networks throughout the central and peripheral nervous sys-
tems have been well documented using immunohistochemistry to detect NPY
peptide and in situ hybridization, indicating cells that express the preproNPY
mRNA (Chronwall et al. 1985; O’Donohue et al. 1985; DeQuidt and Emson 1986;
Morris 1989). Important for this review are those NPY systems that provide in-
put to the neuroendocrine regulatory centers in hypothalamus and basal fore-
brain. Results from both experimental approaches are in good agreement that
NPY innervations to specific neuroendocrine systems within the hypothalamus
derive from both intra- as well as extra-hypothalamic sources.

Regarding intra-hypothalamic systems, one of the most prominent NPY-posi-
tive cell groups in brain is located throughout the rostral-caudal extent of the
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arcuate nucleus in the medial basal hypothalamus (Chronwall et al. 1985;
DeQuidt and Emson 1986; Morris 1989; Fuxe et al. 1989; Pelletier 1990). It is well
established that this cell group plays a major role in energy balance (Kalra et al.
1999; Schwartz et al. 2000; chapter by Levens, this volume) and in a wide variety
of neuroendocrine regulations, as reviewed previously (Kalra and Crowley
1992), and in detail in this chapter, through its distribution to various hypotha-
lamic nuclei (see below). A second cell group resides in the hypothalamic dorso-
medial nucleus and surrounding areas, and, while less prominent than the arcu-
ate cells, also appears to play a role in control of feeding behavior, and perhaps
in specific neuroendocrine controls. Smaller numbers of scattered NPY-im-
munopositive or preproNPY mRNA-expressing neuronal cell bodies have been
reported in medial preoptic, anterior, periventricular and paraventricular nuclei;
the specific neuroendocrine roles of these cells are unclear.

NPY-containing fibers and nerve terminals are present in abundance
throughout the hypothalamus, but are particularly dense in the paraventricular
nucleus, medial preoptic and arcuate nuclei, and in the internal zone of the me-
dian eminence (Chronwall et al. 1985; DeQuidt and Emson 1986; Morris 1989;
Ciofi et al. 1991). The NPY distribution to the latter site is significant since NPY
has been detected in hypophyseal portal plasma in amounts higher than the sys-
temic circulation (McDonald et al. 1985), and levels of NPY in this vasculature
vary, e.g., in conjunction with gonadotropin releasing hormone (GnRH)/
luteinizing hormone (LH) release (Sutton et al. 1988). With respect to LH and
prolactin (PRL) secretion at least (Kalra and Crowley 1992; chapter by Kalra
and Kalra, this volume), both hypothalamic and pituitary sites of action of NPY
have been demonstrated, and we have suggested that NPY may be considered as
a ’hypothalamic cohormone’, analogous to its cotransmitter action with norepi-
nephrine in the sympathetic nervous system (Crowley 1999).

Also noteworthy is the NPY projection to the paraventricular nucleus, which
has been described as ’providing perhaps the most prominent chemically speci-
fied input to [this structure] yet described.” (Engler et al. 1999, p 468). As dis-
cussed in detail in this chapter, it is within this nucleus that NPY nerve termi-
nals are positioned to influence multiple neuroendocrine systems, including the
secretion of oxytocin (OT) and vasopressin (VP) from the neurohypophysis, as
well as the releasing hormones for secretion of prolactin, adrenocorticotropic
hormone (ACTH), and thyroid stimulating hormone (TSH) from the anterior
pituitary gland. Further, as reviewed elsewhere (Kalra et al. 1999; Schwartz et al.
2000; chapter by Levens, this volume), the paraventricular nucleus is also the
major site for the critical orexigenic actions of this peptide.

Complicating the issue of NPY innervation to the neuroendocrine hypothala-
mus is the fact that as much as 50% of the NPY input to various hypothalamic
structures is provided by fibers ascending from noradrenergic and adrenergic
cell groups in pons and medulla, in which NPY presumably acts in a cotransmit-
ter role with norepinephrine or epinephrine. Detailed analysis of this colocaliza-
tion (Everitt et al. 1984; Sawchenko et al. 1985; Harfstrand et al. 1987b) indicates
that approximately 90% of the Al noradrenergic cells (ventrolateral medulla),
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10% of A2 noradrenergic cells (caudal nucleus tractus solitarius) and 25% of A6
noradrenergic cells (locus coeruleus), each of which projects into hypothalamus,
coexpress NPY. NPY appears to be present in virtually 100% of the cells in ad-
renergic C1, C2 and C3 groups of the medulla (Everitt et al. 1984; Sawchenko et
al. 1985; Harfstrand et al. 1987b).

Transection of ascending catecholaminergic axons significantly diminishes,
but does not eliminate, NPY inputs to hypothalamic nuclei such as the paraven-
tricular, medial preoptic, dorsomedial nuclei and median eminence (Sahu et
al. 1988). Input specifically to the paraventricular nucleus has also been ana-
lyzed by combined retrograde labeling and dual-label immunohistochemistry
(Sawchenko et al. 1985). Approximately 60% of the Al noradrenergic cells pro-
jecting to paraventricular nucleus contain NPY, while only 15%-20% of the A2-
or A6-derived input to this nucleus coexpress NPY. Most, if not all, of the C1,
C2, and C3 adrenergic cells that innervate paraventricular nucleus also contain
NPY (Sawchenko et al. 1985).

Thus, as reviewed below, co-action of NPY with adrenergic transmitters oc-
curs in several neuroendocrine systems via these ascending inputs. However,
colocalization with other potential neuromessengers also applies to the intrinsic
hypothalamic arcuate NPY system. For example, virtually all arcuate NPY neu-
rons coexpress the agouti-related peptide (AgRP) (Hahn et al. 1998, Chen et al.
1999), which also exerts powerful orexigenic effects (Kalra et al. 1999; Schwartz
et al. 2000), and effects on pituitary hormone secretion (see below). In addition,
a substantial proportion of arcuate NPY cells contain the amino acid transmit-
ter, y-aminobutyric acid, also a stimulant of feeding behavior (Horvath et al.
1997; Pu et al. 1999), although the possible interaction with NPY in neuroendo-
crine regulation has received scant attention.

Of immediate interest to this chapter is the more specific anatomical question
of whether components of the various magnocellular (i.e., oxytocin, vasopres-
sin) and parvicellular (hypothalamic releasing/inhibiting hormones) neuroen-
docrine systems are directly contacted by NPY nerve terminals deriving from
either the hypothalamic or lower brainstem systems. This issue is addressed in
individual sections below; however, as an overview, there is good evidence that
both types of magnocellular neuroendocrine neurons, i.e., OT and VP neurose-
cretory cells, receive synaptic contacts from NPY-positive terminals. Moreover,
in the parvicellular neuroendocrine system, cells synthesizing corticotropin-re-
leasing hormone, thyrotropin-releasing hormone, growth hormone-releasing
hormone, somatostatin and dopamine are also known to receive NPY innerva-
tion.

An interesting hallmark of the NPY networks within the neuroendocrine hy-
pothalamus is anatomical and physiological/molecular plasticity as influenced
by physiological state. For example, as discussed in detail below, during, and
only during, lactation, NPY is coexpressed in a subpopulation of the tuberoin-
fundibular dopamine neurons of the arcuate nucleus (Ciofi et al. 1991), which
are known to be the major system regulating secretion of PRL, and which nor-
mally do not contain NPY; associated with this novel expression is the appear-
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ance of NPY fibers in the external, periportal region of the median eminence,
where they are not otherwise present. As a second example, OT and VP cells in
the magnocellular nuclei coexpress NPY during dehydration, but do not do so
under normal physiological circumstances (Hooi et al. 1989; Larsen et al.
1992a,b, 1993). Further, as reviewed in individual sections below, synthesis and
release of NPY in the hypothalamus is profoundly affected by physiological ma-
nipulations or changes in the internal milieu that alter anterior and posterior pi-
tuitary hormone secretion.

3
NPY and the Magnocellular Neuroendocrine System:
Regulation of OT and VP Secretion

31
Anatomy

Both the supraoptic nucleus, which consists entirely of magnocellular OT and
VP cells, and the paraventricular nucleus, with its magnocellular and parvicellu-
lar divisions, receive prominent NPY input from both intra-hypothalamic and
ascending adrenergic sources (Chronwall et al. 1985; DeQuidt and Emson 1986).
Analysis at the electron microscopic level has demonstrated direct synaptic con-
tacts of identified VP cells in the paraventricular nucleus by NPY-positive termi-
nal boutons (Iwai et al. 1989; Kagotani et al. 1989a,b); a significant portion of
these NPY terminals also contain a monoamine, most likely norepinephrine
(Kagotani et al. 1989b). Similar studies on NPY innervation of supraoptic nucle-
us VP cells or of OT cells in either of the magnocellular nuclei have not been re-
ported, although light microscopic analysis reveals NPY terminal projections in
subregions of these nuclei containing both VP and OT cells (Sawchenko et al.
1985), and pharmacological studies also strongly suggest direct, or at least
closely indirect, relationships (see below).

An increase in plasma osmolality, resulting, for example, from dehydration
or salt loading, is a well known activator of both VP and OT synthesis and re-
lease in the rat (Leng et al. 1999). Such manipulations also induce a novel ex-
pression of NPY in both cell types, as well as an increase in NPY-positive nerve
fibers in the neurohypophysis (Hooi et al. 1989; Larsen et al. 1992a,b, 1993). It
has also been reported that the size and density of NPY nerve terminals in the
neural lobe is increased after salt loading, and during lactation (Sands et al.
2001), although there are no reports of NPY expression in OT or VP cells during
this physiological state. At present, however, the physiological actions of NPY
when coexpressed with VP and OT in response to dehydration have not been
defined. Although NPY has well characterized excitatory effects on the systemic
release of these hormones (see below), it is unknown whether it is released
along with these peptides into the systemic circulation to contribute to the phys-
iological response to dehydration.
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3.2
Effects of NPY on VP and OT Release

A number of reports employing in vivo and in vitro experimental models have
been consistent in demonstrating stimulation by NPY of both VP and OT secre-
tion in rats. Central microinjection of NPY into the paraventicular or supraoptic
nucleus of male rats stimulates the release of VP (Willoughby et al. 1987;
Leibowitz et al. 1988), and increases electrical activity of identified vasopressin-
ergic cells (Day et al. 1985; Khanna et al. 1993). With respect to OT, Parker and
Crowley (1993) reported that microinjection of NPY into either the paraventric-
ular or supraoptic nucleus dose-dependently stimulates OT secretion in lactating
female rats.

Similar effects on hormone secretion and electrical activity have been seen in
in vitro preparations as well. For example, Kapoor and Sladek (2001) have re-
ported that NPY elicits release of both OT and VP from a perfused hypothala-
mo-neurohypophysial explant system used extensively in that laboratory, and
Sibbald and coworkers (1989) have shown that bath application of NPY to hypo-
thalamic slices excited the activity of unidentified supraoptic nucleus cells. Lim-
ited pharmacological characterization implicates the Y; NPY receptor subtype
in these excitatory actions (Khanna et al. 1993; Kapoor and Sladek 2001).

Several of these studies have also addressed the issue of NPY-norepinephrine
interactions in control of OT and VP release; in general, these studies have
shown that low concentrations of NPY that are without effect alone markedly
augment the secretion of VP or OT in response to the a-1 adrenergic agonist
phenylephrine (Sibbald et al. 1989; Parker and Crowley 1993; Kapoor and Sladek
2001). This suggests a facilitatory postjunctional interaction between NPY and
norepinephrine, perhaps reflecting their cotransmitter roles in the magnocellu-
lar nuclei. Sladek and Kapoor (2001) have proposed that this synergism may re-
flect ‘crosstalk’ between the second messenger systems coupled to the a; and Y,
receptors. Referring to this interaction, they have also proposed that “..conver-
sion of transient to sustained responses represents the physiological importance
of corelease of multiple neuroactive substances from a single nerve terminal.”
(Sladek and Kapoor 2001, p 205).

The foregoing is consistent with NPY action either directly upon, or in the
immediate vicinity of, VP and OT perikarya in the magnocellular nuclei. A sec-
ond potential site of action for NPY is in the neural lobe, which contains
NPY-positive nerve fibers and receptors (Larsen et al. 1992b, 1993, 1994b). NPY
increases basal and potassium depolarization-induced VP release from perfused
rat neurohypophysis in vitro; pharmacological studies have suggested Y, NPY
receptor mediation of this effect (Sheikh et al. 1998; Larsen et al. 1994b).

While these studies are in substantial agreement that NPY exerts a central ac-
tion to enhance secretion of both VP and OT, notably lacking are studies in
which various means of antagonizing NPY action, e.g., with receptor antago-
nists, immunoneutralization, or antisense molecules, have been used to examine
the potential contribution of NPY to the release of these hormones in response
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to specific physiologic stimuli, such as dehydration or nursing during lactation.
An early study by Vallejo and coworkers (1987) did show a blunting of the nor-
mal VP secretory response to hemorrhage in rats that were given subcutaneous
injections of an NPY antiserum during the neonatal period; however, the mecha-
nisms underlying this long lasting effect are not clear. Thus, at present, our un-
derstanding of the significance of NPY in regulation of the magnocellular neuro-
endocrine systems remains incomplete in the absence of any evidence for or
against an obligatory role for this peptide on neurohypophyseal hormone secre-
tion in defined physiological states.

4
NPY and Regulation of PRL Secretion:
Integration of Hormone Secretion and Energy Balance During Lactation

To date, the most extensively characterized action of NPY in neuroendocrine
regulation of anterior pituitary hormone secretion is its critical excitatory effect
on the secretion of luteinizing hormone, particularly important for control of
ovulation (Kalra and Crowley 1992; see chapter by Kalra and Kalra, this vol-
ume). Recently, however, there has been a surge of interest in the effects of NPY
during lactation, focusing on regulation of the secretion of PRL, the hormone
responsible for milk synthesis and secretion, as well as the control over energy
balance, which is dramatically altered during this physiological state. Indeed,
hypothalamic NPY systems may play an important role in integrating the nu-
merous neuroendocrine and behavioral adaptations that occur within lactation
(Smith and Grove 2002).

41
Anatomy

Similar to the control over gonadotropin secretion (Kalra and Crowley 1992),
NPY also affects PRL via actions exerted both centrally and at the level of the
anterior pituitary gland. NPY systems directly and indirectly interact with sev-
eral hypothalamic neuroendocrine networks that control secretion of PRL. The
major hypothalamic hormonal control over PRL secretion is exerted by the
tuberoinfundibular dopamine (TIDA) neurons of the arcuate nucleus, which ex-
ert a tonic inhibitory control over the anterior pituitary lactotrophe (PRL-se-
creting cell) (Ben-Jonathan 1985; Ben-Jonathan and Hnasko 2001; Martinez
de la Escalera and Weiner 1992). Two components to this system are located
dorsomedially and ventrolaterally within the arcuate nucleus (Fuxe et al. 1989;
Ben-Jonathan and Hnasko 2001). Under conditions calling for increased PRL se-
cretion, e.g., in response to the nursing stimulation of the offspring, release of
dopamine into the hypophyseal portal vasculature is inhibited; this by itself con-
stitutes a powerful stimulus for PRL secretion; in addition, removal of dopamine
inhibition allows for the expression of the stimulatory effects of one or more of
the PRL-releasing hormones (Martinez de la Escalera 1992). Candidates for
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PRL-releasing hormones under different conditions include thyrotropin-releas-
ing hormone (TRH) (Gershengorn 1985), vasoactive intestinal peptide (Abe et
al. 1985), and the more recently identified PRL-releasing peptide (Hinuma et al.
1998). An additional level of control is provided by arcuate neurons that express
proopiomelanocortin (POMC), the precursor to ff-endorphin. This peptide ex-
erts a stimulatory influence on secretion of PRL via: (1) inhibition of TIDA neu-
rons and (2) stimulation of one or more PRL-releasing hormones (Crowley
1988).

Several lines of investigation suggest direct NPY interactions with the TIDA
system. Dual-label immunocytochemistry at the light level has revealed an
abundance of NPY-positive nerve terminals colocalized with tyrosine hydroxyl-
ase-positive cell bodies in the arcuate nucleus (Fuxe et al. 1989). Electron micro-
scopic studies reported by Pelletier (1990) indicate the presence of NPY im-
munopositive nerve terminals “very close to” tyrosine hydroxylase-positive cells
of the arcuate nucleus; some direct synaptic contacts (axosomatic, axodendritic
and axoaxonic) between NPY terminals and tyrosine hydroxylase positive ele-
ments were also seen. In this case, tyrosine hydroxylase immunoreactivity is
clearly marking TIDA cell bodies.

As reviewed in more detail below (Sect. 6.1), NPY-positive fibers also inner-
vate TRH-positive perikarya localized in the paraventricular nucleus (Legradi
and Lechan 1998); this innervation has been linked to control over TSH, but
whether it is also involved in the control over PRL secretion is uncertain. Of po-
tentially greater relevance is the direct innervation of POMC cells in the arcuate
nucleus by NPY fibers (Csiffary et al. 1990; Horvath et al. 1992); this innervation
may play a role not only in regulation of PRL secretion (see below), but also in
control of food intake through influences on melanocortin signaling (Kalra et
al. 1999). An excellent diagram of NPY interactions with the adjacent TIDA and
POMC systems of the arcuate nucleus can be found in a chapter by Fuxe et al.
(1989 p 119).

4.2
Effects On PRL Secretion: Central Sites and Mechanisms of Action

Several studies have shown that intracerebroventricular administration of NPY
to male rats decreases circulating PRL and concomitantly, increases activity of
the TIDA system as determined by measurements of dopamine turnover or lev-
els of dopamine metabolites (Fuxe et al. 1989; Harfstrand et al. 1987; Hsueh et
al. 2002). These findings are consistent with the view that NPY reduces PRL se-
cretion through a direct interaction with the TIDA system that results in in-
creased secretion of dopamine into the portal blood. Whether this action also
occurs in females to mediate the suckling-induced release of PRL during lacta-
tion has not been reported. NPY also exerts a central action to reduce secretion
of TSH, apparently through inhibition of the TRH neurons in the paraventricu-
lar nucleus (see Sect. 6.2 for details). It is conceivable that this could be another
means by which PRL secretion is inhibited by NPY, but as yet, this has not been
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directly demonstrated. To date, there have been no reports on effects of AgRP,
the peptidergic comessenger with NPY, on PRL secretion during lactation. How-
ever, central administration of this peptide impairs steroid-induced PRL surges
(Schioth et al. 2001), consistent with the inhibitory effect of central NPY on PRL
secretion.

43
Effects on PRL Secretion: Actions in the Anterior Pituitary

NPY also interacts with dopamine at the level of the anterior pituitary gland in
the suppression of PRL secretion. Studies conducted in the author’s laboratory
on this action were spurred by the observations of Ciofi and coworkers (Ciofi et
al. 1991, 1993), which showed in lactating rats and mice that NPY was expressed
in a subpopulation of TIDA neurons, which do not contain NPY in any other re-
productive condition or in males. Moreover, the distribution of NPY-positive fi-
bers in the median eminence was altered to reflect this colocalization; thus, in
addition to the NPY terminals in the internal zone of the median eminence
(largely colocalized with norepinephrine/epinephrine), NPY-positive (also tyro-
sine hydroxylase-positive) terminals in lactating females were also present in
the external zone in proximity to portal blood vessels (Ciofi et al. 1991, 1993).

Wang et al. (1996) have provided the most extensive test of the hypothesis
that NPY affects PRL secretion directly and/or modulates the effect of dopamine
at the anterior pituitary gland. In those studies, the addition of either NPY or
dopamine alone to cultured pituitary cells resulted in dose-dependent reduc-
tions in PRL secretion, and the combination of dopamine and NPY at submaxi-
mal concentrations produced an additive inhibition. They also tested NPY-do-
pamine interactions in a removal paradigm that models to some extent the
mechanisms underlying suckling-induced PRL release (Martinez de la Escalera
and Weiner 1992). Cultured anterior pituitary cells were incubated in the pres-
ence of NPY or dopamine alone or in combination, followed by removal of the
respective agents. It is well established that removal of dopamine in such a para-
digm is a powerful signal for PRL release, and the same effect was seen with
NPY. Interestingly, when pituitary cells were treated with both NPY and dopa-
mine, the removal of both signals produced greater PRL release than removal of
either alone.

In further studies by Wang et al. (1996), NPY also inhibited PRL release
evoked by the physiological secretagog, TRH, and again the effect was additive
with dopamine. TRH is an activator of the inositol phosphate/Ca’* messenger
system in anterior pituitary cells, and produces the classic ‘spike and plateau’
profile of both PRL secretion and cytosolic Ca?* concentrations, with the initial,
transient spike phase due to mobilization of intracellular Ca?*, followed by the
prolonged plateau in PRL secretion, mediated by influx of extracellular Ca**
(Gershengorn 1985). Both phases of TRH-induced PRL release and rise in cyto-
solic Ca’* were significantly inhibited by either dopamine or NPY alone, and
were virtually abolished by the two in combination.



Neuroendocrine Actions Of Neuropeptide Y 195

More extensive pharmacological analysis of the effects of NPY on Ca?* signal-
ing in the lactotrophe by Wang et al. (1996) has led to the conclusion that NPY
selectively activates mechanisms that inhibit influx of extracellular Ca** through
voltage-regulated channels, but does not alter the mobilization of intracellular
Ca’*; in contrast, dopamine inhibits both phases of Ca?* signaling. Further, the
pharmacological characterization of this effect of NPY points to mediation by
the Ys NPY receptor subtype (Wang and Crowley, unpublished observations),
which is expressed in anterior pituitary (Parker et al. 2000).

We have proposed that during lactation, NPY may serve as a hypothalamic
‘cohormone’ with dopamine to reinforce an inhibitory tone over PRL secretion
(Crowley 1999). This may seem paradoxical in view of the overall high level of
PRL secretion during lactation. Not widely appreciated, however, is the fact that
PRL release in response to the suckling stimulus is actually pulsatile (Higuchi et
al. 1983; Nagy et al. 1986a,b), consisting of irregularly timed, large mass pulses
followed by relatively low levels of secretion. It may be the case that additional
excitatory as well as inhibitory signals from the brain are integrated by the lac-
totrophe into the already pleiotropic regulation of PRL to help ‘shape’ this
episodic secretion pattern.

The inhibitory action of NPY on PRL secretion thus features all of the hall-
mark themes mentioned above for NPY as a neuroendocrine peptide, including
sites of action in both hypothalamus and pituitary, molecular and morphologi-
cal plasticity, as well as colocalization and postjunctional interactions with other
neuromessengers. However, recent investigations suggest that NPY exerts other
physiological actions during lactation related to energy balance, which may be
integrated with its neuroendocrine effects on PRL secretion into an overall
physiological adaptive framework.

44
Central Effects of NPY on Food Intake During Lactation

In addition to the novel expression of NPY in TIDA neurons of the arcuate
nucleus specifically during lactation, the synthesis of NPY, as reflected by
preproNPY mRNA levels, is also increased in the adjacent major NPY cell group
in this nucleus, as well as in the smaller group within the dorsomedial hypotha-
lamic nucleus in lactating animals (Pelletier and Tong 1992; Smith 1993; Pape
and Tramu 1996; Chen et al. 1999; Li et al. 1999a,b). This is associated with in-
creased NPY peptide content in the paraventricular and dorsomedial nuclei and
median eminence (Smith 1993; Malabu et al. 1994; Pickavance et al. 1996). It
is well established that, via their projections to the paraventricular nucleus,
these hypothalamic systems comprise critical orexigenic pathways (Kalra et al.
1999; Schwartz et al. 2000; see chapter by Levens, this volume). Because lactation
is characterized by a marked, physiological hyperphagia resulting from the
heightened energy demands associated with milk production (Fleming 1976;
Williamson 1980; Munday and Williamson 1983; Vernon 1989; Barber et al.
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1997), it is therefore highly suggestive that these systems become upregulated
during this condition.

To directly test the hypothesis that NPY is an important mediator of lacta-
tional hyperphagia, recent studies form our laboratory have examined the ef-
fects of an NPY antagonist analog on diurnal and nocturnal food intake in lac-
tating and nonlactating female rats (Crowley et al. 2003). When infused into the
third cerebral ventricle over a 4-day period in nonlactating rats, the receptor an-
tagonist reduced nocturnal feeding during the first 2 days of treatment, with re-
covery to normal levels of food intake thereafter. The same regimen had very
little effect in lactating rats, however, leading us to test further whether the per-
sistence of high levels of feeding in lactators despite NPY blockade could reflect
the continued action of AgRP, the orexigenic cotransmitter with NPY, whose ex-
pression is also increased in lactation (Chen et al. 1999).

To examine this hypothesis, we administered the anorexigenic peptide de-
rived from POMC, a-MSH. This peptide inhibits food intake via actions at the
MC-4 receptor, which is also the receptor mediating the effects of AgRP
(Schwartz et al. 2000); recent evidence suggests that AgRP is a competitive an-
tagonist and an inverse agonist at this receptor (Haskell-Luevano and Monck
2001; Nijenhuis et al. 2002), and therefore, that a-MSH and AgRP are functional
antagonists of each other. A 4-day infusion of a@-MSH had effects similar to the
NPY blocker in nonlactators and lactators. However, a marked inhibition of
nocturnal and diurnal feeding behavior was seen when both the NPY receptor
antagonist and ¢-MSH were administered into the third ventricle of lactating fe-
males (Crowley et al. 2003).

These findings suggest that both of the colocalized orexigenic peptides, NPY
and AgRP, are important in mediating the hyperphagia of lactation, but that re-
moval of the inhibitory melanocortin tone may be a prerequisite for their effects
to be expressed. It is intriguing that a similar mechanism underlies suckling-in-
duced PRL secretion in lactation, i.e., a removal of strong dopaminergic inhibi-
tory tone, which allows for the effects of various PRL-releasing peptides. Studies
on expression of the NPY, AgRP and POMC genes during lactation support this
hypothesis. Thus, NPY and AgRP mRNAs are increased, while POMC mRNA
levels are decreased, in the arcuate nucleus during lactation in rats (Pelletier
and Tong 1992; Smith 1993; Pape and Tramu 1996; Chen et al. 1999; Li et al.
1999a,b).

4.5
What Are the Physiological Signals for NPY Upregulation in Lactation?

The studies described above indicate that the marked upregulation of hypotha-
lamic NPY systems during lactation is significant for the neuroendocrine regu-
lation of PRL secretion, as well as to control of food intake and energy demands
of lactation. An equally interesting question concerns identification of the phys-
iological signals associated with lactation that evoke the increased NPY (and
AgRP) gene expression. The novel appearance of NPY in TIDA neurons and the
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enhanced expression of NPY mRNA in the arcuate and dorsomedial cell groups
in the hypothalamus depend upon the suckling stimulus, as several studies have
shown a reduction in NPY mRNA levels in these structures, as well as dimin-
ished NPY immunoreactivity in median eminence nerve terminals, after re-
moval of the litters (Ciofi et al. 1993; Wang et al. 1996; Pelletier and Tong 1992;
Smith 1993; Pape and Tramu 1996; Li et al. 1999a,b); conversely, litter replace-
ment restores preproNPY mRNA levels in arcuate cells (Smith 1993; Pape and
Tramu 1996).

It is possible that this effect of suckling reflects a transynaptic action via neu-
ral pathways activated by the suckling stimulus that impinges upon various cell
groups in the arcuate nucleus. The possibility also exists that the effect of suck-
ling is secondarily mediated by an action of a hormone released by suckling.
However, a possible central action of PRL in this regard has been ruled out. This
was an attractive possibility in view of the observations that TIDA neuronal ac-
tivity is activated by PRL, which targets these cells as a component of a short
loop feedback regulation of its own secretion (Moore 1987). However, neither
blockade of PRL secretion with the dopamine agonist bromocriptine, nor im-
munoneutralization of PRL, mimicked the effect of pup removal to decrease
NPY mRNA expression in the arcuate nucleus (Pelletier and Tong 1992; Pape
and Tramu 1996; Li et al. 1999b). Similarly, neither blockade of suckling-in-
duced PRL secretion with bromocriptine, nor elevation of PRL release in non-
lactating rats with the dopamine receptor antagonist haloperidol, affected the
appearance NPY-like immunoreactivity in TIDA nerve endings (P. Ciofi and
W.R. Crowley, unpublished results). On the other hand, Smith and coworkers
have presented evidence that PRL is responsible for the suckling-induced upreg-
ulation of NPY mRNA expression in the cells of the dorsomedial nucleus (Li et
al. 1999b).

An alternative possibility relates to the changes in two important hormonal
signals in lactation that are known to influence NPY expression in the hypothal-
amus as a component of regulation of energy balance. Thus, reductions in circu-
lating insulin and in leptin occur in response to food deprivation, and current
concepts of energy balance suggest that this provides a critical neuroendocrine
signal for upregulation of NPY expression in the arcuate nucleus and release
within the hypothalamus (Kalra et al. 1999; Schwartz et al. 2000). Secretion of
these two hormones is also reduced in lactation, probably as a consequence
of the heightened energy demands of milk synthesis and secretion that create
a negative energy balance (Williamson 1980; Vernon 1989; Madon et al. 1990;
Malabu et al. 1994; Pickavance et al. 1996, 1998; Brogan et al. 1999; Smith and
Grove 2002). Recent studies in this laboratory have tested the hypothesis that
the hypo-insulinemia and/or hypo-leptinemia of lactation are responsible for
the increased expression of NPY in the hypothalamus.

To examine this hypothesis, we administered insulin or leptin in lactating
rats via Alzet Osmotic minipumps implanted subcutaneously in regimens de-
signed to return insulin and leptin to their higher nonlactating levels (Crowley
and Ramoz 2002). The observations of reduced plasma concentrations of insulin
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and leptin were confirmed. Administration of insulin via the pumps actually in-
creased leptin as well as insulin to the nonlactating level, consistent with the ac-
tion of insulin to stimulate leptin secretion, and decreased the concentrations of
NPY in paraventricular nucleus and median eminence to the nonlactating level.
Treatment with leptin via the pumps restored plasma leptin concentrations to
normal without having any effect on insulin, and also normalized NPY concen-
trations in these two regions. Interestingly, leptin replacement, but not insulin
replacement, was associated with a reduction in food intake as well.

4.6
Summary: NPY Integrates Neuroendocrine and Behavioral Responses During
Lactation and in Periods of Negative Energy Balance

These recent findings indicate that the reduction in leptin, and perhaps insulin,
secretion during lactation provides the important signal for increased NPY syn-
thesis in the arcuate nucleus during lactation. The stimulatory influence of
suckling on NPY expression and peptide content may involve a complex cascade
of events as depicted in Fig. 1, in which the suckling stimulus of the offspring
evokes PRL secretion, which in turn stimulates synthesis and release of milk.
Milk synthesis and consumption by the offspring constitutes a heavy energy
drain on the lactating female that results in decreased circulating concentrations
of leptin. This provides an important signal to hypothalamic orexigenic systems
(upregulation of NPY and AgRP expression) and anorexigenic pathways (down-

SUCKLING PRL MILK SYNTHESIS
STIMULATION > | SECRETION > | AND SECRETION
NEGATIVE
INCREASED ARCUATE ENERGY BALANCE

NPY/AgRP SYNTHESIS
AND RELEASE \

T Food intake

DECREASED
LEPTIN

T ACTH secretion
l GH secretion
l TSH secretion

l LH secretion

Fig. 1 Hypothesis for mechanisms and significance of NPY upregulation during lactation
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regulation of POMC/a-MSH expression) that mediate the hyperphagia of lacta-
tion. In addition, NPY, perhaps interacting with these other messengers, con-
tributes to the complex pleiotropic regulation of PRL secretion. Further, as dis-
cussed below, NPY may contribute to several other neuroendocrine changes
during lactation, including reductions in secretion of thyroid hormone (see
Sect. 6) and gonadotropins (Smith and Grove 2002), and activation of adrenal
hormone release (see Sect. 7). Such actions may be integrated with the critical
actions of this peptide on energy balance, thereby helping to integrate critical
neuroendocrine, metabolic and behavioral adaptations during lactation.

Observations in nonlactating rats suggest that the mechanisms proposed
above may have general applicability as a component of widespread neuroendo-
crine adaptations to negative energy balance. Thus, periods of food restriction
are associated with decreased secretion of a number of pituitary hormones, in-
cluding PRL (Campbell et al. 1977; Ahima et al. 1996; Hsueh et al. 2002), aimed
most likely towards the conservation of energy. As noted above, this also is as-
sociated with decreased circulating leptin and upregulated hypothalamic NPY.
While not yet tested directly for PRL secretion, the inhibitory effect of NPY on
PRL could manifest itself under these circumstances. That leptin may be the pri-
mary peripheral hormonal signal for the NPY inhibition of PRL is suggested by
the observations that chronic administration of leptin to food deprived rats pre-
vents both the upregulation of hypothalamic NPY expression (Ahima et al. 1996;
Korner et al. 2001) and the reduction in circulating PRL (Watanobe et al. 2001).
As reviewed in the following sections on ACTH, GH and TSH secretion, the cen-
tral role of leptin-NPY signaling in response to conditions of nutritional inade-
quacy is a recurring and overarching theme in the neuroendocrine actions of
NPY.

5
Effects of NPY on the Hypothalamic-Pituitary—Adrenal Axis

5.1
Anatomy

In terms of neuroendocrine regulation, studies on the influence of NPY on the
hypothalamic-pituitary-adrenal (HPA) axis are perhaps second only to the hy-
pothalamic-pituitary-gonadal axis in number, and several of the common
themes of NPY action identified above apply to ACTH/corticosterone secretion.
As reviewed extensively (Engler et al. 1999), hypothalamic control over ACTH
secretion is governed primarily by the peptide factor, corticotropin-releasing
hormone (CRH), which is synthesized by neurosecretory cells whose perikarya
are localized within a parvicellular subdivision of the paraventricular nucleus of
the hypothalamus. A second means of stimulatory control over ACTH secretion
is provided in some species by VP, which is coexpressed in many CRH neurose-
cretory cells in parvicellular paraventricular nucleus, distinct from the magno-
cellular system discussed above, and which augments CRH action on ACTH
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secretion (Engler et al. 1999). Superimposed upon these hypothalamic hor-
monal controls are circadian rhythmicity, responsiveness to stressful stimuli,
steroid hormone feedback regulation, and a variety of neurotransmitter inputs
(Bradbury et al. 1991; Dallman et al. 1994).

Perhaps not surprisingly, given the dense NPY projection to the paraventric-
ular nucleus already discussed above, studies at the light microscopic level uni-
formly demonstrate an abundance of NPY-positive axons in the immediate
vicinity of CRH cell bodies (Wahlestedt et al. 1987; Liposits et al. 1988; Li et al.
2000), and electron microscopy reveals synaptic contacts between NPY-positive
boutons and CRH-positive dendrites and perikarya (Liposits et al. 1988). From
anterograde (Li et al. 2000) and retrograde (Baker and Herkenham 1995) trac-
ing, it is clear that many NPY-positive nerve endings near CRH cells derive from
the arcuate nucleus; additionally, NPY undoubtedly influences the CRH/vaso-
pressin neurosecretory system via ascending the noradrenergic and adrenergic
projections discussed above (Engler et al. 1999).

5.2
Effects on ACTH/Corticosterone Secretion

Studies conducted in rats, sheep and dogs are consistent in showing a central
stimulatory action of NPY on ACTH secretion, accomplished most likely
through direct effects on the neurosecretion of CRH. For example, microinjec-
tion of NPY into either the ventricular system or directly into the paraventricu-
lar nucleus evokes a rapid release of ACTH and corticosterone in the rat
(Wahlestedt et al. 1987; Leibowitz et al 1988; Albers et al. 1990; Inui et al. 1990;
Suda et al. 1993; Tempel and Leibowitz 1993; Sainsbury et al. 1996, 1997b; Small
et al. 1997). That this involves enhanced neurosecretion of CRH is suggested by
the observations that central administration of NPY increases CRH immunore-
activity and mRNA levels in the paraventricular nucleus (Haas and George 1989;
Suda et al. 1993) and by in vitro studies showing stimulatory effects of NPY on
release of CRH (Tsagarakis et al. 1989; Hastings et al. 2001). Elegant studies con-
ducted in sheep also provide definitive evidence that NPY exerts a central action
to increase secretion of CRH and vasopressin into the hypophyseal portal sys-
tem, leading to ACTH/corticoid secretion (Brooks et al. 1994; Liu et al. 1994).
Unlike NPY effects on secretion of LH (Kalra and Crowley 1992; see chapter by
Kalra and Kalra, this volume) or PRL (see Sect. 4), the stimulation of the HPA
axis by NPY appears to be mediated exclusively by this central action; in vitro
studies with anterior pituitary cells from rat or sheep have consistently shown
no effect of NPY on either basal or CRH-induced release of ACTH (Brooks et al.
1994; Liu et al. 1994; Small et al. 1998).

Pharmacological studies in vivo have not been able to identify a specific NPY
receptor subtype mediating these effects (Small et al. 1997), although in one
study (Hastings et al. 2001), a Y, receptor antagonist prevented NPY-induced
CRH release. On the other hand, Y, receptor immunoreactivity was not ob-
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served in CRH cell bodies (Li et al. 2000), while Y5 receptor immunoreactivity is
detectable in some CRH perikarya (Campbell et al. 2001).

The issue of co-action between NPY and its peptidergic comessenger, AgRP,
in control of the HPA axis has received some attention. In one report (Dhillo et
al. 2002), microinjection of AgRP into the paraventricular nucleus mimicked the
effect of NPY in stimulating ACTH secretion; in addition, AgRP increased the
release of CRH from hypothalamic explants in vitro, suggesting that, again like
NPY, AgRP activates the neuroscretion of CRH. However, because in these stud-
ies a-MSH exerted the same effects as AgRP, the effects of AgRP may not be
through competitive antagonist/inverse agonism at melanocortin receptors as
described in Sect. 4 for feeding behavior.

It is well established that norepinephrine and epinephrine also act centrally
to stimulate ACTH release (e.g., Leibowitz et al 1988; Engler et al. 1999). In view
of the NPY colocalization in noradrenergic/adrenergic projections to the para-
ventricular nucleus discussed above, the question of whether NPY interacts with
these adrenergic transmitters in control of the adrenal axis is an important one.
This has not been addressed extensively, but the studies on NPY enhancement
of CRH mRNA levels (Suda et al. 1993) and CRH release in vitro (Tsagarakis et
al. 1989) showed that these responses to NPY were unaffected by blockade of a-
or fB-adrenergic receptors, suggesting that the effect of NPY might be exerted in
parallel with the adrenergic transmitters, but does not depend upon their ac-
tion.

5.3
Physiological Significance of NPY Actions on the HPA Axis

Is the stimulatory action of NPY on CRH/VP a component of the physiological
neuroendocrine response to stress? At present, the literature does not contain
reports in which this has been investigated using a pharmacological approach,
investigating, for example, whether antagonism of NPY action might interfere
with the ACTH/corticoid response to physiological stressors. An alternative
strategy has been to examine whether changes in NPY synthesis or release are
induced by a physiological stressor in conjunction with enhanced ACTH/corti-
costerone secretion. Although several studies have demonstrated that acute
and chronic restraint stress increases the expression of NPY mRNA in the arcu-
ate nucleus of rats (Conrad et al. 2000; Makino et al. 2000), another report
demonstrates the opposite, i.e., a reduction in NPY mRNA levels in this nucleus
(Krukoff et al. 1999) in response to restraint stress. Hence, it is difficult at pres-
ent to form definite conclusions on this issue.

Another strategy to address the question of the physiological importance of
NPY in relation to the HPA axis has been to examine the effects of endocrine
manipulations such as adrenalectomy or treatment with glucocorticoids on var-
ious indices of NPY function. The reported effects of adrenalectomy have been
inconsistent, with some (Dean and White 1990; White et al. 1990; Watanabe et
al. 1995), but not other (Larsen et al. 1993; Akabayashi et al. 1994; Larsen et al.
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1994; Baker and Herkenham 1995), studies demonstrating a decrease in pre-
proNPY mRNA levels in the arcuate nucleus following removal of adrenal ster-
oids. More consistently, however, a number of studies have demonstrated that
administration of glucocorticoids significantly upregulates NPY mRNA levels in
the arcuate nucleus (and reverses the decline observed after adrenalectomy)
(Dean and White 1990; White et al. 1990; Wilding et al. 1993; White et al. 1994;
Larsen et al. 1994a; Stack et al. 1995; Watanabe et al. 1995).

Several lines of evidence indicate that the stimulatory effect of glucocorti-
coids on NPY synthesis is likely to be exerted directly in the NPY neuron. Thus,
at least one-half of the NPY cell bodies in the arcuate nucleus are immunoposi-
tive for the glucocorticoid receptor (Hisano et al. 1988; Harfstrand et al. 1989),
and multiple glucocorticoid response elements are located in the 5’ flanking
region of the NPY gene; treatment of NPY gene-expressing cells with the gluco-
corticoid dexamethasone stimulates its transcription (Misaki et al. 1992). Fur-
ther, the majority of lower brainstem noradrenergic/NPY and adrenergic/NPY
cells also express glucocorticoid receptor immunoreactivity (Harfstrand et al.
1989). In this regard, it is highly interesting that glucocorticoid treatment in-
creases levels of preproNPY mRNA in the noradrenergic cells of the locus coeru-
leus (Watanabe et al. 1995), which also are glucocorticoid receptor-positive
(Harfstrand et al. 1989). Whether glucocortcoids also influence NPY expression
in the other noradrenrgic/adrenergic cell groups has not been reported. Finally,
selective type II receptor stimulation is sufficient to increase NPY mRNA levels
(White et al. 1994; Watanabe et al. 1995).

Thus, it is apparent that neuroendocrine NPY neurons in hypothalamus
and brainstem are major targets for glucocorticoid hormones, which directly
upregulate NPY synthesis. However, given the stimulatory influence of NPY on
CRH/ACTH/corticoid secretion, such effects cannot be components of adrenal
steroid negative feedback control over the HPA axis (Bradbury et al. 1991;
Dallman et al. 1994). Rather, several investigators have recently proposed that
this relationship is more relevant to the neuroendocrine regulation of energy
balance in an interaction with multiple peripheral hormonal signals, including
insulin and leptin (Dallman et al. 1993, 1995). While discussion of such regula-
tion is beyond the scope of this chapter (see chapter by Levens, this volume),
several salient features of this interaction deserve emphasis.

First, circadian rhythms in NPY gene expression and peptide content in the
arcuate-paraventricular circuit correlate positively with the rhythmicity in the
HPA axis, with both systems activated in rats during the onset of dark hours,
when feeding is initiated (Akabayashi et al. 1994). Second, it is well established
that food deprivation is a major stimulus for NPY synthesis and release in
the arcuate-paraventricular orexigenic circuit (reviewed in Dallman et al. 1993;
Kalra et al. 1999; Schwartz et al. 2000), and concomitantly, to activation of the
HPA axis (Dallman et al. 1993). It is controversial whether glucocorticoids are
involved in the food deprivation-induced increased expression in hypothalamic
NPY (Ponsalle et al. 1992; Hanson et al. 1997). However, administration of leptin
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to food-deprived animals does reverse both the increase in hypothalamic NPY
expression and the activation of the HPA axis (Ahima et al. 1996).

Another intriguing connection is the dependence of NPY-induced feeding
upon some as yet undefined action of glucocorticoids. For example, adrenalec-
tomy or local application of a type II glucocorticoid antagonist abolish feeding
induced by administration of NPY (or norepinephrine) into the paraventricular
nucleus (Tempel and Leibowitz 1993). Moreover, the obesity syndrome seen in
rats subjected to chronic intraventricular infusion of NPY is also prevented by
adrenalectomy (Sainsbury et al. 1997a). The basis for this permissive action of
glucocorticoids has not been identified, but could reflect some action on NPY
receptors, signal transduction messenger systems and/or downstream effectors.

54
Summary

Thus, NPY exerts a seemingly straightforward, excitatory influence on ACTH
and glucocorticoid release, mediated most likely entirely by a direct activation
of CRH and perhaps VP secretion into the hypothalamo-pituitary portal vascu-
lature. Several of the ‘themes’ of neuroendocrine NPY action are present in this
system (direct effect on a releasing hormone; physiological plasticity), while
others are not (pituitary site of action) or as yet uninvestigated (colocalization
with other messengers, postjunctional signal amplification). Yet, the stimulatory
effects of glucocorticoids on NPY expression suggest strongly that the relation-
ship of NPY to the HPA axis and the physiological significance of this interac-
tion are more complex. Dallman and coworkers (Dallman et al. 1993, 1995) have
suggested that NPY might play a critical role in integrating the activity of the
HPA axis with neural and neuroendocrine regulation of food intake and energy
balance. The details of this integration remain to be worked out, but this con-
cept is similar to that we have put forward above for NPY integration of the neu-
roendocrine and metabolic aspects of lactation (Sect. 4). Indeed, because the
HPA axis is activated during lactation (Walker et al. 1992), this may be part of
an overarching physiological role for NPY in the integration of anterior pituitary
hormone secretion with controls over energy balance, with leptin an important
peripheral hormonal signal to the HPA axis via NPY.

6
Effects of NPY on the Hypothalamic-Pituitary-Thyroid Axis

6.1
Anatomy

Compared with other anterior pituitary hormones, there have been fewer inves-
tigations on the action of NPY on the hypothalamic-pituitary-thyroid (HPT)
axis, but the results obtained to date are consistent with several of the concepts
developed above. The major hypothalamic regulator of TSH secretion is the tri-
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peptide, TRH; cells synthesizing this peptide are found in several parvicellular
subdivisions of paraventricular nucleus (Toni et al. 1990). Perhaps not surpris-
ingly, a number of studies using both light and electron microscopy have dem-
onstrated extensive innervation of TRH cell bodies by NPY immunoreactive
boutons (Toni et al. 1990; Liao et al. 1991; Diano et al. 1998; Legradi and Lechan
1998); similar results have been observed in human brain as well (Mihaly et al.
2000). It is also evident that the vast majority of this input derives from the
arcuate nucleus, rather than from ascending catecholaminergic systems, and co-
expresses AgRP (Liao et al. 1991; Diano et al. 1998; Legradi and Lechan 1998;
Mihaly et al. 2000).

6.2
Effects on TSH/thyroid Hormone Secretion

Several studies have consistently shown that central administration of NPY
reduces circulating TSH and thyroid hormones (both T3 and T4) (Harfstrand
et al. 1987a; Fekete et al. 2001, 2002). Concomitantly, NPY decreased the levels
of preproTRH mRNA in paraventricular nucleus upon central administration
(Fekete et al. 2001, 2002). Any significant action of NPY on TSH release at the
level of the pituitary gland is unlikely, in that incubation of cultured anterior pi-
tuitary cells with even high concentrations of NPY had no effect on release of
this hormone (Chabot et al. 1988).

Exactly the same results on circulating TSH and thyroid hormones have been
reported to occur with AgRP, the peptidergic comessenger with NPY in arcu-
ate-paraventricular projections, from intraventricular or intraparaventricular
administration (Kim et al. 2000; Fekete et al. 2002). This is intriguing because of
the findings cited above (Sect. 4) that AgRP is a functional antagonist/inverse
agonist at receptors also stimulated by a-MSH, implying a parallel input to
TRH neurons by this system. Indeed, anatomical and pharmacological studies
by Fekete et al. (2000) reveal direct contacts of TRH cells by POMC/a-MSH-ex-
pressing nerve fibers, and stimulatory effects of @-MSH on the expression of the
proTRH gene and the HPT axis. Consistent with these observations, a-MSH
stimulates the release of TRH in vitro, and this effect is antagonized by AgRP
(Kim et al. 2000, 2002).

6.3
Physiological Significance

Lacking thus far in the literature are studies evaluating the actions of manipula-
tions such as thyroidectomy or administration of T3 or T4 on NPY synthesis,
levels or release in the arcuate-paraventricular circuit; such studies could indi-
cate whether the inhibitory action of NPY/AgRP on the HPT axis participates in
the negative feedback regulation of TSH secretion by thyroid hormones. Howev-
er, as with the interaction of NPY with PRL (Sect. 4) and the HPA axis reviewed
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in Sect. 5, the physiological significance of these effects of NPY may be more re-
lated to integration of the neuroendocrine regulation of energy balance.

Suppression of the HPT axis is a well known adaptation to food restriction
and negative energy balance, most likely as part of an overall strategy for energy
conservation (Ahima et al. 1996). As reviewed in Sect. 4, this is also a powerful
stimulus for upregulation of the NPY/AgRP genes and for suppression of POMC
expression within the arcuate nucleus. Thus, it is tempting to speculate that the
inhibitory effects of NPY/AgRP on the HPT axis are components of these adap-
tive responses. Leptin has been suggested to be a prime coordinator of the com-
pensatory changes in anterior pituitary hormone secretion that occur in nega-
tive energy balance (Ahima et al. 1996). Thus, in addition to reversing fasting-
induced alterations in the HPT and HPA axes, leptin concomitantly reverses
fasting-induced changes in NPY, AgRP and POMC gene expressions in arcuate
neurons (Ahima et al. 1996), totally consistent with the effects of these peptides
on the respective neuroendocrine states.

Further interrelating these various endocrine adaptations, it is intriguing to
note that activity of the HPT axis is suppressed during lactation (Fukuda et al.
1980; Oberkotter and Rasmussen 1992), which, as reviewed in Sect. 4, is one of
apparent negative energy balance despite the hyperphagia. Thus, it may also be
the case that another important physiological action of NPY during lactation is
to contribute to this neuroendocrine alteration as well.

7
Effects of NPY on Growth Hormone Secretion

7.1
Anatomy

Hypothalamic control over the secretion of growth hormone (GH) is accom-
plished via the coordinated neurosecretion of two hypothalamic factors, growth
hormone-releasing hormone (GHRH) and the inhibitory regulator somato-
statin, which together determine the characteristic episodic secretion of GH
(Frohman et al. 1992). GHRH-synthesizing perikarya are localized predomi-
nantly within the hypothalamic arcuate nucleus (Everitt et al. 1986); while so-
matostatin neurons are more widespread, the hypophysiotropic population ap-
pears mainly within the periventricular nucleus at the level of the anterior hypo-
thalamus (Kawano and Daikoku 1988).

Ciofi and coworkers (1987) reported that the majority of arcuate cells immu-
noreactive for GHRH also coexpressed NPY. However, they also made the im-
portant observation that these GHRH/NPY cells did not project to the external
zone of the median eminence in proximity to the portal blood vessels, suggest-
ing they might be involved in other functions. In contrast, a small group of
GHRH-positive/NPY-negative cells located laterally in the arcuate nucleus did
project to the periportal, external region of the median eminence. Perhaps not
widely appreciated is the fact that many of these ventrolateral GHRH cells com-
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prise part of the TIDA neuronal population (Fuxe et al. 1989), which, as re-
viewed in Sect. 4, is known to receive NPY innervation.

Light and electron microscopy has also revealed substantial direct innerva-
tion by NPY-positive fibers and boutons of somatostatin cells in the anterior
periventricular nucleus; the NPY input evidently derived mainly from the arcu-
ate nucleus (Hisano et al. 1990). Hence, the arcuate NPY neurons make contact
with both limbs of the hypothalamic hormonal control over GH secretion.

7.2
Effects of NPY on GH Secretion: Central Mechanisms

A number of pharmacological studies have consistently shown that acute central
administration of NPY inhibits GH secretion in both male and female rats
(McDonald et al. 1985; Harfstrand et al. 1987a; Rettori et al. 1990; Suzuki et al.
1996; Carro et al. 1998); this effect was mimicked by either Y; or Y, NPY recep-
tor agonists (Suzuki et al. 1996. Suppression of GH secretion has also been ob-
served during chronic administration of NPY in male and female rats (Catzeflis
et al. 1993; Pierroz et al. 1996). Conversely, central administration of anti-NPY
serum elevates circulating GH, implying the existence of a tonic inhibitory tone
exerted by NPY over GH secretion (Rettori et al. 1990). Consistent with the ana-
tomical evidence cited above that NPY cells directly contact GHRH and somato-
statin neurosecretory cells, in vitro studies have demonstrated that NPY inhibits
the release of GHRH, but stimulates the release of somatostatin, from hypotha-
lamic or median eminence fragments (Rettori et al. 1990; Korbonits et al. 1999).
To date, there have been no reports on the effects of AgRP on GH secretion.

7.3
Effects of NPY on GH Secretion: Pituitary Mechanisms

While these studies are consistent with a relatively straightforward mechanism
whereby NPY acts within the hypothalamus to both inhibit GHRH and activate
somatostatin release, resulting in suppression of GH secretion, studies with cul-
tured rat anterior pituitary cells show that NPY has the opposite effect on GH
secretion at the level of the pituitary gland. Thus, in this experimental model,
NPY produces a concentration-dependent increase in GH release (McDonald et
al. 1985; Chabot et al. 1988). These converse central and pituitary actions have
not been integrated into a comprehensive physiological explanation as yet.
Complicating the picture further, NPY has been reported to inhibit GH secre-
tion by human pituitary adenoma cells in culture (Adams et al. 1987). As yet
there are no reports on receptor-messenger mechanisms underlying these dis-
parate effects of NPY at the level of the pituitary gland.



Neuroendocrine Actions Of Neuropeptide Y 207

7.4
Physiological Significance of NPY Action on GH:
A Role in Short-Loop Feedback

It is well established that GH regulates its own secretion via a short-loop negative
feedback action exerted centrally, probably mainly via enhancement of somato-
statin release (Frohman et al. 1992). Several studies suggest that hypothalamic
NPY is important for this mechanism. For example, peripheral administration of
GH to hypophysectomized rats induces the expression of c-Fos, a marker of neu-
ronal activation, in the majority of NPY cells in arcuate nucleus, as well as in so-
matostatin cells in the periventricular nucleus (Kamagai et al. 1994). Further,
nearly all of the arcuate NPY cells express GH receptor mRNA (Chan et al. 1996;
Kamegai et al. 1996), implying a direct effect of GH on these cells. Moreover, hy-
pophysectomy decreases preproNPY mRNA expression, while treatment with GH
restores these levels to normal in rats (Chan et al. 1996). Given the stimulatory
effect of NPY on release of somatostatin discussed above, it is tempting to specu-
late that GH short-loop negative feedback involves activation of NPY projections
from the arcuate nucleus directly to the periventricular somatostatin population.

7.5
Physiological Significance of NPY Action on GH:
Role in Metabolic Adaptations to Nutritional Inadequacy

Similar to its actions on the HPA and HPT axes discussed above, the inhibitory
effects of NPY on GH secretion may also be a component of the overall neuroen-
docrine adaptations to negative energy balance. Thus, we have emphasized that
food deprivation is a major stimulus for the upregulation of NPY synthesis con-
tent and release in the hypothalamus; concomitantly, it is well established that
the episodic secretion of GH is suppressed under these conditions (Tannenbaum
et al. 1978). Although not tested directly, it would seem highly likely that the in-
hibitory effects of NPY are exerted on GH secretion under such conditions. This
could serve to reduce the catabolic and protein synthetic actions of GH in the
face of need for other energy stores.

7.51
Relevance for Reproductive States

A large literature attests to the fact that reproduction in both sexes, but particu-
larly the processes of cyclicity, ovulation, pregnancy and lactation in females
are profoundly disrupted during periods of food deprivation; similarly, sexual
maturation as evidenced by onset of puberty is delayed under such conditions
(see Wade and Schneider 1992 for review). Disruption of reproductive cyclicity,
and ovulation as well as impairment of sexual development during periods of
undernutrition may be mediated in large part via a suppression of the neurose-
cretion of gonadotropin-releasing hormone, resulting secondarily in reduced se-
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cretion of gonadotropins from the anterior pituitary (see Wade and Schneider
1992 for review). However, there is also considerable evidence that GH partici-
pates in the overall regulation of sexual development (Hull and Harvey 2001). A
series of investigations by Aubert and coworkers has generated the intriguing
hypothesis that the arcuate NPY system is important in suppressing activity of
both the hypothalamic-pituitary-gonadal axis, as well as GH secretion, as adap-
tive responses to conditions of nutritional inadequacy.

That NPY might be involved in these adaptations is suggested by the follow-
ing observations. First, chronic central administration of NPY reduces secretion
of the gonadotropins as well as GH in rats (Catzeflis et al. 1993); this is consis-
tent with a substantial literature showing that NPY can exert either inhibitory as
well as stimulatory effects on GnRH/LH secretion depending upon the steroid
hormone milieu as well as upon the mode of administration (see Kalra and
Crowley 1992 for review). Secondly, chronic central administration of NPY to
otherwise normal, immature rats significantly delays onset of puberty (Pierroz
et al. 1995), and prevents sexual maturation in a model of food deprivation-in-
duced impairment of puberty (Gruaz et al. 1993).

These considerations may also apply to NPY actions during lactation (see
Sect. 4). GH contributes to the control of milk synthesis in a number of species
(Hull and Harvey 2001), and to a certain extent is released by the suckling stim-
ulus, although the dynamics are different than for PRL (Saunders et al. 1976;
Nagy et al. 1986a,b). As with PRL, the suckling-induced release of GH is episod-
ic (Nagy et al. 1986a,b), and though not yet tested directly, it is conceivable that
NPY could help shape the pulsatile nature of GH secretion, as we have suggested
for PRL (Wang et al. 1996). Further, although outside the immediate scope of
this chapter, Smith and Grove (2002) in a recent review have summarized evi-
dence that the chronic elevation of NPY during lactation could contribute to the
suppression of gonadotropin secretion during lactation.

7.6
Role of NPY in the Actions of Leptin on GH Secretion

Related to this, arcuate NPY neurons appear to be critical targets for the periph-
eral hormone leptin in its actions on GH release, as well as on secretion of the
other anterior pituitary hormones reviewed above. Leptin has little effect on GH
secretion in normally fed rats but prevents the decline in GH secretion under
conditions of food restriction (Casanueva and Dieguez 1999). Thus, the food
deprivation-induced reduction in circulating leptin could remove an important
stimulatory influence over GH secretion. That this might be accomplished via
inhibition of the NPY system is suggested by findings that leptin replacement in
fasting rats reverses the upregulation of NPY gene expression and concomitant-
ly restores pulsatile GH secretion (Vuagnat et al. 1998). Further, central admin-
istration of anti-NPY serum reverses the suppression of GH secretion produced
by immunoneutralization of leptin, and central administration of NPY prevents
leptin-induced increases in circulating GH (Carro et al. 1998).
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7.7
Summary

Thus, NPY effects on GH secretion are consistent with our general framework
that NPY integrates neuroendocrine responses to nutritional inadequacy. NPY-
induced inhibition of GH secretion is largely mediated by inhibition of GHRH
and stimulation of somatostatin, and may be a component of GH-induced
short-loop negative feedback. Further, food deprivation suppresses GH release,
at least in part via the reduction in leptin secretion. This in turn, is highly likely
to be mediated by removal of the leptin inhibition of arcuate NPY synthesis and
release.

8
Summary and Perspectives

It is apparent that NPY neurons occupy a prominent position as a neuromessen-
ger critical for a variety of neuroendocrine regulations. Anatomically, central
NPY systems, intrinsic within the hypothalamus, as well as ascending from the
brainstem in a comessenger role with norepinephrine and epinephrine, are in
position to influence all of the major neuroendocrine systems. With regard to
the magnocellular neuroendocrine hypothalamus, the initial observations that
NPY stimulates secretion of VP and OT have not been pursued from a physio-
logical perspective. Thus, it is still unknown whether NPY contributes to the re-
lease of these hormones in response to the well defined stimuli for their release,
such as dehydration, hypovolemia or nursing during lactation. This is all the
more disappointing in view of the remarkable physiological/molecular plasticity
in this system, in which an increase in plasma osmolality, which is well known
to increase OT and VP synthesis and secretion, also leads to a novel expression
of NPY in both of these cell types. The mechanisms underlying, and the physio-
logical significance of these observations have not been defined.

In contrast, considerable progress has been made in characterizing the ac-
tions of NPY on anterior pituitary hormone secretion. As summarized in Table 1,
this chapter has attempted to identify several common themes in the neuroen-
docrine regulatory actions of NPY. First, NPY systems from the arcuate nucleus

Table 1 Summary of the effects of NPY on secretion of anterior pituitary hormones

?, No published reports addressing this issue; Hyp, hypothalamic; AP, anterior pituitary gland.
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and/or brainstem directly innervate all of the hypothalamic releasing/inhibiting
hormone systems governing secretion of anterior pituitary hormones, and NPY
effects on PRL, GH, TSH and ACTH secretion clearly are mediated via alter-
ations in the neurosecretion of their cognate hypophysiotropic hormonal sys-
tems. In addition, NPY effects on PRL secretion (and LH; see chapter by Kalra
and Kalra, this volume) also involve actions at the pituitary so prominent that
NPY might be considered to be a ‘coreleasing hormone’ with dopamine and
GnRH, respectively.

Second, it is common for NPY to interact postjunctionally with other comes-
sengers released from the same nerve terminals. In the case of OT and VP, and
to some extent LH (see chapter by Kalra and Kalra, this volume), the cotrans-
mitter appears to be norepinephrine. However, for the other anterior pituitary
hormones discussed in this chapter, recent work suggests a co-action with AgRP,
present as a comesssenger in most of the arcuate NPY neurons, for PRL, TSH
and ACTH secretion. Details of specific receptor subtype, second messenger
coupling and potential intracellular ‘crosstalk’ between NPY- and AgRP-activat-
ed signal transduction pathways generally remain to be worked out in these sys-
tems. From work reviewed in this chapter on PRL secretion (Sect. 4) and previ-
ously on LH secretion (Kalra and Crowley 1992), the concept of signal amplifi-
cation by NPY has emerged. By this is meant intracellular mechanisms respon-
sible for augmenting target cell responses. For example, as reviewed in Sect. 4,
our work suggests that NPY adds to the inhibitory effect of dopamine on PRL
secretion by selectively augmenting dopamine inhibition of the influx of extra-
cellular Ca?".

A third common theme for NPY regulation of anterior pituitary secretion is
what we have termed ‘physiological/molecular plasticity’ in the synthesis and
release of NPY especially in the arcuate-based circuits. This refers to the tar-
geting of arcuate NPY neurons by specific physiological factors involved in an-
terior pituitary regulation. For example, with respect to feedback regulatory
mechanisms, hypothalamic NPY neurons are targeted by adrenal glucocorti-
coids (Sect. 5) and GH (Sect. 6). Similar studies on the HPT axis have not yet
been reported. During lactation, there is a general upregulation of NPY expres-
sion in the arcuate nucleus, including the novel expression in TIDA neurons
that normally do not contain NPY; these depend in some way on the suckling
stimulus.

Finally, as summarized in Fig. 2, arcuate NPY neurons appear to mediate the
changes in anterior pituitary secretion that occur in conditions of food restric-
tion and negative energy balance, namely suppression of gonadotropins (re-
viewed in Smith and Grove 2002), PRL, GH, and TSH, and an increase in ACTH.
Further, it is possible to pinpoint the reduction in circulating leptin that occurs
upon food deprivation as the key signal regarding the status of energy stores to
each of the anterior pituitary hormones, via NPY systems based in the arcuate
nucleus. Thus, when considered together with the major orexigenic action of
NPY, one may place the neuroendocrine actions of NPY within the overall
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Fig. 2 Overall summary of NPY action to integrate behavioral and neuroendocrine responses to nega-
tive energy balance

framework that this system provides critical integration of the neuroendocrine
and behavioral responses to a condition of negative energy balance.
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Abstract The information collated here supports the concept that neuropeptide
Y (NPY) is an essential messenger molecule in integration of the innate appeti-
tive drive and the urge to reproduce. There is a spatial and temporal specificity
of NPY action in the hypothalamus wherein two distinct NPY pathways receive
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and transduce external and internal environmental information to sustain nutri-
tional homeostasis and reproductive functions. A distinct subset of NPY ex-
pressing neurons serves as the on/off switch to stimulate appetite but inhibit re-
production when unfavorable nutritional environments and hormonal, neural,
metabolic and genetic disturbances persist. This capability of NPYergic signal-
ing to reciprocally modify the two instinctual urges with the aid of distinct NPY
receptor subtypes and intricate connectivities with varied peptidergic pathways,
and with the cooperation of chemically diverse coexpressed neurotransmitters,
has uncovered multiple loci vulnerable to therapeutic interventions to treat eat-
ing disorders and obesity without adversely affecting fertility.

Keywords Hypothalamus - Neural circuitry - Neuropeptides - Arcuate
nucleus-paraventricular nucleus - Medial preoptic area-median eminence

1
Introduction

The search for energy source and conducive environments to reproduce are the
two most significant intrinsic driving forces for the survival of the species.
These innate drives are directed by the dynamics of ever-changing evolutionary
pressures. Only in the 1980s was it appreciated that neural processes that receive
and transduce external environmental signals and appropriately propagate neu-
rogenic impulses to drive the organism toward the source of food and prepare it
for the prolonged, heavy energy cost of reproduction, lactation and raising of
progeny are neurochemically linked in the hypothalamus (Kalra et al. 1988a,
1989). The advent of this insight can be traced to the early clinical observations
and experimental findings that established the hypothalamus as an integrator of
these life sustaining physiological processes, and later, to the discovery of a
spectrum of neurotransmitters and neuromodulators that relay messages within
the hypothalamic integrative network (Bray 1984, 1998; Kalra 1993; Kalra and
Kalra 1983). The realization that distinct transmitter(s) encode integration
among various hypothalamic circuitries triggered research on two parallel
fronts, the chemical characterization of messenger molecules and a deeper un-
derstanding of their pleiotropic actions at cellular and molecular levels. The
neurobiology of neuropeptide Y (NPY) in integration of energy homeostasis
and various neuroendocrine systems is one such example. The focus of this arti-
cle is to collate information accumulated since 1984 when the appetite and pitu-
itary gonadotropin release stimulating effects of NPY were first reported (Clark
et al. 1984; Kalra and Crowley 1984a,b). The thesis advanced shortly thereafter
that this molecule, elaborated by a cluster of neurons in the hypothalamus, can
simultaneously evoke appetitive drive while suppressing the sexual behavior
drive directly, and reproduction indirectly by regulating efflux of hypothalamic
gonadotropin releasing hormone (GnRH) to stimulate gonadotropin release, ig-
nited intense multidisciplinary research that uncovered the chemical nature of
the crosstalk between these instinctual urges (Clark et al.1984, 1985; Crowley
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Fig. 1 Neuropeptide Y plays a pivotal role in the hypothalamus in regulating two neuroendocrine func-
tions, reproduction and sexual behavior (left) and appetite and energy expenditure to maintain body
energy homeostasis (right). In addition to an interconnected circuitry in the hypothalamus (for details,
see text), distinct afferent pathways play an important role in regulating NPY release at target sites.
Afferent messages from the periphery are relayed by multisynaptic neural pathways through the spinal
cord, brainstem, and lateral hypothalamus and converge onto NPY neurons in the basal hypothalamus.
NPY neurons also receive hormonal signals that cross the blood-brain barrier. (With permission from
Kalra and Kalra 2003)

and Kalra 1988; Kalra et al. 1988a, 1989). The outcome of these investigations is
presented here in four sections dealing with the pivotal roles of hypothalamic
NPY in regulating appetite within the hypothalamic circuitry that regulates en-
ergy homeostasis, pituitary gonadotropin secretion within the context of neuro-
endocrine control, and sexual behavior within the context of neural and endo-
crine-based motivational behavior (Fig. 1). Finally, we present a heuristic model
that integrates interactions between the circuitries regulating appetite and re-
production at the neuroanatomical, neurochemical and molecular biology levels
under the influence of varied external forces.

2
NPY, a Physiological Appetite Transducer

2.1
NPY Synthesis, Release and Appetite

Although the role of the ventromedial hypothalamus-lateral hypothalamus
(VMH-LtH) as the neuroanatomical basis of appetitive behavior was extensively
evaluated for over 50 years (Bray 1984, 1998; Kalra 1997; Kalra et al. 1999), the
possibility that a neurochemical signal originating outside the VMH-LtH com-
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plex could evoke behavior was not envisioned until our findings that intracere-
broventricular (ICV) administration of NPY and human pancreatic peptide,
members of the pancreatic polypeptide family, stimulated feeding in sated rats
(Clark et al. 1984, 1987b). Subsequent investigations showed that NPY adminis-
tration evoked episodic feeding and either repeated daily injections or continu-
ous infusion evoked relentless hyperphagia, abnormal weight gain and obesity
(Catzeflis et al. 1993; Kalra et -al. 1988b; Kalra and Kalra 1990, 1996). That these
animals did not develop tolerance to NPY was the earliest indication that NPY
may be a physiologically relevant orexigenic signal. NPY was established as the
first known physiological appetite transducer by subsequent reports from our
laboratory showing increased NPY peptide levels and efflux from nerve termi-
nals in the paraventricular nucleus (PVN) in response to experimentally in-
duced hyperphagia, such as that elicited by fasting, restricted feeding or diabe-
tes, and conversely, extinction of hyperphagia by suppression of NPY stores or
blockade of postsynaptic receptor activation by passive immunoneutralization
or receptor antagonist (Dube et al. 1992, 1994; Kalra 1996; Kalra et al. 1989,
1991a,b, 2000a; Sahu et al. 1988c, 1990b, 1992d; Xu et al. 1996a; Yokosuka et al.
1998, 1999, 2001). Further, enhanced NPY synthesis in the arcuate nucleus
(ARC), as shown by increased NPY mRNA and peptide expression preceding its
release selectively in the PVN, identified the ARC-PVN axis as the primary neu-
ral substrate in propagation of appetitive drive. This promulgation replaced the
long-held assumption based on indirect evidence, obtained from indiscriminate
destruction of neural tissue by electrolytic lesions or neurotoxins, that the
VMH-LtH axis mediated the daily pattern of phagia (Bray 1998; Kalra et al.
1988a, 1989, 1999).

2.2
NPY Receptors and Appetite

Four of the five cloned receptors (R) for NPY and related peptides, and visual-
ized in the hypothalamus, have been invoked in the hypothalamic integration of
energy homeostasis. Whereas pharmacological evidence endorsed an important
role for Y,R and Y;R (Balasubramaniam 1997; Campbell et al. 2001; Daniels et
al. 1995, 2002; Dumont et al. 1997; Hokfelt et al. 1998, 2000; Inui 1999, Kalra et
al. 1989; Larhammar et al. 2001; Magni 2003; Xu et al. 1998), physiological stud-
ies designed to identify the NPYR that participate in physiologically relevant
paradigms, such as fasting (Kalra 1996; Kalra et al. 1998b, 1991a; Silva et al.
2002; Turnbull et al. 2002; Zammaretti et al. 2001), suppression of food intake
by natural anorexigenic cytokines, such as ciliary neurotrophic factor (Kalra
2001; Kalra et al. 1998d; Xu et al. 1998), and interruption of neural signaling by
neurotoxin in the ventromedial nucleus (VMN, Kalra et al. 1998b), have impli-
cated the YR as the primary mediator of appetite stimulation by endogenously
released NPY in the PVN and neighboring sites.

Germline deletion of YR in mice produced a modest but significant decrease
in food intake and the fasting-induced feeding was markedly attenuated, a re-
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sponse reminiscent of that observed in NPY knockout mice (Bannon et al. 2000;
Broberger and Hokfelt 2001; Erickson et al. 1996; Hollopeter et al. 1998; Inui
1999, 2000; Pedrazzini et al. 1998; Pralong et al. 2002). Interestingly, despite
diminutions in energy intake, these mice developed late onset increase in weight
gain and adiposity resulting from a marked reduction in activity level and ener-
gy expenditure. However, Kushi et al. (1998) observed late onset obesity in asso-
ciation with increased thermogenic energy expenditure and unaffected food in-
take in Y,R-knockout mice. Germline deletion of YsR also elicited late onset
obesity without changing feeding behavior (Marsh et al. 1998). Germline knock-
out approaches have identified many pitfalls, such as compensatory mecha-
nisms arising during development and secondary reorganization of the appe-
tite-regulating network (ARN), both at molecular and cellular levels. We pro-
pose that these reorganizations implement a new signaling modality that retains
the instinctual appetitive drive but has multiple deficiencies in the ARN leading
to imbalance in energy homeostasis. Because of the evolutionary advantage of
appetitive instinctual drive for survival of the species, the outcome of these re-
arrangements is increased energy deposition in the form of fat rather than an-
orexia and inanition.

Whereas participation of the YsR in physiological events that evoke phagia
remains uncertain, accumulated evidence invoked Y;R in mediating the orexi-
genic effects of endogenous NPY in two ways (Fuxe et al. 1997; Kalra et al.
1999). Seemingly, YR located on target neurons in the magnocellular PVN
(mPVN) evoke appetite by transducing intracellular signaling in response to
NPY released from projections of neuronal clusters in the ARC and brain stem
(BS) (Sahu et al. 1988a,d; Smith and Grove 2002; Yokosuka et al. 1999). This
drive is reinforced by a concurrent restraint on anorexigenic melanocortin sig-
naling in the PVN, caused by activation of Y,R on proopiomelanocortin
(POMC) neurons in the ARC by NPY (Broberger et al. 1997; Cowley et al. 1999,
2001; Horvath et al. 1992a,b, 2001b). These revelations, coupled with reports im-
plying Y R participation in appetite stimulation by melanin concentrating hor-
mone (MCH) and orexins (ORX), neuropeptides produced in the LtH (Chaffer
and Morris 2002; Dube et al. 1999a; Jain et al. 2000; Lopez et al. 2002; Sahu
2002), strengthen our original hypothesis that the Y,R is the most important
mediator of appetite expression within the hypothalamic interconnected orexi-
genic and anorexigenic pathways (Kalra et al. 1991a).

Perhaps the most recent advance is the knowledge that NPY not only drives
but also terminates appetite expression by an autofeedback mechanism through
the Y,R abundantly expressed by the ARC NPY neurons (Broberger et al. 1997).
The findings that: (i) NPY infusion inhibited NPY mRNA expression by activa-
tion of Y,R (Pu et al. 2000a), NPY release in vitro and feeding in vivo were in-
hibited by Y,R agonists (King et al. 2000), NPY and the coexpressed agouti relat-
ed peptide (AgrP) gene expression were upregulated, while POMC and cocaine
and amphetamine regulating transcript (CART) mRNA expression were down-
regulated in conditional Y,R knockout mice (Sainsbury et al. 2002a) together
imply autoregulation of NPY synthesis and release via the Y,R on ARC NPY
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neurons in the ARC. However, the findings that whereas germline Y,R knockout
mice developed hyperphagia, increased bodyweight and adiposity (Naveilhan
et al. 1999, 2002), the hypothalamus specific Y, knockout mice displayed a
transient decrease in body weight concomitant with increased food intake
(Sainsbury et al. 2002a), question the physiological relevance of Y,R in the daily
patterning of appetite. As discussed earlier, it is highly likely that these pheno-
type differences between the two experimental models are the outcome of dis-
parate reorganizations of hypothalamic circuitries engaged in control of energy
intake and expenditure.

Finally, Sainsbury et al. (2002b) reported that Y,R knockout mice gained
weight at a slower rate than wild-type mice, but that fat mass and food intake
were significantly decreased only in female Y,R knockouts. These new findings
imply that significant amounts of Y4R expressed in the PVN may, in some un-
known manner, take part in signal transmission within the orexigenic NPYergic
circuitry (Campbell et al. 2003; Kalra et al. 1999; Yokosuka et al. 1999, 2001).

23
NPY Network and Appetite

23.1
Distinct Roles of Two Subpopulations of NPY Producing Neurons

Two subpopulations of NPY producing neurons in the brain, one located in the
BS and the other in the ARC, participate in different manners in the overall
brain control of ingestive behavior (Chronwall 1988; Everitt and Hokfelt 1989).
Nearly 50% of NPY peptide found in various hypothalamic sites, including the
PVN and ARG, is derived from the BS subpopulation of neurons that coexpress
adrenergic transmitters (Sahu et al. 1988d). Complete elimination of these BS
projections was found to induce ligand deficiency at target sites, enhanced sen-
sitivity to NPY and adrenergic transmitters that gradually imposed an increase
in dark-phase food consumption, weight gain and adiposity (Sahu et al. 1988a;
Pu et al. 2003). A similar progressive increase in weight gain along with a selec-
tive dark-phase hyperphagia occurred after interruption of axonal transport of
adrenergic transmitters by the neurotoxin, 6-hydroxydopamine (Kalra et al.
1998a). Cumulatively, a deficiency of NPY and adrenergic transmitter levels by
interruption of BS projections to the hypothalamus elicited dark-phase hyper-
phagia leading to increased rates of weight gain and fat deposition.

A large body of evidence also implicated NPY released from the ARC NPY
projections in the PVN and neighboring sites in eliciting the daily dark-phase
phagia (Bai et al. 1985; Chronwall 1988; Everitt and Hokfelt 1989). Fasting, food
restriction and diabetic hyperphagia result from upregulation of NPY synthesis
in the ARC and hypersecretion in the form of high amplitude and high frequen-
cy episodic release in the PVN (Dube et al. 1992; Kalra et al. 1991b; Sahu et al.
1988c, 1990b, 1992¢, 1997). Participation of the ARC NPY subpopulation in trig-
gering dark-phase phagia is apparently mandatory because a rise in gene ex-
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pression in the ARC preceded the dark-phase NPY hypersecretion and phagia, a
response blocked by passive immunoneutralization with NPY antibodies (Dube
et al. 1994; Sahu et al. 1992d; Xu et al. 1996a, 1999).

24
Interaction of NPY with Coproduced Neurotransmitters in Induction of Appetite

A less appreciated but important feature of the two subpopulations of NPY ex-
pressing neurons in the brain is that each subpopulation coexpresses chemically
diverse neurotransmitters that act synergistically with NPY to augment appetite
by engaging distinct cellular and molecular mechanisms. Noradrenergic and ad-
renergic transmitters coexpressed in BS NPY neurons and coreleased in the
PVN synergistically augment feeding via a-adrenergic receptors (Allen et al.
1985; Clark et al. 1987a, 1988; Everitt and Hokfelt 1989). Although the latency to
feeding elicited by adrenergic transmitters is relatively shorter and the feeding
response itself is short lived, co-action with NPY produced longer lasting inges-
tive behavior (Allen et al. 1985).

On the other hand, ARC NPY neurons coexpressing AgrP and y-aminobutyr-
ic acid (GABA) are synaptically linked to POMC expressing neurons in the ARC
and also project to NPY targets sites in the mPVN (Broberger et al. 1997; Fuxe et
al. 1997; Hahn et al. 1992a, 1997, 1998; Ovesjo et al. 2001; Smith and Grove 2002;
Yokosuka et al. 1999). Recent experimental and electrophysiological evidence in-
dicated that NPY acting via Y,R and GABA via GABAR located on POMC neu-
rons, synergistically inhibit a-MSH and CART efflux in the PVN (Cowley et al.
1999, 2001; Pronchuk et al. 2002). The possibility that the second coexpressed
transmitter AgrP, either alone via MC3-R (Chen et al. 2000) or co-acting with
NPY and GABA (Cowley et al. 1999, 2001; Horvath et al. 1997; Pu et al. 1997b,
1999b), may modulate melanocortin signaling in the ARC-PVN axis has not yet
been experimentally validated. The synergistic effects of NPY and GABA
through distinct receptor sites along with the antagonistic affects of AgrP at
MCA4R to curb melanocortin restraint at the mPVN targets, are believed to trig-
ger and sustain nocturnal ingestive behavior in rodents and, possibly the dis-
crete meal pattern in human and subhuman primates (Cowley et al. 1999; Pu et
al. 1997b, 1999b).

24.1
NPY Interaction with Other Components of Appetite Regulating Networks

Morphological and pharmacological studies designed to decipher the crosstalk
among various components of the ARN clearly showed that the hypothalamic
NPY system interacts with both anorexigenic and orexigenic peptide pathways
in the hypothalamus (Kalra 1997; Kalra et al. 1990, 1996a, 1999; Kalra and
Horvath 1998; Kalra and Kalra 1984, 1996, 2003). Inhibition by corticotropin
releasing hormone (CRH) and CART of NPY-induced food intake has been
shown to be exerted at targets sites located in the PVN (Kalra et al. 1999). On
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the other hand, because ARC NPY neurons communicate synaptically with the
CART-POMC coexpressing neurons in the ARC and with CRH expressing neu-
rons in the PVN, a modulatory influence of NPY on CART and CRH release is
also possible (Kalra et al. 1999). The functional significance of these morpholog-
ical links between NPY and CRH and CART effector pathways is unclear at pres-
ent but one can infer that these synapses relay signals to suppress CRH and
CART efflux, an effect likely to suppress the melanocortin restraint on satiety.

Orexigenic MCH and ORX expressing pathways emanating from the LtH,
communicate with the NPY network in the ARC-PVN axis (Broberger and
Hokfelt 2001; Horvath et al. 1998, 1999; Kalra et al. 1999). Since Y; and YsR re-
ceptor antagonists were shown to inhibit MCH- and ORX-induced feeding, it is
likely that the appetite stimulating effects of these neuropeptides are conferred
through NPY release in the PVN (Chaffer and Morris 2002; Dube et al. 2000a;
Jain et al. 2000). In addition, morphological (Horvath et al. 1992a; Kalra et al.
1999) and experimental evidence that opiate receptor antagonists inhibit NPY-
induced feeding and that NPY stimulates S-endorphin release (Horvath et al.
1992a; Kalra et al. 1995b, 1999) also implicate a role for NPY in the orexigenic
effects of f-endorphin produced by POMC neurons.

25
High and Low Abundance of NPYergic Signaling Evokes Hyperphagia and Obesity:
A New Insight

A review of evidence from various experimental paradigms and genetic models
of obesity shows that NPY is a major component of the hypothalamic ARN and
that any excursion from the normal patterns of NPY synthesis, release and re-
ceptor dynamics deranges the tightly regulated homeostatic communication
and causes operational reorganizations in the ARN (Kalra 1997; Kalra et al.
1993, 19963, 1999). Quite unexpectedly, we discovered that a common outcome
of these diverse reorganizations was relentless hyperphagia accompanied by
obesity but never anorexia, inanition and morbidity. This was apparent when
continuous NPY receptor activation with ICV NPY infusion failed to downregu-
late NPYR as would normally be expected, although it did downregulate gona-
dotropin secretion in these animals (see Sect. 3). Instead, continuous receptor
activation elicited unabated phagia and abnormal weight gain (Catzeflis et al.
1993; Kalra et al. 1988b; Kalra and Kalra 1996). Similar sustained hyperphagia
accompanied by positive energy balance, blockable by passive immunoneutral-
ization or NPYR antagonists, prevails in several genetic models of obesity in
conjunction with high abundance of NPY at PVN targets (Dube et al 1999b; Inui
1999; Inui 2000; Kalra et al. 1988b). Fasting also upregulates NPY output to sus-
tain long-lasting phagia (Kalra et al. 1991b; Sahu et al. 1988c).

On the other hand, reorganization within the ARN imposed by low abun-
dance of NPY at target sites and/or deficit of any one of the four NPYRs also re-
sults in positive energy balance due either to hyperphagia, decreased energy ex-
penditure or both (Kalra et al. 1997a, 1998b; Kushi et al. 1998; Naveilhan et al.
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1999, 2002; Ovesjo et al. 2001; Pedrazzini et al. 1998; Pralong et al. 2002; Sahu et
al. 1992¢, Sainsbury et al. 2002a,b). A notable example is that contrary to expec-
tations, hyperphagia and obesity-induced by either ablation of VMH or inter-
ruption of neural signaling in the VMN with neurotoxins, was associated with
decreased NPY synthesis in the ARC and efflux in the PVN (Dube et al. 1995,
1999b; Jain et al. 1998, Kalra et al. 1997a, 1998b, 1999). A deficit in hypothalamic
NPY levels produced by interruption of BS NPY neuronal projections also pro-
gressively increased food intake and weight gain (Sahu et al. 1988a; Pu et al.
2003). Similarly, germline ablation of either Y;,Y, or Y,R caused obesity (Kushi
et al. 1998; Naveihan et al. 1999, 2002; Pedrazzini et al. 1998; Pralong et al. 2002;
Sainsbury et al. 2002a; Silva et al. 2002).

A comparative analysis of the etiology of hyperphagia and increased weight
gain in these experimental paradigms has identified various modalities of com-
pensatory reorganization in the ARN. In VMH-lesioned rats, hyperphagia and
obesity were attributed to development of leptin resistance in POMC neurons
and diminution in anorexigenic melanocortin signaling (Choi et al. 1999; Dube
et al. 1999b, 2000b). When neural signaling in the VMN was disrupted, hyper-
phagia and abnormal rate of weight gain was, in part, attributed to increased
sensitivity to NPY due to increased abundance of Y;R, a response blockable by
Y;R antagonist (Kalra et al. 1997a, 1998b; Pu et al. 1998a). Rapid development of
resistance to leptin and increased availability of orexigenic galanin also played a
role in the development of phagia and obesity in these rats (Kalra et al. 1998¢;
Kalra and Horvath 1998; Pu et al. 1999a). A similar low abundance of NPY along
with development of increased sensitivity to NPY produced by gold thioglucose
or postnatal monosodium glutamate treatment, has been shown to render ro-
dents obese (see review by Kalra et al. 1999).

2.6
Regulation of NPY Secretion and Appetite by Afferent Neural
and Hormonal Pathways

It has been known for a long time that diminution in energy stores in the body
and the clock-driven meal patterns are powerful signals to stimulate NPY secre-
tion and appetite (Kalra et al. 1999). Only recently it has become apparent that
disparate neural and hormonal signals to the hypothalamic NPY system play
important roles in the NPY driven expression of appetite. ORX and MCH ex-
pressing pathways between the LtH and ARC constitute neural afferents to the
NPY system in the ARC-PVN axis (Horvath et al. 1998, 1999). Evidence that
stimulation of feeding by ORX and MCH is mediated by NPYergic signaling
(Chaffer and Morris 2002; Dube et al. 1999a; Jain et al. 2000) and fasting upreg-
ulates expression of these peptides, are consistent with this implication. Howev-
er, whether peptidergic signaling from the LtH to NPY network is important in
daily meal patterning remains to be ascertained.

The recent discovery of opposing effects of the hormonal signals adipocyte
leptin and gastric ghrelin on NPY secretion has provided strong evidence in
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support of afferent hormonal signals being critical in the hypothalamic integra-
tion of energy homeostasis (Ahima et al. 2000; Friedman and Halaas 1998;
Horvath et al. 2001; Kalra et al. 2003; Pu et al. 2000b; Tschop et al. 2000). Leptin
secretion is episodic and sex specific (Bagnasco et al. 2002c). Circulating leptin
levels are generally higher in females, and this sexually dimorphic response may
result from stimulation of leptin secretion by ovarian hormones (Bagnasco et
al. 2002c). It is believed that leptin normally inhibits feeding by engaging two
major anorexigenic and orexigenic effector pathways in the hypothalamus
(Friedman and Halaas 1998; Kalra et al. 1999; Kalra and Kalra 1996, 2003). Lep-
tin inhibits NPY mRNA expression in the ARC and efflux in the PVN (Ahima et
al. 2000; Kalra et al. 1999). In addition, leptin stimulates energy expenditure by
activating leptin target neurons in the medial preoptic area (MPOA) that, in
turn, engage the autonomic nervous system and ARC NPY producing neurons
(Bagnasco et al. 2002a; Billington et al. 1994; Chen et al. 1998; Kalra et al. 1999).
In fact, increased leptin availability in hypothalamic target sites by enhanced
leptin transgene expression with the aid of gene therapy, resulted in long-term
suppression of weight gain with or without a decrease in food intake and in-
creased nonthermogenic energy expenditure. This long-lasting suppression of
weight gain by hypothalamic leptin expression was found to be mediated by
NPYergic signaling (Bagnasco et al. 2002a; Beretta et al. 2002; Dhillon et al.
2001a,b, Dube et al. 2002; Kalra and Kalra 2002).

On the other hand, ghrelin is orexigenic and promotes adiposity (Horvath et
al. 1997; Tschop et al. 2000). Secretion of ghrelin, like leptin, is episodic and sub-
ject to modulation by negative energy balance (Bagnasco et al. 2002b). Ghrelin
is hypersecreted prior to mealtime and in genetic models of obesity in rodents
and human (Cummings et al. 2001; Horvath et al. 2001a; Tschop et al. 2000,
2001). Whereas anorexigenic and orexigenic effector pathways are leptin targets,
the ARC NPY network is the only target for ghrelin (Bagnasco et al. 2002b; Kalra
et al. 2003). Ghrelin stimulates NPY secretion and ghrelin induced feeding is
blockable by YR antagonists (Tschop et al. 2001). Fasting was found to increase
frequency and amplitude of ghrelin discharge (Bagnasco et al. 2002b). Our pre-
vious studies showed that NPY also promoted episodic meal patterning coinci-
dent with increased pulsatile NPY secretion in the PVN. Fasting promoted high
amplitude and high frequency pulse discharge selectively in the PVN (Kalra et
al. 1991b, 1999). Accordingly, we propose that episodic ghrelin signals are an
important afferent hormonal modality to stimulate episodic NPY secretion prior
to mealtime (Kalra et al. 2003).

With respect to the temporal interrelationships between anorexigenic leptin
and orexigenic ghrelin, it seems that when energy stores are low, leptin secretion
is decreased to curtail the restraint on the NPYergic network. Concomitantly,
ghrelin hypersecretion augments NPYergic signaling. Thus, it is the synchro-
nized curb on leptin restraint and increased ghrelin stimulus on NPYergic sig-
naling that propagates and sustains the appetitive drive to replenish energy
stores (Bagnasco et al. 2002b). In sum, rhythmic, reciprocal leptin and ghrelin
signaling from the periphery, acting primarily at the hypothalamic NPY net-
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work, underlies the intermittent appetitive drive in the daily management of en-
ergy homeostasis (Kalra et al. 2003). Furthermore, even the anorectic effects of
estrogens are mediated by NPYergic signaling (Bonavera et al. 1994a).

Consequently, a wealth of evidence accumulated in the past two decades is
consistent with the earlier notion that the NPY network is the primary substrate
in the hypothalamus that encodes appetite expression.

3
NPY, a Physiological Regulator of Reproduction

There are two basic operational elements in the hypothalamic control of repro-
duction in vertebrates (Kalra 1993; Kalra et al. 1997b; Kalra and Kalra 1983).
GnRH produced by a network of neurons in the hypothalamus is the primary
signal for release of the pituitary gonadotropins, luteinizing hormone (LH) and
follicle stimulating hormone. GnRH is secreted into the hypophyseal portal
veins in the median eminence (ME) in a periodic, pulsatile manner in both sex-
es.

Two oscillatory patterns of GnRH secretion have been identified. In general,
GnRH is secreted in the form of low amplitude episodes that display a daily pat-
tern and are subject to modulation by gonadal steroids, even during various
stages of the reproductive cycle in females. Additionally in females, these regu-
larly spaced, basal GnRH pulses are interrupted by an abrupt acceleration in the
frequency of GnRH discharge culminating in the protracted preovulatory LH
surge responsible for ovulation (Kalra 1993; Kalra et al. 1997b; Kalra and Kalra
1983). Research spanning three decades has shown that although a host of mes-
senger molecules elaborated in the hypothalamus can affect the two patterns of
GnRH secretion, intrahypothalamic afferent signals that impart a temporally re-
lated, modulatory influence on the two patterns of GnRH secretion are extreme-
ly limited (Kalra 1993; Kalra and Kalra 1983). Two reports published in 1984
demonstrated that members of the pancreatic polypeptide family, human pan-
creatic peptide and NPY exerted either an excitatory or inhibitory effect on pitu-
itary LH secretion depending upon the gonadal steroid environment and mode
of administration (Kalra and Crowely 1984a,b). This duality of effects, coupled
with the demonstration that NPY can interact synergistically with GnRH at the
level of pituitary gonadotrophs to amplify LH secretion (Crowley 1999; Crowley
et al. 1987; Crowley and Kalra 1987, 1988), established NPY as a crucial afferent
signal in the hypothalamus for regulating reproduction in mammals (Kalra et
al. 1989). Subsequent investigations based on this premise formed the basis for
designating NPY as the ‘on/off’ switch in governing the neuroendocrine control
of reproduction (Kalra and Kalra 1996).
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3.1
A Unique Bimodal Participation by NPY in Neuroendocrine Control
of Reproduction

3.11
Excitatory Afferent Signal for Ultradian and Cydic GnRH Discharge

Since the early report that an ICV injection of NPY stimulated pituitary LH re-
lease in ovarian steroid-primed ovariectomized rats (Kalra and Crowley 1984b),
several laboratories undertook to delineate the precise nature of NPY participa-
tion in governing the two modalities of GnRH secretion (Kalra 1993; Kalra et al.
1997b; Kalra and Kalra 1983, 1996, 2003; Woller et al. 1992). NPY serves as an
excitatory signal to stimulate LH secretion in two ways, by promoting the basal
pattern of GnRH release into the hypophyseal portal system (Allen et al. 1987;
Crowley and Kalra 1987; Kalra et al. 1995a; Xu et al. 1993, 1996b) and by poten-
tiating the GnRH-induced LH release from the pituitary gonadotrophs. Experi-
mental evidence showed that the excitatory effects of NPY on GnRH release were
dependant upon the modality of NPY receptor activation (Kalra and Kalra 1996,
2003; Kalra et al. 1990, 2000b; 1990, Sahu et al. 1987a). Intermittent but not con-
tinuous infusion of NPY at a frequency similar to that which occurs normally
stimulated GnRH release. There is concordance between basal pulsatile NPY re-
lease and GnRH discharge in the MPOA-ME axis. That each NPY pulse evokes a
corresponding GnRH episode is affirmed by the finding that passive im-
munoneutralization of NPY in gonadectomized animals abolished GnRH pul-
satility (Kalra and Kalra 2003; Kalra et al. 2000b; Woller et al. 1992; Xu et al.
1993, 1996¢). Interestingly, NPY and galanin co-act to facilitate the basal pattern
of episodic GnRH secretion (Xu et al. 1996¢). The observation that NPY anti-
sense deoxyoligonucleotides administration diminished the basal pattern of LH
secretion suggested the importance of the newly formed NPY pool in basal
GnRH release (Kalra et al. 1995a). NPY Y;R and YsR and galanin R antagonists,
likewise, inhibited basal LH secretion (Allen et al. 1985, 1987; Toufexis et al.
2002). Thus, NPY along with galanin constitutes an obligatory afferent excitato-
ry signal for basal pulsatile GnRH secretion.

NPY signaling is also mandatory for induction of the preovulatory GnRH
surge (Kalra 1993; Kalra et al. 1997b). NPY mRNA in the ARC and NPY peptide
stores in the ME increased prior to onset of the preovulatory LH surge on pro-
estrus and remained elevated during most of the LH surge period (Sahu et al.
1995, 1989). As seen in the case of basal GnRH secretion, preovulatory GnRH
hypersecretion also critically depended upon augmented NPY hypersecretion
because passive immunoneutralization with NPY antibodies decreased NPY
stores and blocked the LH surge (Jain et al. 1999; Kalra et al. 1992; Kalra 1993).

An added feature of NPY participation in the preovulatory LH surge is that
the excitatory effects of NPY are also exerted at two levels in the hypothalamic-
pituitary-gonadotroph axis. Protracted hypersecretion from NPY nerve termi-
nals synapsing on GnRH perikarya and dendrites in the MPOA and from nerve
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terminals in the ME elicit GnRH hypersecretion, and NPY released along with
GnRH into the hypophyseal portal system acts at the level of pituitary go-
nadotrophs to amplify GnRH stimulation of LH release (Bauer-Dantoin et al.
1992; Crowley and Kalra 1988; Kalra 1993; Leupen et al. 1997). The cellular and
molecular sequelae underlying this synergistic interplay between NPY and
GnRH at the level of pituitary gonadotrophs were reviewed recently by Crowley
(1999).

These antecedent neurosecretory events associated with the preovulatory
GnRH-LH surge are facilitated by the timely interplay of ovarian steroids and
the daily clock resident in the suprachiasmatic nuclei (SCN, Kalra 1993). We
showed that NPY neurons in the ARC express steroid receptors (Sar et al. 1990),
gonadal steroids stimulate NPY synthesis and storage in the ME nerve terminals
(Kalra 1993; Sahu et al. 1987b, 1992b) and the neurosecretory response to go-
nadal steroids is sex-specific (Sahu et al. 1992a). Increased NPY synthesis and
storage in the hypothalamus, in association with the preovulatory surge, is ovar-
ian steroid-dependent because these events fail to occur during the estrogen-de-
ficient diestrous stage of the estrous cycle, but they can be reproduced by appro-
priate sequential ovarian steroid-replacement in ovariectomized rats (Sahu et al.
1994a). Also, the facilatory effects of gonadal steroids are markedly attenuated
in aged female and male rats (Kalra et al. 1993; Sahu et al. 1988b; Sahu and Kalra
1998). In NPY knockout mice, the cyclic LH surge is attenuated (Xu et al.
2000a).

The temporal NPY antecedent neurosecretory events facilitated by ovarian
steroids are entrained to the timing device in the SCN because SCN ablation
blocked the cyclic GnRH surge (Kalra 1993). Seemingly, two clock driven se-
quential chains of events are responsible for the cyclical ovulatory surge. The
expression of the first culminates in increased NPY synthesis in the ARC and
accumulation of NPY and GnRH in the ME nerve terminals in anticipation of
the impending protracted discharge of NPY locally within the ME, and of NPY
and GnRH into the hypophyseal portal system. The expression of the second
clock-driven event apparently triggers NPY release to accelerate GnRH secretion
for the preovulatory LH surge (Kalra 1993).

3.1.2
Excitatory Role of the Two Subpopulations of NPY Expressing Neurons

There is evidence to show that both BS and ARC subpopulations of NPY neu-
rons participate in the neuroendocrine control of reproduction in different
ways. Retrograde tracing studies and bilateral neural transection of BS projec-
tions to the hypothalamus identified innervations of the MPOA-ME axis by BS
neurons (Everitt and Hokfelt 1989; Sahu et al. 1988a). As detailed in earlier sec-
tions, NPY and coexpressed adrenergic neurotransmitters released in the
MPOA-ME axis from BS projections, provide an ancillary a-adrenergic driving
input for the basal and cyclic GnRH discharge (Allen et al. 1985, 1987). Adrener-
gic transmitters synergize also with NPY to amplify LH release. Thus, it is highly
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plausible that extrahypothalamic NPY and adrenergic innervations to the
MPOA-ARC-ME axis constitute the back up, reinforcing excitatory stimulus to
sustain the two modalities of GnRH secretion under varied environmental chal-
lenges (Kalra 1993).

Our recent anatomical and pharmacologic investigations have uncovered a
novel mechanism responsible for stimulation of GnRH release by the ARC NPY
subpopulation. Seemingly, the coexpressed GABA acts in the MPOA to curb
NPY-induced basal and cyclic GnRH release (Horvath et al. 2001b). Further-
more, these inhibitory effects of GABA are mediated by GABA, receptors, which
together with NPY Y,R attenuate the excitatory action of NPY on GnRH neurons
(Horvath et al. 2001b; Jain et al. 1999; Sainsbury et al. 2002b). Thus, NPY and
GABA coexpressing neurons in the ARC are a component of the pulse generator
network that emits both excitatory and inhibitory signals. The operational com-
plexity of the NPY network is also illustrated by the fact that NPY and GABA
coexpressing neurons synapse on f-endorphin expressing POMC neurons in
the ARC (Horvath et al. 1995, 1992b). It seems that increased NPY and GABA
input to POMC neurons diminish the inhibitory opioid tone thus triggering the
cyclic GnRH surge (Allen and Kalra 1986). Taken together, the revelations that
activation of GABA,R on GnRH neurons can restrain NPY-induced LH release
through Y4R, and GABA concomitantly curtails the opioid restraint imposed by
ARC POMC neurons, shed new light on the interactive crosstalk between an ex-
citatory neuropeptide and an inhibitory amino acid within the hypothalamic
network that regulates the two modalities of GnRH secretion.

3.13
Interaction of the NPY Network with Other Components
of the Hypothalamic GnRH Regulating Circuitry

Of the various neuropeptidergic neurotransmitter pathways in the hypothala-
mus that may regulate NPY influence on GnRH secretion (Kalra 1993), endoge-
nous opioid peptides, primarily S-endorphin, are the most prominent. Endoge-
nous opioid peptides inhibit basal and cyclic gonadotropin release (Horvath et
al. 1992a; Kalra 1993). Stimulation of gonadotropin release by pharmacological
blockade of opiate receptors, suggested the existence of an inhibitory opioid
tone on GnRH output (Allen and Kalra 1986). Although the precise underlying
mechanisms of the tonic inhibitory influence have not been fully characterized,
there is evidence to show that a restraint on this opioid tone may play a role in
basal episodic GnRH secretion (Xu et al. 1993) and in triggering the preovulato-
ry NPYand GnRH surges (Sahu et al. 1990a; Xu et al. 1996¢).

The galanin producing network in the hypothalamus has also been shown to
play a role in controlling of the two modalities of GnRH secretion (Kalra 1993).
A galanin antagonist inhibited basal and preovulatory LH surge and NPY-in-
duced LH release (Sahu et al. 1994b), thereby suggesting that galanin (GAL)
may, in part, mediate the excitatory effects of NPY. Both NPY and GAL are se-
creted in a pulsatile manner and each is capable of driving GnRH pulsatility (Xu
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et al. 1993, 1996b). Further, passive immunoneutralization of GAL and NPY
with antibodies in concentrations that individually exerted no detectable impact
on LH secretion, markedly suppressed LH pulsatility when infused together.
Since there is considerable concordance between GAL, NPY, GnRH and LH epi-
sodes, it is highly likely that GAL and NPY are, indeed, responsible for the prop-
agation and sustenance of GnRH pulsatility as well as the preovulatory surge. A
study of the morphological relationships between GAL and NPY pathways re-
vealed that the NPY network is synaptically linked with GAL neurons in the
MPOA-ARC-ME axis (Horvath et al. 1995, 1996). Thus, the results of various
pharmacological and physiological investigations together with the demonstra-
tion of morphological connectivity clearly demonstrated that information trans-
fer from the hypothalamic pulse and surge generator mobilizes a NPY—GAL
line of communication in a rostro-caudal direction in the MPOA-ARC-ME axis.

3.2
Regulation of NPY Secretion by Afferent Neural and Hormonal Signals

Recently, two distinct neurotransmitter and hormonal pathways regulating NPY
secretion have been identified. Nitric oxide is a ubiquitous gaseous intra- and
intercellular messenger produced in the vicinity of GnRH neurons in the hypo-
thalamus and has been shown to play a role in the basal and cyclic release of
GnRH (Bonavera et al. 1993, 1994b; Pu et al. 1997a, 1998c). Nitric oxide stimu-
lated NPY release in the hypothalamus and NPY stimulated GnRH release by di-
rect action via Y,/YsR on GnRH perikarya in the MPOA and nerve terminals in
the ME. This finding implied an upstream neural system regulating
NPY—GnRH information flow. Additionally, morphological evidence of a bidi-
rectional line of communication between the LtH ORX and the ARC NPY neu-
rons and stimulation of LH release by ORX implicated NPY also in ORX-in-
duced LH stimulation (Pu et al. 1998b).

The cluster of NPY neurons in the ARC are also the neuroanatomical sub-
strate in the gonadal steroid feedback effects on GnRH secretion. The existence
of estrogen receptors in the ARC NPY neurons, decreases in hypothalamic NPY
gene expression and release after gonadectomy, and restoration of NPY output
by steroid replacement in gonadectomized rats are consistent with a direct regu-
latory control of NPY efflux by gonadal steroids (Kalra 1993; Sahu et al. 1992b;
Sar et al. 1990). In addition, ovarian steroids upregulate NPY Y;R in the hypo-
thalamus (Leupen et al. 1997; Xu et al. 2000b; Zammaretti et al. 2001). Depen-
dency on ovarian steroids of NPYergic signaling to evoke the cyclic GnRH surge
is illustrated by the demonstration that replication of the cyclic sequential ovar-
ian steroid milieu in ovariectomized rats reinstated NPY synthesis in ARC peri-
karya, NPY storage in the ME, and NPY Y;R expression in the hypothalamus in
synchrony with the clock-triggered NPY surge to evoke GnRH and LH surges
(Sahu et al. 1994a).

Leptin has been shown to play a permissive role in the hypothalamic control
of gonadotropin secretion (Beretta et al. 2002; Caprio et al. 2001; Chehab 1997;



236 S. P Kalra - P. S. Kalra

Cheung et al. 2000). Leptin administration blocked the decrease in LH release in
response to experimentally induced fuel shortage (Chehab 1997; Kalra et al.
1996b, 1998d). These facilitatory effects resulted from leptin-induced normaliza-
tion of NPYergic signaling (Kalra et al. 1996b, 1998d). It is interesting to note
that the ARC NPY neurons coexpress leptin and estrogen receptors (Diano et al.
1998), estrogen inhibits feeding and promotes leptin secretion (Bonavera et al.
1994a; Bagnasco et al. 2002¢c). These observations imply an intracellular leptin
and gonadal steroid interaction linking energy homeostasis and neuroendocrine
control of reproduction.

33
NPY, an Inhibitory Afferent Signal

In the original paper published in 1984, we reported that ICV NPY administra-
tion rapidly suppressed LH release in ovariectomized rats (Kalra and Crowley
1984b). This suppressive action of NPY was later found to be mediated by acti-
vation of the inhibitory opioidergic signaling to GnRH network (Kalra et al
1995b; Kalra and Kalra 1983; Xu et al. 1993). A critical analysis of the informa-
tion accumulated since then indicates that an exquisite quantitative and tempo-
ral relationship between the NPY and GnRH networks is necessary for the inter-
mittent GnRH discharge to generate the gonadotropin release patterns optimal
for sustenance of reproductive function. Diminution in excitatory NPY signal-
ing to the GnRH network, as seen in aging rats, resulted in cessation of repro-
ductive cycles in females and suppressed gonadotropin secretion in males
(Kalra et al. 1993; Sahu et al. 1988b; Sahu and Kalra 1998). On the other hand, a
departure from this tight relationship between NPYand GnRH, either of a quan-
titative nature or in the intermittent pattern of NPY signaling resulted in sup-
pression of GnRH secretion. For example, while a bolus injection readily stimu-
lated LH release, continuous NPY infusion was ineffective in stimulating gona-
dotropin secretion in ovarian steroid-primed ovariectomized rats, and in go-
nad-intact rats it resulted in suppression of gonadal function (Catzeflis et al.
1993; Kalra et al. 1997b; Kalra and Kalra 1996; Raposinho et al. 2003; Toufexis et
al. 2002). Physiological challenges of high-energy demand as those manifest
during lactation (Crowley et al. 2003; Smith 1993), the prepubertal period (El
Majdoubi et al. 2000) or fasting (Bergendahl and Veldhuis 1995; Kalra et al.
1996b), upregulate hypothalamic NPY signaling and are associated with sup-
pressed gonadotropin secretion. That it is the inappropriate NPY hypersecretion
that suppresses GnRH secretion is affirmed by our findings that blockade of
NPY upregulation reinstated gonadotropin secretion in fasted rats (Kalra et al.
1996b, 1998d). Also, diminished reproductive function in genetically obese
models is a consequence of NPY hypersecretion because suppression of NPYer-
gic signaling either by leptin or cytokine therapy (Kalra 2001), or germline dele-
tion of NPY YR or Y,R in infertile ob/ob mice, restored gonadotropin secretion
and fertility (Pralong et al. 2002; Sainsbury et al. 2002b).
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In sum, bimodal operation, either to promote or suppress reproduction, is
endowed in the NPYergic signaling in the hypothalamus. Seemingly, this is an
important neurochemical modality that provides the organism with the option
to either sustain or cease reproduction in response to nutritional challenges.

4
NPY and Sex Behavior

Clark et al. (1985) reported that central administration of NPY stimulated feed-
ing but inhibited sexual behavior in rats. This observation of an inverse rela-
tionship between two behaviors drew considerable attention because clinical
and animal studies have recognized that disorders of feeding behavior are in-
variably associated with altered reproductive function and behavior. NPY was
found to suppress various components of copulatory behavior in sexually active
male rats (Clark et al. 1985; Kalra et al. 1989). Indeed, doses that were least ef-
fective in stimulation of feeding, dramatically suppressed copulatory behavior.
The majority of sexually active males mounted, but intromission frequency was
reduced along with an almost complete absence of ejaculation in tests per-
formed within 10 min of injection. Further tests showed that sexual motivation
was adversely impacted because penile reflex, including erection, in ex copula
tests was normal. Another member of the pancreatic polypeptide family, pan-
creatic polypeptide, while effective in stimulation of feeding was ineffective in
suppressing copulatory behavior (Clark et al. 1985). Further, microinjection of
NPY into various hypothalamic sites identified the MPOA as the site where NPY
acted to decrease the ejaculatory component of sexual behavior. Poggolioli et al.
(1990) confirmed the inhibitory effects of NPY on sexual behavior in males.

A similar inhibitory effect of central NPY administration on lordosis behavior
was observed in female rats. In fact, increased NPY receptor activation virtually
eliminated proceptive behavior induced by sequential estrogen-progesterone
treatment in ovariectomized rats. It was also reported that central administra-
tion of NPY or Y,/YsR agonists suppressed estrous behavior in Syrian hamsters
(Corp et al. 2001). That upregulation of NPYergic signaling may, along with ces-
sation of reproductive cycles, inhibit sexual behavior was indicated by studies
using Zucker obese rats which display increased NPY levels in the hypothalamus
(Marin-Bivens et al. 1998). Blocking the effects of NPY with a neutralizing dose
of NPY antibody in ovarian steroid-primed Zucker rats resulted in enhanced
proceptive behavior (Marin-Bivens et al. 1998).

5
Is NPY an On/Off Switch for Control of Appetite and Reproduction?

A wealth of information summarized in the preceding sections documents a dy-
namic relationship between reproduction and nutrient abundance. Chronic un-
dernourishment during drought, short-term nutritional imbalance resulting
from multiple causes, such as strenuous exercise, adversely impact reproduc-
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tion. Even the high-energy cost of lactation is compensated by hyperphagia and
cessation of reproductive cycles. Recent findings clearly demonstrated that
propagation of the appetitive drive to meet these adverse environmental and
physiological challenges is neurochemically driven. Is there a neurochemical
switch in the brain that turns on appetite and turns off reproduction in response
to environmental challenges that enforce loss of energy fuels from the body? Is
there one or more than one neurochemical modality subserving the on/off
switch?

Our concerted research endeavors during the past two decades to delineate
the neurochemical pathways regulating reproduction and appetite have laid the
foundation for the basic tenet that these two instinctual urges originate in the
hypothalamus and are neurochemically linked within the hypothalamic hard-
wiring (Fig. 1). We have unraveled the spatial and temporal organization of the
two circuitries and the commonality in neurochemical networks for informa-
tion transmission either to elicit the appetitive behavior or to evoke release of
the reproduction-sustaining neurohormone GnRH. In this context, the reports
first of the excitatory influence of NPY on appetite and reproduction and the lat-
er identification of NPY neurons in the ARC as the bridge connecting the two
circuitries, the ARC-PVN appetitive axis and the MPOA-ARC-ME reproductive
axis, have been instrumental in guiding research to unravel the operation of this
link at the cellular and molecular levels.

One feature of the MPOA-ARC-ME reproductive axis that distinguishes it
from the ARC-PVN appetitive axis, is that two distinct timing mechanisms, the
circadian SCN clock for cyclic NPY discharge in the female and pulse generator
clock for ultradian NPY discharge in both sexes, govern its operation on a daily
basis. The NPY network communicates with the GnRH network both directly
and indirectly through GAL and opioid channels. The exquisite time-based op-
eration is modulated by gonadal steroidal feedback and afferent neural LtH
ORX input, and aided by diverse messengers coexpressed in NPY neurons. Any
excursion from the norm in NPY signaling, either due to diminished or en-
hanced NPY efflux, disrupts the finely tuned operation of the two circuitries and
turns off GnRH secretion resulting in cessation of reproduction.

The distinguishing feature of the ARC-PVN appetitive neuroaxis, is the exis-
tence of a multifactorial control for optimal operation. To impart the daily feed-
ing pattern, it receives excitatory ORX and MCH neural inputs from LtH, an in-
hibitory neural input from the VMN and exquisite reciprocal and dynamic min-
ute-to-minute regulatory feedback instructions from the hormones, leptin and
ghrelin, for the timely discharge of NPY at PVN target sites. Additionally, within
the ARC-PVN axis, there is a complex local regulatory network composed of
projections from the ARC and BS NPY neuronal subpopulations that coexpress
diverse messengers to assist in eliciting sustained feeding either by synergizing
with NPY or by curtailing melanocortin restraint. Thus, a two-pronged action of
NPY, direct stimulation through Y;R/YsR and reduced melanocortin restrain,
underlies the robust appetite stimulation. Recent studies have shown that dimi-
nution in leptin restraint and enhanced orexigenic ghrelin input, are the most
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important afferent signaling modalities responsible for NPY hypersecretion and
appetite expression in response to loss of energy.

Consequently, the most notable consequence of energy shortage is upregula-
tion of NPYergic signaling to reliably sustain a robust appetitive drive for energy
replenishment, and to simultaneously shut down the neuroendocrine mecha-
nisms that require high energy, such as reproduction. This chain of the neuro-
endocrine and neural sequence linking energy homeostasis and reproduction is
depicted in Fig. 2.

Apparently not all NPY producing neurons in the ARC engage in integration
of energy balance and reproduction. We observed that whereas the entire sub-
population of ARC NPY neurons responded to energy deficit, only a subpopula-
tion in the middle-caudal ARC participated in the control of cyclic gonadotro-
pin surge (Kalra et al. 2000b; Pu et al. 1999c¢). Thus, a functional heterogeneity
exists within the ARC neurons and a discrete subpopulation that evokes cyclic
GnRH surge is susceptible to energy deficit and responds by turning off repro-
duction. The neuroendocrine regulatory processes for appetitive behavior and
reproduction do not function in isolation but interact by employing common
effector pathways. Information relayed by the hypothalamic NPYergic network
is seemingly one such interactive communication channel.
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Abstract Neuropeptide Y (NPY), a 36-amino acid neurotransmitter that is
widely distributed throughout the nervous system, antagonizes behavioral con-
sequences of stress/depression and attenuates ethanol-seeking behavior through
actions within the brain. The anxiolytic actions of NPY were initially demon-
strated by microinjection of exogenous ligands directly into the brain, and then
by genetically modified animals. There is also evidence to suggest that altered
NPY signaling may contribute to anxiety disorders and depression in humans.
NPY reduces anxiety, at least in part, by acting on NPY Y; receptors in the later-
al/basolateral nuclei of the amygdala. Importantly, NPY is anxiolytic across a
wide range of animal models normally thought to reflect different aspects of
emotionality and is more potent than other endogenous compounds. Thus, NPY
likely acts on a common core mechanism of emotionality and behavioral stress.
Recent research—genetic and pharmacological—suggests that NPY is also in-
volved with voluntary ingestion of ethanol. Low levels (or the absence) of NPY
promote high ethanol drinking, and enhanced NPY signaling prevents excessive
ethanol consumption. Furthermore, brain tissue from alcoholics was found to
have abnormally low levels of NPY when compared to control tissue. While the
neuroanatomical substrate is unknown, NPY modulates ethanol intake by acting
on the NPY Y, and Y, receptors. An interesting possibility is that high ethanol-
seeking behavior is secondary to high levels of anxiety. Viewed this way, alter-
ations of normal NPY activity may induce emotional disturbance, which in turn
becomes a risk factor for alcoholism. Thus, drugs targeting the central NPY sys-
tem may serve as useful therapeutic agents against stress-related disorders and
alcoholism. Based on the current literature, compounds aimed at the Y, and/or
Y, receptor(s) appear to be promising candidates.

Keywords Anxiety - Depression - Alcoholism - Neuropeptide Y - Behavior

1
Introduction

The present chapter focuses on two behavioral systems under the control of
neuropeptide Y (NPY) signaling. NPY is expressed in several brain regions
thought to be intimately involved with emotional balance, including the amyg-
dala, hippocampus, and hypothalamus (see Chapter by Redrobe et al., this vol-
ume). In this chapter we present a review of literature showing how NPY inte-
grates emotional behavior, including stress, anxiety, and depression (Heilig et
al. 1993a; Heilig and Widerlov 1995). Systems involved in the regulation of emo-
tionality are also likely to be central for alcoholism (Koob and Le Moal 1997).
Recent research points to a role for NPY in ethanol-seeking behavior and neuro-
biological responses to ethanol (Heilig and Thorsell 2002; Thiele et al. 1998,
2002). These findings suggest that drugs targeting the central NPY system may
serve as useful therapeutic agents against stress-related disorders and alcohol-
ism. Food intake, one of the most well-studied behavioral systems modulated by
NPY (Clark et al. 1984; Levine and Morley 1984), is described at length in the
chapter by Levens in this volume.
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2
Actions of NPY Related to Stress, Anxiety, and Depression

2.1
Suppression of Locomotion and Sedation by Central NPY

Shortly following its isolation, Fuxe and co-workers reported that central ad-
ministration of NPY gave rise to long lasting synchronization of the EEG pattern
(Fuxe et al. 1983). This type of effect is typically indicative of decreased arousal,
and commonly seen upon administration of benzodiazepines or barbiturates at
high, sedative doses. Following up on that lead, initial behavioral studies dem-
onstrated that intracerebroventricular (icv) administration of high central NPY
doses (1.0-5.0 nmol) produced behavioral sedation, manifested both as a de-
crease of home cage activity, and suppression of open-field activity. Sedative ef-
fects of NPY had some interesting and unusual characteristics. Of interest from
a dependence point of view, no apparent tolerance was seen upon repeated ad-
ministration. Furthermore, effects of a single icv dose lasted up to 3 days, but
were still fully reversible (Heilig and Murison 1987b). Finally, in another simi-
larity with sedative drugs, icv pretreatment with NPY largely prevented the for-
mation of gastric erosions normally produced by cold water immersion stress
(Heilig and Murison 1987a).

These findings indicated some shared properties between NPY and several
classes of sedative compounds, including alcohol, benzodiazepines and barbitu-
rates (see Sect. 10.3.4). This similarity was subsequently confirmed by EEG ex-
periments in awake animals, where icv NPY decreased EEG power in general,
but was found to particularly act on cortical areas and the amygdala, a pattern
again resembling that produced by benzodiazepines (Ehlers et al. 1997). Obser-
vations suggesting similarities between these classes of compounds have more
recently been extended by findings of anti-convulsant actions of NPY (Baraban
et al. 1997; Woldbye et al. 1997), which possibly provide a mechanism for the
anti-convulsant state seen following electroconvulsive treatment (Bolwig et al.
1999; Mikkelsen et al. 1994; Woldbye et al. 1996). Evidence for shared properties
between NPY and sedative compounds was also provided by mutual substitution
of NPY and ethanol with regard to electrophysiological effects (Ehlers et al.
1998b), and potentiation by NPY of barbiturate induced sleep (Naveilhan et al.
2001a, 2001b). The latter study mapped out NPY effects on sedation to the pos-
terior hypothalamus, an area involved in the regulation of sleep-wake cycles.

Initial studies indicated that intact NPY was required for the behaviorally
sedative effects of NPY, while the prototypical C-terminal fragment NPY(13-36)
in fact produced the opposite effect (Heilig et al. 1988b). This was interpreted as
evidence for Y;-mediation of sedative NPY effects, although in retrospect, the
data were clearly compatible with either a Y, or Y5 mediated effect. More recent-
ly, supporting the original conclusion, Y, mediation of NPY-induced sedation
was demonstrated using Y;-receptor knockouts (Naveilhan et al. 2001a,). In con-
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trast, anti-convulsant actions of NPY appear to be mediated through Ys-recep-
tors (Marsh et al. 1999).

22
Anxiolytic-Like Actions of NPY

2.2.1
NPY Is Active in a Wide Range of Anxiety Models

Based on similarities of NPY with benzodiazepines and barbiturates, it was hy-
pothesized that lower doses of NPY might also mimic behavioral anti-stress and
anti-anxiety actions of these compounds. This prediction has subsequently been
confirmed in a highly consistent manner. Initial evidence along this line was ob-
tained by analyzing the effects of icv NPY injections at nanomolar doses, in two
different, pharmacologically validated animal models of anxiety: the elevated
plus-maze and the Vogel punished drinking conflict test (Heilig et al. 1989).
Subsequently, equivalent effects have been seen in numerous other models.

A wide range of animal anxiety models has an undisputable degree of predic-
tive validity, but for most, this is based on their selective sensitivity to benzodi-
azepines. It is now being increasingly recognized that sensitivity to other classes
of compounds, such a 5HT 4 ligands, may differ between models, and even be-
tween different protocols applied within one model, such as, for example, differ-
ences reported between single vs. repeated testing on the elevated plus-maze
(File 1993). It has therefore been debated whether different animal models in
the anxiety area reflect different aspects of clinical anxiety disorders, different
disease entities, or perhaps are simply limited in their ability to model the rele-
vant clinical disease (File 1993; Hogg 1996; McCreary et al. 1996; Rodgers 1997).
Against this background, a remarkable feature of NPY is its ability to produce
anti-stress/anti-anxiety effects in all models tested thus far, suggesting that it
acts at a core process underlying fear- and stress-related behaviors and affect,
common to different models and disorders.

To illustrate this, animal models in which NPY has demonstrated anxiolytic-
like action can be categorized along some important dimensions. The Vogel
(Vogel et al. 1971) and Geller-Seifter (Geller and Seifter 1960) tests, commonly
referred to as ‘conflict-tests’, are the classical industry screening tests for benzo-
diazepine-like anti-anxiety action. They are both based on fear-induced sup-
pression of behavior: in the former, drinking is suppressed by unconditioned
fear of a mild electric shock, while the latter is based on cue-conditioned fear
suppression of operant responding for a food pellet. In both tests, benzodi-
azepines reverse the fear-suppression of behavior, and so does icv administra-
tion of NPY, with high potency (Heilig et al. 1989, 1992). Results of the uncondi-
tioned Vogel test, where shock is actually delivered during the test session, could
potentially be confounded by effects of NPY on nociception, in particular since
antinociceptive effects of this peptide have been reported at different levels of
the neuroaxis (Broqua et al. 1996; Hua et al. 1991; Mellado et al. 1996; Wang et
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al. 2000). However, control experiments suggest that icv administration of NPY
at the doses and pretreatment intervals used to established its ‘anti-conflict’ ef-
fect, nociception is unaffected (Heilig et al. 1989). Another potential confound
in the Vogel test is the motivation to drink, which, however, also seems unaffect-
ed at these conditions. In contrast, it is obvious that results obtained in the
Geller-Seifter test represent a compound effect of anxiolytic-like and orexigenic
action. However, as discussed below, an anatomical analysis based on site injec-
tions allows a clear separation of these two components.

A criticism of the classical conflict tests is that they do not probe the natural
behavioral repertoire of the animal. The elevated plus-maze (Pellow et al. 1985)
and the social interaction test (File 1980) are more attractive in that respect. The
former is based on the conflict between the innate motivation to explore a novel
environment, and its suppression by innate fear of open spaces, where presum-
ably the probability of predator attack is increased. The latter model capitalizes
on suppression of social interaction in a novel, exposed environment. In both
models, classical anti-anxiety compounds counteract fear suppression of the re-
spective spontaneous exploratory behavior, and so does NPY, with high potency
and specificity (Broqua et al. 1995; Heilig et al. 1989; Sajdyk et al. 1999). A simi-
lar observation has been reported in the light-dark compartment test, which is
conceptually related to the elevated plus-maze (Pich et al. 1993).

Finally, it can be noted that the tests described above are all based on fear-
suppression of behavior. A potential weakness of this approach is that nonspe-
cific, performance- or motivation-related drug effects might be interpreted as
indicative of anxiety-modulating properties. The fear-potentiated startle model
differs from most other anxiety paradigms in that it is based on fear potentia-
tion rather than inhibition of behavior. It relies on anatomically well delineated
circuitry to produce a well defined behavioral aspect of the integrated fear
response, and is less sensitive to effects on motor performance or motivation
(Davis et al. 1994). NPY effectively reverses the potentiation of the acoustic star-
tle response which occurs upon presentation of an originally neutral stimulus,
which during training has been paired with electric shock, making it a condi-
tioned fear stimulus. This action of NPY occurs in the absence of effects on bas-
al, unconditioned startle (Broqua et al. 1995). Consistent actions of NPY both in
models based on response inhibition and response facilitation indicate that the
observed behavioral actions are indeed specifically related to emotionality.

222
Receptor Pharmacology of the Anti-Stress Actions of NPY

From the outset, attempts to characterize the receptor subtype profile of the
anti-stress effects of NPY have indicated a Y-like profile. Although this proposi-
tion was originally based on a very limited range of tools, a more refined phar-
macological analysis seems to confirm it. Thus, initial experiments to address
this issue were based on central administration of substituted peptide ligands,
for the most part with agonist activity. The suggestion of Y;-mediation was
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based on the observation that full length NPY peptide potently and dose depen-
dently produced an anxiolytic-like effect in the elevated plus-maze, Vogel test
(Heilig et al. 1989) and Geller-Seifter-test (Heilig et al. 1993a), while the C-ter-
minal, presumably Y,-selective fragment NPY(13-36) did not reproduce this ac-
tion. When [Leu’'Pro®*|NPY was proposed as a selective Y,-receptor agonist
(Fuhlendorff et al. 1990), administration of this compound seemed to confirm
the notion of Y, mediation, but it has since become apparent that [Leu®!
Pro®*|NPY is best viewed as a ‘non-Yy ligand, which is active at Y, Y, (PP) and
Y5 receptors. An involvement of Y,-receptors appears unlikely for several rea-
sons, and seems indeed to have been excluded using PP (Asakawa et al. 1999).
Based on receptor distribution, it has been suggested that, similar to regulation
of food intake, Y5 receptors may be involved in emotionality in concert with Y,
receptors (Parker and Herzog 1999). However, available functional data do not
support this notion, as the selective Y5 antagonist CGP 71683A does not influ-
ence anxiety-related behaviors in the social interaction test, the elevated plus-
maze or the open field (Kask et al. 2001b).

Due to the weaknesses of peptide agonist studies, additional evidence for an
involvement of Y, receptors was obtained using in vivo administration of anti-
sense oligonucleotides targeting the Y, receptor. When administered icv, anti-Y,
oligonucleotides selectively lowered the density of Y; binding sites, and this was
accompanied by suppressed second messenger signaling in response to Y;-stim-
ulation in vitro, and behavioral effects on the elevated plus-maze opposite to
those seen after NPY administration (Wahlestedt et al. 1993b). Furthermore, lo-
cal anti-Y-oligo administration into the amygdala blocked the anxiolytic-like
effects of NPY given icv (Heilig 1995).

The more recent arrival of subtype-selective, nonpeptide NPY receptor antag-
onists has allowed a more refined analysis of this issue. The first member in this
class of compounds, BIBP 3226 has been extensively characterized, and acts as a
Y;-antagonist both in vitro and in vivo, while being devoid of affinity for Y5, Y,
and Ys receptors (Rudolf et al. 1994). In agreement with the agonist studies,
BIBP 3226 has been reported to produce anxiogenic-like effects. Suppression of
plus-maze exploration has been reported following icv administration of this
antagonist in rats, an effect which was observed in the absence of locomotor ac-
tions, and was possible to reverse using the classical anxiolytic diazepam (Kask
et al. 1996). Similar effects have also been seen following localized site injections
(Kask et al. 2000; Kask and Harro 2000), which are discussed further below.
However, while being selective among NPY receptor subtypes, BIBP 3226 has
limited solubility, and is also clearly capable of producing nonreceptor mediated
effects (Doods et al. 1996). For instance, reduction of food intake by BIBP 3226
is reproduced by its steric enantiomer BIBP 3435, which entirely lacks affinity
for NPY receptors (Morgan et al. 1998). Similar data have been obtained in the
Vogel conflict test (M. Heilig and C. Moller, unpublished results). Furthermore,
it has recently been reported that BIBP 3226 has a moderate but non-negligible
affinity for neuropeptide FF (NPFF) receptors (Mollereau et al. 2001). Taken to-
gether, these observations raise some concern regarding findings obtained using
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this tool, in particular since anxiety-related behaviors are highly sensitive to
stressful side effects of drugs. However, it has been pointed out that nonspecific
actions of BIBP 3226 probably require higher doses than those used in the pub-
lished anxiety studies (Kask et al. 2002). The arrival of the structurally related
Y, antagonist BIBO 3304 has improved our ability to resolve these issues, as this
compound has increased solubility, higher affinity for Y, receptors, and appears
to lack the nonspecific side effects (Wieland et al. 1998). Studies using this com-
pound in relation to emotionality, stress and anxiety are limited, but to the ex-
tent they are available, they clearly confirm the results obtained using agonists,
antisense oligonucleotides and BIBP 3226. For instance, anxiolytic-like effects of
NPY in the social interaction test are blocked by intra-amygdala administration
of BIBO 3304 (Sajdyk et al. 1999), and this compound also increased defecation
during exploratory behavior in the open field, a variable normally correlated
with the level of emotionality (Kask and Harro 2000).

Although activation of Y;-receptors thus appears to be the major mechanism
for mediating NPY’s anxiolytic like actions, Y,-receptors may also play an im-
portant role in the regulation of emotionality, and in fact offer the most attrac-
tive target for drug development efforts, as discussed below. NPY-Y, receptors
are located presynaptically on NPY-ergic neurons, and control the release of en-
dogenous NPY (King et al. 1999; King et al. 2000). Antagonism at these recep-
tors would thus be expected to potentiate endogenous NPY release, and through
this mechanism offer an ‘NPY mimetic’ without the requirement for developing
a Y;-agonist. Available data in an alcohol self-administration model provide in-
direct support for this notion (Thorsell et al. 2002), but data addressing the fea-
sibility of this mechanism in relation to anxiety and depression are not yet avail-
able. Furthermore, a more direct involvement of Y,-receptors has been suggest-
ed within the locus coeruleus, based on the observation that anxiolytic-like ef-
fects were produced here by low (10 pmol) doses of NPY microinjected into this
structure, and that these were not reproduced by administration of [Leu?!,
Pro**]NPY, but were mimicked by microinjections of NPY(13-36). In addition,
BIBP 3226 was ineffective when injected in this region (Kask et al. 2000). Some
alternative interpretations of these findings are discussed below in the context
of neuronal circuitry mediating NPY’s anxiolytic-like actions.

2.2.3
Anatomical Substrates of the Anti-Stress Actions of NPY

The amygdala is crucial for emotional learning, and co-ordinates behavioral, au-
tonomic and endocrine fear responses (Davis 1998; Fendt and Fanselow 1999;
LeDoux 2000). For these reasons, this structure was an obvious initial candidate
for mediating anxiolytic-like actions of NPY. In agreement with this hypothesis,
site-specific injections of NPY and NPY analogs into the amygdala reproduced
the anti-anxiety actions of NPY administered icv at approximately 10-fold lower
doses, while other injection sites were ineffective in this respect (Heilig et al.
1993b; Sajdyk et al. 1999). Amygdala injections have also helped separate anxio-
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lytic-like from appetitive effects of NPY, since they reproduce anxiolytic actions
of NPY administered icv, without affecting feeding. The central amygdala consti-
tutes an output relay for the functional consequences of amygdala activation by
fearful stimuli (Davis 1998; Fendt and Fanselow 1999; LeDoux 2000; Swanson
and Petrovich 1998), and was initially reported to be the amygdalar compart-
ment within which anxiolytic-like actions are produced by amygdala injections
of NPY (Heilig et al. 1993b). However, on re-analysis of these experiments, it is
clear that the injection volumes used most likely did not allow a separation of
effects mediated by different amygdala compartments. Subsequent work using
microinjections of smaller volumes has prompted a re-evaluation of the data,
suggesting that the lateral/basolateral complex in fact mediates anti-stress ef-
fects of NPY within the amygdala (Sajdyk et al. 1999).

The periaqueductal gray matter (PAG) is involved in the behavioral output of
fear responses, with subcompartments differentially involved in defensive be-
haviors (Brandao et al. 1994; Fendt and Fanselow 1999). Its dorsolateral com-
partment (DPAG) has been suggested to tonically inhibit the amygdala. Microin-
jections of the Y;-selective nonpeptide antagonist BIBP3226 within the DPAG
have been reported to produce anxiogenic-like effects in the elevated plus-maze,
with a degree of behavioral specificity demonstrated by unaffected open field
behavior following the same treatment (Kask et al. 1998a). Similar effects were
found in a separate report using the social interaction test (Kask et al. 1998b). A
weakness of these studies was that saline treatment was used as control for
BIBP 3226. Unlike the enantiomer BIBP 3435, which lacks affinity for NPY re-
ceptors but provides a control for nonreceptor mediated effects, this does not
provide adequate control for nonspecific and toxic side effects of BIBP 3226 de-
scribed above, which are most likely to present a problem when local intra-tis-
sue injections are used. However, the latter of the two studies provided addition-
al data using the di-peptide Y;-antagonist 1229U91, which to the best of avail-
able knowledge is free of toxic side effects. The observation that 1229U91 mim-
icked the action of BIBP 3226 provides support for the conclusion proposed by
the authors, that blockade of Y; receptors in the DPGA indeed is anxiogenic.

The septum has classically been described as a key component of a ‘behav-
ioral inhibition system’, the activity of which was thought to be at the core of
anxiety states, and also constitute the neural substrate of anxiolytic drug actions
by benzodiazepines and related compounds. A cornerstone of this notion was
the classical description of a ‘septal syndrome’, characterized by a dramatic ac-
tivation of defensive behaviors (Gray 1983). A shift of attention away from this
concept has occurred with the realization that the notion of a ‘limbic system’ es-
sentially lacks anatomical as well as functional foundation (see e.g., Swanson
and Petrovich 1998), that the amygdala plays a major role both in fear responses
and in anxiolytic drug actions (Davis 1998; Fendt and Fanselow 1999; LeDoux
2000; Swanson and Petrovich 1998), and that septal lesion studies demonstrat-
ing effects on anxiety-related behaviors most likely reflect effects on fibers pass-
ing through this structure, most likely belonging to hippocampal output
through Fornix Fimbriae (Lee and Davis 1997). However, septo-hippocampal
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circuits are likely to be important for fear-related behaviors. For instance, as
discussed below, transgenic NPY overexpression within the hippocampus con-
fers a behavioral phenotype which reproduces most if not all effects of icv ad-
ministered NPY. This is consistent with observations that the dorsal hippocam-
pus is an important component of neuronal circuitry controlling anxiety-related
behaviors and stress responses (Andrews et al. 1997; Gonzalez et al. 1998). Fur-
thermore, NPY microinjections into the lateral septum reproduced anxiolytic-
like actions of icv administered NPY, and reversed the anxiogenic action of cor-
ticotrophin releasing factor (CRF). The anxiolytic-like action of NPY was clearly
Y,-receptor mediated, as it was blocked by the highly selective, nontoxic Y;-re-
ceptor antagonist BIBO 3304 (Kask et al. 2001a). This study also demonstrated
that NPY injections into the cholinergic medial septal nucleus were ineffective,
contradicting the previously made suggestion that anxiolytic-like actions of
NPY might be produced through interactions with cholinergic afferents to the
hippocampus which originate from this structure (Zaborszky and Duque 2000).

Finally, the locus coeruleus has long been implicated in anxiety disorders and
stress (Nestler et al. 1999; Sullivan et al. 1999), although its involvement may
be restricted to symptom domains of pathological arousal and vigilance seen
in these disorders, as a reflection of the normal physiology of this structure
(Aston-Jones et al. 1991). As mentioned above, anxiolytic-like actions have been
reported in the social interaction test after local injections of 10 pmol NPY into
the locus coeruleus (Kask et al. 2000). Based on the ligand profile of this effect,
and the inactivity of BIBP 3226 in this region, it was suggested that NPY-Y) re-
ceptors in this area mediate these actions. However, an alternative interpretation
which needs to be considered is whether this reflects actions at presynaptic Y,
receptors on A6 neurons in which NPY and norepinephrine are colocalized, ulti-
mately inhibiting noradrenergic transmission in projection areas of these neu-
rons.

224
‘Phasic’ vs. ‘Tonic’ Effects of Endogenous NPY in Stress and Fear

An important aspect of peptidergic transmission, introduced by Hokfelt and
coworkers in the early eighties (Lundberg and Hokfelt 1983), is its activity de-
pendence. According to this concept, at basal and moderate levels of activity,
neurons preferentially release small synaptic vesicles, which primarily contain
classical transmitters. In contrast, release of large, dense core vesicles in which
classical and neuropeptide transmitters are colocalized requires high levels of
activity and firing frequency. At the level of integrative physiology, this implies
a role for neuropeptides as ‘alarm-systems’, which are not tonically active under
normal circumstances, but are recruited under conditions of stress, noxious
stimuli etc. The prediction then is that neuropeptide receptor antagonists under
normal conditions should produce limited, if any, effects while important effects
might still be expected under more extreme conditions. This prediction has
been supported by the observations that CRF receptor antagonists as well as the
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opioid receptor antagonist naltrexone are largely inactive unless the organism is
faced with a challenge (Gianoulakis et al. 1996; King et al. 1997; Koob et al.
1993; Spanagel and Zieglgansberger 1997). This type of property would obvious-
ly make neuropeptide receptors into attractive drug targets, promising highly
restricted side effects.

However, the involvement of NPY in feeding regulation indicates that this
principle does not uniformly apply to all peptidergic transmission. Kask and
co-workers have recently discussed (Kask et al. 2002) whether NPY systems me-
diating anxiolytic-like effects are active in a ‘tonic’ manner, perhaps more ap-
propriately labeled ‘under normal circumstances’, or ‘phasically’, that is, in re-
sponse to specific challenges at the extremes or outside of the normal physiolog-
ical range. On the basis of the microinjection studies reviewed above, these au-
thors have proposed that NPY within the amygdala is only phasically active,
while tonic activity is present in DPAG and possibly also the locus coeruleus.

Upon icv administration, a quantitatively dominant component of NPY-in-
duced anxiolysis appears to be mediated by Y;-receptors within the amygdala
complex, since these effects of NPY are essentially blocked by intra-amygdala
treatment with anti-Y;-receptor oligonucleotides (Heilig 1995). This system
does not appear to be active under basal conditions, as microinjections of the
selective Y;-antagonist BIBO 3304 alone were ineffective in this structure, while
blocking effects of coadministered NPY (Sajdyk et al. 1999). Furthermore, as
discussed below, transgenic overexpression studies have shown that hippocam-
pal NPY signaling also requires activation by a stressor in order to become
functionally relevant in relation to emotionality. Finally, studies in mouse mu-
tants with an inactivation of the pre-pro-NPY gene support the overall notion
that the role of endogenous NPY in regulation of emotionality falls in the activi-
ty dependent, ‘alarm-system’ category (Bannon et al. 2000). The one observation
which is difficult to reconcile with this notion is the finding of anxiogenic effects
following antisense-mediated suppression of Y;-receptor expression (Wahlestedt
et al. 1993a). It is, however, possible that the antisense-treatment per se was ca-
pable of sufficiently activating stress-related systems to demonstrate anti-stress
actions of endogenous NPY (Heilig and Schlingensiepen 1996).

2.2.5
Expression of NPY and Behavioral Stress Responses

The pharmacological studies reviewed above have prompted the question
whether regulation of endogenous NPY signaling, and in particular of NPY gene
expression, could play a role in the modulation of behavioral stress responses.
The reverse was first demonstrated: expression of NPY gene expression in
amygdala and cortex is regulated by stress. Acute stress downregulates NPY
expression within 1 h, with mRNA levels returning to normal within 10 h
(Thorsell et al. 1998). Interestingly, with repeated stress exposure, leading to a
behavioral habituation, this effect is reversed. Under these conditions, NPY ex-
pression is instead upregulated (Thorsell et al. 1999).
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On the basis of the pharmacological and expression studies, we proposed that
an upregulation of NPY expression may contribute to successful behavioral ad-
aptation to stress. This extends a previously introduced hypothesis that NPY
may act to ‘buffer’ behavioral effects of stress-promoting signals such as CRF
(Heilig et al. 1994). Our hypothesis predicted that upregulated expression of
NPY should render a subject less sensitive to anxiety-promoting effects of
stress, a prediction potentially possible to test in a transgenic system. Although
NPY transgenic mice have been described, only a limited phenotypic characteri-
zation for these was available (Thiele et al. 1998). Furthermore, the use of mice
as a model limited the feasibility of phenotyping stress and anxiety responses in
a manner allowing a direct comparison with the pharmacological data, all ob-
tained in rats.

For these reasons, the generation of an NPY transgenic rat offered an attrac-
tive model for our studies. In addition to the species, which made it ideal for
behavioral studies, this model had some potentially advantageous features in
that it was based on the introduction of a 14.5-kb fragment of the rat NPY ge-
nomic sequence, containing normal intronic sequence elements, and flanked by
an approximate 5-kb 5’ sequence thought to contain the major regulatory ele-
ments normally controlling NPY expression (Larhammar et al. 1987). The ex-
pression of this transgene may thus be regulated in a manner similar to that of
endogenous NPY.

In summary, results obtained in the NPY transgenic rat model have support-
ed the initial hypothesis. No distinguishing anxiety-related phenotype was ob-
served in the elevated plus-maze under basal, unstressed conditions. Likewise,
locomotor activity and feeding were normal. However, a marked behavioral in-
sensitivity to stress was found when stressful manipulations were introduced. In
nontransgenic littermate controls, exposure to an established stressor—1 h of
restraint—1 h prior to behavioral testing gave rise to an expected and marked
anxiogenic effect on the plus-maze, manifested as a profound decrease of the
percentage time spent exploring the open arms of the maze, and of the number
of entries into the open arms. This behavioral consequence of stress was entirely
absent in transgenic subjects. Furthermore, in the markedly stressful Vogel test,
response inhibition is normally seen due to the delivery of electric shock upon
drinking, and this was indeed observed in nontransgenic littermates. In con-
trast, and similar to benzodiazepines treated animals, response inhibition in
this test was entirely absent in NPY transgenic subjects (Thorsell et al. 2000).

As mentioned above, pharmacological studies had demonstrated that activa-
tion of Y,-receptors in the amygdala, DPAG and lateral septum reproduces the
anti-stress effects found with icv administration of NPY ligands. However, in
situ analysis of the transgenic rat model did not reveal significant overexpres-
sion within any of these locations. In fact, the only region where robust, approx-
imately 100% overexpression was observed were hippocampal fields CAl-2,
where also marked, presumably compensatory, downregulation of Y,-binding
was found.
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The finding of restricted hippocampal overexpression has two major implica-
tions. Clearly, anti-stress effects of NPY can be produced through actions in
more than one region, as also shown by the site-specific microinjections studies
reviewed above. The involvement of the hippocampus should not come as a sur-
prise, since this structure is intimately connected both with the septum and the
amygdala, and also since direct functional data demonstrate an involvement of
the hippocampus in aspects of fear learning (Fendt and Fanselow 1999), but also
in unconditioned anxiety-related behaviors and stress responses (Andrews et al.
1997; Gonzalez et al. 1998). NPY has been shown to inhibit glutamate release
within the hippocampus (McQuiston and Colmers 1996; Qian et al. 1997), and it
is therefore of interest that the effects of hippocampal NPY overexpression re-
semble the actions of intrahippocampal administration of a metabotropic gluta-
mate receptor antagonist (Chojnacka-Wojcik et al. 1997). Secondly, a restricted
hippocampal overexpression in our system is likely to underlie the findings of
normal feeding and alcohol intake in the transgenic subjects.

23
NPY and Depression

2.3.1
The Anxiety-Depression Spectrum

Symptoms of anxiety and depression commonly coexist, and both disorders are
thought to reflect maladaptive changes in stress-responsive systems (Holsboer
2000). In fact, a latent class analysis of clinical symptoms has suggested that
present classification of depressive and anxiety disorders may be artificial, and
suggested the existence of a category labeled ‘major depression-generalized
anxiety disorder’ (Sullivan and Kendler 1998). In agreement with this notion,
genetic factors which confer increased vulnerability for both these disorders are
largely the same (Kendler et al. 1992). Given the extensive evidence for an in-
volvement of central NPY in stress and anxiety, it is therefore not unexpected
that this system has also been implicated in depressive disorder, although less
extensive data are available in this area.

23.2
Effects of Antidepressant Treatments on the NPY System

Treatment of experimental animals with clinically effective antidepressants was
early reported to increase NPY peptide levels in several brain areas, with frontal
cortex being the most consistent region (Heilig et al. 1988a). This was found
both with desipramine, which preferentially acts at noradrenergic terminals,
and citalopram, which is serotonin selective. Although a downregulation of NPY
binding sites consistent with this type of effect was also reported following desi-
pramine treatment (Widdowson and Halaris 1991), initial attempts to replicate
the effects of chronic antidepressant treatment and extend them to the level of
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mRNA analysis were unsuccessful (Bellman and Sperk 1993; Heilig and Ekman
1995). However, a region-specific regulation of NPY and Y,-receptor expression
was then reported following chronic treatment with the serotonin-selective re-
uptake inhibitor (SSRI) fluoxetine, both in the Flinders Sensitive Line (FSL), a
genetic model of depression (Overstreet et al. 1995; see below), and the corre-
sponding control Flinders Resistant Line (FRL) (Caberlotto et al. 1998, 1999). In
these studies, fluoxetine elevated NPY-like immunoreactivity in the hypothalam-
ic arcuate nucleus and anterior cingulate cortex, and increased Y, binding sites
in the medial amygdala and occipital cortex in both lines. In agreement with the
peptide measures, an increase of the NPY mRNA hybridization signal was found
in the arcuate nucleus of both strains. In other brain regions, fluoxetine admin-
istration caused a differential effect on the induction of NPY-related genes in the
two rat strains: in hippocampus, NPY mRNA expression was increased in the
FSL, but decreased in the FRL. In contrast, Y, mRNA levels tended to be de-
creased by fluoxetine in the nucleus accumbens of the FSL rats, but increased in
the FRL. On the basis of these findings, an involvement of NPY was suggested in
the antidepressant effect of fluoxetine.

As mentioned above, effects of antidepressant drugs on the NPY system have
been inconsistent. Efficacy of fluoxetine in the absence of efficacy for desipra-
mine could reflect selective interactions between serotonergic and NPY-ergic
transmission. However, based on pharmacodynamic mechanisms, it is more dif-
ficult to interpret the findings that chronic treatment with a different SSRI,
citalopram, failed to affect hippocampal NPY immunoreactivity (Heilig and Ek-
man 1995; Husum et al. 2000). The most striking difference between fluoxetine
and other antidepressants, both within the SSRI and tricyclic categories, is flu-
oexetine’s long half-life (Baumann 1996). The inconsistent effects of antidepres-
sant treatments on NPY levels may well reflect pharmacokinetic factors, and in
particular difficulties in maintaining sufficient plasma concentrations with the
shorter-lived compounds.

Another established and effective antidepressant treatment, electroconvulsive
shock (ECS), has been much more consistent in upregulating brain NPY levels,
with the hippocampus as a seemingly central target. This was originally report-
ed independently by two different groups, which both also demonstrated eleva-
tion of hippocampal NPY levels after repeated, but not single ECS, paralleling
the requirements for clinical effect in depressed subjects (Stenfors et al. 1989;
Wabhlestedt et al. 1990). These findings have subsequently been replicated and
extended (Husum et al. 2000; Mathe 1999; Mathe et al. 1997, 1998; Zachrisson et
al. 1995), and indicate that this effect is robust both in ‘normal’ laboratory rats
and in the genetically selected FSL and FRLs, represents an upregulation of pre-
pro-NPY expression, and leads to increased extracellular availability of NPY
peptide. Against the background of our behavioral findings in the transgenic rat
model reviewed above, upregulated hippocampal NPY expression might be of
importance both for therapeutic and amnesic effects of ECS (Husum et al.
2000). Finally, similar to what has been reported with ECS and some pharmaco-
logical antidepressant treatments, administration of the clinically established af-
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fective stabilizer lithium also leads to an upregulation of hippocampal NPY syn-
thesis (Husum et al. 2000).

233
Animal Models of Depression

Further evidence for an involvement of NPY in depression comes from findings
of differential NPY expression in two different genetic animal model of depres-
sion, the FSL described above (Caberlotto et al. 1998, 1999; Jimenez et al. 2000),
and the Fawn Hooded rat (Mathe et al. 1998; Rezvani et al. 2002). In the latter
line, ECS was more effective in increasing hippocampal NPY levels compared to
‘nondepressed’ subjects. The reported differences are only correlative, and do
not establish a functional involvement of the altered NPY system in the behav-
ioral phenotype. In addition, they are region-dependent in a manner which does
not allow a simple interpretation. However, the hippocampus appears to be a
consistent candidate structure for a possible functional involvement.

Olfactory bulbectomy in rats produces behavioral consequences which have
been interpreted as indicative of a depression-like phenotype (Cairncross 1984).
It is therefore of interest that some of these, normally interpreted as signs of in-
creased irritability during open field exploration, are counteracted by subchron-
ic administration of NPY (Song et al. 1996), while in the long run (2-4 weeks)
NPY expression was upregulated in piriform cortex and the dentate hippocam-
pal gyrus by olfactory bulbectomy, possibly as a compensatory mechanism
(Holmes et al. 1998).

Early postnatal separation of rat pups induces a long-term phenotype charac-
terized by increased responsiveness of the hypothalamic-pituitary-adrenal
(HPA) axis (Plotsky and Meaney 1993), conferred through changes in maternal
nursing behavior (Liu et al. 1997). Although not extensively validated pharma-
cologically as a model for detecting antidepressant drug action, this model is at-
tractive in that it closely mimics dysregulations of the HPA axis thought to be at
the core of pathophysiology in depressed humans (Holsboer 2000). It is there-
fore of interest that maternal separation has been shown to reduce NPY both in
Sprague-Dawley (Jimenez-Vasquez et al. 2001) and in Wistar rats (Husum et al.
2002). Reductions of NPY-like immunoreactivity in this model were found with-
in the hippocampus, consistent with the findings of increased hippocampal NPY
following several types of antidepressant treatments. In addition, against the
background of markedly higher prevalence of depression in females than in
males, an interesting observation provided by the latter study is that of general-
ly lower hippocampal NPY levels in female subjects.

234
Antidepressant-Like Effects of Central NPY

An important question is whether the NPY system may provide useful targets
for novel antidepressant treatment. Although the concept of ‘correcting’ patho-
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physiological changes is an attractive one, this issue is in fact separate from the
question of whether dysregulations of the NPY system contribute to the patho-
physiology of depression or not. Initial evidence is presently available that NPY
given icv produces antidepressant-like effects in the forced swimming test, both
in rats (Stogner and Holmes 2000) and mice (Redrobe et al. 2002). These find-
ings have been obtained in normal, ‘nondepressed’ animals. An important issue
which awaits resolution is therefore whether central administration of NPY will
be capable of rescuing a ‘depressed’ phenotype in this model. An indication that
this may turn out to be the case is provided by the data on phenotypic rescue in
the olfactory bulbectomy model (Song et al. 1996). Also, this issue may be less
critical because it appears that, for reasons which are not understood, the forced
swimming has predictive validity with regard to anti-depressant drug action
also when carried out in normal, ‘nondepressed’ subjects.

235
Human Findings: Central Nervous System

An early study reported decreased levels of NPY in the cerebrospinal fluid (CSF)
of patients with major depression, possibly reflecting decreased central avail-
ability of NPY (Widerlov et al. 1988). Within this patient population, a more de-
tailed analysis revealed an inverse correlation between NPY levels in the CSF
and ratings of anxiety symptoms. Independently, lower levels of NPY in brain
tissue was also reported in suicide victims, and it was suggested that this de-
crease was most pronounced in subjects in whom evidence was available to sug-
gest presence of major depression prior to death (Widdowson et al. 1992). These
findings seemed to indicate that the NPY system might be primarily affected in
depressive syndromes, and contribute to the clinical symptomatology.

However, neither the finding of reduced NPY levels in CSF of depressed sub-
jects (Berrettini et al. 1987) nor in frontal cortex of depressed subjects (Ordway
et al. 1995) was replicated in subsequent studies. The reason for this is unclear,
but may have been related to the limited understanding of peptide processing
and assay specificity issues in that early era, in particular since mass spectrome-
try studies have since shown that processing of NPY may differ between de-
pressed subjects and normal controls, resulting in a different fragment pattern
(Ekman et al. 1996). In a recent re-examination of this issue, we used a sample
of therapy-refractory depressed patients of considerable size for this type of
study (n=50), and analyzed CSF levels of monoamines, monoamine metabolites,
and several neuropeptides. NPY was analyzed using an assay which has been ex-
tensively characterized with regard to specificity, and lacks cross-reactivity with
C-terminal NPY fragments. The one robust difference between patients and con-
trols using this approach was a highly significant, 30% reduction of CSF NPY
content (Heilig and Agren, in press). It remains to be established whether this
reflects improved methodology, altered NPY signaling in subpopulations of de-
pressed subjects only, or both.
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Interestingly, the latter possibility is supported by the demonstration of sup-
pressed NPY expression in human post mortem brain tissue in bipolar, but not
unipolar affective disorder (Caberlotto and Hurd 1999). The genetics of these
two disorders overlap (Karkowski and Kendler 1997). Is well known that a pro-
portion of patients diagnosed with unipolar disorder in fact has a genetic vul-
nerability for the bipolar disease, but has not yet presented with their first man-
ic episode, and may never do so. It is therefore possible that involvement of
NPY is primarily related to bipolar traits, and that the discrepant CSF results
are partly due to a varying proportion of this patient category in the different
clinical samples.

23.6
Human Findings: Peripheral Nervous System

Central synthesis, release, and metabolism of NPY are difficult to access. Al-
though CSF studies may provide a window on some of these processes, CSF lev-
els obviously reflect a complex outcome of numerous processes, at different lev-
els of the neuroaxis. In attempts to link NPY to psychiatric disorders, studies of
the more easily accessible peripheral compartment have also been carried out.
Presently available evidence suggests that peripheral NPY is simply a marker of
sympathetic nervous system activity, which is unrelated to central NPY signal-
ing of importance for emotionality and mood. However, it has been suggested
that a functional polymorphism in the pre-pro-NPY gene leads to altered NPY
expression and/or release (Kallio et al. 2001), and this kind of mechanism might
affect central and peripheral NPY levels in a similar manner, making the latter a
marker of the former.

In this context, it is of interest to note that peripheral NPY has been reported
to be lowered in recent suicide attempters (Westrin et al. 1999), and correlate
with personality variables in this patient population (Westrin et al. 1998). In a
separate line of study, lowered peripheral NPY levels, both at baseline and upon
stimulation of sympathetic neurons with the pre-synaptic autoreceptor blocker
yohimbine, have been found in combat survivors with post-traumatic stress dis-
order (Rasmusson et al. 2000). In an interesting experimental follow-up of these
findings, NPY was analyzed during exposure to interrogation, presumably a
highly stressful experience, in special force as well as nonspecial force soldiers.
The former had generally lower levels of plasma NPY. Furthermore, across both
groups, a range of responses to this stressful situation was inversely correlated
with plasma NPY. On the basis of these findings, it was suggested that peripheral
NPY is a marker of stress-resilience (Morgan et al. 2000), possibly through a
correlation with personality traits (Morgan et al. 2001). It remains to be estab-
lished whether these findings reflect altered patterns of sympathetic activity, al-
tered central NPY signaling, or both.
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24
Actions of NPY Related to Stress, Anxiety, and Depression: Summary

Extensive evidence suggests that a distributed network of circuits utilizing NPY
signaling, with the amygdala and hippocampus as core components, acts as an
endogenous ‘alarm system’. This system appears to be activated when the or-
ganism is faced with stressful challenges, and its functional activation counter-
acts the behavioral effects initially triggered in order to cope with the threaten-
ing stimulus. A possible function of this activation in the short term might be to
appropriately terminate the necessary—but in the long run costly—behaviors
activated by various threats to homeostasis, responses which to a large extent
are mediated and coordinated by central release of CRF at multiple brain sites.
In a longer perspective, regulation of NPY expression appears to serve as a
mechanism for adapting the individual’s behavioral responsiveness in response
to chronic stress. From this conceptualization, it is apparent that a dysregulation
of this system could easily contribute to the pathophysiology of anxiety and de-
pressive disorders. Whether this is the case or not, effects of NPY related com-
pounds in pharmacologically validated animal models of anxiolytic- and antide-
pressant-like drug action suggest that receptors of the NPY system offer attrac-
tive targets for drug development in search of novel treatments for anxiety, de-
pression, and as discussed elsewhere, alcohol dependence (see Sect. 10.3). Al-
though the desired action of potential therapeutic compounds would ideally
seem to be an activation of the Y;-subclass of NPY receptors, development of
orally available, brain penetrant Y;-agonists may represent a challenge which is
not easily overcome. An attractive alternative strategy seems to be antagonism
at central Y,-receptors, which, through potentiation of endogenous NPY release,
might achieve the same goal.

3
A Role for NPY in Ethanol-Seeking Behavior
and Neurobiological Responses to Ethanol

3.1
Altered Ethanol Drinking Associated with Genetic Manipulation of NPY Signaling

The first genetic evidence linking NPY to alcoholism came from studies involv-
ing rats selectively bred for high alcohol drinking. Quantitative trait loci (QTL)
analyses identified a region of chromosome 4 that significantly correlated with
differences in alcohol drinking between the Indiana alcohol-preferring (P) and
alcohol-nonpreferring (NP) rats. This chromosomal region includes the NPY
precursor gene (Bice et al. 1998; Carr et al. 1998). Subsequent research found
that P rats had low levels of NPY in the amygdala, frontal cortex, and hippocam-
pus relative to NP rats, but higher levels of NPY in the hypothalamus and cingu-
late cortex (Ehlers et al. 1998a; Hwang et al. 1999). High alcohol-drinking
(HAD) rats, bred by a similar strategy as that used to generate the P rats, also
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had low levels on NPY in the amygdala compared with low alcohol-drinking
(LAD) rats, and had lower levels of NPY in hypothalamic nuclei (Hwang et al.
1999). Hwang et al. concluded that the high alcohol drinking by the P and HAD
rats are best explained by low levels of NPY in the amygdala. It should be noted,
however, that QTL analyses with HAD and LAD rats failed to confirm a role for
the NPY precursor gene (Foroud et al. 2000). More recently, the low alcohol
drinking ALKO Non-Alcohol line of rats was found to have high NPY mRNA in
the hippocampal cornus ammons region and the dentate gyrus when compared
with the high alcohol drinking (ALKO Alcohol; AA) line and nonselected Wistar
rats. Additionally, NPY Y, receptor mRNA was reduced in the AA line, suggest-
ing a role for the Y, receptor in modulating alcohol drinking (Caberlotto et al.
2001).

Genetically altered rodents have also been examined. Voluntary ethanol con-
sumption and resistance to the intoxicating effects of ethanol were inversely re-
lated to NPY levels in knockout and transgenic mice (Thiele et al. 1998). Howev-
er, ethanol-associated phenotypes were not consistently observed in NPY
knockout mice and are dependent on the genetic background (Thiele et al.
2000b). Transgenic rats have NPY overexpression that is primarily limited to the
CA1 and CA2 regions of the hippocampus. Relative to control animals, NPY
transgenic rats were resistant to anxiety provoked by restraint-stress and
showed impairment of spatial memory acquisition. However, the NPY transgen-
ic rats showed normal voluntary ethanol drinking (Thorsell et al. 2000). Thorsell
et al. suggested that NPY transgenic rats may ingest normal levels of alcohol be-
cause they fail to overexpress NPY in critical brain regions, such as the amygda-
la (see Sect. 10.2.2.5). Taken together, evidence from genetic animal models im-
plies that low NPY signaling can promote high voluntary ethanol drinking while
upregulation of NPY signaling can be protective against excessive consumption.

3.2
Altered Ethanol Drinking Following Central Infusion of NPY
and Related Compounds

Several studies have used icv infusion of NPY to determine pharmacologically if
NPY signaling regulates voluntary ethanol consumption. In the first attempt
with Golden Hamsters, icv infusion of NPY did not reliably alter drinking of a
5% ethanol solution, as only one of six doses used caused significant increase of
60-min drinking (Kulkosky et al. 1988). More recently, Wistar rats were given
icv infusion of various doses of NPY ranging from 2.5 to 15.0 ug in a within-
subjects design. While 5.0 ug of NPY significantly increased consumption of a
sucrose solution, none of the doses tested altered alcohol intake (Slawecki et al.
2000). Similarly, neither third ventricle infusion of NPY (Katner et al. 2002b)
nor direct infusion of NPY into the amygdala (Katner et al. 2002a) altered etha-
nol drinking in Wistar rats. On the other hand, icv infusion of both 5.0 and
10.0 pg doses of NPY significantly reduced voluntary consumption of an 8%
ethanol solution in P rats, but did not alter ethanol drinking of NP or outbred
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Wistar rats (Badia-Elder et al. 2001). Furthermore, direct infusion of femtomo-
lar doses of NPY into the paraventricular nucleus of the hypothalamus increased
consumption of alcohol in Long-Evans rats, and this effect was blocked by pre-
treatment with the Y, receptor antagonist BIBP 3226 (Kelley et al. 2001). Thus,
the ability of NPY to alter ethanol drinking depended on the genetic background
of the rat and/or the site of NPY infusion. In some cases, enhancement of NPY
signaling by administration of exogenous NPY reduced ethanol drinking.

33
Receptors Mediating the Effects of NPY on Ethanol Drinking

In the mouse, NPY acts through at least five receptor subtypes, namely the Y;,
Y, Y4 Ys and ys receptors, all of which couple to heterotrimeric G proteins that
inhibit production of cyclic AMP (see chapter by Redrobe et al., this volume).
The Y, receptor is located postsynaptically and has been identified in several
brain regions that are involved with neurobiological responses to ethanol, in-
cluding the hippocampus, the hypothalamus, and the amygdala (Naveilhan et al.
1998; Ryabinin et al. 1997). Y, receptor knockout mice (Y,”) have been generat-
ed and grow and reproduce at normal rates despite slightly diminished daily
food intake and reduced refeeding response to starvation. However, these ani-
mals develop late-onset obesity due to low energy expenditure (Pedrazzini et al.
1998) (see chapter by Herzog, this volume). Alcohol consumption by Y,”" mice
and by normal Y,** mice has recently been examined (Thiele et al. 2002). Y, "
mice showed increased consumption of solutions containing 3%, 6%, and 10%
(v/v) ethanol but displayed normal consumption of sucrose and quinine solu-
tions. Furthermore, Y, mice were less sensitive to the sedative effects of 3.5
and 4.0 g ethanol/kg as measured by more rapid recovery from ethanol-induced
sleep, even though plasma ethanol levels did not differ significantly between the
genotypes following a 3.5 g/kg dose. Finally, male Y,” mice showed normal eth-
anol-induced ataxia on a rotarod test following administration of a 2.5 g/kg dose
(Thiele et al. 2002).

Evidence suggests that the Y, receptor is a presynaptic autoreceptor and in-
hibits NPY release (Naveilhan et al. 1998). As described by Redrobe et al. (this
volume), mutant mice lacking the Y, receptor (Y,”") have been shown to have
increased food intake, body weight, and fat production but have a normal re-
sponse to NPY-induced food intake (Naveilhan et al. 1999). It was hypothesized
that if presynaptic Y, receptors are involved with modulating voluntary ethanol
consumption and sensitivity, the Y,” mice should exhibit ethanol-related phe-
notypes opposite to those found with the Y,”" mice. Thus, an absence of presyn-
aptic inhibition of NPY release in Y, mice would augment NPY signaling, ren-
dering mice with a similar phenotype as NPY overexpressing mice. Relative to
wild-type (Y,"'*) mice, the Y,”" mice drank significantly less of solutions con-
taining 3% and 6% ethanol, and had significantly lower ethanol preference at
each concentration tested. On the other hand, Y,” mice showed normal con-
sumption of solutions containing either sucrose or quinine, normal time to re-



270 T.E Thiele - M. Heilig

cover from ethanol-induced sedation following 3.0 or 3.5 g/kg doses, and nor-
mal metabolism of ethanol following injection of a 3.0 g/kg dose (Thiele et al.
2000c¢).

Mutant mice lacking the NPY Ys receptor (Ys'") show late onset obesity and
increased food intake, have reduced sensitivity to NPY, and are seizure prone
(see chapter by Redrobe et al., this volume; Marsh et al. 1999). When given ac-
cess to solutions containing ethanol, Ys”" mice drank normal amounts of 3, 6,
10, and 20% (v/v) ethanol, but had increased sleep time following administra-
tion of 2.5 or 3.0 g ethanol/kg. However, the Y57 mice also showed high plasma
ethanol levels relative to wild-type mice following injection of a 3.0 g/kg dose
(Thiele et al. 2000b). Together, data from NPY receptor knockout mice suggest
that voluntary consumption of ethanol is modulated by the Y; and Y, receptors,
and that ethanol-induced sedation is modulated by Y;, and perhaps Ys, recep-
tors. These results are consistent with several recent findings. First, like Y,
mice which drink low amounts of ethanol, rats self-administer less ethanol fol-
lowing central infusion of a Y, receptor antagonist (Thorsell et al. 2002). Second,
Y,” mice are resistant to the sedative effects of ethanol, and recent studies
found that Y;” mice are resistant to sodium pentobarbital-induced sleep
(Naveilhan et al. 2001a, 2001b).

34
Brain Electrophysiological Responses to NPY and Ethanol Are Similar

One of the first studies to suggest a role for NPY in modulating neurobiological
responses to ethanol investigated the effects of icv infusion of NPY on brain
electrophysiological responses in rats (see also Sect. 10.2.1). It was noted that
icv infusion of NPY, as well as Y; receptor agonist, produced electrophysiologi-
cal and behavioral profiles similar to those induced by anxiolytic drugs such as
ethanol and benzodiazepines (Ehlers et al. 1997). Additionally, icv infusion of
NPY and peripheral administration of ethanol to rats produced identical effects
on event-related potential (ERP) profiles in response to auditory stimuli, both
in cortex and amygdala. The effects of NPY and ethanol were additive (Ehlers et
al. 1998b). Following 10-15 weeks of withdrawal from chronic exposure to etha-
nol vapor, icv infusion of NPY significantly decreased the amplitude of the N1
component of ERP in the amygdala of withdrawn Wistar rats when compared to
controls, indicating that ethanol withdrawal augments brain sensitivity to NPY
(Slawecki et al. 1999). Together, these data suggest that electrophysiological re-
sponses to ethanol and ethanol withdrawal may be mediated, in part, by NPY
signaling. A related study comparing the P and NP rats showed opposite electro-
physiological activity in the amygdala following icv infusion of NPY (Ehlers et
al. 1999); this observation, together with those showing low NPY levels in P rats
(Ehlers et al. 1998a) (see Sect. 10.3.1) strongly suggest that altered NPY signaling
in the amygdala of P rats contributes to their high alcohol drinking.
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35
Ethanol Administration Modulates Central NPY Signaling

There is also evidence that ethanol administration can influence NPY signaling.
Relative to control animals that received an isocaloric diet as their sole source of
calories, Long-Evans rats given access to a diet containing 6% ethanol for
12 weeks showed significant increases of NPY levels in the arcuate and ventro-
medial nuclei of the hypothalamus, the median eminance, and the suprachias-
matic nucleus (Clark et al. 1998). Additionally, peripheral injection of 1.5 and
3.5 g/kg ethanol caused activation of NPY-containing neurons in the ventrolater-
al medulla of Long-Evans rats (Thiele et al. 2000a). Wistar rats exposed to etha-
nol vapor for 14 h/day showed no differences in brain NPY expression after
7 weeks of exposure, but showed increased NPY expression in the hypothalamus
7 weeks after withdrawal from ethanol (Ehlers et al. 1998a). On the other hand,
ethanol administration and withdrawal from ethanol have also been found to re-
duce NPY signaling. NPY mRNA levels in the arcuate nucleus of the hypothala-
mus were decreased when Sprague-Dawley rats were given a single peripheral
injection of a 1.0 g/kg dose of ethanol (Kinoshita et al. 2000). More recently,
Sprague-Dawley rats examined 24 h after withdrawal from a diet containing 9%
ethanol (after 15 days of exposure) showed decreased NPY immunoreactivity in
the cingulate gyrus, various regions of the cortex, the central and medial nuclei
of the amygdala, and the paraventricular and arcuate nuclei of the hypothala-
mus (Roy and Pandey 2002). Thus, withdrawal from ethanol is associated with
reduced central NPY signaling. Consistent with this observation, a recent report
found that icv infusion of NPY significantly attenuated ethanol withdrawal re-
sponses in Wistar rats (Woldbye et al. 2002). The discrepancies between these
studies (that is, either increases or decreases of NPY levels) may be related to
rat strain differences, method of ethanol administration, technique for assessing
NPY levels, or an interaction between these factors.

3.6
NPY and Alcoholism: Human Genetic Studies

A recent study used cDNA microarrays to examine the expression of approxi-
mately 10,000 genes in the frontal cortex and motor cortex of alcoholics and
matched control samples. One of the most intriguing observations was that
brain tissue from alcoholics had significantly lower NPY expression than brain
tissue from controls (Mayfield et al. 2002). It is unclear if low NPY levels were
present before the manifestation of alcoholism (thus potentially triggering the
disease) or were the result of chronic alcohol use. Additionally, several groups
have taken advantage of a known gene polymorphism to study the potential
contribution of NPY to human alcoholism. In some individuals, a thymidine (T)
to cytosine (C) polymorphism is present at the 1128 locus of the human NPY
gene, resulting in a leucine-to-proline substitution (Leu7 to Pro7) in the signal
part of pre-pro-NPY (Karvonen et al. 1998). Individuals with the Leu7/Pro7 gen-
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otype have an average of 42% higher maximal increases of plasma NPY in
response to physiological stress when compared with Leu7/Leu7 individuals
(Kallio et al. 2001). Interestingly, Finnish men with the Pro7 substitution report-
ed 34% higher average alcohol consumption when compared to men not having
this polymorphism (Kauhanen et al. 2000). Another report showed European-
American men with diagnosed alcoholism had 5-5.5% Pro7 allele frequency,
while non-alcoholics had a Pro7 allele frequency of only 2.0% (Lappalainen et
al. 2002). This polymorphism has also been reported to have a lower frequency
in type 2 alcoholics compared to controls (Ilveskoski et al. 2001). However, a
more recent study found no difference of Pro7 allele frequency between diag-
nosed Caucasian alcoholics and ethnically matched controls from Finland and
Sweden (Zhu et al. 2003). Furthermore, a meta-analysis performed by Zhu et al.
found that while the Pro7 allele frequencies in alcoholics were similar in each
report, the allele frequencies in nonalcoholic control groups were very different
between studies (Ilveskoski et al. 2001; Lappalainen et al. 2002; Zhu et al. 2003).
Zhu et al. suggested that recent work showing a complete lack of Pro7 polymor-
phism in Asians (Ding et al. 2002; Okubo and Harada 2001) demonstrates the
fact that dramatic ethnic differences exist, and while careful controls were used,
ethnic admixture may have biased control group frequencies in prior work
(Lappalainen et al. 2002). Finally, the whole coding region and 5'-untranslated
region of the NPY gene of Japanese male alcoholics and Japanese male control
subjects were screened for polymorphic nucleotide substitutions. A significant
C to T substitution at the 5,671 locus of the NPY gene was higher in alcoholic
patients experiencing seizures, suggesting that this mutation may be involved
with seizure during ethanol withdrawal (Okubo and Harada 2001).

3.7
NPY and Alcohol: Summary

A growing body of evidence suggests a role for NPY signaling in voluntary etha-
nol drinking and neurobiological responses to ethanol administration. While it
may be premature to make conclusive statements about underlying mecha-
nisms, a general pattern of results is emerging. First, normal neurobiological re-
sponses to ethanol involves central NPY signaling. This is evidenced by the ob-
servations that administration of ethanol and ethanol withdrawal altered central
NPY levels and expression (Clark et al. 1998; Ehlers et al. 1998a; Kinoshita et al.
2000; Roy and Pandey 2002; Thiele et al. 2000a). Furthermore, ethanol and NPY
administration produced similar and additive effects on brain electrophysiologi-
cal activity (Ehlers et al. 1998b; Ehlers et al. 1997; Slawecki et al. 1999). Second,
low NPY signaling in animal models predisposes high ethanol drinking (Ehlers
et al. 1998a; Hwang et al. 1999; Thiele et al. 1998). Importantly, central adminis-
tration of NPY reduced ethanol drinking in rats with a genetic predisposition
towards ethanol preference (Badia-Elder et al. 2001), but did not affect ethanol
consumption in ‘normal’ unselected animals (Katner et al. 2002a,b; Slawecki et
al. 2000). Third, the NPY Y, and Y, receptors modulate the effects of NPY on
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ethanol drinking. Mutant mice lacking Y, receptor drank high amounts of etha-
nol (Thiele et al. 2002), and Y, receptor knockout mice showed suppressed etha-
nol drinking (Thiele et al. 2000c). Consistently, a Y, receptor antagonist attenu-
ated ethanol self-administration in rats (Thorsell et al. 2002). Finally, human as-
sociation research suggests that alterations of normal NPY function may be as-
sociated with alcoholism. Brain tissue from alcoholics was found to have abnor-
mally low levels of NPY when compared to control tissue (Mayfield et al. 2002).
While association studies linking polymorphism of the human NPY gene with
alcoholism are intriguing (Ilveskoski et al. 2001; Lappalainen et al. 2002; Zhu et
al. 2003), results have been mixed and further research is necessary before cau-
sation can be established.

In light of the current data, it is possible that central NPY activity is recruited
in response to ethanol consumption, and that this NPY activation serves as a
protective feedback mechanism to prevent high ethanol drinking. Animals with
abnormally low NPY levels would not benefit from this feedback protection and
drink excessive quantities of ethanol. Such a mechanism could also explain ex-
cessive drinking in alcoholics with low brain NPY expression. The current data
suggest that drugs targeting the central NPY system may serve as useful thera-
peutic agents against alcoholism. Compounds aimed at the Y; and/or Y, recep-
tor(s) appear to be promising candidates.

4
Behavioral Effects of NPY: Conclusions

The present chapter demonstrates that central NPY signaling is involved with
the integration of emotional-associated behaviors and with drug-seeking behav-
ior, specifically the ingestion of ethanol. While behavioral responses to stimuli
associated with stressful events can be adaptive in the short term, long-term
stress responses can be maladaptive and compromise the constitution of the or-
ganism. NPY serves as a homeostatic buffer by attenuating stress responses fol-
lowing prolonged activation. It is hypothesized that dysregulation of this system
may contribute to the pathophysiology of anxiety and depression. Drug abuse
disorders, including alcoholism, are thought to involve neurobiological systems
that integrate emotionality (Koob and Le Moal 1997). A growing body of evi-
dence suggests that alterations of NPY signaling can promote excessive ethanol
drinking, both in animal models of alcoholism and in humans. An interesting
possibility is that high ethanol-seeking behavior is secondary to high levels of
anxiety. Viewed this way, alterations of normal NPY activity may induce emo-
tional disturbance, which in turn becomes a risk for alcoholism. Further re-
search is necessary to establish such a causal relationship.
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