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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 byyear of publication from Medline under the keyword 'NPV'

Papers devoted exclusively to the closely related peptide YYand 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 NPYand 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 YYand 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 PYYand PP are predominantly dis
tributed in the endocrine cells of the intestine and pancreas, respectively. Five
NPY receptor subtypes denoted as Y\> Y z, Y4, Ys, and Y6 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 pep tides 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, PYYand pancreatic polypeptide (PP) reveals a high degree of sequence ho
mology between NPYand 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

NPY

PIT

PP

100%

69%

50 %

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

2.3
NPY mRNA

Dixon and coworkers were the first to identify the sequence of a human eDNA
encoding NPY from human pheochromocytoma cells. The 97-arnino 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 inthe 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 with in visceral smooth muscle.
NPY thus seems to be a major peptide in the sympathetic nervous system
(Lundberg et a1.1983). 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 NPYis 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, dorsorne
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 a1.1987; 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, YI and Y2, 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 NPYon noradrena
line release at a pre-synaptic level. Subsequently, NPY was shown to depress the
secretion of 3H-noradrenaline and the contractile response evoked by field stim
ulation in the vas deferens (Lundberg and Stjarne 1984).

4.2
Central Actions of NPY

4.2.1
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.

4.2.2
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.

4.2.3
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



Neuropeptide Y: History and Overview 7

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 NPYdecreased 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.

4.2.4
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.

4.2.5
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 NPYas 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 NPYis
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 NPYis involved in the control of seizures.

4.3
NPY Receptor Binding and Intracellular Signaling

The specific binding of the iodinated NPYto membranes from the cerebral cortex
was demonstrated. The binding of iodinated NPYwas 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 NPYon dorsal root
ganglion calcium channels (Ewald et al. 1988).

4.4
NPY Receptor Agonists and Antagonists

Centrally truncated synthetic NPYagonists 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 Yl receptors.
About the same time, the first NPY receptor antagonists, Ac-[3-(2,6-dichloroben
zyl)Tyr27, D- Thr32] NPY(27-36) and AC-[3-(2,6-dichlorobenzyl) Tyr27,36, D- Thr32]

NPY(27-36), designated PYX-l 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).

4.S
NPY Receptor Subtypes

Wahlestedt et al. (1986) first suggested the presence of two receptor subtypes
for NPYand its related peptides. They studied the effects of NPY, PYY, and the
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C-terminal fragments of NPY or PYYon different smooth muscle preparations
in vitro, and found that PYY(l3-36) 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 NPYIPYY-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 Y1 and Yz recep
tors were independently expressed in the brain and the majority of NPY recep
tors in the brain were of the Y z type (Aicher et al. 1991). It was found that the
hypothalamic Y1 receptors mediated the stimulatory effect of NPY on carbohy
drate intake and meal size, while the Yz receptors had the opposite effect of sup
pressing carbohydrate intake (Leibowitz and Alexander 1991). Presynaptic inhi
bition by NPYobserved in rat hippocampal slice was shown to be mediated by a
Y z receptor (Colmers et al. 1991). Involvement ofYI receptor subtype in the reg
ulation of LH secretion was demonstrated by using NPY, NPY(2-36), [Leu3 1

,

Pro34
] NPY, NPY(l3-36) 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, YI> Yz, Y4, Y5, and Y6' 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 tool s 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, YI> Yz, Y4, Y5, and Y6 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
Yl Receptor

In 1992, the primary structures of rat and human Yl 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 Y1 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
Y2 Receptor

The cloned Y2 receptor consists of 381 amino acids, and has only 31% identity
to the structure of the Y1 receptor (Rose et al. 1995;Gerald et al. 1995, Gehlert et
al. 1996; Rimland et al. 1996). The Y2 receptor expressing cells have high affinity
binding sites for NPY, PYY, and NPY(l3-36), whereas [Leu", Pro'"] NPY binds
with lower affinity. The Y2 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 Y3 Receptor

The Y3 receptor is dist inguished 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 Y3 recep
tor (Rimland et al. 1991) failed to confer NPY binding sites (Herzog et al. 1993;
[azin et al. 1993). Therefore, the evidence is not sufficient to grant the presence
of a Y3 receptor (Michel et al. 1998).

5.1.4
Y4 Receptor

A unique feature of the Y4 receptor is a high affinity for PP. Therefore, the Y4

receptor is probably a PP receptor. The cloned human Y4 receptor has 43% se
quence homology with the human Y, receptor (Lundell et al. 1995; Bard et al.
1995;Yan et al. 1996). Both NPYand PYY have low affinities for this receptor. Y4

receptor is present in the intestine, prostate, and pancreas (Lundell et al. 1995).
The Y4 receptor mRNA is sparsely expressed in the brain, except in the brain
stem (Parker and Herzog 1999).
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5.1.5
t, Receptor

The cloning of a novel NPY receptor designated Y5 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. [0-Trp32] NPY had a high affinity for the Y5 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

Y6 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 Y2b receptor (Gregor et al. 1996;Matsumoto et al. 1996). To avoid
confusion, it was renamed the Y6 receptor. The Y6 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 Y6 gene to be the orthologue
of the mouse Ys gene. Rabbits encode functional Y6 receptor, but the Y6 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 Y1

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 YI receptor antago
nists such as [0_Tyr27

,36, o-Thr32
] NPY(27-36), SR120819A, 1229U91, BIB03304,

LY-357897, J-1l5814, and CP-617,906 have been reported. More recently,
T4-[NPY(33-36)]4 and BIIE0246 have been described as selective Y2 receptor
antagonists. After the cloning of the Y5 receptor, a number of Y5 receptor antag
onists including CGP71683A and L-152,804, and Ys receptor agonists such as
[0-Trp34 ] NPYand [Ala31, Aib32

] NPY were synthesized (for reviews see Balasub
ramaniam 1997; Pheng and Regoli 2000; Parker et al. 2002). The Y1 receptor an
tagonist 1229U91 has been shown to exhibit an agonist activity for the Y4 recep
tor (Parker et al. 1998). However, no selective antagonist for the Y4 receptor has
yet been reported.
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5.3
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 NPYand 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 NPYacting on the Y1 receptor is likely to account for the long-last ing
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 Y1 receptor antisense oligodeoxynucleotides at
tenuated NPY-induced vasoconstriction (Sun et al. 1996). Furthermore, Y1 re
ceptor-deficient mice showed a complete absence of blood pressure responses
to NPY, suggesting the importance of Y1 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 Y2 receptor (Chen and Westfall 1993). Fur
thermore, a Y2 receptor agonist evoked vasoconstriction in the spleen, while a
Y2 receptor antagonist BIIE0246 antagonized the response. These suggest that
the Y2 receptor is also involved in NPYIPYY-evoked vasoconstriction (Malm
strom 2001).

5.3.2
Circadian Rhythms

NPY has been implicated in the phase shifting of circadian rhythms. Microinjec
tion of a Y2 receptor agonist produced phase advances that were significantly
greater than those produced by the injection of a Y1 receptor agonist. This sug
gests that NPY phase shifts circadian rhythms via the Y2 receptor (Huhman et al.
1996; Golombek 1996).There is, however, some evidence that the YdYs receptors,
in addition to the Y2 receptor, may also be involved in the mechanism of NPYac
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



Neuropeptide Y: History and Overview 13

the regulation of body weight. A novel obese gene product, leptin, was found to
regulate food intake by inhibiting the synthesis and release of NPYin the central
nervous system (Stephens et al. 1995). It was reported that the mild obesity
found in YI 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 YI-deficient mice (Kanatani et al. 2000).
These results suggest the importance of YI 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 Ys 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 Y2 receptor-deficient mice indicated an
inhibitory role for the Y2 receptor in the central regulation of body weight and
food intake (Naveilhan et al. 1999). Hypothalamus-specific Y2 receptor-deleted
mice showed a significant decrease in body weight and a significant increase
in food intake, suggesting an important role of hypothalamic Y2 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 Y2 recep
tor-deficient mice. This suggests that the anorectic effect requires the Y2 recep
tor (Batterham et al. 2002).

5.3.4
Hormone Secretion and Reproduction

NPY has been known to be a putative neuroregulator of the reproductive axis in
the central nervous system. A selective Ys agonist inhibited LH secretion, while
the inhibitory action was fully prevented by Ys receptor antagonists (Raposinho
et al. 1999). It was also shown that Ys receptor activation suppressed the repro
ductive axis in both virgin and lactating rats (Toufexis et al. 2002). These results
suggest that the actions of NPYon the reproductive axis are predominantly me
diated by the Ys receptor. On the other hand, using YI receptor-deficient mice,
crucial roles for the YI 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 NPYexhibits anxiolytic, antinociceptive, anti -stress, and
anti-depressive actions. Involvement of the YI 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 YI receptor, but also an anxio
genic effect via the Y2 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 YI 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 NPYand 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 YI re
ceptor mRNA were observed after treatment with an anti-depressant drug
(Caberlotto et al. 1998). When compared with healthy controls, the levels of
NPYappeared 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 NPYand
YI 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 Yz 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 Yz receptors, and downregulation of YI 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).

5.3.7
Ethanol Consumption

Thiele et al. (1998) first reported that NPY-deficient mice showed increased eth
anol consumption, while transgenic mice with NPYoverexpression 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 YI receptor showed increased ethanol con
sumption. It is suggested that the YI receptor regulates voluntary ethanol con-
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sumption and some of the intoxicating effects caused by administration of etha
nol (Thiele et al. 2002).

It was shown that blockade of central Y2 receptors by a Y2 receptor antago 
nist, BIIE0246, reduced ethanol self-administration in rats. It is therefore sug
gested that the Y2 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 NPYand will undoubt
edly underscore the importance of NPY in the fields of pharmacology and clini
cal medicine.
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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 Y1

receptor affinity, while the remaining peptide NPY(3-36) is still active at the
NPY YZ- 5 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. 1: The peptide is
generated as a large precursor consisting of the so-called pre-pro-peptide. In this molecule the peptide
isflanked 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(CPEl the pro-peptide cleave the pro-peptide at the dibasic site, thereby generating the
mature peptide (3)
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nal steps are specifically involved and these steps themselves are subjected to
specific regulatory processes (Fig. 1). After exocytotic relea se of NPY-like pep
tides, the local action not only relies on their concentration, receptor selectivity,
and the expression of Yvreceptors, 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, th ese peptidases
may also act on counter-regulatory peptides and endogenous inhibitors and
competitive substrates influence their specific activity. Thu s, the development of
inhibitors for NPY, PYY and PP cleaving peptidases is a complementary ap
pro ach to the development of Y-receptor agonists or antagonists.

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

2.1.1
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. LDCVare 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 rni
crotubuli, dramatically decreases the number of neuropeptide containing LDCV
found in the axon (Hernsen 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

Mediator Cell type/tissue Species References

Norepinephrine Sympathetic neurons, vas deferens Cattle, rat dePotter et al. 1998;
Fried et al. 1985

GABA Spinal cord, brain Fish, frog Parker et al. 1998;
deRijk et al. 1992

VIP Submucos neurons, perivascular nerves Rat, catt le,pig Cox et al. 1994;
Majewski et al. 1995

Substance P Submucos neurons, adrenal medulla Guinea pig, catt le Masuku et al.1998;
Bastiaensen et al. 1988

Opioid peptides perivascular nerves, retinal cells Pig, human, Kong et al. 1990;
(enkephalins, guinea pig Jotwani et al. 1994;
dynorph insl Morriset al. 1985

Galanin Dorsal horn Rat Zhang et al. 1993

ANP Adrenal medulla Fish, birds, repti les, Wolfensberger et al. 1995
amphibian, rat

CGRP Postganglionic sympathetic neurons Pig Majewski et al. 1992

Chromogranin A Postganglionic sympathetic neurons Human Takiyyuddin et al.1994

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; OPP 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, PYYand 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, PYYand NPYare 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 bette r 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 NPYdramatically. 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 mono oxygenase, 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 LDCVand 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

3.1.1
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 NPYand 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 NPYand CA can be released simultaneously (Lundberg et al. 1989).
Such a pattern of NPYand 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 NPYof 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 adreno medullary
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 NPYat rest and upon immobilization stress
in rats (Bernet et al. 1998). Therefore, under physiological conditions, the adre
nomedullary NPY might playa role in the local microenvironment but does not
have a systemic role.
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3.1.3
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 NPYamong 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 NPYare 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 NPYgene 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 YI 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 a1.1996).

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 NPYis genetic
and/or secondary to pathophysiological changes remains to be determined.
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3.2
Cellular Sources of PP in the Periphery

3.2.1
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 a1.1982).

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,
PYYexpressing 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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ofLDCV (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
PVV in the Pancreas

PYYalso 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).

3.3.3
PVV 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 LDCVare 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, LDCVare 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 LDCVwill 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
MunelS (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).

4.3
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 NPYafter 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 theNPY family

NPY human, rat
PYY rat
Pyy human
PP rat
PP human

APP DPIV' T NEP T T NEP NEP T T

lt D lt lJ ltlJ lJjJ U U
1 10 20 30 36
Y/P/SKPDNPGEDAPAEDMAR/Y/YSALR/H YIN L/I'IR/QR/Y
Y/P/AKPEAroEDASPEEISR-Y-YASLR-H YIN/L-VIR-QR-Y
Y/P/IKPEAroEDASPEELNR-Y-YASLR-H YIN/L-VIR-QR-Y
A-P/LEPMYIGDYA1HEQRAQ Y-ETQLR-R-YIN T L'IR PR Y
A-P/LEPVYroDNATPEX2MAQ Y-AADLR-R-YIN ML'IR 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 Yj-receptor binding (Michel et
al. 1998). Hydrolysis by these exopeptidases abolishes Yj-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 ami dated 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
Tyr20 and Tyr" and between Leu30 and Ile3

' (Medeiros et al. 1996) and PYYat
Asn29_Leu30 (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 Y2 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 (l993) 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
NPYand PYY the conserved N-terminal part responsible for Yj-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 Pare
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 NPYand 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 Arg26_Arg27

• On the other hand the monobasic cleavage site at position 20
should be lost because in PP there is a GIn instead of an Arg in NPYand PYYat
this position. The degradation after Arg33 and Arg35 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 NPYand PYY by DP IV was provided
(Mentlein et al. 1993). In addition, other studies demonstrated that not only
NPYand 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 source s of these N-terminal truncated forms of NPYand 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 NPYand 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 Y1 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 Y1 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-l, 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 NPYor 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 Y1 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 NPYand GLP-l.

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 oflimited 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 (YI> Y2, Y4, Y5, Y6), all of which bind two or more of the endogenous
peptides. At least three subtypes (YI> Y2 and Y5) 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 Gilo signalling pathways (mediated by a or f3y subunits) in a suitable
cell context, including the inhibition of cAMP formation, intracellular Ca2+ mo
bilization and modulation of Ca2+ 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 Y1 receptor is regulated by phosphorylation
and palmitoylation at key C-terminal motifs, and on agonist stimulation this
subtype rapidly associates with the inhibitory protein, ,B-arrestin 2. In contrast
the interaction of the Y2 receptor with ,B-arrestin 2 is much less pronounced,
consistent with its reduced ability to undergo clathrin-rnediated internalization
compared to Y1 and Y4 subtypes. This observation may have additional conse
quences for the spatial and temporal organization oflonger-term Y receptor sig
nals, since ,B-arrestins have a wider role as scaffolds for protein kinase cascades.
However current evidence suggests that YI> Y2, 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 YI> Y2, Y4, Ys and Y6.
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 (Gi/o) ' 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 regard ing
the molecul ar 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 YReceptors

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
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• Activation

o Phosphorylation

Fig. 1 The human Y1 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/Ihr 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 YI receptor is a 384-amino acid protein that binds NPY and PYY with
much higher affinity than PP, has high affinity for Pro34-substituted fragments
of NPYand PYYand low affinity for C-terminal fragments of NPYand PYY. Se
lective antagonists for the YI receptor include BIBP 3226, BIBO 3304 and GR
231118. The Y z receptor is a 381-amino acid protein that also preferentially
binds NPYand PYYover PP, but has high affinities for C-terminal fragments
and low affinities for Pro34-substituted analogues of NPYand PYY. BIlE 0246 is
a selective antagonist for this subtype. The Y4 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 34 substituted ligands. CGP 71683A is a selective
antagonist for this subtype. The Y6 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
Y6 receptor is also controversial (Rose et al. 1997; Weinberg et al. 1996), but re
cent functional studies suggest a Yj-like phenotype (Mullins et al. 2000).

Two further Y receptor subtypes were originally suggested to mediate re
sponses in tissues where NPYand PYY were not equipotent (Michel et al. 1998).
The peripheral 'PYY-preferring' receptor is in fact the Yz 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 Y3 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 NPYat 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 solitar is (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.

2.2
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,
NPYand PP), although limited information is also available from the radiola
belled YI 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 NKI receptor; Holst et al.
2001). [IZ5IjNPYand [IZ5IjPYY appear interchangeable in competition experi
ments using YI and Y z receptors (although non-specific binding using [IZ5IjNPY

is significantly greater) , but the choice between eZ5IjPP and eZ5IjPYY may pro
foundly influence the purported pharmacology of other Y receptor subtypes.
Thus PP binding to the Y6 receptor may only be detected if it is labelled with
[ IZ5IjPP {as in COS-7 (Gregor et al. 1996a) but not HEK293 cells where
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[lZSIjPYY was used; (Mullins et al. 2000)}.The relative affinities of P'(Yand NPY
for the Y4 receptor are very much dependent on the radioligand (e.g. for the
mouse orthologue; Gregor et al. 1996b). In addition, [lZSIjPYY recognized only
5%-60% of guinea-pig Y4 receptor sites labelled by [IZSIjPP, 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 Y4

receptor pool to a high affinity conformation. Such differences could subse
quently be masked by intervening amplification steps in cAMP assays, where PP
and PYYare full agonists (Eriksson et al. 1998). Alternatively PP and PYY may
select unique conformations of the guinea pig Y4 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 TMI, 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 TMIII. 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 alB-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 aZA-adreno
ceptor; Liggett et al. 1992), which is correspondingly much shorter than the Y1>

Yz, Y4 or Y6sequences. However the underlying nucleotide code for the Ys third
intracellular loop also provides (in the opposite direction) promoter B for the
YI receptor gene, a dual function dictated by the overlapping gene structure
(Herzog et al. 1997). Thus this unusual feature of the Ys 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 Yl> Y2, Y4 and Y6 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 Y5 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
200l). 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 A) 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 NPYand 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 Y1 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" Y2 and Y5 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 FRETwas 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" Y2 or Y5 receptors were
coexpressed, exciting at the CFP wavelength resulted in FRETand a weak yellow
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Fig. 2A, B Dimerization of the human Y5 receptor. A Fluorescence images obtained with the FRET
filterset 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/hYs
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 ~M 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 FRETsignal 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 Y1 and Y5

than for Y2 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 Y1> Y2

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. GABAB) 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 GProteins 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 GilD family (Michel et al. 1998). This G protein dependent pathway is high
lighted by the ability of stable analogues of GTP (such as GTP1'S) 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 GTP1'[35S]

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 GilD inactivator pertussis toxin does not severely attenuate Y receptor
responses.

At least five a subunits (plus the pertussis toxin insensitive Gza) and several
possible {31' complexes exist within the GilDfamily, 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 Yz receptor coupling to specific Ga
subunits in SMS-KAN cells (Freitag et al. 1995), which suggested that Gia but
not Goa contributed to cAMP responses. Ga protein expression has also been
targeted in cell lines expressing Y receptors. Dimethyl sulfoxide treatment
down-regulated Gi3a over GiZa in human erythroleukaemia (HEL) cells and in
hibited endogenous YI receptor Caz+ but not cAMP signalling (Michel 1998). In
renal proximal tubule cells the knockdown of GiZa but not Gi3a (by antisense
RNA expression) reduced the affinity of PYY for Yz receptors and eliminated
cAMP and proliferative responses (Voisin et al. 1996). A complementary ap
proach has been to increase the GilDa concentration, and in dorsal root ganglion
neurones including purified Gola subunits in the patch pipette solution marked
ly increased Yz receptor inhibition of Ca2+ channel currents (Ewald et al. 1988).
In addition Xenopus oocytes over-expressing Gila potentiated YI receptor acti
vation of G protein activated inwardly rectifying K+ channels (GIRK1; Brown et
al. 1995), an effect not replicated for another Gi coupled receptor (D, dopamine)
or by introduction of cDNAs for three other Ga (i2, i3 and 01). These early in
vestigations have hinted at the ability of Y receptor subtypes to direct signalling
through particular Ga 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 GilD 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 Gilo 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 Ca2+ and Cross-Talk Between Gj and Gq

Y receptor stimulation can cause elevations of intracellular Ca2+ concentrations
as first shown for YI receptors natively expressed in HEL cells (Motulsky and
Michel 1988). Heterologously expressed Y\> Y2 and Y4 receptors also elevate in
tracellular Ca2+ in a manner which is largely independent of the presence of
extracellular Ca2+ (Bard et al. 1995; Gerald et al. 1995; Grouzmann et al. 2001;
Selbie et al. 1995). The Ca2+ source is often an endoplasmic reticulum compart
ment sensitive to the Ca2+ 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 Ca2+ 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 Ca2+ 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 Ca2+ signalling pathways for the Y5 receptor (Bischoff et al. 2001)
and found that this subtype was not linked to Ca2+ 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 Ca2+ signalling pathways, emphasis has been
placed on the coupling of YI 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 Ca2+ and tension itself, and potentiates the ac
tions of coreleased noradrenaline. Such synergy between al-adrenoceptor (Gq/ ll

coupled) and Y receptor (Gilo ) 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 Gq/l1 coupled muscarinic receptor was
necessary for Y2 receptor Ca2+ responses (Connor et al. 1997). The interaction
between Gq/l 1 and Gilo signalling has focussed attention on phospholipase Cf3
(PLCf3), the enzyme which converts phosphotidylinositol 4,5-bisphosphate to
the divergent messengers inositol (l,4,5) trisphosphate (IP3) and diacylglycerol
(DAG). IP3 mobilizes Ca2+ from intracellular stores, while DAG activates PKC. In
this pathway, PLCf3 is a prime candidate for a coincidence detector because cer-
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tain isoforms are activated not only by Gq/lla, but also Ca2+ and Gi/of3y 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 Ca2+ elevations in response to PYYalone preceded a slow rise
in IP3 production. Thus while Y\ receptor Ca2+ mobilization from intracellular
stores was pertussis-toxin sensitive, it appeared independent of the PLCf3 path
way, and did not involve other possible intermediates (sphingosine-I-phosphate
and cyclic ADP-ribose). Y receptors can apparently stimulate Ca2+ without a
causative rise in IP3 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 Y2 receptor Ca2+ response in LN319 cells is not abol
ished by a PLCf3 inhibitor (U73122), as well as being partly insensitive to per
tussis toxin (Grouzmann et al. 200l). In contrast the synergy between phenyl
ephrine (PE) and PYY stimulation in the CHO model was mediated by PLCf3,
since co-addition of both agonists potentiated PE production ofIP3 (Selbie et al.
1995). The independent release of Ca2+ by PYY would be expected to contribute
to this potentiation, but a role for Gi/of3y subunits has also been suggested be
cause of the inhibitory actions of Gf3y scavengers such as transducin (Selbie et
al. 1997). Although PE and PYY together caused at most additive peak Ca2+ re
sponses, stimulation of PKC was markedly enhanced and led to pronounced
synergy in the downstream activation of phospholipase A2 and arachidonic acid
production (Selbie et al. 1995, 1997). Clearly activated Y receptors can couple to
PLCf3, and in many instances the basal Gq/ ll tone provided by endogenous para
crine agents (e.g. ATP; Selbie et al. 1997) may make this a significant route to
the generation of Ca2+ responses. However the evidence for an independent
pathway leading to Ca2+ release from IP3 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 (Holtback 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 Ca2+
pathways.

3.3
Modulation of Ion 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 Caz+ pathways
which influence PKA and PKC. For example PKC can activate L type Ca2+ chan
nels, a mechanism of Caz+ 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 NPYexerts its effects through GIRK class K+ channels or presyn
aptic inhibition of N- and P/Q-type voltage gated Ca2+ channels. Y\> Yz and Y4

receptors can each demonstrate this capacity to couple to K+ and Caz+ channels
in transfected HEK293 cells (Sun et al. 1998). Ewald et al. (1988) described at
least two phases of Y receptor signalling to presynaptic Caz+ 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 Goa in the patch pipette. There is now clear evidence
supporting a role for G proteins in the fast component of Gilo GPCR modulation
of both N- and P/Q-Caz+ channels and GIRKs. The direct allosteric modulation
of channel gating appears to be mediated by released Gf3y subunits (reviewed in
Dascal 2001). The role of Giloa is much less well defined, but it certainly deter
mines signalling specificity by providing a pool of Gf3Y, which is released only
on stimulation of an appropriate GPCR. Interestingly Giloa can interact with
GIRK subunits directly, and with Caz+ 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 Gf3y subunits to their binding sites
(Dascal 2001). Indeed Gilo coupled GPCRs can also form stable complexes with
GIRKs, for which Gf3y 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 Gilo 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
YReceptor Regulation and Trafficking

4.1
Desensitization and fJ-Arrestin Interactions

The signalling of prototypic GPCRs such as the f3z-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 Ca2+ 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 Y2 receptors in SH-SY5Y cells results in
reproducible Ca2+ 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 ofNPY substantially decrease subsequent Y2 receptor-mediated Ca2+

increases (Grouzmann et al. 2001). Human Y4 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 Y4 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 Ca2+ 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 Y4 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 Y4 recep
tor desensitization in these cells.

The mechanisms underlying Y receptor inactivation have yet to be rigorously
examined. Desensitization of HEL cell NPY Ca2+ 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
PLC.B pathway. The phosphorylation of GPCRs by downstream second messen 
ger kinases is well recognized as a signal terminator: for the Gs coupled .Bradre
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 Y4 receptors in transfected epithelial cells. Epithelial layers stably ex
pressing the rat Y, (HCA-7 Colony 1)or human Y4 receptors (HT-29) were pretreated with the secreta
gogue vasoactive intestinal polypeptide (30 nM) to stimulate Isc, followed bya 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 theagonist 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 Y2 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 Y2 receptors; Grouzmann et al. 2001), or YI receptor in
hibition of a2A-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 Gf3y subunits and their
specific phosphorylation of activated receptors. In this case signal termination
requires the subsequent binding of a member of the f3-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 f3-arrestin 2, a promiscuous isoform with the ability to bind a broad spec
trum of GPCRs. Using a FRET based approach they showed that YI and Y5 re
ceptor-luciferase fusion proteins associate with GFP-tagged f3-arrestin 2 rapidly
(t 1/2 3-5 min) on agonist stimulation in transfected HEK293 cells. However sim
ilar Y2 and Y4 receptor constructs exhibited a much lower FRETresponse [23%
(Y2) and 41% (Y4) compared to Yd with slower kinetics (t1/2 of 23 and 9 min
respectively). Differential receptor association with f3-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 f3-arrestin binding exhibited by the Y1 receptor
suggests that its primary sequence contains unique intracellular motifs that are
not shared by subtypes such as the Y2 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 f3-arrestin association. To investigate this
possibility we have compared a haemagluttinin (HA) epitope-tagged rat Y1 re
ceptor with two truncated forms (T361STOP and S352STOP) 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- Y1 re
ceptors stimulated GTPy35S 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
Ser352 does not alter Y1 receptor-G protein coupling. When CHO HA-Y1 cells
were pretreated with NPY (100 nM, 10 min) and extensively washed before be
ing used in the GTPy35S assay, basal GTPy35S binding was not significantly in
creased compared to controls, nor was it inhibited to a greater extent by the Y1

antagonist BIB03304, confirming removal of the agonist. However, maximal
GTPy35S responses to the second NPYexposure were reduced by 55%. A similar
attenuation was observed in the HA- Y1(T361*) clone, but not in pretreated
HA-Y1(S352*) membranes. In addition the S352* truncation substantially in
hibited the NPY-induced phosphorylation of immunoprecipitated HA- Y1 recep
tors (Fig. 4D). These studies suggest that the region between Ser352 and Thr361

may be a target for GRKs, and as such makes an important contribution to YI

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 Y1

receptor is acylated at Cys337 (Holliday and Cox 2003) and Cys337 mutation to
Ser or Ala substantially inhibits receptor activation of G proteins in CHO mem
branes (Fig. SA). Thus depalmitoylation (for example following agonist expo
sure) would be expected to inhibit Y1 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 Y1 and Y1(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 Y1 antisecretory responses, Y1(C337S) receptors
mediate sustained inhibition of anion secretion (Fig. 5B). This indicates that the
agonist-occupied Y1(C337S) receptor conformation is not only less able to cou-
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Fig.4A-D Role of the Y, receptor Cterminus in desensitization and phosphorylation. NPY GTPyl sS re
sponses were measured in CHO membranes stably expressing theHA-tagged Y1 receptor ([125I]PVV 8ma, :

5.4±1.5 pmol/mg, A). or the truncation mutants HA-Y1(T361 *) (8ma, : 3.9±1.1 pmol/mg, B) and HA
V1(S352*) (8ma, : 5.6±1.2 pmol/mg, C). Control concentration response curves were compared with those
in which the cells had been pretreated with 100 nM NPV for 10 min (both n=4-5), with significant
differences at 1 11M agonist indicated by***P<O.OOl . In the example phosphorylation experiment in D,
equal numbers of HA-V, and HA- V1(5352*) receptors were immunoprecipitated from (HO clones la
belled with 50 IlCi l2pj, and resolved by SDS-PAGE. Increased radiolabelling of the 78-kDa receptor
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Fig.SA, B Preventing palmitoylation reduces Y1 receptor signalling efficacy. A NPY and PYY-stimulated
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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 Y1 receptor signalling.

4.3
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 ,8-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
fJ-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<l>; Fig. 1) and the small G protein dynamin (Ferguson 2001).

Multiple complementary studies indicate that Y, receptors undergo internal
ization through the fJ-arrestin -clathrin pathway. Ultrastructural immunochemi
cal localization of rat Y1 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 Yj receptor,
internalization of [125I]NPY is significantly greater than for [125I]PYY (at peak,
10 min after agonist addition at 37°C; Parker et al. 2001, 2002b). [125I]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
micro domains 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 YI receptor tagged at the
N-terminus with GFP (to avoid hindering potentially important C-terminal in
teractions). GFP- YI 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 YI receptors (Zhang et al. 1999).
Interestingly no colocalization between GFP- YI receptors and a lyzosomal
marker (Lysotracker Red) was detected by confocal microscopy for up to
60 min after NPY stimulation, suggesting that the GFP- YI 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, PYYand Pr034 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 YI 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- YI 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-YI experiments suggest that activated YI 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 YI receptor se
questration and internalization is that of Pheng et a1. (2003). Using stably trans
fected HEK293 cells they observed internalization of both [125I]GR 231118 and
[125I]Pr034PYYand 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 YI receptor intracellular localization follow
ing agonist (clustered and potentially pericentriolar endosomallabelling) or an
tagonist treatment (relatively diffuse cytoplasmic YI staining). Thus Pheng et a1.
(2003) concluded that GR 231118 induced YI receptor sequestration via a non
recycling (monensin-insensitive) pathway that was distinct from the clathrin de
pendent, agonist-induced YI internalization.

Surprisingly no fluorescence decreases were observed using a GFP-Y2 con
struct (Gicquiaux et a1. 2002), consistent with the low internalization of
[125I]NPY in CHO cells expressing the guinea-pig Y2 receptor (Parker et a1.
2001) and the slow interaction of the rhesus monkey subtype with ,B-arrestin 2
(Berglund et a1. 2003). Human Y4 receptors tagged at the C terminus also fail
to redistribute from the plasma membrane after 24 h' pretreatment with PP
(Voisin et a1. 2000), but this finding is more controversial since [125I]PP is effec
tively and rapidly sequestered by rat Y4 receptors in the same cell line (CHO;
Parker et a1. 2001, 2002a). Although more detailed investigations are required,
the differences observed between YI and Y2 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 Y1 receptor internalization and recycling. Activation of the Y1 receptor also promotes
its phosphorylation and desensitization through j3-arrestin binding, prevented in a truncation mutant
(S352STOP) lacking the phosphoacceptor sites. The bound j3-arrestin recruits the components required
for internalization, resulting in c1athrin-dependent endocytosis (blocked by hypertonic sucrose, conca
navalin A). The results of Gicquiaux et al. (2002) suggest that theY1 receptor is rapidly recycled through
sorting endosomes, in which dephosphorylation may occur, together with dissociation of the ligand. So
farthere islittle evidence fora degradative pathway targeting theY1 receptor to Iyzosomes
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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 GPCRsignalling pathways. GPCRsignals also integrate with mitogen-ac
tivated protein kinase (MAPK) cascades at numerous levels, including G pro
teins, second messenger-activated protein kinases and the fJ-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.

Yl> Yz, Y4 and Ys 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
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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 Yreceptor MAPK signalling. The roles of the EGF recep
tor (EGF R, inhibited byPD153035) and Src (blocked by PP1) have so far been investigated only in IEe
6 cells transfected with the Y1 receptor (Mannon and Mele 2000). Arr, j3-arrestin; ON, dominant nega
tive; GRK, Gprotein 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 Y1 (Hansel et al. 2001; Keffel et al. 1999) and
Y5 receptor systems (Pellieux et al. 2000), but they are cell type dependent (for
example, Y5 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 NPYactivated ERK but not other MAPKs (p38, N-terminal Tun kinase)
in HEL cells, suggesting that Y1 receptor signalling can be tailored to a particu
lar protein kinase cascade.

ERK activation by Y receptors depends on functional G ilD 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 Gf3y subunits are crucial for Y1 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 Gf3y include phophoinositide-3-kinase
(PI3-K; Hawes et al. 1996), and the PI3-K inhibitors wortmannin and LY294002
can partially suppress CHO Y1 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 Y1 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 hY1 cells (Selbie et al. 1995). However in the IEC-6 cells Y1 receptors
stimulate transient translocation of PKC isoform e 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
Y2, 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 Tun kinase
(Pellieux et al. 2000). Similarly, the chemically distinct PKC inhibitors calphos
tin and bisindolylmaleimide I, completely blocked Y1 receptor-mediated MAPK
activation in primary neuronal cultures (Hansel et al. 2001).

MAPK responses induced by native and transfected Y1 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 Y1 receptor in
Fig. 7) suggest s that the transactivated EGF receptor (perhaps stimulated by re-
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lease of a tethered EGF ligand) recruits the Shc-Grb2-S0S 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 fJ-arrestins
(Luttrell et al. 1999; Fig. 7). This first description of a role for receptor and cyto
plasmic tyrosine kinases in Y1 receptor signalling is therefore consistent with
the emerging view of their participation in GPCR-MAPK responses.

5.2
Control ofGene Expression

Y receptor MAPK signalling provides one mechanism by which NPYand 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; Hallden and Aponte 1997) and differentia
tion (such as the cytoskeletal associated protein CD63; Hallden et al. 1999). In
addition, protein synthesis is increased following NPY stimulation of cardiac
myocytes, resulting in hypertrophy (Goldberg et al. 1998). PYY and NPYare 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 fJ-arrestin , which provides the scaffold for Src
and other MAPK signalling proteins (e.g. c-Iun N-terminal kinase; Pierce et al.
2001). Thus future analysis ofY receptor MAPK activation may yet reveal signif
icant differences between the subtypes (particularly the Y1 and Yz 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 spat ially
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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 Y1> Y2 and Y5.

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 YI-like genes
sharing about 50% identity exist in mammals, chicken, and a shark, namely Y1>

Y4 and Y6. Teleost fishes seem to have lost YI and Y6 but have retained Y4 (ini 
tially called Ya) and what probably is the fourth YI-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 Y2 gene is present in all ma 
jor vertebrate lineages. A duplicate of Y2 called Y7 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 Y1> Y2 and Y5

are all subjected to strong conservative selection pressures. Future comparative
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studies may be able to unravel how Y2 and Y1-Y5 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 (Cerda-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 NPYand PYYadd 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 Yl> Y2 and Ys, 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 Yj-like receptors sharing approx
imately 50% identity with YI and with one another, including Y4 and Y6 (the In
ternational Union of Pharmacology recommends designating the mammalian
Y6 receptor as Y6 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;Starback et al. 1999). The functional roles of these Yj-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 Y2 has a closer and recently discovered rel
ative with approximately 50% identity called Y7 (Fredriksson et al. 2003). Here
we describe how the sequence and chromosome comparisons lead to the con-
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elusion 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, Y7 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 Y4

is more widespread than its mammalian ortholog (Lundell et al. 2002). Also, the
Y6 gene which is a pseudogene in primates and several other mammals, but not
all (Starback et al. 2000), has a broad tissue distribution in a shark, whereas YI

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 NPV-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 Cerda-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 NPYand PYY. A single peptide gene in a vertebrate an
cestor is supported by the findings of single NPY-like genes in the fruitfly Dro-

NPY human

PYY human

1 10 20 30 36 identities
I I I I I
YPSKPDNPGEDAPAEDMARYYSALRHYINLITRQRY-amide
•••• 1 ••••• • 1I ••• 11 •••• 1•• 1..... 24
YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY-amide
• • •• 1 • •••• I ••••• 1I..... 19

PP human APLEPVYPGDNATPEQMAQYAADLRRYINMLTRPRY-amide
.1. I • II •• ..1 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 NPYj 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 thevertebrate 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 thesame 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;Soderberg 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 NPYand PYY.
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After the initial duplication that generated NPYand PYY, no additional dupli
cations seem to have taken place for NPYexcept 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 PYYand 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 Hsa17q 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. 200l). 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 (Cerda-Reverter and Larhammar 2000; Cerda-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/PYYancestral 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 genom e 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 NPYor 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 memb ers 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 rad iation of the vertebrates (Garcia-Pernandez
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/PYYon at least
one of the two chromosomes. Note that each of the HOX clusters consi sts
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 chromo somes (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 NPYduplicate 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 NPYand 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 NPYand 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 NPYand 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 NPYIPYY-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 Y1 subfamily, the Yz subfamily, and Y5. The Y1 subfamily consists of the
YI> Y4 and Y6 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 Yz and the newly dis
covered Y7 receptor (Fredriksson et al. 2003). The third clade contains Ys se
quences only, suggesting that no duplications of Ys 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

,-----1'- y6 Rabbit
y6 Mouse

'----- Y6 Spiny dogfish
Y4 Human

Y4 Pig
Y4 Guinea pig
Y4 Mouse
Y4 Rat

'------ Y4 Chicken
'------- Y4 Spiny dogfish

'------ Ya Zebrafish
Yb Zebrafish
Yc Zebrafish

'----- Yb Atlant ic cod
'------- Y Lamprey

Y5 Guinea pig
Y5 Human

Y5 Dog
Y5 Mouse

Y5 Rat
Y5 Pig

L..- Y5 Chicken
Y2 Cattle

Y2 Human
Y2 Pig

Y2 Mouse
Y2Rat
Y2 Guinea pig
Y2 Chicken

L..- Y2 Zebrafish
,---- Y7 Zebrafish
L..- Y2!7 Lamprey

L----C========~YC;:_, Y L. stagnalisYD. melanogaster

Fig. 5 Phylogenetic tree for full-length Y receptor sequences constructed with the Neighbor-Joining
method. The human bradykinin 81 sequence was used as an outgroup to root thetree
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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 Y1 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, Y1 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 Y6 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 Y1 of having been lost. This conclusion is based on the crucial
discovery of Y1 and Y6 in the shark spiny dogfish, Squalus acanthias (Salaneck
et al. 2003). The phylogenetic analyses consistently show that Y1 and Y6 are
more closely related to each other than to Y4 (Fig. 5). The Y6 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; Starback et al. 2000; Wraith et al. 2000). The Y4 gene
has been found in mammals, chicken (Lundell et al. 2002), and shark (Salaneck
et al. 2003), which shows that the Y4 gene already existed by the time at which
PP arose as a copy of PYY in tetrapods. Apparently, the Y4 and PP sequences
then started to drift and coevolve to the present state in mammals where PP is
the favored ligand for Y4, 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 (Starback et al. 1999). The chromosomal region around zebrafish Ya
showed some resemblance to Hsa4 (Y1) and the Yc region was reminiscent of
Hsa5 (Y6) , 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 Y4 (Fig. 5).
These studies also indicate that Y4/Ya and Yb/Yc form a clade within the Yt 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 Y2 clade includes the recently discovered Y7 receptor which was initially
found in zebrafish (Fredriksson et al. 2003). Like the Yj-subfamily duplications,
the one leading to Y2 and Y7 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 Y2 and Y7 have also been cloned in frogs (Fredriksson et al. 2003), showing
that Y7 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 Y2/Yr: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 Y2 and Y7'

Finally, the Y5 clade is somewhat more closely related to the Y\ subfamily
than to the Y2 clade. This is consistent with the closer physical distance between
Y5 and Y\ on human chromosome 4, just over 20 kilobases for the coding re
gions (Herzog et al. 1997), whereas the Y2 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 Y2 and the Y\/Y5 ancestor and that these dr ifted apart on the chro
mosome. Later, the YdY5 ancestor was duplicated to generate Y\ and Y5' In the
pig, a pericentric chromosomal inversion has placed Y2 on the opposite arm rel
ative to the Y\-Y5 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 Y5 and that these genes
were kept together physically by overlapping or shared regulatory regions, and
that Y2 arose later from one of these but was allowed to diverge more rapidly.
All known Y5-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 Y2, 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 Lymnaeastagnalis, 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-l, 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 YI> Y z and Y5 genes, HsaS with the
Y6 gene, and Hsal0 with the Y4 gene (Fig. 7). A fourth related chromosome in
this paralogon is Hsa8 (Lundin et al. 2003; Pebusque 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 puffer fish and zebrafish is
located together with several genes that in human map to HsalO, thereby adding
further evidence that Ya is an ortholog of mammalian Y4 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 YI-subfamily genes and not an ortholog of Y6

as initially proposed (Starback et al. 1999).
The location of Y7 in this paralogon is supported by the mapping of Y7 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 Yz 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 Y7

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 YI> Yz and Y5. After the first chromosome duplica
tion, the extra copies of Yz and Y5 were probably lost. The four remaining genes
were duplicated again in the next tetraploidization whereupon the new Y5 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, Y7 and Yb, while the teleost fish lineage seems to have lost YI>
Y5, and Y6• An additional duplication then took place in the lineage leading to



D
K

K
2

SN
C

A
PI

TX
2

N
D

SH
SE

C
24

D
PA

PS
SI

C
XC

L
n

N
PF

F
l

TA
C

R
3

-O
-O

-O
-D

--O
-O

-D
-O

-
q2

S
q

21
.1

q
l

5
q

l6
q2

6
q

l5
'1

13
.3

q
13

.3
q2

4
10

8
,2

9
1

.0
11

1.
9

11
9

,3
1

2
0

.0
10

8,
9

75
-7

9
73

,3
10

4
.9

A
N

K
2

RR
H

PD
G

FR
A

N
DS

H
N

PY
2R

N
PY

1R
N

PY
5R

G
LR

B
K

U
fL

2
PK

D
l

-_
_

-.
-0

-o
---

---
---

---
o-

--
--

-o
--

---
--o

-
q

2
6

cs
z.

:
q
J
l,

l
'1

32
2

q3
2

,2
'1

32
,3

'I
ll

.1
'1

2
5

'1
26

11
9

,3
15

6
,6

16
4

,7
16

4
.7

15
8

,5
16

6
.5

89
.3

11
1

.1
11

4.
4

4
--0

-
ql

l
54

.9

CX
C

L
1-

1
SN

C
B

Pl
TX

1
N

D
ST

I

~D
ST

1
_
'W

_-ii
i

5
_

iL
HL

3~
_
0

-r
A

i_
:0

----
----

---
----

---
----

----
-0

-0
-0

--
--

--
--

--
--

0
--

--
--

--
--

--
'1

32
n

q
31

,1
'l3

3.
1

q3
1.

1
q

3
1

.2
q3

1.
1

q3
1.

1
q3

5
,l

'l3
1.

1
'1

32
q3

1.
1

14
9

.9
13

7,
l

15
1.

1
1

3
7

,0
13

7.
8

13
7,

6
13

7
.3

17
6

,0
13

4,
4

1-
19

,9
13

-1
.9

q3
2

14
9.

S

PO
G

FR
B

5 10

N
D

ST
2

N
PY

4R
E

G
R

2
G

FR
A1

PK
D

2L
1

A
SA

"2
RG

R
O

PN
4

A
N

K
3

DK
K

1
SN

C
G

pr
TX

3
N

D
5T

2
SE

C2
4C

PA
PS

S2
C

XC
L

12
N

PF
F1

TA
C

R
2

--
--

--
I1
11
--
--
--
--
--
--
--
--
-
~
-
O
-
~
O
-
O

-O
-~
-
O
-
D

-i
::
:}

-c
=:

J
-D
-
~
-
O
-
D
-
~
-
-

q
ll

,2
'1

11
.2

2
'l

l1
.3

'l
2

6
.1

1
q2

4,
3

1
q

ll
.2

2
'l

2
3

.1
'l

2
3

.3
1

'1
21

,2
'l

2
1.

1
q2

3
.3

1
q2

4
.3

3
q
l
l.

2
'l

2
2.

2
'l

23
.3

1
'1

11
.7

1
q

2
2

,1
q

2
2

,1
7S

.5
4

7,
0

64
,5

11
B

.0
10

2.
2

47
,9

86
,1

88
,S

6
1

.7
S

4
,0

8B
,B

10
4.

1
7

5
,5

75
,4

B
9.

6
4

4.
6

7
1.

9
7

1.
1

PO
G

F
R

L
E

GR
3

G
FR

A
2

A
SA

H
I

A
N

K
I

D
K

K
4

8
--E

::J
--

---
---

--
---

---
---

---
--

---
---

---
c::

n-
D

---
---

-c
::J

---
---

--
--

--D
-D

--
---

---
---

---
---

---
---

---
---

-
p

2
2

p2
1.

3
pl

l
.3

p2
2

pl
1.

l1
pl

1.
21

17
,3

l
l

.4
21

.4
1

7.
7

4
U

42
.0

Fi
g.

7
Sc

he
m

at
ic

re
pr

es
en

ta
tio

n
of

th
e

th
re

e
ch

ro
m

os
om

al
re

gi
on

s
co

nt
ai

ni
ng

th
e

Y
ge

ne
s

as
w

ell
a

fo
ur

th
ch

ro
m

os
om

e
(H

sa
8)

th
at

al
so

be
lo

ng
s

to
th

is
pa

ra
lo

go
n.

Th
e

Y1
re

ce
pt

or
ge

ne
is

ca
lle

d
NP

Yl
R,

Y 2
is

NP
Y2

R,
et

c.
Th

e
hy

po
th

et
ic

al
po

sit
io

n
fo

r
th

e
Y 7

ge
ne

th
ou

gh
t

to
on

ce
ha

ve
ex

ist
ed

is
sh

ow
n

an
d

cr
os

se
d-

th
ro

ug
h

on
Hs

aS
.T

he
ch

ro
m

o
so

m
es

ar
e

sh
ow

n
as

da
sh

ed
lin

es
to

in
di

ca
te

th
at

th
ey

ar
e

no
td

ra
w

n
to

sc
al

e
an

d
th

at
th

e
ph

ys
ic

al
ge

ne
or

de
r

ha
s

be
en

al
te

re
d

to
hi

gh
lig

ht
sim

ila
rit

ie
s.

Se
ve

ra
l

ad
di

tio
na

l
ge

ne
fa

m
ili

es
ex

ist
th

at
ha

ve
re

pr
es

en
ta

tiv
es

on
tw

o
or

m
or

e
of

th
es

e
ch

ro
m

os
om

es
.A

bb
re

vi
at

io
ns

ar
et

ho
se

us
ed

in
th

e
En

se
m

bl
da

ta
ba

se

"=0- <
c 0 <
.C

l
It> =

>
-e

;

~ :z ~ (i;
' 2, -< ri5
'
~ a: C\: C

l> => 0
-

-
;

=
0

It> =
;'

::
0

It> rv It> "D 3 0
0

'-
0



90 D. Larhammar etal.

Local duplication

Loca l duplication

D 1st chromosome dup lication

D 2nd round of
chromosome duplicat ions

Mammalian
lineage

Y4

Yb

Y reperto ire in
gnathostome ancestor

Telost fish
lineage

Chromosome
duplication?

------IY4(=Ya)Ir-- - - -
~ I Yb I

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 a1. 2003; Van de Peer et a1. 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 NPYand PYYand
to an extensive repertoire of Y receptors. This initial receptor family consisted
of three subfamilies with a total of seven members (Fig. 8): the YI subfamily also
included Y4, Y6 and Yb; the Y2 subfamily included Y7; and the Ys 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 Y7 in
the mammalian lineage and subtypes YI> Y6, and Y5 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
a1. 2002; Lundell et a1. 2002; Salaneck et a1. 2000). Y6 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 (peR) the subtypes YI> Y2, Y5, Y6, and Y7. The Y4 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 Yl> Y5 and
Y6 genes were lost in the lineage leading to teleost fishes. As mentioned above,
the Y1 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 Y2, with its inhibitory
effect on food intake (Batterham et a1. 2002), acquired a role opposite to that of
Y1 and Y5, both of which stimulate food intake (Pedrazzini et a1. 2003). As Y2

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 Y2

came under influence of other regulatory regions. Alternatively, it could be that
Y2 represents the function of the ancestral Y receptor while the YdY5 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;
Lopez-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 YI and Y5 receptors have also evolved some interesting differences. First,
their anatomical distribution differs in that Y\ is much more widespread than
Y5. Cells that express Y5 always seem to express also Y\ (Parker and Herzog
1999). Some species differences have been observed for Y5 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, Y5 stimulates the consummatory
phase of feeding (Lecklin et al. 2003). Future studies in other species will show
whether this distinction between Y\ and Y5 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 Y4, thus the ligand-receptor pair of PP
and Y4 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 Y4 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 PYYand PP binding to Y4'

The Y6 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 Y6 gene (Wraith 1999). One possible explanation is that the Y6 re
ceptor had a rather minor role in the ancestor of mammals and then underwent
further deterioration into a pseudo gene in some lineages (Larhammar et al.
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2001; Starback 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 Y1> Y4 and Y6 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 Y4 has the widest distribution with expression in brain, retina,
kidney and muscle, whereas Y1 has narrow but strong expression in liver and
kidney but was undetectable in brain (Salaneck et al. 2003). Y6 mRNAwas found
in retina, kidney and the gastrointestinal tract . Likewise, the river lamprey
Yi-subfamily receptor, which is thought to be a pro-ortholog of Y4 and Yb, was
detected by RT- peR 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 Y7 subtype in zebrafish differ
from the Y2 receptor in mammals and chicken in that Y7 does not respond to
amino-terminally truncated fragments of NPY and PYY. Porcine NPY(l3-36)
has 50-fold lower affinity than intact NPY (Fredriksson et al. 2003). Thus, Y2 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 (Starback 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 Y4

receptor described above, we also found that the chicken Y2 receptor differed
from its ortholog in mammals in the binding of the antagonist BIlE 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 Y2 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 Y2 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 YI and Y5 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 DIA and DIB (=Ds) on HsaSq
and Hsa4p. These are the only DI receptor subtypes present in mammals where
as a third subtype, Dlc, is present in all other classes of gnathostomes. Thus,
Dlc seems to have been lost in mammals (Le Crom et al. 2003). A fourth and
seemingly equally old subtype, DID, 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 ai> az and /3, 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 az 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-YI-Ys and
PYY(3-36)-Yz on food intake.
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Abstract In this chapter, we briefly review the pharmacology and distribution
of the neuropeptide Y (NPY) Yl> Y z, Y4 Ys and Y6 receptor proteins and mRNAs .
NPYand 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 structur es 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 NPYand 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
playa 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 NPYin 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 PYYand PP are mostly found in
endocrine cells of the intestine (Solomon 1985). Additionally, PYY has also been
shown to be present in the brainstern and various hypothalamic nuclei (Ekman
et al. 1986). These peptides, especially NPYand 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
Yl> Yz, Y4, Ys and Y6 (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 NPYand PYY have very high affinities for the cloned Yl> Y z, Ys and Y6
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 cDNAlibrary (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: PYY2':NPY2':[Leu31,Pr034]NPY>NPY(2-36»>hu
man (h)PP>NPY(l3-36) (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 cDNAswere 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 Y2 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 Y2 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 NPYand
PYY possess very high affinities for both the Y\ and Y2 receptor subtypes, the
overall homology between the YI and Y2 receptors is only 31%.

In the rat eNS, Y2 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 Y2 receptor mRNA is discretely distributed in the rat
brain and its localization is largely similar to that of the Y2 receptor protein
(Dumont et al. 2000b). However, as for the YI subtype, species differences exist
in the level of expression of the Y2 receptor in various brain regions (Dumont et
al. 1997, 1998b, 2000b).

2.3
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; [azin et al. 1993)
but actually belongs to the cytokine receptor family (Feng et al. 1996). The clon
ing of a genuine Y3 receptor is still awaited. It may well be that the Y3 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 Y3 receptor could exist as a dimer of any of the cloned NPY recep
tors. Further studies are required to verify these hypotheses.

2.4
The Y4 Subtype

The use of sequence homology screening, with a Y1receptor probe, led to the iso
lation of a new human NPY receptor cDNA. This receptor was originally desig
nated as either PP1 (Lundell et al. 1995; Gehlert et al. 1996b) or Y4 (Bard et al.
1995). Homologues of the Y4 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 Y4 receptor protein has higher homology with
the human Y1 (43%) than the human Y2 (34%) receptor (Larhammar 1996b).

In the rat brain, only low levels of expression of the Y4 receptor mRNA have
been detected thu s far (Parker and Herzog 1999). Studies using [125I]rPP and
[125IlhPP (Trinh et al. 1996) or [125IlbPP (Gehlert et al. 1997; Whit comb et al.
1997) have confirmed the restri cted distribution of PP (Y4-like) binding sites in
the rat brain.

2.5
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 Y1 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 Y5 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 Y6 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 Y6 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 Y2 (Matsumoto et al. 1996), Y4

(Gregor et al. 1996a) or Y5 (Weinberg et al. 1996) receptors. Surprisingly, trans
fection of the human Y6 receptor cDNA failed to be fully translated and hence to
generate a funct ional receptor. It is now known that the Y6 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 funct ions of NPY and its
congeners in the central and peripheral nervous systems (Table l). 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 NPYand 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 NPYantisense 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 Y1 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 YJ receptor in feeding
behaviors based on the use of recently developed nonpeptide Y1 receptor an
tagonists. Such molecules include BIBO 3304 (Wieland et al. 1998), JI04870
(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 Y1 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, Yj-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 YI receptor subtype in nociception. Furthermore,
Yj-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 Y2 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 Y2 receptor (Flood et al. 1987; Redrobe et al. 1999). It
has also been reported that Y2 receptor knockout mice displayed increased body
weight and food intake (Naveilhan et al. 1999) suggesting that the Y2 receptor
subtype may negatively regulate feeding behaviors. In agreement with a role of
Y2 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 Y2 knockout. Fur thermore, 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 Y2 receptors to inhibit food intake . However, the recently developed hy
pothalamus specific Y2 receptor knockout mice show a significant decrease in
body weight and a significant increase in food intake in association with in
creased mRNA levels ofNPY (Sainsbury et al. 2002a).

Limited information is currently available regarding the potential role of the
Y4 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 Y4 receptor knockout mice,
fertility is improved in the y 4-1-, 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, Y4 receptor signaling may act to specif
ically inhibit reproductive function.



108 J. P. Redrobeet al.

The precise physiological role of the Y5 receptor subtype is still under debate.
First described as the receptor involved in NPY-induced feeding (Gerald et al.
1996), most recent studies failed to provide clear evidence for such a role as Y5

receptor knockout mice were shown to display normal feeding behavior (Marsh
et al. 1998). Moreover, NPY-induced food intake is not altered in these animals
(Kanatani et al. 2000b). Additionally, the effect of NPYon food intake was unal
tered by L-1S2804, a YS antagonist, while that of bPP was reduced (Kanatani et
al. 2000a). Interestingly, selective Ys agonists have been shown to stimulate food
intake (McCrea et al. 2000; Cabrele et al. 2000, 2001).

In the following sections of this chapter, we will concentrate on evidence that
suggests a putative role for NPY, and its receptors, in specific psychiatric disor
ders (not discussed elsewhere in this volume). We will review the possible role
played by this peptide family in disorders such as depression, anxiety, learn ing
and memory disruption and seizure/epilepsy.

3.2
Role for NPY and ItsReceptor Subtypes in Depression

Preclinical data have consistently indicated a role for NPY in depression
(Table 2). Such studies have used animal models widely considered to mimic, at

Table 2 Summary of preclinical evidence indicating a role for NPY in depression

Model Effect Reference

Electroconvulsive shock f NPY gene expression Heilig et al. 1988a
I NPY immunoreactivity Stenfors et al. 1995
f Pre-pro-NPY mRNA Zachrisson et al. 1995a
f Extracellular NPY Husum et al. 2000

Lithium I NPY immunoreactivity Zachrisson et al. 1995b
f pre-pro-NPY mRNA

Antidepressants f NPY immunoreactivity Heilig et al. 1988a
[lHl-NPY binding sites Widdowson and Halaris 1991

I NPY mRNA Caberlotto et al. 1998
I Y1receptor mRNA
1Y2receptor density Widdowson and Halaris 1991
I 12SI_PYYbinding sites Husum et al. 2000

Flinders rats I LNPY mRNA Caberlotto et al. 1998
11 NPY YI mRNA
11 NPY immunoreactivity Caberlotto et al. 1999
11 NPY Y1 binding sites = Y2binding sites

Olfactory bulbectomy I Ambulation Song et al. 1996
I NN5-HT
LLymphocyte proliferation
I NPY gene expression Holmes et al. 1998

Forced swimming test LImmobility time Stogner and Holmes 2000
Redrobe et al. 2002

1, Increase; L decrease, 1L increase/decrease depending on brain region; =, no change.
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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 NPYin 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
NPYand NPY Yj-type receptor mRNA levels (Caberlotto et al. 1998), and to re
duce NPY Yrtype 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 [3H]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 NPYimmunoreactivity in rat hippocampal homogenates after chron
ic treatment (Husum et al. 2000; Heilig and Ekman 1995). However, citalopram
treatment did increase [125I]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 Yj-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 a1.1988) and increased immobility and anhedonia re
sponses after stress exposure (Pucilowski et aI.1993). NPY Yrtype receptor
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mRNA expression was unchanged, suggesting that this subtype may not play
such an important role as Y1 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, iflithium 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 NPYattenuated 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 NPYaiso increased
noradrenaline and serotonin levels in the amygdala and hypothalamus (Song et
al. 1996). In addition, NPY reversed the suppression oflymphocyte 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 NPYdisplayed 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 [Leu31pr034]pyy (a preferential YdYs agonist)
(Redrobe et al. 2002). In contrast, BIBP 3226 and BIBO 3304 (selective Y1 antag
onists; Doods et al. 1996;Wieland et al. 1998) and NPY(l3-36) (a preferential Yz
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 Y1 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

Model

CSF

Platelet poor plasma

Platelets

Suicide (depression)

Antidepressant treatment
Electroconvulsive therapy

Effect

! NPY levels

=NPY levels

! NPY levels

f NPY immunoreactivity

! NPY in frontal cortex
I NPY caudate nucleus
= NPY in frontal cortex

= CNS NPY levels
r NPY levels in CSF

Reference

Widerlov et al. 1988
Heilig et al. 1990
Berrettini et al. 1987

Hashimoto et al. 1996
Nilsson et al. 1996

Nilsson et al. 1996

Widdowson et al. 1992

Ordway et al. 1995

Widdowson et al. 1992
Mathe et al. 1996

f, Increase; L decrease; =, nochange.

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 (Mathe 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 ofNPY Y z mRNA
expression was significantly affected by post-mortem delay. Moreover, it was
demonstrated that prefrontal cortical Yz 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 stabili ty 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.

3.3
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 Y1 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, NPYdefi
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

Model Effect Reference

Open field

NPY knockout mice Anxiogenesis Bannon et al. 2000
NPY icy (acute) Overall activity Heilig and Murison 1987

Heilig et al. 1988b
Jolicoeur et al. 1991, 1995
Song et al. 1996

NPYicy (chronic) Reversal of OB ratdeficits Song et al. 1996
BIBO 3304 icy t Defecation Kask et al. 2000

Plus maze

NPYicy I Time onopen arms Heilig et al. 1989
NPY (I. coeru leus) I Time on open arms Kask et al. 1998
NPY(1 3-36) (I. coeruleus) i Time onopen arms
PYY icy I Time on open arms Broqua et al. 1996
NPY(2-36) icy I Time on open arms
[LeuJ1,ProJ4jNPYicy i Timeon open arms
NPY(13- 36) . l Time on open arms Nakajima et al. 1998

Light-dark box

NPY icy f Transitions Pichet et al. 1993

Social interaction

NPY (amygdala) Social behavior Sajdyk et al. 1999
Cl-NPY(amygdala) Social behavior Sajdyket al. 2002
NPY (septum) f Social behavior Kask et al.2001

Geller-Seifter

NPY icy Anticonflictlanxiolytic Britton et al. 1997, 2000
Pp, NPY(13- 36) icv No effect Britton et al. 1997

Vogel conflict

NPY icy Anticonflictlanxiolytic Heilig et al. 1989

Fear pt. Startle

NPY icy 1Startle response Broqua et al. 1995
PYYicy l Startle response
NPY(2-36) icy Startle response
[Leu31,ProJ4jNPY icv I Startle response
NPY(13- 36) icy No effect

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 Y2 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 z 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 NPYexceeds 5 /lg (Heilig
and Murison 1987; Heilig et al. 1988bj 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 YI 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 (CAl) of NPYdid not modulate locomotor activity, but inhibited am
phetamine-induced increases in sniffing and rearing and, to a lesser extent, the
number ofline 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 1993j 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 NPYobserved 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 [Leu31

,

Pr034]NPY [but not NPY(l3-36)] (Broqua et al. 1996). Anxiolytic-like effects in
the elevated plus-maze have also been observed after direct administration of
NPYand NPY(l3-36) into the locus coeruleus in rats (Kask et al. 1998a). On the
other hand, the Yz-type receptor agonist , NPY(l3-36), has also been shown to
induce anxiogenic-like effects in this model, using mice, when administered icv
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(Nakajima et al. 1998). Additionally, Y2 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 Y2 receptors may play
an inhibitory role in the anxiolytic-like effects ofNPY.

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 Y2-type NPY receptor may me
diate anxiety-like behaviors in the amygdala (Sajdyk et al. 2002). These authors
injected a Y2 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 Y2 receptor antagonist, such as
BIlE 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(l3-36) increased responding during the punished phase,
suggesting that the effects of NPYare mediated via NPY Y1 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 Y1 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 [Leu3 1

Pr034]NPY inhibited fear-potentiated startle, whereas NPY(l3-36) 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



Neuropeptide Yand Its Receptor Subtypes in the Central Nervous System: Emphasis on Their Role 117

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 .

3.4
Role for NPY and Its Receptor Subtypes in Learning and Memory

The hippocampal Y2 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 Y2 receptor knockout mice displayed a deficit on the probe trial in the
Morris water maze task when compared to NPY Y2 wild-type animals. The Y2-1

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 Y2 receptors may playa facilitatory role in learning
and memory. Further studies investigating the effects of the more recently de
veloped NPYantagonists on learning and memory behaviors are warranted. For
example, experiments using the nonpeptide Y2 receptor antagonist, BIlE 0246
(Doods et al. 1999) should prov ide 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)

Injection site NPY NPYantibodies

Dorsal hippocampus Enhanced Amnesic
Ventral hippocampus Amnesic Enhanced
Amygdala Amnesic Enhanced
Septum Enhanced Amnesic
Thalamus No effect No effect
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On the other hand, it has recently been demonstrated that icv injection of
NPYattenuated 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 YI 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-Iun NHz-terminal kinase ONK) 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 [3H]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 NPYadministration. 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 NPYoverexpression which was accompanied by
a profound downregulation of NPY YI 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 YZ sites to
reduce presynaptic Ca2+ 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 Yy-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 NPYexpression 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 Ihara'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
[lz5I]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, [lZ5I]PYY/[Leu31,Pro34]NPY-sensitive (Yj-like) sites are reduced
(Gobbi et al. 1996, 1998, 1999; Kofler et al. 1997) while [lZ5I]PYY/[Leu31,Pro34]
NPY-insensitive (Yj-Iike) binding is increased (Gobbi et al. 1998; Roder et al.
1996) (Table 6).

In accordance with these variations in [IZ5I]PYY binding, in situ hybridiza
tion studies have shown decreases in YI receptor mRNA and increases in YZ

receptor mRNA in the granule cell layer of the hippocampus of kindled rats
(Gobbi et al. 1998). Isotherm saturation [lz5I]PYY(3-36) binding revealed that
stratum oriens (CAl) Bmax values were not modified within the first 6 h follow
ing a kainic acid injection, only the apparent affinity (Kd) was increased
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Table 6 Models of seizure and theireffects on hippocampal NPY

Model

Electroconvulsive shock

Electrical kindling

Kainic acid

Chronic epileptic rat

Spontaneous epileptic rat

Ihara epileptic rat

NPY knockout mice

NPY Y5 knockout mice

Effect on NPY

I mRNA

I Immunoreactivity

r mRNA

T immunoreactivity

f mRNA
1 Immunoreactivity
I NPY release
I Y1 receptor binding
I Y1 receptor binding
J Ysreceptor binding

I mRNA
1Immunoreactivity

1 mRNA
f Immunoreactivity

1 mRNA
1 Immunoreadivity

f Seizure susceptibility

No spontaneous seizures
I Susceptibility to kainic acid
NPY-induced effects absent

References

Kragh et al. 1994;
Mikkelsen et al. 1994;
Wahlestedt et al. 1990

Rizzi et al. 1993;
Schwarzer et al. 1995, 1996

Bregola et al. 2000; Sperk 1994

Vezzani et al. 1996a, b,c

Sadamatsu et al. 1995

Takahashi et al. 1997

Bannon et al. 2000

Marsh et al. 1999

(Schwarzer et al. 1998). In the dentate gyrus, no change in either Kd or Bmax val
ues of [I2SI]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 Yrmediated
mechanism (Colmers et al. 1988, 1991; Bleakman et al. 1992). These studies im
plicated an NPY Y2-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 Y2 and Ys receptor subtypes (Bijak 1999).

Interestingly, NPY(3-36), [Leu31,Pr034]NPYand hPP [but not NPY(l3 -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 [12SI][Leu3t,Pr034]pyy in the presence of 1 J1M
BIEP 3226 (Bregola et al. 2000). Ys 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 Y5 receptor levels
may contribute to the development of epileptic hyperexcitability.

The anticonvulsant properties of BIBP 3226 (YI 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 Y1 re
ceptor antagonist, BIBO 3304 (less toxic than BIBP 3226) are warranted in order
to confirm the possible implication of the YI receptor in seizure modulation.

Most interestingly, the developm ent of mutant mice lacking NPY (knockout
mice) (Baraban et al. 1997) has confirmed that NPY plays a cr itical role in the
control of seizure. It was shown that these mice were more susceptible to kainic
acid induced seizures, comp ared 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 infu sion of NPY, be
fore kainic acid administration, prevented death (Baraban et al. 1997). It has
been suggested that kaini c acid-induced seizures are a result of excess excitation
of neurons, leading to synchronized epileptiform discharge in the dentate gyrus,
which then leads to excitat ory epileptiform discharge throughout the hippocam
pal form ation (Sperk 1994).

Other genetic approaches used to investigate the mechanisms by which NPY
exert s anticonvulsant effects include the recent generation of mice lacking the
NPY Y5 receptor (Marsh et al. 1998). These studies showed that NPY Y5 kno ck
out did not exhibit spontaneo us 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 Y5

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 auth ors showed that agonists of NPY YI> Y z and Ys
receptors reduced seizure-like activity in hippocampal cultures. In addition, icv
administration of NPY or NPY Ys-like agonists reduced the expre ssion 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, hipp ocampal-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 struc tures besides the hippocampus that may be involved in
initi ation , propagation and seizure-control. For exampl e, a recent report re
vealed that exogenously applied NPY to rat layer V pyramidal neurons has a
long-lasting increase in Caz+-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 a1.2002); suggesting powerful
anticonvulsant effects of NPY in the neocortex through decreases in excitability
in cortical circuits.

Thus, it is suggested that NPYacts 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 playa 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 Y1 receptor
agonists.

Preclinical studies have demonstrated multi-level changes in NPYimmunore
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 Y1 receptor subtype seems to be mostly involved, while the Y2

receptor subtype may playa 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 playa role in reducing anxi
ety and could thus serve as a physiological stabilizer of neural activity in circuits
involved in arousal and anxiety.

NPYappears to have a universal role in this regard in several brain regions,
but the mediation of NPYanxiety-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 Y1> Y2 and Y5 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 Y2 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, Y1>Y2 and Y5 receptor 'knockout' mice, together with NPYtransgenic 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 playa 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 NPYat various sympathetic neuroeffector junctions. This
chapter will provide convincing evidence that NPYdoes 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
(c) inhibitory modulation of the nerve stimulation-induced release of all three
sympathetic cotransmitters. Studies with selective NPY-Y1 antagonists provide
evidence that the principal postjunctional receptor is of the Y1 subtype although
information is incomplete and other receptors are also present at some sites and
may exert physiological actions. Studies with selective NPY-Y2 antagonist sug
gest that the principle prejunctional receptor is of the Y2 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 prejunctionallpresynaptic 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 dernonstra-
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ted that stim ulation of the vagus nerve innervating a perfused frog heart re
leased an inhibito ry 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 nora drenaline (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), per ipheral nervous system and enteric nervous system,
most neurons contain multiple media tors (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 NPYac ts
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 Yas 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
(Stjarne 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 neuroeffector
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 postj unctionally as well as prejunc tional 
Iy 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 NPYand 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 a1.1984; Majane et al. 1985).

In sympathetic neurons, where colocalization of NPYand NA has been dem
onstrated, unlike ATP, NPYappears 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 (Dahlof 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
Ca2+ 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-f1urometric detection (Levitt et al. 1984; Todorov et al. 1996) and NPV-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 frequenc y bursts compared to stimulation with a continuous low
frequency given the same number of pulses.

2.3
Physiological and Pharmacological Evidence fora 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
NPYat various sympathetic neuroeffector junction.
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Table 1 Preparations in which a nonadrenergic contractile response remains afterreserpine or a-adre
noceptor blockade

Species

Human
Pig
Pig
Pig
Dog
Cat
Cat
Cat
Cat
Guinea pig
Guinea pig
Guinea pig
Rat
Rat
Rat
Rat
Mouse

Preparation

Saphenous vein
Spleen
Nasal mucosa
Kidney
Graci lismuscle
Spleen
Nasal mucosa
Hindlimb
Submandibular gland
Vas deferens
Vena cava
Inferior vein
Vas deferens
Mesenteric artery
Anococcygens muscle
Tail artery
Vas deferens

References

Racchi et al. 1999
Lundberg et al. 1987; Malmstrom 1997
Lundberg et al. 1987; Lacroix 1989
Pernow and Lundberg 1989b
Pernow 1988
Lundberg et al. 1987
Lundberg et al. 1987; Lacroix et al. 1988
Pernow et al. 1988a
Lundberg and Tatemoto 1982
Stjarne 1989
Ma lmstrom 1997
Smyth et al. 2000
Stjarne 1989
Westfall et al. 1987; Donoso et al. 1997
Hoyo et al. 2000
Bradleyet al. 2003
Stjarne 1989

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 (Stjarne 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, NPYappears responsible for the slow
and long lasting contractile or vasoconstrictor effect to sympathetic nerve stim
ulation in the presence of zz-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 NPYevoked 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 NPYantagonists. There are now many ob
servations demonstrating that the nonadrenergic, nonpurinergic contractile or
vasoconstrictor responses to sympathetic nerve stimulation are attenuated by
NPY-Y1 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 NPYacts 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 NPYversus 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 f.lM suramin
plus 0.1 nM prazosin, and 500 nM BIBP 3226, 3 f.lM suramin and 0.1 nM prazosin on the increase in
perfusion pressure caused byelectrical stimulation of theperiarterial nerves. Representative polygraphic
tracings show theincrease in perfusion pressure caused bya4-min pulse of 30 f.lM NA, followed by lO
s trains of 10, 15, 20 and 30 Hz (left 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 Oonoso et al.
1994 with permission)

3
Prejunctional Effects of NPY at the Sympathetic Neuroeffector Junction

3.1
Concept of Prejunctional/Presynaptic Modulation ofTransmitter 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 prote in 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. Impulse 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 Muscholll995; Lundberg 1996;Chesse
let 1984; Gillespie 1980; Langer 1981, 1988, 1997; Miller 1998; Starke 1977, 1981,
1987; Starke, Gothert and Kilbunger 1989; Stjarne 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 recepto rs 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
NPV-Mediated Modulation of Sympathetic Cotransmitter Release

3.2.1
NA Release

The evidence for presynaptic az 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 NPYare colocalized
and coreleased with NA in sympathetic neurons and behave as cotransmitters,
as discussed above, several investigators have examined the effect of NPYon NA
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Table 2 Examples of neuropeptide Y Induced inhibition of noradrenaline release from sympathetic
neurons

Species

Human
Human
Human
Dog
Pig
Rabbit
Rabbit
Rabbit
Guinea pig
Rat
Rat
Rat
Rat
Rat

Mouse

Tissue/preparation

Submandibular artery
Right atrium
Renal cortex
Gracilis muscle
Spleen
Kidney
Oviduct
Ear artery
Heart
Mesenteric artery
Femoral artery
Basilar artery
Portal vein
Vas deferens

Vas deferens

References

Lundberg et al. 1985
Rump et al. 1997
Rump et al. 1997
Pernow et al. 1988a; Kahan et al.1988
Lundberg et al.1989c
Rump et al. 1997
Samuelson and Dalsgaard 1985
Wong-Dusting and Rand 1988; Chernaeva and Charakchieva 1988
Franco-Cerceda et al. 1985
Westfall et al. 1987, 1988, 1990a
Pernow et al. 1986b
Pernow et al. 1986b; Lundberg et al. 1985c
Pernow et al. 1986b
Dahltif et al. 1985; Pernow et al. 1986b; Lundberg and Stjarne 1984;
Stjarne et al. 1986
Stjarne et al. 1986; Lundberg and Stjarne 1984

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 3H-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 (Dahlof 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 al or a2 adrenoceptor antagonists did not alter the inhibitory
effect of NPYon 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
NPYanalogs on the three well known actions of NPYdepicted 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)

NPYand 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(l3-36); PYY(l3-36)] 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 Y1 and Yz was introduced and it was proposed that the whole
NPYor PYY molecule was necessary to activate the Y1 receptor while the Yz re
ceptor could be selectively stimulated by the long C-terminal NPYor PYY frag
ments. This was a very useful and important hypothesis; however we now know
that it was an oversimplification similar to the original al-aZ adrenoceptor des
ignation of postjunctional and prejunctional a -adrenoceptors (Westfall 1977). It
is now known that Y1 receptors are located prejunctionally as well as postjune 
tionally and Yz receptors are located postjunctionally as well as prejunctionally
(McAuley and Westfall 1995; Malmstrom 2001; Lundberg and Modin 1995;
Malmstrom et al. 1998, 2000; Malmstrom 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 YI (Gerald et al. 1996; Krause
et al., 1992; Larhammar et al. 1992; Pittito et al. 1994), Yz (Gehlert et al. 1996;
Rose et al. 1995) Y4 (Gerald et al. 1996; Lundell et al. 1995), Ys (Gerald et al.
1996) and Y6 (Gregor et al. 1996; Weinberg et al. 1996). Another putative recep
tor subtype the Y3 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 Aschema depicting the prejunctional and postjunctional effects of the three sympathetic co
transmitters NA, AlP 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 ofNA, AlP orother
vasoactive agents. Prejunctionally, NPY can inhibit the evoked release ofNA, AlP or NPY itself

It is of interest that recently the location of Y1 and Y2 receptors in the periph
ery has been confirmed by using antibodies directed at the Y1 and Y2 receptor.
It was observed that immunostaining for the YI receptor was mainly seen in the
smooth muscle layer of blood vessel and immunostaining for the Y2 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 YI 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 Y2

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 Y2 receptors, e.g. PYY(l3-36);
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Fig. 6 The effect of NPY(13-36) alone or in the presence of BilE 0246 on the periarterial nerve stimula
tion induced overflow of endogenous NA from the perfused mesenteric arterial bed of the rat.
BilE 0246 antagonized theinhibitory effect of NPY 13-36 at all three frequencies 4,8 and 16 Hz

NPY(l3-36), NPY(3-36), PYY(3-36), N-acetyl [Leu28Leu31jNPY(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
Y2 receptor was obtained following the use of the selective and potent Y2 antag
onist BIlE 0246. BIlE 0246 is the first potent and selective Y2 antagonist devel
oped (Dumont et al. 2000; Doods et al. 1999). The antagonistic and selectivity of
BIlE 0246 for the Y2 receptor has been demonstrated in several in vitro bioas
says, and binding affinity studies. It possesses high affinity for the NPY Y2 re
ceptor and is devoid of affinity for the YI> Y4 or Y5 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
BIlE 0246 were observed in isolated tissues in which NPY-induced effects are
mediated by the activation of YI or Y4 subtypes. In contrast, it was observed to
be a potent antagonist in the rat vas deferens and dog saphenous vein, two pro
totypical Y2 assay systems (Pheng et al. 1997; Wahlstedt 1987).

Not only has BIlE 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 BIlE 0246 antagonized the effect of NPY(l3-36) 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 BilE 0246 (100 flM) on the periarterial nerve stimulation induced overflow of NA
from the perfused mesenteric arterial bed of the rat. BilE 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 BilE 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 BIlE 0246 antagonized functional responses attributed
to Y2 receptors at cholinergic and purinergic peripheral autonomic neuroeffec
tor junctions by the Y2 selective agonist N-acetyl (leu28Leu31)NPY(24-36)
(Smith-White et al. 2001). Finally, BIlE 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
AlP 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 (Stjarne 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 a2-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 NPYand NA from the pig
kidney was attenuated by PYY. A similar NPYautoreceptor-mediated inhibition
of NPY release was seen in nerve growth factor (NGF)-differentiated PC12 cells
(Chen et al. 1997). In this preparation PYY(l3-36), a selective NPY Y2 agonist,
produced a concentration-dependent attenuation of the K+-evoked release of
NPY-ir as well as catecholamines. Further evidence for the auto receptor being
that of the Y2subtype was the observation that the selective Y2 receptor antago
nist BIlE 0246 attenuated the PYY-induced inhibition of the nerve stimulation
induced release of NPY in the pig kidney (Malmstrom et al. 2002).

3.2.4
Mechanism(s) for PresynapticlPrejunctional Modulation
ofTransmitter Release byNPY

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 NPYas 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
Ca2+ channels, activation of K+ channels and regulation of the vesicle release
complex.

Inhibition of Ca2+ currents by NPY would directly suppress Ca2+ influx into
nerve terminals and inhibit transmitter release. There is considerable evidence
for the idea that NPY-Y2-induced inhibition of transmitter release is pertussis
toxin sensitive, and acts by inhibiting of N-type voltage gated Ca2+ channels.
NPY has been shown to attenuate the stimulation-induced increase in [Ca2+]j in
the NGF-differentiated PC12 cell (Chen et al. 1994), the KCl-induced rise in cy
tosolic Ca2+ 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 Y2 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 Land N channels in NGF-differentiated PC12 cells
(McCullough and Westfall 1996; McCullough et al. 1998a,b).
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It is clear, therefore, that activation of NPY-Y2 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 NPYinhibits transmitter release by activation ofK+ channels that would in
crease the conductance of the terminal making incoming action potentials less
effective in activating Ca2+ 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 (Stjarne et al. 1989). In this preparation it was shown that tetraeth
ylammonium and 4-aminopyridine increased EJCs and blocked the ability of
NPYto decrease EJCs, suggesting that inhibition of ATP by NPY was due to ac
tivation of K+ channels. In amphibian sympathetic ganglia, NPYactivates 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 Ca2+-activated K+ channels (Stretton
et al. 1992).

In neurons acutely isolated from the rat arcuate nucleus, NPY was observed
to regulate both Ca2+ 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-Y2 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, NPYanalogs 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 Y2• 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 NPYand PP
act through at least four receptor subtypes to modulate Nand L-type channels
(McCullough et al. 1998b). It has also been observed that NPYanalogs 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 Ca2+ 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 auto receptor 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 NAwithout, 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.

3.2.5
NPV-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 Go subtype. The NPYanalog [Leu"
Pr034jNPYaiso caused inhibition of DOPA production but was less potent than
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NPY itself, while PYYand NPY(l3-36) had no significant effect. This pattern is
most consistent with the involvement of the NPY-Y3 receptor subtype.

Other studies utilize multiple selective Caz-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 Caz+ 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 Caz+ channel blocker, OJ-conotoxin GVIA, did not inhibit ei
ther the stimulation of DOPA production or the effect of NPY. Antagonism of
CaH 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 Caz+ 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 PCI2 cells but did produce a
concentration-dependent inhibition of depolarization-stimulated DOPA produc
tion . In addition, NPYdid 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 CaH 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 NPYon BaH currents in
the NGF-differentiated PC12 cells was examined in order to demonstrate that ac
tivation of the different receptor subtypes results in differential Caz+ channel
modulation. NPY was found to inhibit the voltage-activated BaH current in a re
versible fashion with an ED50 of 13 nM. Experiments using selective NPYanalogs
revealed that most of this inhibition was mediated by the YZ and Y3 receptor sub
types. It was observed that the Yz effect was confined to inhibition of N-type
Caz+ channels. NPYaiso inhibited L-type CaH 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, NPYacts via Yz receptors to inhibit N-type Caz+ channels concomi
tant with catecholamine and NPY-ir release and via Y3 receptor and a PKC-de
pendent pathway to inhibit L-type CaH 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 Caz+ channel modulation
(McCullough et al. 1998b). It was observed that NPYand PP modulate CaH

channels through Y1> Yz, Y3 and Y4 receptors. In add ition it was observed that
these receptors are differentially coupled to N, Land Non-N, Non-L Caz+ chan
nel subtypes. Therefore it would appear that there is an intriguing and complex
role for NPYand PP in the modulation of sympathetic neurotransmission.
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Fig. 8 The inhibitory effect of NPY(10-7 M)on theperiarterial nerve stimulation induced increase in NA
synthesis in the absence or presence of theYantagonist BIBO 3304, theY2 antagonist BilE 0246, the Ys
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
Y1 antagonist BIBO 3304, the Y2 antagonist BIlE 0246 and the Y5 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 az-adenoceptors has been demonstrated to inhibit
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Fig. 9 The effect of adenosine or ATP on theK+-evoked (50 mM) release of NPY-ir from NGF-differenti
ated PC12 cells. Adenosine (1 pM) or ATP (3 mM) significantly inhibited K+-evoked release of NPY-ir,
The effect of ATP was antagonized bya.,B-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 az-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 NPYalso appears to be modulated by pre
junctional ,Bz-adrenoceptors known to enhance NA overflow (Westfall et al.
1979; Dahlof 1981). Activation of ,B-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 pe12 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-rnediated 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 sand 40 sand
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 aradrenoceptors 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 Al 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 arad
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 (ETA). 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. 11 The effect of increasing concentrations of the prostanoids PGE" iloprost or sulprostone on the
periarterial nerve stimulation (1 6 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 theevoked release of NA but not NPY-ir. (Reproduced from Hoang et al. 2003 with permission)

evoked release of NA, but not NPY-ir, whil e endothelins (ET-l , ET-3 and
STX6C) inhibited NPY-ir but not NA. Figure 10 depicts the ability of ET to in
hib it the nerve stimulation -induced release of NPY-ir but not NA (Hoang et al.
2002) while Fig. 11 shows that th e prostanoids PGE\> iloprost and sulprostone
can inhibit NA but not NPY-ir (Hoang et al. 2003).
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3.5
NPV-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 NPYor NPYana
logs. The vasodilation normally seen following parasympathetic nerve stimula
tion in the nasal mucosa of cat and dog was also decreased following sympathet
ic ner ve 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 action s of NPYand sympathetic nerve stimulation inhibition of the
vagally induced bradycardia was not seen following the exogenous administra
tion of cholinomimetics (Potte r 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, vasopres sin 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 respons e 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 Y2 receptors since the effect is mimicked by the NPY
Y2 agonist N-acetyl[Leu28

,31jNPY(24-36) and antagonized by the selective Yz-an
tagonist BIlE 0246 (Smith-White et al. 2001). Furthe r evidence for this impor
tant effect of NPYon Y2 receptors is the observation that the ability of the Y2
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agonist N-acetyl (Leu28
-
31) NPY(24-36) to increase the pulse interval evoked by

cardiac vagal stimulation in control mice was absent when examined in Y2 (-/-)

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 NPYas 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 NPYand the Y2 selective
agonists N-acetyl [Leu28,31jNPY(24-36). This investigator observed that the Y2

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
Y2 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 Y2 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 Y2 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
[arrott 1986).

Of particular importance to this chapter are neurons in which NPYis colocal
ized with catecholamines. Everitt showed NPY-ir is colocalized with cate
cholamines in noradrenergicladrenergic cell bodies in the AlICl 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) NPYIcatecholamine
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 AS or A7 noradrenergic cells groups nor in the dopaminergic cells of the
mesencephalon and forebrain (A8-AI5), although there is a close juxtaposition
of NPYand DA neurons in the striatum.

3.7
NPV-Induced Modulation of Noradrenaline Neurotransmission in the eNS

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. lt 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 radrenoceptor 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 3H-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 ofNA or 3H-NA in the brain.

There is evidence to suggest that NPY inhibits the evoked release of NA fol
lowing the activation of NPY-Y2 receptors. This was demonstrated with Y2 selec
tive agonists such as NPY(I3-36) (Martire et al. 1993, 1995; Grouzmann et al.
1997) and antagonized by Y2 antagonists such as T4[NPY(33-36)]4 (Grouzman
et al. 1997). More recent studies, however, suggest that there may be an involve
ment of Y, and Y, receptors in addition to Y2 (Hastings et al. 2001; Bitran et al.
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Table 3 Selected examples of inhibitionof the evoked release of 3H-NA or NA from brain slices or syn-
aptosomes by NPY analogs

Preparation Brain region Mode of Agonists utilized References
stimulation

Rat Medulla oblongata Potassium NPY + donidine Martireet al. 1986;
synaptosomes Martireet al. 1989a

Rat Hypothalamus; Potassium NPY + donidine Martire et al. 1989b
synaptosornes frontoparietal cortex

Rat slices Anterior; posterior Potassium NPY Westfall et al.
hypothalamus 1988,1990a

Rat Medulla oblongata; Potassium NPY(13-36) Martireet al. 1993
synaptosornes hypothalamus

Hippocampus Martireet al. 1995
parieto-cortex

Rat slices Hypothalamus; Electrical NPY; NPY + UK 14,304 Yokoo et al. 1987
cerebral cortex

Rat slices Hypothalamus Electrical NPY;NPY+ UK 14,304 Tsuda et al. 1989,
1990,1992

Rat slices Hypothalamus Potassium NPY; GR 2311 18 Hastings et al. 2001

Rat slices Hypothalamus Electrical NPY, LeuJ1Pro14NPY; Bitran et al. 1999
NPY(1 3- 36); PYY(3- 36);
GW 1229

Rat slices Hypothalamus Potassium NPY(1 3- 36); Grouzmann et al. 1997
T4[NPY(33-36)]4

Rat slices Hypothalamus; Potassium NPY; NPY + clonldlne Widdowson et al. 1991
hippocampus; frontal
cortex parieto-occipital
cortex

1999). This is suggested by the ability of analogs with Y1 and Ys receptor activi
ty to mimic the effect of NPYas well as the ability of Y1 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 Leu11pro14 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 NPYand the az-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 NPYand a z-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 ICVadministration 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
NPV-Induced Modulation of DA Release in the CNS

Although NPYand 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 NPYand 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 NPYand 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 3H-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-o-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 z agonist NPY(13-36)
but not by PYYor Leu31pr034NPY. Moreover there is evidence that NPY can in
hibit or stimulate DAsynthesis depending on the type of NPY receptor activated
(Adewale et al. 2001). Consistent with these results, others have reported that
NPYenhanced the turnover of DA in rat striatum (BeaI1986; 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 D2 which is consis
tent with a D2 mechanism (Cao and Westfall 1993, 1995; Cao et al. 1995).

3.9
NPY-Induced Modulation of Other Neurotransmitters in theeNS

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-YI and Y2 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-YI re
ceptors were observed to be predominantly expressed at the somata and den
drites while the Y2 receptors are located at recurrent and feed forward GABAer
gic terminals (Sun et al. 2001). Activation of Y1 receptors appear to reduce the
excitability of neurons in both the thalamic reticular nucleus and the adjacent
ventral basal complex, while activation of Y2 receptors decreases GABA release
in the feed-forward GABAergic terminals in the ventral basal complex via inhi
bition of Ca2+ influx from voltage gated Ca2+ 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 collaterallC1 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 Y2 subtype. For instance,
Gerber et al. (1994) observed that the inhibitory effects of NPY were mimicked
by PYY and NPY(l3-36) but not Leu31pr034NPY. A similar conclusion was pre
sented by Silva et al. (2001), however the possibility still exists for participation
by YI receptors or other NPY receptors. These latter investigators showed that
both NPY Y1 and Y2 receptors can modulate (inhibit) intracellular calcium con
centrations [Ca2+Ji and glutamate release from hippocampal synaptosomes.
They claim that the Y2 receptor played the predominant role both in the modu
lation of Ca2+-dependent and -independent release, while admitting that the
physiological relevance of the presynaptic YI receptors in the dentate gyrus and
C3 subregions remains to be clarified. Experiments carried out with the selec
tive Y2 antagonist BIlE 0246 provide very strong support for a role for the Y2

receptor (Weiser et al. 2000). The effect of BIlE 0246 on the electrophysiological
properties of NPY in rat hippocampus was determined as well as the affinity of
the antagonist for rat hippocampal NPY Y2 receptors. It was observed that
BIlE 0246 was able to block NPY-mediated effects in the hippocampus and
demonstrates that the presynaptic receptor in the hippocampus is the Y2 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 NPYand 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 NPYand the increase in the number of presyn
aptic Y2 receptors (Schwarzer et al. 1998; Furtinger et al. 200l). 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 Y2 receptors, there is also evidence that NPY
has proconvulsant actions mediated via Y1 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. (l999), 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, PYYand PP all attenuated the electrically and po
tassium evoked release of 3H-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 3H-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 aTadrenoceptor since the inhibitory effect of
NPYon 3H-serotonin overflow was not attenuated by the a-adrenoceptor antag
onist, phentolamine and the inhibitory effect obtained at the maximal concen
tration of the a2 agonist, clonidine was further increased by NPY.

The role of NPYin modulating serotonin neurotransmission remains an open
question, however, because there are a lack of reports replicating the findings of
Schlicker et al. (l99l) and other investigators have failed to see an inhibitory ef
fect by NPYon the K+-evoked 3H-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 NPYon 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 az-adrenoceptors with clonidine results in a significant inhibition of
NPY-ir release from slices of rat hypothalamus while the az-adrenoceptor antag
onist enhanced stimulated overflow (Ciarleglio et al. 1993; Westfall et al. 1990a).

There is also evidence that NPY acting on auto receptors can inhibit its own
release (King et al. 1999, 2000). The Y2 agonists NPY(13-36) and N-acetyl
(Leu28Pro3 1

) NPY(24-36) and the Y 4/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(l3-36) was partially prevented by the
weak Y2 antagonist T4-[NPY(33-36»)4 but strongly blocked by the selective Y2

antagonist BIlE 0246 (King et al. 2000). The hPP- and rPP-induced inhibition of
release was not affected by the'Y, antagonist CGP71682A or the Y1 antagonist
BIBP 3226. The selective YI> Y5 or weak Y2 antagonist had no effect on either
basal or K+ stimulated release when administered alone (King et al. 1999). In
contrast the Y2 antagonist BIlE 0246, which exhibits more than 100-fold higher
affinity at Y2 receptors over T4 [NPY(33-36»)4' 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 Y2 re
ceptors in regulating the release of NPY from the hypothalamus. The precise
role for Y4 receptors in mediating autoreceptor-mediated inhibition of NPY-ir
release must wait the availability of Y4 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 brainstern, 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 post junctional 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 NPYon the hypothalamic-pituitary
gonadal axis, and touched only briefly on the effects of NPYon 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:
(l) 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 playa 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 NPYdistribution 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 cohorrnone', 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 regulat ion 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 of01 and VP Secretion

3.1
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 NPYexpression 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 NPYof both VP and O'I'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 O'I, Parker and
Crowley (1993) reported that microinjection of NPY into either the paraventric
ular or supraoptic nucleus dose-dependently stimulates O'I'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 O'I' 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 NPYto hypo
thalamic slices excited the activity of unidentified supraoptic nucleus cells. Lim
ited pharmacological characterization implicates the YI 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 O'I' 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 O'I' in response to the rz-I adrenergic agonist
phenylephrine (Sibbald et al. 1989; Parker and Crowley 1993; Kapoor and Sladek
2001). This suggests a facilitatory postjunctional interaction between NPYand
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 al and Y1

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 O'I' 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 Y2 NPY
receptor mediation of this effect (Sheikh et al. 1998; Larsen et al. 1994b).

While these studies are in substantial agreement that NPYexerts a central ac
tion to enhance secretion of both VP and O'T, 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 NPYantiserum 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 NPYin 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
NPYand 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).

4.1
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 ,B-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 playa 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. NPYaiso 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 NPYon PRL
secretion.

4.3
Effects on PRL Secretion: Actions in theAnterior Pituitary

NPYaiso 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 NPYaffects 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 NPYat 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 NPYor 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 Ca2+ concentrations, with the initial,
transient spike phase due to mobilization of intracellular Ca2+, followed by the
prolonged plateau in PRL secretion, mediated by influx of extracellular Ca2+

(Gershengorn 1985). Both phases of TRH-induced PRL release and rise in cyto
solic Ca2+ were significantly inhibited by either dopamine or NPY alone, and
were virtually abolished by the two in combination.
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More extensive pharmacological analysis of the effects of NPYon Ca2+ 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 Ca2+ through
voltage-regulated channels, but does not alter the mobilization of intracellular
Ca2+; in contrast, dopamine inhibits both phases of Ca2+ 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
'cohorrnone' 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 NPYas 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 NPYexerts 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.

4.4
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 NPYantagonist 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 a-MSH were administered into the third ventricle oflactating 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 thePhysiological 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 NPYexpression in the hypothal
amus as a component of regulation of energy balan ce. 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 mini pumps 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 NPYexpression 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 NPYand AgRP expression) and anorexigenic pathways (down-

INCREASED ARCUATE
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AND RELEASE
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STIMULATION
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LEPTIN

Food intake

t ACTH secretion

~ GH secretion
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Fig. 1 Hypothesis for mechanisms and significance of NPY upregulation during lactation
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regulation of POMCla-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 NPYon
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 NPYexpression (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 NPYaction 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 AOH/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 NPYon
release ofCRH (Tsagarakis et al. 1989; Hastings et al. 2001). Elegant studies con
ducted in sheep also provide definitive evidence that NPYexerts 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 NPYeffects 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 NPYappears 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 NPYon 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 Y1 receptor antagonist prevented NPY-induced
CRH release. On the other hand, Y1 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 antagonistlinverse 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 a11988; 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 ,B-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 onthe HPA Axis

Is the stimulatory action of NPYon CRHIVP 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 ACTHIcorticoid 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 NPYexpression
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 NPYon
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 ofleptin
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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.

5.4
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 NPYaction 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 NPYexpression 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 playa 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 NPYintegration 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 NPYin 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-



204 W. R. Crowley

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;
Mihalyet 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, NPYdecreased the levels
of preproTRH mRNA in paraventricular nucleus upon central administration
(Fekete et al. 2001, 2002). Any significant action of NPYon 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 a-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



Neuroendocrine Actions Of Neuropeptide Y 205

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 NPYIAgRP genes and for suppression of POMC
expression within the arcuate nucleus. Thus, it is tempting to speculate that the
inhibitory effects of NPYIAgRP 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 pept ides
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 NPYduring 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 Yz 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 NPYover 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 NPYacts 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 NPYat the level of the pituitary gland.
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7.4
Physiological Significance of NPY Action on GH:
ARole 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 NPYon 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 NPYon 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 NPYare 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.

7.5.1
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 NPYduring 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, NPYeffects 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 NPYsynthesis and
release.

8
Summary and Perspectives

It is apparent that NPYneurons 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 O'I' 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 O'I and VP synthesis and secretion, also leads to a novel expression
of NPYin 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 NPYon 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 ofanterior pituitary hormones

AP hormone Effect of NPY Site ofaction Co-action withAgRP Target for leptin signaling

Hyp AP

PRL Inhibitory Yes Yes Yes ?
GH Inhibitory Yes Yes ? Yes
TSH Inhibitory Yes No Yes Yes
AGH Stimulatory Yes No Yes Yes

?, 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, NPYeffects 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 Ca2+.

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 NPYexpres
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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NEGATIVE ENERGY BALANCE

REDUCTION IN LEPTIN
SECRETION

DA TRH

~PRL
~
~
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SYNTHESIS AND RELEASE

~
RH GHRH SOM

hSH ~ GH

'---------'

Orexigenic effects

CRH

i ACTH
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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 NPYaction 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 1980swas 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 1984when 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 Yplays a pivotal role in thehypothalamus 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 NPYadminis
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 etal. 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 NPYand 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 Y1R and YsR (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 Y1R as the primary mediator of appetite stimulation by endogenously
released NPY in the PVN and neighboring sites.

Germline deletion of YI R 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 YlR-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 YlR in mediating the orexi
genic effects of endogenous NPY in two ways (Fuxe et al. 1997; Kalra et al.
1999). Seemingly, Y1R 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 YlR 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 YlR 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 YlR 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 expres sion by an autofeedback mechanism through
the Y2R 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 Y2R (Pu et al. 2000a), NPY release in vitro and feeding in vivo were in
hibited by Y2R agonists (King et al. 2000), NPYand 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 Y2R knockout mice (Sainsbury et al. 2002a) together
imply autoregulation of NPY synthesis and release via the Y2R on ARC NPY
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neurons in the ARC. However, the findings that whereas germline YzR knockout
mice developed hyperphagia, increased bodyweight and adiposity (Naveilhan
et al. 1999, 2002), the hypothalamus specific Y z knockout mice displayed a
transient decrease in body weight concomitant with increased food intake
(Sainsbury et al. 2002a), question the physiological relevance ofYzR 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 Y4R 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 Y4R 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, 200l).

2.3
NPY Network and Appetite

2.3.1
Distinct Roles ofTwo 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 ARC, 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 NPYand 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 NPYand 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, 1992c, 1997). Participation of the ARC NPY subpopulation in trig 
gering dark -phase phagia is apparently mandatory because a rise in gene ex-



NPY: A Novel On/OffSwitch for Control of Appetite and Reproduction 227

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).

2.4
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 sub population 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 NPYtargets 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 NPYacting via Y]R and GABA via GABAAR located on POMC neu
rons, synergistica lly 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
MC4R 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 hum an and subhuman primates (Cowley et al. 1999; Pu et
al. 1997b, 1999b).

2.4.1
NPY Interaction with Other Components ofAppetite 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 CARTand CRH release is
also possible (Kalra et al. 1999). The functional significance of these morpholog
icallinks between NPYand CRH and CARTeffector pathways is unclear at pres
ent but one can infer that these synapses relay signals to suppress CRH and
CARTefflux, 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 {3-endorphin release (Horvath et al.
1992a; Kalra et al. 1995b, 1999) also implicate a role for NPY in the orexigenic
effects of {3-endorphin produced by POMC neurons.

2.S
High and Low Abundance of NPYergic Signaling Evokes Hyperphagia and Obesity:
ANew 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, 1996a, 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 NPYat PVN targets (Dube et al 1999b; Inui
1999; Inui 2000; Kalra et al. 1988b). Fasting also upregulates NPYoutput 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 NPYat target sites and/or deficit of anyone 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. 1992c, 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 YI'Y2 or Y4R 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, att ributed to increased
sensitivity to NPYdue to increased abundance of Y[R, a response blockable by
Y1R 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. 1998c;
Kalra and Horvath 1998; Pu et al. 1999a). A similar low abundance of NPYalong
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 byAfferent 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 pept ides, 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 YIR 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 NPYalso 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 secret ion
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 NPYexerted 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 NPYas 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
AUnique Bimodal Participation by NPY in Neuroendocrine Control
of Reproduction

3.1.1
Excitatory Afferent Signal for U1tradian and Cyclic 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 NPYon 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, 1996c). Interestingly, NPYand galanin co-act to facilitate the basal pattern
of episodic GnRH secretion (Xu et al. 1996c). 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 Y1R and YsR and galanin R antagonists,
likewise, inhibited basal LH secretion (Allen et al. 1985, 1987; Toufexis et al.
2002). Thus, NPYalong 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 NPYare 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 NPYto 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 GABAA receptors, which
together with NPY Y4Rattenuate the excitatory action of NPYon GnRH neurons
(Horvath et al. 2001b; Jain et al. 1999; Sainsbury et al. 2002b). Thus, NPYand
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 ,B-endorphin expressing POMC neurons in
the ARC (Horvath et al. 1995, 1992b). It seems that increased NPYand 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 GABAAR 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.

3.1.3
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 ,B-endorphin, are the most prominent. Endoge
nous opioid peptides inhibit basal and cyclic gonadotropin release (Horvath et
al. 1992aj 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 playa 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. 1996c).

The galanin producing network in the hypothalamus has also been shown to
playa 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 NPYare, indeed, responsible for the pro p
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 physiologi cal 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 direct ion 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 playa role in the basal and cyclic release of
GnRH (Bonavera et al. 1993, 1994bj Pu et al. 1997a, 1998c). Nitric oxide stimu
lated NPY release in the hypothalamus and NPY stimulated GnRH release by di
rect action via Yl/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 secre tion . The existence
of estrogen receptors in the ARC NPY neurons, decreases in hypothalamic NPY
gene expre ssion 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 Y1R in the hypo
tha lamus (Leupen et al. 1997; Xu et al. 2000b; Zammarett i 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 rat s reins tated NPY synthesis in ARC peri
karya, NPY storage in the ME, and NPY Y1Rexpres sion 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 playa permissive role in the hypothalamic control
of gonadotropin secretion (Beretta et al. 2002; Caprio et al. 2001; Chehab 1997;
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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. 2002c). These observations imply an intracellular leptin
and gonadal steroid interaction linking energy homeostasis and neuroendocrine
control of reproduction.

3.3
NPY, an Inhibitory Afferent Signal

In the original paper published in 1984, we reported that ICV NPYadministra
tion rapidly suppressed LH release in ovariectomized rats (Kalra and Crowley
1984b). This suppressive action ofNPY 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 NPYand 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 YI R or Y4R in infertile obIDb 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
NPYand 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 ofNPYon sexual behavior in males.

A similar inhibitory effect of central NPYadministration 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 Y2/YsR agoni sts 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 NPYan 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 NPYon 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 NPYdischarge in the female and pulse generator
clock for ultradian NPYdischarge 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 NPYefflux, 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 NPYat 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 NPYor by curtailing melanocortin restraint. Thus, a two-pronged action of
NPY, direct stimulation through Y1R/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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Fig. 2 Regulatory role of hypothalamic NPY in in
creasing appetite andconcomitantly suppressing
reproduction and sexual behavior in response to
negative energy balance. For details, see text.
(With permission from Kalra and Kalra 2003)

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. 2aaab; 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
allbasolateral 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 Y2 receptors. An interesting possibility is that high ethanol
seeking behavior is secondary to high levels of anxiety. Viewed this way, alter
ations of normal NPYactivity 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
Y2 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 NPYand sedative compounds was also provided by mutual substitution
of NPY and ethanol with regard to electrophysiological effects (Ehlers et al.
1998b), and potentiation by NPYof barbiturate induced sleep (Naveilhan et al.
2001a, 2001b). The latter study mapped out NPYeffects 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(l3-36)
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 Ys mediated effect. More recent
ly, supporting the original conclusion, Y\ mediation of NPY-induced sedation
was demonstrated using Yj-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).

2.2
Anxiolytic-Like Actions of NPY

2.2.1
NPY Is Active ina Wide Range ofAnxiety 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 SHTlA 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 NPYon 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 anato mical 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 inna te fear of open spaces, where presum
ably the probability of predator attack is increased. The latter model capi talizes
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 behav ior, and so does NPY, with high pote ncy
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 anxiet y 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). NPYeffectively 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 stim ulus. This action of NPYoccurs 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.

2.2.2
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 YI-like profile. Although this proposi
tion was origi nally 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 Yz-selective fragment NPY(l3-36) did not reproduce this ac
tion. When [Leu31Pr034JNPY was proposed as a selective Yj-receptor agonist
(Fuhlendorff et al. 1990), administration of this compound seemed to confirm
the notion of YI mediation, but it has since become apparent that [Leu31

Pr0 34JNPY is best viewed as a 'non-Yy ligand, which is active at Yt> Y4 (PP) and
Ys receptors. An involvement of Y4-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, Ys receptors may be involved in emotionality in concert with YI
receptors (Parker and Herzog 1999). However, available functional data do not
support this notion, as the selective Ys 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 YI receptors was obtained using in vivo administration of anti
sense oligonucleotides targeting the Y1 receptor. When administered icv, anti-YI
oligonucleotides selectively lowered the density of YI binding sites, and this was
accompanied by suppressed second messenger signaling in response to YI-stim
ulation in vitro, and behavioral effects on the elevated plus-maze opposite to
those seen after NPYadministration (Wahlestedt et al. 1993b). Furthermore, lo
cal anti-Yj-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
YI-antagonist both in vitro and in vivo, while being devoid of affinity for Y2, Y4
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
Y1 antagonist BIBO 3304 has improved our ability to resolve these issues, as this
compound has increased solubility, higher affinity for Y1 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, Yrreceptors 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-Y2 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 Yj-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 Yj-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 ofNPY microinjected into this
structure, and that these were not reproduced by administration of [Leu31,

Pr0 34jNPY, 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 NPYadministered 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
ofNPY (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 laterallbasolateral complex in fact mediates anti-stress ef
fects ofNPY 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 Yj-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 Yj-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 ofNPY was clearly
Yj-receptor mediated, as it was blocked by the highly selective, nontoxic Yj-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-Y2 re
ceptors in this area mediate these actions. However, an alternative interpretation
which needs to be considered is whether this reflects actions at presynaptic Y2

receptors on A6 neurons in which NPYand norepinephrine are colocalized, ulti
mately inhibiting noradrenergic transmission in projection areas of these neu
rons .

2.2.4
'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 act ivity 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 Yj-receptors within the amygdala
complex, since these effects of NPY are essentially blocked by intra-amygdala
treatment with anti- YI-receptor oligonucleotides (Heilig 1995). This system
does not appear to be active under basal conditions, as microinjections of the
selective YI-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 Y1- 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, NPYex
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 up regulation 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 up regulated 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-l h of
restraint-l 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 Yj-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 CAI-2,
where also marked, presumably compensatory, downregulation of Yj-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.

2.3
NPYand 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.

2.3.2
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 Yj-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 Y1 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;
Wahlestedt 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).

2.3.3
Animal Models of Depression

Further evidence for an involvement of NPY in depression comes from findings
of differential NPYexpression 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)
NPYexpression 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.

2.3.4
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.

2.3.5
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 NPYexpression 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.

2.3.6
Human Findings: Peripheral Nervous System

Central synthesis, release, and metabolism of NPY are difficult to access. Al
though CSFstudies may provide a window on some of these processes, CSFlev
els obviously reflect a complex outcome of numerous processes, at different lev
els of the neuroaxis. In attempts to link NPYto 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 NPYsignaling, or both.
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2.4
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 Yj-subclass of NPY receptors, development of
orally available, brain penetrant Yl-agonists may represent a challenge which is
not easily overcome. An attractive alternative strategy seems to be antagonism
at central Yz-receptors, which, through potentiation of endogenous NPY release,
might achieve the same goal.

3
ARole 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 NPYto 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 comus ammons region and the dentate gyrus when compared
with the high alcohol drinking (ALKO Alcohol; AA) line and nonselected Wistar
rats. Additionally, NPY Y2 receptor mRNA was reduced in the AA line, suggest
ing a role for the Y2 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 NPYoverexpression that is primarily limited to the
CAl 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 NPYtransgen
ic rats showed normal voluntary ethanol drinking (Thorsell et al. 2000). Thorsell
et al. suggested that NPYtransgenic 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 NPYto determine pharmacologically if
NPY signaling regulates voluntary ethanol consumption. In the first attempt
with Golden Hamsters, icv infusion of NPYdid 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 Ilg in a within
subjects design. While 5.0 Ilg 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 Ilg 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 ferntomo
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 YI receptor antagonist BIBP 3226 (Kelley et al. 2001). Thus,
the ability of NPYto 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.

3.3
Receptors Mediating the Effects of NPY on Ethanol Drinking

In the mouse, NPYacts through at least five receptor subtypes, namely the YI>

Y2, Y4, Y5 and Y6receptors, all of which couple to heterotrimeric G proteins that
inhibit production of cyclic AMP (see chapter by Redrobe et al., this volume).
The YI 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 1-1- ) 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 1-1- mice
and by normal YI +1+ mice has recently been examined (Thiele et al. 2002). Y1-1

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, Y1-1- mice were less sensitive to the sedative effects of 3.5
and 4.0 g ethanollkg as measured by more rapid recovery from ethanol-induced
sleep, even though plasma ethanol levels did not differ significantly between the
genot ypes following a 3.5 g/kg dose. Finally, male Y1-

1
- 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 Y2 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 Y2 receptor (y2-1- ) have been shown to have
increased food intake , body weight, and fat production but have a normal re
spon se to NPY-induced food intake (Naveilhan et al. 1999). It was hypothesized
that if presynaptic Y2 receptors are involved with modulating voluntary ethanol
consumption and sensitivity, the y 2-1- mice should exhibit ethanol-related phe
notypes opposite to those found with the Y1-1- mice. Thus, an absence of presyn
aptic inhibition of NPY release in Y2-1- mice would augment NPY signaling, ren 
dering mice with a similar phenotype as NPY overexpressing mice. Relative to
wild-type (y2+

1+) mice, the y 2-1- mice drank significantly less of solutions con
tain ing 3% and 6% ethanol, and had significantly lower ethanol preference at
each concentration tested. On the other hand, y 2-1- mice showed normal con
sumption of solutions containing either sucrose or quinine, normal time to re-
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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'I') 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'l' 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 Ys'l' 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 Y1 and Y2 receptors,
and that ethanol-induced sedation is modulated by Yl> and perhaps Ys, recep
tors. These results are consistent with several recent findings . First, like Y2-

1

mice which drink low amounts of ethanol, rats self-administer less ethanol fol
lowing central infusion of a Y2 receptor antagonist (Thorsell et al. 2002). Second,
Y1,1, mice are resistant to the sedative effects of ethanol, and recent studies
found that Y1,1, mice are resistant to sodium pentobarbital-induced sleep
(Naveilhan et al. 2001a, 2001b).

3.4
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. 1O.2.1). It was noted that
icv infusion of NPY, as well as Y1 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
NPYand 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 NPYand 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 Prats
(Ehlers et al. 1998a) (see Sect. 1O.3.1) strongly suggest that altered NPY signaling
in the amygdala of P rats contributes to their high alcohol drinking.
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3.5
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 NPYexpression after
? weeks of exposure, but showed increased NPYexpression in the hypothalamus
? 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 NPYexpression 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 NPYto 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 (Leu? to Pro?) in the signal
part of pre-pro-NPY (Karvonen et al. 1998). Individuals with the Leu71Pro7 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
NPYand 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 z receptors modulate the effects of NPY on
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ethanol drinking. Mutant mice lacking Y1 receptor drank high amounts of etha
nol (Thiele et al. 2002), and Y2 receptor knockout mice showed suppressed etha
nol drinking (Thiele et al. 2000c). Consistently, a Y2 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 NPYactivity 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 NPYexpression. The current data
suggest that drugs targeting the central NPY system may serve as useful thera
peutic agents against alcoholism. Compounds aimed at the YI and/or Y2 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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Abstract The aim of this review is to critically assess the evidence that neuro
peptide Y (NPY) plays both an important role in the control of food intake and
in the peripheral metabolic processes linked to the obese state. When given into
the brain, NPY stimulates food intake and a variety of metabolic processes that
promote fat deposition. The stimulation of food intake and body weight ob
served with chronic administration of the peptide is persistent and leads to obe
sity. Both the acute and chronic stimulation of food intake and body weight pro
duced by NPY can be reproduced with selective NPY YI and Y5 agonists. There
fore, there is no doubt that exogenously administered NPY is a potent regulator
of appetite and could be involved in the development and maintenance of obesi
ty. However, questions remain as to whether the increase in food intake pro
duced by exogenous NPY represents a true hunger state or is mediated by unre
lated behavioral changes. Although brain NPYlevels and food intake are tempo-
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rally related, attempts to demonstrate a change in food intake after blockade of
endogenous NPY have been mixed. Furthermore, although some studies have
shown a change in food intake after blockade of NPY the conclusion that this
peptide plays an important role in the control of food intake is difficult to fully
accept because of the nonselective nature of the inhibitors used . Based on the
available evidence our conclusion is that NPY probably plays a role in the day
to-day control of food intake . However, NPY is not a critical regulator of food
intake. In its absence appetite can be controlled by a variety of other hormones
and neurotransmitters. However, a definitive answer to the role played by NPY
in the control of food intake and peripheral metabolism awaits the development
of clean and selective inhibitors.

Keywords Neuropeptide Y . Food intake · Obesity' NPY receptor knockout·
NPY receptor antagonists · NPYantisense oligodeoxynucleotides . NPY
antibodies

Dr. J.-L. Pauchere is diseased.

1
Introduction

Neuropeptide Y (NPY) has been shown to strongly stimulate food intake when
injected into either the hypothalamus or the ventricles of the brain. When NPY
is infused continuously into the brain the increase in food intake is persistent
and leads to increased fat mass and body weight. These observations have
prompted the suggestion that NPY may playa contributing role in the develop
ment and maintenance of the obese state .

In support of this hypothesis, NPY levels are increased in the brain of the
obese Zucker falfa rat and the obese oblob mouse. Blockade of the actions of
NPY in the brain can decrease food intake and body weight in both of these
monogenetic forms of obesity. These findings, among others, have led to the
search for NPY receptor antagonists as a treatment for obesity. However, the ac
tions of NPY are many and varied and mediated by at least five NPY receptor
subtypes. Thus, the hope exists that the effects of NPYon food intake and body
weight are mediated by a single NPY receptor subtype. In this case blockade of
a single receptor would reduce appetite and minimize the risk of side effects.

The purpose of this review is to critically assess the evidence that NPY plays
an important role in the control of food intake and the peripheral metabolic
processes that underlie the obese state. The possibility that NPY may exert its
actions on food intake and metabolism via a single receptor subtype and thus
represent an important treatment for obesity will also be the subject of this re
view.
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2
Organization of NPY-Containing Neural Pathways
in the Brain That Control Food Intake and Peripheral Metabolic Processes

2.1
NPY-Containing Neural Pathways in the Brain

Although NPY-producing neurons are present at many sites in the brain, the
most important for the control of food intake are those that arise in the brain
stem and those located along the arcuate nucleus (ARC) and in the dorsomedial
nucleus (DMN) of the hypothalamus (Fig. 1) (Everitt and Hokfelt 1989; Kalra
and Kalra 1996; Chronwall 1989). The NPY-containing neurons coming from
the brain stem innervate various hypothalamic sites including the ARC, ven
tromedial nucleus (VMN), the DMN and the paraventricular nucleus (PVN)
(Everitt and Hokfelt 1989; Kalra and Kalra 1996;Sahu et al. 1988). The NPY-con
taining neurons present in the ARC project to the PVN as well as to the DMN of
the hypothalamus (Baker and Herkenham 1995; Bai et al. 1985). The ARC, PVN
and DMN play an important and central role in the control of food intake (Kalra
et al. 1999). A more detailed account of the neuroanatomy of NPY-containing
neurons is given in the chapter by Redrobe et al. in this volume.

Cerebralcortex

Brain stem

Fig. 1 Hypothalamic sites in the brain associated with the formation and actions of NPY. The figure
represents a sagittal section near the midline of the rat brain. AC, anterior commissure; Oc, optic chi
asm; PVN, paraventricular nucleus; SCN, suprachiasmatic nucleus; VMN, ventromedial nucleus; DMN, dor
somedial nucleus; LH, lateral hypothalamus. NPY-containing neurons are present along the ARC and in
the DMN. Other NPY-containing nerve fibers arise in the brain stem and innervate the PVN, the DMN,
theVMN and the ARC. (Modified from Kalra et al. 1999)
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2.2
NPY-Containing Neurons in the ARC Are Influenced by Neurotransmitters
and Hormones

The NPY-containing neurons of the ARC have been shown to play an important
role in the control of food intake and peripheral metabolic processes and are
regulated by hormones and neurotransmitters. For example, ultras tructural
studies have shown NPY-containing neurons in the ARC to be in synaptic con
tact with opiate- and catecholamine-containing neurons as well as with neurons
containing other neuropeptides (Guy and Pelletier 1988; Guy et al. 1988; Li et al.
1993; Morton and Schwartz 2001). The neurotransmitters released in close prox
imity to NPY-containing neurons in the ARC-PVN projection influence their ac
tivity. For example, dopamine and serotonin, which inhibit and excite the activ
ity of NPY-containing neurons respectively (Bina and Cincotta 2000; Dryden et
al. 1996).

In the hypothalamus, hormonal facto rs influencing the activity of NPY-con
taining neurons include the gonodal steroids testosterone and estrogen as well
as the adrenal glucocorticoids. Testosterone and glucocorticoids stimulate the
activity of NPY-containing neurons, whereas estrogen in general inhibits their
activity (Sahu et al. 1989, 1992; Bonavera et al. 1994; Hisano et al. 1988; Wilding
et al. 1993). Most importantly, metabolic signals such as ghrelin, insulin and
leptin have been shown to modulate the activity of NPY-containing neurons
(Sahu et al. 1995; Wang et al. 2002; Kamegai et al. 2001; Schwartz et al. 1996; Lee
and Morris 1998). For example ghrel in, a newly discovered peptide hormone re
leased from the empty stomach stimulates the activity of NPY neurons (Wang et
al. 2002; Kamegai et al. 2001). In contrast, both insulin and leptin produced in
response to energy ingestion and energ y excess inhibit NPY synthesis and re
lease (Sahu et al. 1995; Schwart z et al. 1996; Lee and Morris 1998).

2.3
NPY-Proopiomelanocortin Connections in the ARC

Within the ARC, NPY-containing neurons also synthesize and secrete agouti
gene related peptide (AgRP), (Fig. 2). AgRP, like NPY, stimulates food intake
(Kim et al. 2002). The NPY/AgRP-containing neurons project to target sites in
the PVN, DMN and VMN where they influence food intake and peripheral met
abolic processes (target sites). In addition, these neurons innervate nerve cells
that synthesize and secrete proopiomelanocortin (POMC), the precursor mole 
cule of the potent anorexogenic peptide a -melomogcyte stimulating hormone
(a -MSH) (Morton and Schwartz 2001; Cowley et al. 2001; Porte et al. 2002). Both
the NPY/AgRP neurons and the POMC neurons expres s leptin receptors. In the
model described in Fig. 2, leptin hyperpolarizes NPYIAgRP neurons inhibiting
the release of these two peptides at their target sites. Hyperpolarization also
inhibits GABA release, which disinhibits the activit y of the POMC neurons
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Target site

'I

Lep-R t Y2·R
Regulation by:

ghrelin glucocorticoids
insulin testosterone
leptin estrogen

Fig. 2 Model representing the interaction between NPY/AgRP-containing neurons and POMC neurons
in the arcuate nucleus of the rat. The NPY secreting neurons (green) are in synaptic contact with cells
in thetarget site Ii.e., thePVN) and POMC neurons thatsecrete a-MSH (reO). The NPY Y2 receptors have
a presynaptic location and are autoreceptors inhibiting NPY release onto POMC neurons and at the tar
getsite. Both NPY and GABA inhibit theactivityof the POMC neurons. For more details see text. (Mod
ified from Cowley et al. 2001)

(Cowley et al. 2001). At the same time leptin acts directly on the POMC cells to
stimulate a-MSH release.

This neural circuit has been postulated to playa central role in the control of
food intake and peripheral metabolism. Clearly, the NPY neurons in this circuit
can be activated and deactivated by the metabolic status of the animal via the
actions of ghrelin, insulin and leptin. In turn, the activity of NPY-containing
neurons can be modified by other hormones as well as by the activity of other
brain regions that project to the ARC-PVN region . The role of the NPY recep
tors in this model will be discussed later.

The NPY-containing neurons arising in the brain stem appear to be activated
by both glucose and peripheral hormones that are present in the blood perfus
ing this area. The control of the NPY-containing brain stem neurons will be also
discussed, in context, later.

3
The Actions of Exogenous NPY on Food Intake

3.1
NPY Alters Food Intake and Peripheral Metabolism When Injected
into Specific Regions of the Hypothalamus

Not surprisingly, the hypothalamic regions innervated by the ARCand the brain
stem neural projections are influenced by the micro injection of NPY at these
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sites. The DMN, the VMN and particularly the PVN are considered to be the
most impo rtant for mediating the effects of NPY on food intake (Kalra et al.
1999;Stanley et al. 1985; Stanley and Leibowitz 1985).

Injection of NPY into specific hypothalamic nuclei also alters peripheral me
tabolism. The neuroendocrine and metabolic effects of central NPYadministra
tion persist even when NPY-induced hyperphagia is matched by pair-feeding
(Billington et al. 1994). The metabolic effects of NPY are most pronounced in
the PVN. For example, after injection into this region, NPYactivates the hypo
thalamic -pituitary-adrenal axis (Wahlestedt et al. 1987). NPYaiso modifies the
activity of corticotrophin releasing factor containing cells in the PVN leading to
hypothalamic adrenocorticotropic hormone release and ultimately to increased
plasma corticosterone levels (Wahlestedt et al. 1987; Liposits et al. 1988). At the
same time NPY suppresses the activity of the hypothalamic-pituitary-thyroid
axis, firstly by altering the expression of pro- thyroid releasing hormone in the
PVN and secondly through lowered thyroid stim ulating hormone; this leads to
decreased secretion of T3 and T4 into the plasma (Fekete et al. 2001). In addi
tion, NPY increases central parasympathetic and decreases central sympathetic
outflow from the brain (van Dijk et al. 1994). The fall in sympathetic activity is
reflected in bradycardia, and a slight fall in blood pressure (van Dijk et 1994;
Harland et al. 1988). UCP-l expression in brown adipose tissue is also reduced
as a consequence of the lowered sympathetic drive and contributes, at least in
part, to the decreased body temperature characteristic of NPY administration
into the PVN (Currie and Coscina 1995; Egawa et al. 1991; Kotz et al. 2000). Li
poprotein lipase activity in white adipose tissue is increased in response to NPY
injection into the PVN (Billington et al. 1994). Finally, as a consequence of the
decreased parasympathetic drive, both in-meal and post-meal insulin secretion
are enhanced after injection of NPY into the PVN (van Dijk et al. 1994). These
actions of NPY, although many and varied, act in concert to conserve and store
energy in the form of fat.

3.2
NPY also Alters Food Intake and Metabolism when Injected
into Extra-Hypothalamic Sites

Many brain regions outside of the hypothalamus are innervated with NPY-con
taining neurons (Everitt and Hokfelt 1989; Chronwall 1989). At several of these
sites such as the cortex, the hippocampus and the hindbrain, local injection of
NPY has been shown to stimulate food intake. The effects of NPY to influence
food intake in these brain regions may be due to a local behavioral effect. Neural
connections exist between the cortex, the hippocampus, the hindbrain and the
hypothalamus. Therefore, local injection of NPY into the cortex or into the hip
pocampus could increase nerve traffic to the hypothalamus leading to altered
food intake.

For example, injection of NPY into the cortex leads to changes in food intake
as well as to increased carbohydrate utilization, fat synthesis and reduced ener-
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gy expenditure (Cummings et al. 1998; McGregor et al. 1990). These effects are
similar to those described above after injection ofNPY into the PVN.

In the hippocampus peptide YY (PYY) (a close analog of NPY that also stim
ulates food intake) has been shown to increase the activity of acetylcholine-con
taining nerve terminals, which are believed to be important in modulating re
ward and arousal (Hagan et al. 1998; Hagan 2002). On the basis of this evidence,
stimulation of NPY receptors in the hippocampus has been postulated to in
crease food intake both by modulating the activity of the hypothalamus and in
creasing the motivation to eat by increasing the perception of the rewarding
properties of the food eaten (Hagan et al. 1998;Hagan 2002).

Finally, NPY has been shown to stimulate food intake when injected either
into the 4th ventricle or directly into the hindbrain (Corpa et al. 2001; Steinman
et al. 1994). The hindbrain receives both neural and chemical input from the pe
riphery concerning the energy status of the animal. For example, after food con
sumption, chemical (i.e., plasma insulin, and glucose levels) and neural signals
(i.e., vagal afferents) are received in the hindbrain from the periphery. This in
formation is processed and passed to higher brain centers resulting in the cessa
tion of eating.

Injection of NPY into the hindbrain has recently been shown to reduce the
neuronal activity of this region in response to gastric distension (Schwartz and
Moran 2002). Therefore, increased NPY levels in the hindbrain may contribute
to enhanced food intake by suppressing the inhibitory signals from the periph
ery to the hypothalamus. Clearly there is much to be learnt about the factors
controlling NPY release in different parts of the brain and how these changes
are coordinated to ultimately change food intake behavior.

Over the past two decades a large number of studies have appeared in the lit
erature demonstrating that injection of NPY into the brain leads to a robust and
reliable increase in food intake. However, despite intensive study the underlying
mechanisms through which NPY leads to increased appetite are not clearly un
derstood. This is because food intake is a very complex behavior that is mediat
ed by both physical and psychological factors. In consequence, NPY could in
duce hunger by activating the central neural pathways involved in the control of
food intake . Alternatively, NPY could increase appetite by increasing food
palatability, increasing the incentive/motivational properties of the food or pro
ducing behavioral activation. The following section will consider the mecha
nisms by which NPY may act to influence food intake.

3.3
NPY Increases theMotivation to Eat

Normal meal acquisition and consumption occurs in a tightly controlled series
of behavioral events. At the beginning of each meal the animal must look for
food. Once food is found it can be approached and placed into the mouth. This
primary sequence of behaviors is known as the 'appetitive phase' of eating. Af
ter placement in the mouth the food is then chewed and swallowed. This sec-
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ondary behavioral sequence is referred to as the 'consummatory phase' of eat
ing.

It is clear that NPY could influence food intake either by increasing the ap
petitive and/or the consummatory phase of food intake. In fact, evidence has
accumulated in recent years to show that injection of NPY into the ventricular
system of the brain produces a motivation to eat which manifests, in part, as an
enhancement of the appetitive phase of food intake (Flood and Morley 1991;
Sederholm et al. 2002; Ammar et al. 2000; Woods et al. 1998). This behavioral
activation is very strong, since after injection of NPY, animals shift their atten
tion away from sexual activity to food seeking behavior (Ammar et al. 2000). In
contrast to the appetitive phase, NPY has been shown to have no effect and even
to inhibit the consummatory phase of eating (Sederholm et al. 2002; Ammar
et al. 2000; Woods et al. 1998). Similar effects on the consummatory phase of
food intake have been shown with cholecystokinin-a known satiety peptide
(Mamoun et al. 1997). Thus it appears that the main actions of NPYare:

1. To direct the attention of the animal to food
2. To motivate the animals to find food and then to eat it

3.4
NPV Enhances the Rewarding Properties of Food

Injection of NPY into the brain also enhances reward. For example, injection of
NPY into the hypothalamus forms a conditioned place preference and increases
progressively the ratio responding for sucrose pellets-an assessment of moti
vational responding to rewarding stimuli (Brown et al. 1998, 2000). Further
more, when presented with a choice between palatable sweet food and regular
chow, animals centrally injected with NPY choose the palatable food and will
even tolerate an intense foot shock to get it (Heilig et al. 1992).

3.5
Does NPV-Induced Food Intake Resemble a True Hunger State?

The results of many of the studies above lead to the question of whether NPY
induced eating represents a true hunger state. For example, rats can readily dis
criminate between food deprivation and NPY or PYY injection into the brain
(Jewett et al. 1991; Seeley et al. 1995). Furthermore, injection of NPY into the
brain induces a conditioned taste aversion and produces motivation to eat that
enhances the appetitive phase but does not change or may even decrease the
consummatory phase of food intake (Flood and Morley 1991; Ammar et al.
2000; Woods et al. 1998; Levine et al. 1991). These are aspects of food intake that
are different from deprivation-induced feeding and give us reason to believe that
exogenous NPY acts primarily to increase the motivation of animals to eat by
mechanisms that are not the same as either food deprivation or other types of
metabolic challenge. Indeed it has been suggested that the actions of exogenous-
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ly administered NPYare more in keeping with pathophysiological states such as
binge eating than normal food intake (Hagan et al. 1998; Hagan 2002).

3.6
Can Injection of Exogenous NPY into theBrain Mimic the Actions
of the Endogenous Peptide on Food Intake?

The above findings lead to the suggestion that endogenous NPY may control
food intake through a coordinated series of activity in many parts of the brain.
If this hypothesis is correct then injection of NPY into the ventricular system of
the brain or directly into the hypothalamus may not exactly mirror the sites of
action of the endogenous peptide to control food intake. For example, direct in
jection of NPY into the hypothalamus may activate only this site, while injection
of NPY into the ventricular system may activate brain areas different from or
additional to those activated by the endogenous peptide. For example, general
activation of NPY receptors in the brain may be an explanation of the satiety
and aversive consequences of cerebroventricular NPY injection. Therefore,
many studies have attempted to investigate the effect on food intake of blocking
the action of endogenous NPY.

4
Relationship Between Brain NPY Levels and Energy Balance

4.1
Introduction

The first step on the road to considering NPY as a physiologically important
regulator of food intake would be to observe a direct correlation between in
creased brain NPY levels and food intake. However, it is important to note that
in the majority of studies present in the literature only changes in brain NPY
mRNA expression in response to alterations in energy balance have been report
ed. In contrast, only a relatively small number of investigations have actually
measured the content or secretion of endogenous NPY. However, the final extra
cellular concentration of NPY is a finely regulated balance between the synthesis
and the transport, release and degradation rates of the endogenous peptide.
Therefore, altered NPY mRNA expression may not necessarily produce parallel
changes in NPY peptide levels. Therefore, in the following section only those
studies showing increased NPY concentrations in response to changes in energy
balance will be considered. Furthermore, readers are strongly advised to deter
mine whether increased mRNA levels are really representative of final peptide
concentrations. In our view this is not always the case. For example, within 6 h
of fasting a sustained elevation in NPY gene expression can be observed within
the ARC (Dallman et al. 1999). However, in general at least 2-3 days are needed
to see a significant increase in NPY protein levels in the PVN (Sahu et al. 1988).
Clearly, correct model selection and timing is crucial to interpreting the out-
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come of interventions designed to observe changes in food intake after inhibi
tion of the actions of NPY in the brain.

4.2
Changes in Hypothalamic NPY Levels Are Temporally Correlated with Food Intake

The release of NPY in the brain follows a daily rhythm. For example, NPY pep
tide levels are increased in the dorsomedial hypothalamus (contains the PVN)
at the beginning of the dark phase when rats begin to eat the majority of their
food (Ihanwar-Uniyal et al. 1990; Akabayashi et al. 1994). Additionally, in rats
maintained on a scheduled feeding regimen, NPY release in the PVN is en
hanced and temporally correlated with food intake (Kalra et al. 1991). The rate
of NPY release from the PVN in these rats increases immediately before the on
set of feeding and decreases progressively as the animals consume food. Howev
er, if food is withheld the rats continue to secrete high levels of NPY. Finally,
NPY levels are increased in the PVH before the onset of hyperphagia in the dia
betic rat (Sahu et al. 1997).

4.3
Changes in Energy Balance Alter Brain NPY Levels

Energy use by exercise and energy deprivation produced by long-term fasting,
food restriction, lactation and uncontrolled diabetes (streptozotocin-treated
and diabetic BB rats) are all associated with increased NPY protein levels in the
hypothalamus (Sahu et al. 1988; Malabu et al. 1994; Abe et al. 1991; Lewis et al.
1993). For example, 2-3 days of fasting leads to significantly increased NPY lev
els in the hypothalamic medial preoptic area, and in the ARC and PVN (Sahu et
al. 1988). NPY levels are also increased in several hypothalamic nuclei of the
Zucker falfa rat (suprachiasmatic, PVN, ARC, VMN, DMVand anterior hypo 
thalamus) (McKibbin et al. 1991). Figure 3 demonstrates that NPY levels are also
elevated in the hypothalamic ARC and PVN of the adult Zucker diabetic fatty
(ZDF) rat . In contrast to the effects of energy depletion and leptin deficiency, in
creased energy deposition induced by feeding a high fat diet is associated with
decreased NPY levels in the hypothalamic ARC and PVN (Stricker-Krongrad et
al. 1998).

Tantalizingly, long-term fasting has also been shown to increase NPY levels
in the hippocampus and cortex and to decrease NPY levels in the striatum
(Pages et al. 1993). These changes are selective, since NPY levels are not altered
in either the caudate nucleus or the nucleus accumbens (Beck et al. 1990). It is
unclear at the present time whether in the other models described above chang
es in NPY levels also occur in extrahypothalamic nuclei. However, it is clearly
import to pursue this line of research, which will help to establish the brain ar
eas in which NPYacts to produce the coordinated behavioral response that leads
to a change in food intake .
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Fig.3 Comparison of NPY levels in three hypothalamic nuclei of Zucker diabetic (ZDF/Gmi-falfa) and
lean rats. In these experiments all rats (19 weeks old) were fed ad libitum and maintained on a 12-h
light/dark schedule (6:00 am-6:00 pm light). The rats were sacrificed bydecapitation between 9:00 am
and 11 :00 am and the brains rapidly removed and frozen. The hypothalamic area was cut into 300 pm
slices. Sectioned hypothalamic areas were micro dissected into three regions (PVN, paraventricular nu
cleus; ARC, arcuate nucleus; ME, median eminence). The individual tissues were boiled for 10 min in
400 pi of O.S M acetic acid and sonicated to extract the NPY. Peptide concentrations were measured by
enzyme immunoassay (Bachem) and the protein concentration measured using the BioRad protein as
say. Results are expressed as mean±SE. Statistical analysis was performed by using Student's t test.
*P<O.OS,**P<O.Ol (lean group n=14, ZDF group n=lS)

4.4
Changes in Energy Balance Alter NPY Receptor Number in the Brain

The expression of G-protein coupled receptors on the cell surface is often di
minished in response to an increase in the extracellular concentration of the in
teracting ligand. This is also the case for NPY where various models of energy
depletion characterized by high levels of the endogenous peptide such as fast
ing, food restriction and uncontrolled diabetes are all associated with decreased
NPY receptor density in various brain regions (Widdowson et al. 1997; Frankish
et al. 1993). For example, after food restriction to 60% of normal over 10 days
the concentration of NPY Y2 and/or NPY Y5 receptors in the hypothalamic later
al (perifornical) and dorsal areas, hypothalamic (VMN, ARC and DMV) nuclei,
hippocampal CA3 region, centromedial amygdaloid nucleus and thalamic (para
ventricular and reunions) nuclei are significantly diminished. In contrast, in
these studies, food restriction did not lead to changes in NPY Y1 receptor num
ber (Widdowson et al. 1997). The downregulation ofNPY receptors may explain
the reduced ability of NPY to stimulate food intake in models of energy deple
tion (Parikh and Marks 1997).

In Zucker falfa rats, high brain NPY levels are associated with decreased NPY
Y2 and/or NPY Y5 receptor number in the DMVand ARC nuclei as well as in the
dorsal and lateral (perifornical) hypothalamic areas of obese rats as compared
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to lean rats (Widdowson 1997). In addition, there are significant reductions in
binding to thalamic (reunions and centromedial nuclei) and in the hippocampal
dentate gyrus of obese rats compared to lean rats . Again, as with food-restricted
rats , no changes in NPY YI receptor density were observed between lean and
obese animals in these studies. In ob/ob mice that have high brain NPY levels
similarly decreased NPY Y5 receptor density has been shown in the hypothala
mus, thalamus (midline group), cortex (cingulate, retro splenal and granular)
and hippocampus (Xin and Huang 1998).

In contrast, model s of energy excess such as high fat/high sucrose feeding
lead to decreased brain NPY levels and to increa sed NPY Y5 and/or NPY Y2 re
ceptor density in the hypothalamus (lateral and dorsal areas), ARC and DMV
nuclei, amygdaloid (medial and centromedial) nuclei and thalamic (centromedi
al and paraventricular) nuclei. Again, in these studies, no changes in NPY Y1

receptor density were observed between control and dietary obese animals
(Widdowson et al. 1997, 1999). High-fat-fed animals are hypersensitive to NPY
induced food intake in contrast to energy-depleted animals.

These studies add weight to the contention that energy depletion and de
creased or absent leptin signaling lead to increased NPY release in different
parts of the brain. The oppo site conclusion can be drawn from the studies con
ducted in dietary obese anim als.

4.5
Chronic NPY Infusion into the Brain IncreasesFood Intake and Leadsto Obesity

The effects of NPYon food intake and peripheral metabolism are not just acute
but are also observed with chronic administration. Thus, infusion of NPY into
the brain ventricles of normal rats or mice leads to marked and sustained hyper
phagia (Vettor et al. 1994; Beck et al. 1992; Raposinho et al. 2001). Body weight
is also increased secondary to expan sion of the adipose tissue mass (Fig. 4).
Basal triglyceridemia, insulinernia, hyper corticoidemia and importantly a much
greater insulin respon se to meal feeding are also observed after NPY infusion.
Interestingly, NPY infusion results in a pronounced increa se in insulin-stimulat
ed glucose uptake by adipo se tissue (increased fat mass) but also in a decrease
in insulin-stimulated glucose uptake into skeletal muscle (Zarjevski et al. 1994).
That is a state of insulin resistance is produced in skeletal muscle by central in
fusion of NPY. The increased skeletal muscle insu lin resistance is most likely
due to the concurrently high plasma triglyceride (Randle cycle) and insulin lev
els present in these animal s. Thus, NPY-infused animals adopt a similar pheno
type to the Zucker fa/fa rat and the obtob mouse both of which have high en
dogenous levels of the pept ide within the central nervous system.

Removal of the adrenals has been shown to prevent and reverse all types of
obesity. This action of adrenalectomy is thought to be due to the removal of glu
cocorticoids, which promote body weight gain and hyperinsulinemia. The obe
sity syndrome produced by chronic infusion of NPY into the brain can also be
prevented by prior removal of the adre nals (Sainsbury et al. 1997). Conversely,
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Fig. 4 Effect of chronic infusion of NPY into the brain on food intake and body weight. In these stud
ies, male Sprague-Dawley rats were implanted with an indwelling catheter in the right lateral cere
broventricle. Each cannula was connected to an osmotic mini-pump (Alzet 2002) located beneath the
skin of theback of theneck and which dispensed theartificial cerebrospinal fluid vehicle (_, 0.5 ul/h),
NPY (0. 11 ~g/24 h or Ji..,6 22 ~g/24 h) for 14days starting on day 0, the day on which the pumps
were implanted. The results are expressed as mean ± SE from six rats in each group. The food intake
and body weight results were analyzed by two-way ANOVA Itreatrnentxtime) with repeated measures
onfactor time; + and * significantly difference from the corresponding time period in the control group
at P<0.05

following adrenalectomy, the NPY-induced obesity syndrome can be restored by
the concurrent infusion of glucocorticoids into the brain (Zakrzewska et al.
1999).

The increase in plasma insulin produced by acute intracerebroventricular in
jection of NPY can also be prevented by adrenalectomy (Wisialowski et al.
2000). The ventromedial hypothalamus is believed to be involved in mediating
NPY-induced hyperinsulinemia, insulin resistance and obesity. Under normal
conditions glucocorticoids maintain NPY receptor number in this hypothalamic
region. However, in the absence of glucocorticoids NPY Y1 and NPY Y5 receptor
numbers fall. Decreased receptor number is believed to be the underlying mech
anism through which NPY-induced insulin release is reduced following adrena
lectomy.

4.6
NPY Overexpression in the Brain Leads to Overconsumption
ofa High-Calorie Diet and to Obesity

Transgenic mice have been produced that modestly overexpress NPY selectively
within the central nervous system. In comparison to wild-type controls, adult
transgenic mice maintained on a normal diet show reduced seizure susceptibili
ty, behavioral signs of anxiety together with hypertrophy of the adrenal zona fa
siculata, but have similar food intake and body weights (Vezzani et al. 2002; Inui
et al. 1998). However, when fed a palatable high-calorie diet these mice display
markedly increased food intake and body weight. Food intake returns to normal
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after 3 weeks but body weight remains elevated for as long as the mice are ex
posed to the high -calorie diet. After 13 weeks of exposure to the high-calorie
diet, NPY overexpressing mice develop hyperinsulinemia and hyperglycemia
along with increased body weight (Kaga et al. 2001).

The increase in food intake observed in NPYoverexpressing mice consuming
the high-calorie diet can be attenuated by intracerebroventricular administra
tion of the NPY YI antagonist BIBO 3304 but not by the NPY Y5 antagonist
L-152,804 (Kaga et al. 2001) (see Fig. 8). These results seem to imply that the
hyperphagia induced by NPYover expression is mediated by NPY Y1 receptors.
However, this conclusion should be approached with caution since the selectivi
ty of BIBO 3304 for the NPY YI receptor has recently been questioned.

5
The Actions of Endogenous NPY on Food Intake

5.1
Introduction

In the brain, NPY levels and NPY receptor density are changed in response to
alterations in energy balance, while overexpression of NPY is associated with an
increase in the intake of high-calorie food. However, these are correlative results
and a more direct means of linking altered levels of NPY to changes in food in
take is needed.

Several approaches have been used to investigate the role of endogenously
produced NPY in the control of food intake. These include germline knockout
of NPY production, NPYantisense oligodeoxynucleotides (ODNs) and anti-NPY
antibodies. However, there are limitations to the use of each of these approach
es. For example, germline knockout removes NPY from all regions of the body
while injection of NPY antibodies or NPYantisense ODNs into the ventricular
system of the brain (the usual route of administration) will remove or interfere
with the action of the peptide in all parts of the central nervous system. In the
following section the approaches used to inhibit endogenous NPY in the brain
together with a survey of the problems of interpretation inherent to each will be
discussed.

5.2
Food Intake in the NPY Germline Receptor Knockout Mouse

Although NPY knockout animals express an anxiogenic-like phenotype and are
hypoanalgesic they appear to be metabolically normal in every respect. For ex
ample, NPY-deficient mice have a normal feeding response to NPYand the mel
aninocortin-4 receptor agonist MTII (Marsh et al. 1999; Hollopeter et al. 1998).
In addition, NPY-deficient mice have a normal hormonal profile, grow and eat
normally and have a normal response to both diet and chemically induced obe
sity (high-fat diet, monosodium glutamate, gold thioglucose) (Palmiter et al.
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1998; Erickson et al. 1997). Furthermore, in the majority of studies conducted
with these animals they have also been shown to have a normal refeeding re
sponse to short-term fasting (Palmiter et al. 1998). However, one recent study
has demonstrated a decrease in fasting-induced food intake in NPY knockout
animals (Bannon et al. 2000). The difference between these studies appears to be
due to whether wild-type or heterozygous animals were used as controls. Since
these findings are not in agreement with an important physiological role for
NPY in the control of food intake, how can they be interpreted? Two main expla
nations have been suggested. First, the clear lack of phenotype may be because
NPY is not a critical feeding regulator. Alternatively, in the absence of NPY food
intake may readily be maintained by the action of other neuropeptides. This is a
distinct possibility, since neural pathways in the brain that control food intake
are highly redundant and inhibition of one invariably leads over time to the re
turn of normal feeding.

Although knockout ofNPY production does not affect day-to-day food intake
in normal animals this is not the case in either diabetic or ob/ob mice (Palmiter
et al. 1998; Sindelar et al. 2002) . For example, in both wild-type and NPY knock
out mice streptozotocin administration results in pancreatic ,B-cell destruction
and leads to uncontrolled diabetes . The diabetic state in wild-type animals is
characterized by marked negative energy balance leading to compensatory hy
perphagia. In contrast, food intake is not increased in NPY knockout mice, de
spite comparably decreased levels of body weight, fat content and plasma leptin
levels between the two models (Sindelar et al. 2002) . Within the ARC, NPY/
AgRP-containing neurons innervate the PVN but also innervate and tonically
inhibit the activity of POMC neurons (Fig. 2). Increased NPY/AgRP expression
and decreased POMC expression has been suggested as the mechanism that un
derlies the hyperphagia of streptoztocin diabetic mice. In contrast, in these dia
betic mice lacking NPY, AgRP levels remained elevated but POMC levels do not
fall as they do in wild-type mice. Thus, the loss of NPY signaling and the failure
to suppress POMC levels appear to be the reason for the absence of the hyper
phagic response to uncontrolled diabetes in NPY knockout mice. In contrast,
NPY-deficient mice respond to fasting with a much greater increase in hypotha
lamic AgRP and a greater decrease in POMC expression than diabetic mice.
These changes in hypothalamic neuropeptides may explain why food intake is,
in general, unaffected by fasting in the NPY knockout mouse.

Leptin signaling is absent in the obtob mouse and, as a consequence, hypo
thalamic NPY levels are high. Crossing the obtob mouse with the NPY knockout
mouse partially reverses the obese phenotype (Palmiter et al. 1998) . Together,
these observations support the contention that NPY is also important for help
ing to maintain the obesity state of the oblob mouse .

Experiments performed in the knockout mouse suggest that there are situa
tions (i.e., uncontrolled diabetes) in which NPY plays an important role in the
control of food intake. However, the possibil ity that the true role of NPY in the
control of food intake may be, at least in part, masked by changes occurring
over the development period suggests that other methods are necessary to study
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the role of endogenous NPY in the control of food intake. In theory, a conceptu
ally simple solution to the problem of food intake compensation in knockout
animals has been found by inhibiting both the production and action of NPY.
These approaches offer definite theoretical advantages over studies in knockout
animals because formation of NPYis prevented only for a relatively brief period
of time before study.

5.3
Food Intake in Response to NPV Antisense ODNs

Injection of oligodeoxynucleotides (ODNs) against NPY into the cerebroventri
cles or directly into the ARC has been shown to reduce food intake in several
animal models (Akabayashi et al. 1994; Hulsey et al. 1995; Kalra and Kalra
2000). However, serious concerns have been raised about the use of ODNs to in
hibit the endogenous production of NPY. These concerns stem partly from the
lack of specificity and the toxicity of antisense molecules within the central ner
vous system (Dryden et al. 1998). This remains a particular problem when
studying behaviors such as food intake, which can be strongly influenced by
both toxic and nonselective interactions.

5.4
Food Intake in Response to Anti-NPV Antibodies

Injection of either monoclonal or polyclonal antibodies against NPY into the
ventr icular system of the brain has been shown to attenuate the hyperphagia ob
served following ventromedial hypothalamic (VMH)-lesions and after fasting
induced food intake in rats (Lambert et al. 1993; Dube et al. 1995). Interestingly,
night phase food intake in lean rats and both day and night phase food intake in
Zucker falfa rats are also reduced following administration of NPY antibodies
into the brain (Dube et al. 1994; Marin-Bivens et al. 1998). Additional studies
have shown that injection of NPYantibodies directly into the PVN can attenuate
the hyperphagia following both 24 h of fasting and after 2-deoxY-D-glucose in
jections (He et al. 1998;Shibasaki et al. 1993).

Since hypothalamic NPY expression is increased in all of these models, the
results suggest that NPY plays an important role in the control of food intake
under a variety of conditions. However, closer examination of these studies re
veals that in the majority only total food intake was measured, while in two cas
es only visual observation of the animals was performed. Therefore, it cannot
be entirely certain that the reductions in food intake were behaviorally specific
nor due to an aversive effect of the antibodies. In this regard injection of
anti-NPY antibodies directly into the VMH of fasted mice has been shown to
produce a large increase in amphetamine-like motor activity and decreased rest
ing (Walter et al. 1994). These behavioral alterations are thought to explain the
concurrent decrease in food intake observed in this study. Although injection of
NPY antibodies is not always associated with increased activity, the results do
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suggest that care should be taken in the interpretation of studies where the pos
sibly confounding influence of behavioral alterations, potential toxicity and an
tibody cross reactivity have not been rigorously eliminated.

The antibody approach has also been used to destroy NPY secreting neurons
present in the ARC (Burlet et al. 1995). In these studies, monoclonal antibodies
directed against an epitope of the NPY precursor molecule, the C flanking pep
tide, have been mixed with the cytotoxins ricin A and monensin. Injection of
this complex into the ARC delivers the toxins to the NPY-containing neurons
and leads to their destruction. Destruction of NPY-containing neurons in the
ARC using this method reduces food intake after food deprivation and both
food intake and body weight for 10 days after a single injection in free feeding
rats.

6
NPY Receptors

6.1
Subtypes of NPY Receptors

Genes encoding five NPY receptor subtypes have been identified in mammals
NPY Yl> Y z, Y4, Ys and y6 (Gehlert 1998). The pharmacology and signaling
mechanisms of the NPY Y\-Y6 receptor subtypes are described in detail in
chapters by Hyland and Cox, Michael, and Larhammar et al. in this volume.

Recently, an orphan receptor named GPR74 was identified that binds PYY
with high affinity and has 25% identity with the NPY Y\ receptor (Parker et al.
2000j Herzog, 2000). This receptor was originally designated as the NPY Y7 recep
tor subtype but is now characterized as the NPFF2 receptor (Bonini et al. 2000;
Elshourbagy et al. 2000; Liu et al. 2001). Nevertheless, the NPFF2 receptor is able
to recognize specific NPY Y\ receptor antagonists and NPY-related peptides such
as frog PP (Mollereau et al. 2002). Whether association with accessory proteins,
post-translational modifications or homo/heterodimerization events would allow
NPFF2 receptor to recognize additional NPY peptides remains to be investigated
(George 2002). The existence of additional NPY receptors awaits the achievement
of the human genome sequencing and the characterization of the available or
phan G-protein coupled receptors (Howard et al. 2001; Wise et al. 2002).

6.2
Evidence forObesity Linkage to NPY Receptor Subtypes

Polymorphisms of NPY receptor subtypes have been evaluated for linkage with
the obese state. In the majority of studies no obesity linkage between receptor
mutations and obesity have been found (Herzog et al. 1993; Roche et al. 1997;
Rosenkranz et al. 1998; Jenkinson et al. 2000). For example , neither the poly
morphisms Pstl (NPY Y\lYsreceptor), Glu-4-Ala (NPY Ys receptor) nor the si
lent polymorphism Gly-426-Gly (NPY Ys receptor) have associations with ex-
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tremes of body weight. Conversely, three novel single nucleotide polymorphisms
(PI, P2 and P3) located in the NPY Ys receptor gene noncoding regions had an
association with extreme obesity in Pima Indians. Although these studies sug
gest that the NPY Y5 receptor may be linked to some forms of obesity, it remains
to be determined whether these mutations have functional consequences, are
markers for another obesity locus or have relevance to human obesity in other
populations.

Finally, a recent study identified four polymorphic variants within the com
mon promotor and coding region of the NPY YI and Y5 receptors (Blumenthal
et al. 2002). Among them, a cytosine to thymidine substitution in the untrans
lated region between the NPY YI and Y5 receptor genes was significantly associ
ated with lower fasting triglyceride levels and higher high-density lipoprotein
(HDL) concentrations in 306 obese subjects. Since NPY is known to increase
both triglyceride and HDL levels by stimulating lipoprotein lipase activity in
adipocytes, the authors suggest that this is a gain of function polymorphism
and that variation in the NPY YI and Y5 cluster genes may contribute to the de
velopment of obesity and dyslipidemia.

7
Which NPY Receptor Subtype Mediates Food Intake
in Response to Endogenous NPY?

Up to this point several lines of evidence have been presented that suggest that
NPY Y1> NPY Y5 or a combination of these two receptors could mediate the ac
tions of NPYon food intake and metabolism. In the final part of this chapter we
will assess studies that have investigated the action of selective NPY receptor an
tagonists on food intake and peripheral metabolism in a variety of animal mod
els. Considerable work has been performed in this area as it is clear that an NPY
antagonist that is able to reduce food intake and ameliorate obesity would be a
potential blockbuster drug for the pharmaceutical industry.

7.1
The NPY Y1 Receptor

7.1.1
NPY V, Subtype Selective Agonists

Pharmacologically, the NPY YI receptor is characterized by a high affinity for
NPYand PYYand a low affinity for pancreatic polypeptide (PP) and for N-ter
min ally truncated analogs such as NPY(3-36) and NPY(l3-36) (Wyss et al.
1998; Haynes et al. 1998). [Leu31,Pr034]_NPY was the first modified NPYanalog
that showed apparent selectivity for the NPY Y1 receptor (Table 1) and injection
of this compound into the brain stimulated food intake in rodents (Wyss et al.
1998). However, [Leu" ,Pro34

] _NPY was recently shown to also have significant
affinity for the NPY Y4 and NPY Y, receptor subtypes which clouds interpreta-
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Table 1 Affinity of NPY peptide analogs for NPY receptor subtypes (lCsoor K;: nM)

hNPY Y1 hNPY Y2 hNPY Y. hNPY Ys

Non-selective

HNPY 0.59±O.17 0.49±0.07 54.23±12.96 0.48±O.15
HPYY 2036±O.50 0.22±0.05 47.58±11.62 0.45±0.11
NPY Y1 receptor
pteu" , Pro34 NPY 0.56±O.18 375.8±895 0.78±O.28 0.43±0.10
pPhe7, Pro34 NPY 0.009 32.1 NO 34
[d-ArglSj-NPY 0.9±0.2 11.6±2.9 74.6±21.3 43.4±4.2
[d-Hist26j-NPY 2.0±003 29.0±4.7 20.1±1.9 34.6±3.8
Oes-AA11-18[Cys7.21,d-Lys9 (Ac), 1.2±0.1 801±41.4 31.4±1.3 2363±142

d-His26.pro34j-NPY

NPY Y2receptor

C2-pNPY 1525 0038 NO 6296
pNPY13- 36 76035±14.18 2.0±6.51 192.28±27.89 42.08±7.89
hPYY3-36 45.24±8035 0.25±0.03 277.83±68.61 1.17±0.24
pNPYI8-36 214±3.9 903±O.09 NO NO

NPY Y4receptor

rPP 57036±15.77 1247.2±34503 0.06±0.01 24.93±3.64
hPP 29.83±8.72 1499.5±216.0 0.08±0.02 1.73±0.16

NPY Ys receptor

[ala30jNPY3-36 >1,000 >1,000 314.8±100.9 14.5±6.10
[Ala31,Aib32jpNPY >700 >500 >1,000 6.0±2.4
[OTrp32jhNPY* >1,000 >1,000 >1,000 2503±1.9
[OTrp34jhNPY 6.49±0.044 5.43±O.041 7.08±O.059 7.53±0.068
Cpp l - 7, NPy l9-23, Ala31, Aib32, 530±140 >500 51 ±5 0.24±0.096

Gen34 hPP
[K4,RYY5A19-23jPP2_36 0.87±0.26 1.95±Oo32 0.0040±0.0029 0.029±O.008

(*25%)

tion of its mechanism of action (Wyss et al. 1998). More recently, highly selec
tive NPY Y1 recepto r agonists have been reported such as [Phe7,Pro34j_pNPY,
[o-Arg2Sj -NPY, [o-His26j-NPY, Des_AAII-18[Cys7,21,o_Lys9(Ac),o_His26,Pr034j _
NPY (Table l) (SolI et al. 2001; Mullins et al. 2001). All three analogs markedly
stimulate food intake when injected into the brain. Finally, when the affinity of
modified NPY peptides for the NPY Y1 receptor is compared with their ability
to stimulate food intake after injection into the brain a significant positive cor
relation emerges (Fig. 5) (Wyss et al. 1998).

The available evidence strongly suggests that stimulation of the NPY Y1 re
ceptor with exogenous peptides increases food intake. This information leads
immediately to the question of whether food intake changes when expression of
the action of endogenous NPYacting through the NPY Y1receptor is prevented.
The answer to this question is crucial since selective inactivation of the NPY Y1
receptor still leaves all other NPY receptor subtypes open to the peptide (Fig. 6).
The following section considers the evidence both for and against a physiologi-
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Fig. 6 Possible effects of NPY receptor stimulation on food intake. In the hypothalamus, release of NPY
from the ARC leads to stimulation of NPY receptors in the PVN. The NPY YJ, NPY Y2 and NPY Ys recep
tors have both pre- and postsynaptic locations. Blockade of the NPY Ys receptor, for example, leaves
the NPY Y1 and the NPY Y2 receptors open to stimulation. NPY may also activate NPY receptors in other
areas of the brain involved in the control of food intake, for example in the cortex, hippocampus and
hindbrain. NPY receptor antagonists may (but should not) have significant interaction with non-NPY
receptors (x) . (From Chamorro et al. 2002, Int J Obesity 26:281-298, with permission of theauthors and
theNature Publishing Group)
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cally important role for NPYacting through the NPY YI receptor in the control
of food intake.

7.1.2
NPY YI Receptor Knockout

NPY YI knockout mice present after 9 weeks of age the phenotype of increased
body weight due to increased fat mass but with normal or slightly decreased
food intake (Pedrazzini et al. 1998; Kushi et al. 1998; Burcelin et al. 2001). This
seemingly paradoxical situation maybe explained by the high fasting plasma in
sulin levels present in these animals which would promote fatty acid uptake into
white adipose tissue and lead to an increase in fat mass size. Fat deposition is
also favored by the concurrent reduction in metabolic rate which is most likely
due to the more frequent and longer inactivity periods characteristic of the NPY
YI knockout phenotype (Pedrazzini et al. 1998). The combined hyperinsuline
mia and decreased metabolic rate would also explain why these animals loose
weight less readily than wild-type animals when subjected to a period of calorie
restriction (Kushi et al. 1998). The mechanistic basis of the decreased locomo
tion observed in the knockout mice has not been defined although increased
anxiety levels in these animals maybe a plausible explanation (Kask et al. 2002).

Previous studies have shown that NPY released from pancreatic f3-cells may
act as a potent autocrine inhibitor of insulin secretion-perhaps acting through
the NPY YI receptor (Waeber et al. 1993). Thus, the fasting hyperinsulinemia
observed in NPY YI knockout animals may be due to removal of the inhibitory
action oflocally released NPYon insulin secretion (Kushi et al. 1998).

Although spontaneous food intake is unaltered or only slightly decreased in
NPY YI deficient mice, three lines of evidence suggest that this receptor subtype
does in fact play an important role in mediating the effects of NPYon food in
take. Thus, when compared to wild-type mice, the ability of NPY to stimulate
food intake is reduced by up to 50% after knockout of the NPY YI receptor
(Kanatani et al. 2000). Furthermore, after fasting, when brain NPYexpression is
high, total food intake upon refeeding is markedly reduced in NPY YI knockout
animals (Pedrazzini et al. 1998). Finally, the hyperphagia observed in leptin de
ficient obtob mice is significantly diminished when these animals are crossed
with NPY YI knockout mice (Pralong et al. 2002). Thus, the unchanged sponta
neous food intake observed in NPY YI knockout animals may be due to the off
setting effect of the increased leptin and insulin levels present in these ani
mals-both of which are potent appetite suppressing agents.

7.1.3
NPY YI Antisense ODNs

The use of antisense ODNs directed against the NPY YI receptor has not yielded
consistent effects on food intake. For example, a treatment schedule with anti
sense ODNs that downregulated NPY YI but not NPY Y2 receptors in the brain
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induced anxiety but had no effect on spontaneous food intake (Wahlestedt et al.
1993). In contrast, all other studies using the NPY YI antisense approach have
produced a paradoxical increase in food intake, which appears to be model de
pendent. For example, in the majority of experiments NPY YI antisense ODN in
creased spontaneous food intake (Lopez-Valpuesta et al. 1996; Lopez-Valpuesta
et al. 1996a; Heilig 1995). However, in another study, antisense ODN treatment
caused an increase in food intake in fasted but not in spontaneously feeding rats
(Schaffhauser et al. 1998). The reason for the paradoxical increas e in food intake
after administration of NPY YI ant isense ODN is unclear although the nonselec 
tive nature of the antisense approach cannot be discounted. Perhaps, the obser
vation in one study of higher body temperature coupled with dimin ished body
weight suggests that increased metabolic rate is the cause of the hyperphagia
(Lopez-Valpuesta et al. 1996).

7.1.4
NPY Y, Subtype Selective Antagonists

The often contradictory nature of the changes in food intake in the knockout
and antisense treat ed animals does not allow a firm conclusion to be drawn re
garding the role of the NPY YI receptor in mediat ing the role of endogenous
NPY in the control of food intake . Despite this, several pharmaceutical compa
nies have attempted to develop NPY YI receptor antagonists as appetite sup
pressing agents. The following section reviews key studies that have investigated
the action of synthetic NPY YI antagonists on food intake.

BIBP3226 (Boehringer Ingelheim). BIBP3226 was the first highly potent NPY YI

antagonist, which had low affinity for other NPY subtypes (Table 2, see also
Fig. 8). When injected into the ventricles of the brain BIBP3226 significantly in
hibited the increase in food intake produced by NPYas well as the refeeding re
sponse to short-term fasting in normal animals (Kask et al. 1998). However, it
was unclear in these experiments whether the changes in food intake observed
in BIBP 3226 treated anim als were due to direct effects on appetite or secondary
to the anxiety, barrel rolling and catatonia observed with equivalent doses of the

Table 2 Specificity ofselected NPY receptor antagonists for NPY receptor syubtypes (1(50: nM)

hNPY YI hNPY Y2 hNPY Y4 hNPY Ys

(GP 71683A 3,500 2,500 3,900 1.5
GW 438014A >10,000 >1 0,000 >10,000 211
NPY 5RA-972 >10,000 >10,000 >10,000 3.1
l-152,804 >10,000 >10,000 >10,000 26
BilE 0246 3,600 2 >10,000 300
GR 231118 (l229U91 ) 0.04 19 0.2 200
BIBP3226 73 >10,000 5,000 NA
BIBO3304 13 ;::1,000 NA ;::1,000
J-115814 1.4 >10,000 620 6,000
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compound. To complicate matters further it also appears that this molecule may
also affect food intake by mechanisms that are unrelated to NPY Y\ receptor in
hibition (Morgan et al. 1998).

BlBO 3304 (Boehringer lngelheim). In an attempt to overcome the problems en
countered with BIBP 3226 a derivative compound BIBO 3304 was synthesized.
BIBO 3304 has high affinity for the NPY Y\ receptor but very low affinity for
the NPY Y2, NPY Y4 and NPY Ys receptors (Table 2, see also Fig. 8). To avoid
the production of secondary behaviors that could be produced by global expo
sure of the brain to BIBO 3304 the antagonist was injected directly into the PVN
of the hypothalamus. Injection at this site inhibited both the refeeding response
to fasting and the increase in food intake produced by NPY (Wieland et al.
1998). A possible indication of the improved specificity of BIBO 3304 over
BIBP 3226 is the observation that the increase in food intake produced by either
galanin or by norepinephrine is unaffected by BIBO 3304.

The above information obtained with NPY Y\ antagonists has been taken as
evidence for a role of this receptor subtype in the control of food intake. Howev
er, an exhaustive evaluation of the cross reactivity of these compounds with
non-NPY receptors involved in the control of food intake has not been per
formed. In fact this is impossible because at this time not all of the receptors
involved in the control of food intake have been identified. This problem is well
illustrated by the recent finding that both BIBP 3226 and BIBO 3304, in addition
to being NPY Y\ antagonists, also have relatively high affinity for neuropeptide
FF (NFF) receptors (Mollereau et al. 2001, 2002). Since NFF has been shown to
influence food and water intake, the effects of BIBP 3226 and BIBO 3304 de
scribed above may be due, at least in part, to an effect on the NFF or on a yet
undefined receptors (Sunter et al. 200l). The potential of individual compounds
to produce changes in food intake by nonspecific mechanisms is dearly illus
trated by the example of AMG 68, an NPY Y\ receptor antagonist, that paradoxi
cally lowers food intake in the NPY knockout mouse (Bannon et al. 2000).

J-115814 (Banyu) . The most convincing evidence for the involvement of endoge
nous NPYacting through the NPY Y\ receptor in the control of food intake has
come from recently published experiments performed in NPY knockout mice
using the low molecular weight antagonist J-115814. J-115814 has very high af
finity for mouse NPY Y\ receptors but very low affinity for the NPY Y2, NPYY4,

NPY Ys receptors as well as for the mouse NPY Y6 subtype (Table 2, see also
Fig. 8) (Kanatani et al. 2001).

The most important experiments described in this series of studies are illus
trated in Fig. 7. Injection of NPY (5 ug) into the brain produced a greater in
crease in food intake in wild-type mice than in NPY Y1 knockout mice. This ob
servation confirms the importance of the NPY Y\ receptor subt ype in mediating
not all, but certainly the majority, of the orexigenic effects of exogenous NPY.
Intraperitoneal injection of J-115814 at a dose which penetrated the brain in
quantities sufficient to block the NPY Y\ receptor significantly inhibited the in-
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Fig.7 Anorexogenic effect of J-115814 on NPY-induced feeding in wild-type and NPY Y1 receptor
knockout mice. The NPY Y1 receptor antagonist J-115814 (30 mg/kg) was injected intraperitoneally 1 h
before the intracerebroventricular injection of 5 IIg NPY. (Modified from Kanatani et al. 2001, Mol
PharamcoI59:501-505)

crease in food intake produced by NPY in wild-type mice. Thus, the NPY Y1 re
ceptor is also responsible for mediating more than 50% of the orexigenic activi
ty of endogenous NPY. Finally in these studies, J-115814 significantly lowered
food intake in both db/db and normal mice during the dark phase, when hypo
thalamic NPY levels are reported to be high. These observations provide further
evidence that the NPY Y1 receptor is involved in the control of food intake.

Critical to the interpretation of these studies is the fact that J-115814 did not
significantly alter spontaneous food intake, nor did it modify the increase in
food intake produced by NPY in the NPY YI receptor knockout mice (Kanatani
et al. 2001 a, 2001b). These observations strongly suggest that the actions of
J-115814 can only be explained by an action of the compound on the NPY Y1

receptor and not by nonspecific action s of the compound.

7.1.5
Are the Actions of Other Peptides on Food Intake Mediated
by the NPY Y1 Receptor?

Reports have appeared in the recent literature suggesting that the orexigenic ef
fect of several peptides is mediated through an interaction of NPY with the NPY
Y1 receptor. For example, both BIBO 3304 and GR 231118, a structurally unre
lated peptide NPY Y1 antagonist, have been shown to strongly inhibit MCH-in
duced food intake (Chaffer and Morris 2002). Similarly, the effects of the gastric
peptide ghrelin can be completely inhibited by the NPY Y1 antagonist J-115814
(Shintani et al. 2001). However, based on the discussion presented above it is
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clear that unless the mode of action of the NPY YI antagonists used is clearly
understood there is a great risk of obtaining false conclusions in these studies .

In conclusion, some evidence exists to suggest that NPYacting through the
NPY Y1 receptor is important for modulating short-term food intake-for ex
ample after fasting. Even if this is so, concerns certainly remain about the ability
of NPY YI receptor blockers to reduce food intake without eliciting side effects
such as increased anxiety or changed blood pressure, to name the more obvious
examples.

7.2
The NPY Y2 Receptor Subtype

7.2.1
NPY Y2 Subtype Selective Peptide Agonists and Food Intake

Studies examining the consequences to food intake of stimulating the NPY Y2

receptor have until now been complicated by the lack of truly selective ligands .
However, modified NPY peptides with reasonable selectivity for the NPY Y2 re
ceptor, such as NPY(l3-36) , NPY(l8-36) and C2-pNPY, have either a weak effect
or no effect on food intake in satiated rats (Table 1) (Wyss et al. 1998;Haynes et
al. 1998). Furthermore, unlike the NPY Y1 receptor subtype there is no correla
tion between the affinity of modified NPYanalogs for the NPY Y2 receptor and
their ability to stimulate food intake during a 2-h period in satiated animals
(Fig. 5) (Wyss et al. 1998).

While stimulation of the NPY Y2 receptor does not affect food intake in sati
ated animals it is a different case in fasted animals where the highly selective
NPY Y2 receptor agonist N-acetyl [Leu28,Leu31

] NPY(24-36) has been shown
to potently inhibit food intake after injection into the ARC (Potter et al. 1994;
Batterham et al. 2002). The same result is also obtained when the marginally se
lective NPY Y2 receptor agonist pPYY(3-36) is injected into the same brain re
gion in fasted animals (Batterham et al. 2002).

These results are not surprising when the hypothalamic interactions that con
trol food intake are taken into consideration (Fig. 2). The NPY Y2 receptor has a
predominantly presynaptic location in the hypothalamus where it has been pos
tulated to act as an auto receptor to inhibit both NPYand y-aminobutyric acid
(GABA) release from NPY-containing nerve terminals (Broberger et al. 1997). In
satiated animals, stimulation of the NPY Y2 receptor would have little effect on
food intake because both NPYand GABA release are at low levels and the promi
nent drive in this case would be a-MSH release from POMC neurons. In con
trast, in fasted animals NPY Y2 receptor activation would both directly inhibit
NPY release in the PVN and remove the tonic inhibition of GABA on the POMC
neurons which would result in the release of a-MSH and decreased food intake.
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7.2.2
The Gut Hormone PYY3- 36: APhysiological Agonist of the NPY Y2 Receptor

The NPY Y2 receptor agonist PYY(3-36) is released from the intestine in pro
portion to the number of calories ingested (Pedersen-Bjergaard et al. 1996). In
satiated rats, in which NPY release in the hypothalamus is low, PYY(3-36) stim
ulates feeding-an effect most likely due to an interaction of the peptide with
both NPY Y\ and NPY Y, receptors (Table 1) (Wyss et al. 1998). However, when
NPY release is high, for example after fasting and during the dark phase,
PYY(3-36) acts to inhibit food intake (Batterham et al. 2002). The actions of
PYY(3-36) to inhibit fasting-induced food intake are abolished in NPY Y2

knockout mice. This observation would suggest that PYY(3-36) acts by sup
pressing the release of endogenous NPY via an interaction with the NPY Y2 re
ceptor. In human studies, infusion of PYY(3-36) at concentrations mimicking
postprandial levels decreased hunger scores and total calorie intake (Batterham
et al. 2002). Taken together these results suggest that PYY(3-36) is a physiologi
cally important peptide that signals the brain to reduce food intake after meal
ingestion-an effect apparently mediated by the NPY Y2 receptor.

7.2.3
NPY Y2 Receptor Knockouts

Conditional Knockout. The hypothesis that NPYacts through the NPY Y2 recep
tor to decrease food intake by inhibition of neuronal NPY release would predict
increased food intake as the phenotype of knockout of this receptor subtype. In
deed, after NPY Y2 receptor deletion in the hypothalamus of male mice an in
crease in NPY/AgRP levels is observed in the ARC. This observation that may
underlie the increased food intake observed in these animals (Sainsbury et al.
2002). Importantly, the increase in food intake observed in these studies was
only transient and had returned to control levels 28 days after knockout of the
NPY Y2 receptor. The reason for this rebound is not clear, but may be driven by
the associated increase in corticosterone and, the rise in the plasma levels of
pancreatic polypeptide (PP) or the elevated POMC and cocaine and amphet
amine regulating transcript (CART) (Sainsbury et al. 2002; Guimaraes et al.
2002; Katsuura et al. 2002).

Germline Knockout. The first germline knockout of the NPY Y2 receptor pro
duced the expected phenotype of increased food intake, fat mass and body
weight (Naveilhan et al. 1999). Surprisingly, germline knockout of the NPY Y2

receptor in another laboratory produced an animal with decreased food intake
despite the expected increase in NPY/AgRP and decreased POMC/CART levels
in the ARC (Sainsbury et al. 2002). Chronically elevated plasma PP levels were
an associated characteristic of the second knockout phenotype. Since PP has
been shown to be a peripherally acting anorexogenic substance the reduction in
food intake in these later studies may be due to the chronically elevated increase
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in this peptide. The underlying reason for the differences observed between the
two knockout strains is not known but could be due to differences in back
ground strain, completeness of receptor knockout as well as the presence or ab
sence of the neo gene used in the transfection process.

Crossing the NPY Y2 receptor knockout mouse onto the oblob background
has been shown to attenuate the increased adiposity, hyperinsulinemia, hyper
glycemia as well as the increased activity of the hypothalamus-pituitary-adrenal
axis present in these animals (Sainsbury et al. 2002). These observations would
suggest that the phenotype of the obtob mouse is partially mediated by NPYact
ing through the NPY Y2 receptor. Interestingly, the hyperphagia of the obtob
mouse was unaffected by knockout of the NPY Y2 receptor suggesting that other
receptor subtypes, for instance the NPY Y1 and NPY Y5 receptor subtypes, are
involved in mediating the hyperphagic actions of NPY in this model.

7.2.4
NPY Y2 Receptor Antisense

To date there are no reported studies of the effect of NPY Y2 receptor antisense
administration on food intake.

7.2.5
NPY Y2 Receptor Antagonists

Recently, a nonpeptide NPY Y2 receptor antagonist, BIlE 0246 was described
as a selective high affinity antagonist of the NPY Y2 receptor (King et al. 2000)
(Table 2, Fig. 8). In our hands this compound also appeared to have significant
affinity for the NPY Y5 receptor and for muscarinic receptors. If confirmed in
other laboratories these findings suggest that considerable care should be taken
when using this compound to investigate the role of the NPY Y2 receptor in the
control of food intake.

7.3
The NPY Y4 Receptor Subtype

7.3.1
NPY Y4 Subtype Selective Peptide Agonists and Food Intake

Although the NPY Y4 receptor is expressed predominantly in the periphery, sig
nificant quantities of NPY Y4 mRNA and specific binding sites have been found
in many hypothalamic regions including the PVN. Injection of rat PP, the only
known high affinity agonist of the NPY Y4 receptor with reasonably good selec
tivity against other NPY receptor subtypes has little or no effect on food intake
in either rats or mice (Wyss et al. 1998; Haynes et al. 1998). Furthermore, no
correlation exists between the affinity of NPY analogs for the NPY Y4 receptor
and their ability to stimulate food intake (Fig. 5) (Wyss et al. 1998). Taken to-
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gether these observations suggest that the NPY Y4 receptor plays little role in
the control of food intake.

7.3.2
NPY Y4 Receptor Knockout

The NPY Y4 receptor knockout in male mice presents a phenotype of decreased
food intake, body weight and adiposity (Sainsbury et al. 2002a). The reason for
the decrease in food intake appears not to be related to alterations in hypotha
lamic neuropeptide levels since NPY/AgRP and POMC/cocaine and CART levels
in the ARC are unchanged in the knockout animals. Similar to the NPY Y2 re
ceptor knockout described above, a large increase in plasma PP concentrations
was observed in NPY Y4 knockout animals and this may be the underlying
mechanism for the fall in food intake observed in these studies. Crossing the
NPY Y4 receptor knockout mouse with the ob/ob mouse has no effect on body
weight and adiposity. Therefore, the NPY Y4 receptor is not involved in mediat
ing the actions of NPYto produce the phenotype of the obiob mouse.

7.4
The NPY Y5 Receptor Subtype

7.4.1
The NPY YsReceptor

Analogs of NPY have recently been synthesized that have both high affinity
and selectivity for the rat NPY Ys receptor. Recent examples include [K4,

RYYSA19-23]PP(2_36), [Ala31,Aib32]pNPY, [D-Trp32]hNPY, CPP{1-17), NPY{19
23), and [Ala31,Aib32,Gln34]hPP. All of these peptides potently stimulate food in
take and in the case of [K4,RYYSA19-23]PP(2_36) the effect is greater than that of
the parent peptide (Parker et al. 2000; Cabrele et al. 2000; McCrea et al. 2000).
Correlation studies have also been performed between the affinity of a variety of
modified NPY peptides for the rat NPY Y5 receptor with their ability to stimu
late food intake (Wyss et al. 1998). In this case a significant positive correlation
emerges which appears 'tighter' than for the NPY Y1receptor (Fig. 5).

7.4.2
Knockout of the NPY YsReceptor

Knockout of the NPY Y5 receptor subtype produces an animal of essentially
normal phenotype that when young grows and feeds normally and has both a
normal food intake response to fasting and to centrally administered leptin
(Marsh et al. 1998). In this regard it is much like the NPY knockout mouse de
scribed above. Interestingly, with age the NPY Y5 receptor knockout mice be
come hyperphagic and mildly obese. Since neither of these findings is in agree
ment with a role for the NPY Y5 receptor in the control of food intake, how can
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they be interpreted? Two main explanations have been suggested. The early lack
of phenotype may be because the NPY Y5 receptor subtype is not a critical feed
ing receptor. In its absence food intake is maintained by the action of NPYon
other receptor subtypes (the NPY Y\ receptor for instance; see Fig. 6). Alterna
tively, during development the actions of NPY mediated by the NPY Y5 receptor
may be compensated for completely by other neural pathways as described
above. The late developing obesity has been explained by postulating an exclu
sively presynaptic location for the NPY Y5 receptor. In this position the NPY Y5

SUbtype could act as an autoreceptor negatively inhibiting the release of NPY.
Its absence in the NPY Y5 knockout mouse would then leave the release of NPY
unopposed-leading to overproduction of the peptide and to increased food in
take (Fig. 6). Indeed, there is some evidence for the presence of a presynaptical
ly located NPY Y5 receptor, at least in the subiculum of the rat brain (Ho et al.
2000).

7.4.3
Inhibition of the Production of the NPY Ys Receptor with Antisense ODNs

The physiological role of endogenous NPYacting through the NPY Y5 receptor
has also been investigated using the antisense approach (Schaffhauser et al.
2000; Tang-Christensen et al. 1998). Repeated injections of antisense ODNs has
been shown to reduce NPY-induced food intake, spontaneous food intake and
to inhibit the refeeding response to an overnight fast in rats (Schaffhauser et al.
2000; Tang-Christensen et al. 1998). These data, obtained using antisense ODNs,
contradict the conclusion of the knockout mouse that the NPY Y5 receptor has
no involvement in the control of fasting-induced and spontaneous food intake.
Interestingly, in one of the above studies antisense ODNs directed against the
NPY Y5 receptor reduced total food intake but did not affect either the mi
crostructure of food intake nor the food intake response to galanin , providing
some evidence for the specificity of the approach (Schaffhauser et al. 1997).
However, in general, concerns for the selectivity and toxicity of NPY Y, ODNs
have not been rigorously pursued. Another criticism that has been leveled at the
above studies is the failure to determine whether the antisense molecules actual 
ly entered their target cells to reduce NPY Y5 receptor density. In addition, the
effect of the antisense molecules on food intake was in some cases faster than
the 60-96-h turnover expected for G-protein coupled receptors (3-4 days).
While there may be explanations for this apparent discrepancy this finding does
add to the problems in data interpretation.

In conclusion, while studies with antisense ODNs may point to a role for the
NPY Y5 receptor in the physiological control of food intake, in view of the above
criticisms this conclusion needs to be verified using another approach.
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7.4.4
NPY Ys Subtype Selective Antagonists

Considerable effort has been made by a variety of pharmaceutical companies to
produce NPY Ys receptor antagonists as anti-obesity agents. Although thou
sands of compounds from many different chemical series have been synthesized
it is still not entirely clear whether inhibition of the NPY Y5 receptor can lead to
reduced food intake. This lack of clarity is largely because the activity of many
of these compounds have appeared in the patent literature with only a brief de
scription of their binding affinity for the NPY Y5 receptor and selectivity against
other receptors. Although in the majority of cases decreased food intake has
also been reported, the mechanism or mechanisms through which these com
pounds suppress appetite has not been systematically studied. The drugs could
simply affect food intake by inducing illness or pain or could have significant
cross reactivity with other receptors and channels, which could explain their ef
fect on food intake. The following four compounds have recently been published
in the literature and nicely illustrate the problems that have delayed a final con
clusion as to whether blockade of the NPY Ys receptor has an effect on food in
take.

7.4.5
Examples of NPY Ys Antagonists That Reduce Food Intake

CGP 71683A (Novartis) is perhaps the most widely studied NPY Ys antagonist.
This compound has high affinity for the NPY Y5 receptor with very low affinity
for the NPY YI> Y z and Y4 receptor subtypes. The compound is not orally active
and therefore has been administered peripherally. Initial studies demonstrated
that intraperitoneal injection of CGP 71683A strongly inhibited NPY-induced
food intake. In both fasted and streptozotocin diabetic rats, animal models as
sociated with elevated levels of hypothalamic NPY, CGP 71683A significantly
suppressed the attendant hyperphagia. However, in subsequent studies,
CGP 71683Awas found to have equally high affinity for the serotonin reuptake
recognition site and for cholinergic muscarinic receptors in the rat brain as for
the NPY Y5 receptor. A lower but still reasonably high affinity for az-adrenergic
receptors was also observed-a finding in agreement with the original pub
lished studies on this compound. Since increased serotonin as well as changes
in muscarinic and a-adrenergic receptor activity can affect food intake, these
observations call into doubt the conclusion that the changes in food intake ob
served with CGP 71683A are due only to inhibition of NPY Ys receptors. In
agreement with the above studies, CGP 71683A has recently been shown to re
duce food intake equally in both wild-type and in NPY knockout mice. This lat
ter result confirms that the activity of CGP 71683A resides in a mechanism or
mechanisms of action other than NPY Y5 receptor blockade.

GW438014A (GlaxoSmithKline) is a moderately potent but highly selective
antagonist of the NPY Ys receptor subtype, which like CGP 71683A is not orally
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active (Table 2, Fig. 8). After intraperitoneal administration GW438014A pene
trates into the brain and blocks both NPYand fasting-induced food intake. In
animal models in which brain NPY levels have been shown to be high, such as
during the dark phase in normal rats, in fasted ob/ob mice and in Zucker obese
rats, GW438014A inhibits food intake. The effect of GW438014A on food intake
does not appear to be due to the induction of pain or illness since the product
doses not induce a conditioned taste aversion nor interact with a variety of oth
er receptors.

7.4.6
Examples of NPY YsAntagonists That Do Not Affect Food Intake

Both NPY5RA-972 (AstraZeneca) and L-152,804 (Takeda) are high affinity an
tagonists of the rat NPY Ys receptor with virtually no affinity for the NPY YI>

NPY Y2 and NPY Y4 receptor subtypes or over 120 different receptors, channels
and enzymes (Table 2, Fig. 8). Both compounds are orally active, penetrate into
the brain at a concentration far in excess of their 50% inhibitory concentration
(ICso) values and readily inhibit the increase in food intake produced by selec
tive NPY Y, agonists (Turnbull et al. 2002; Block et al. 2002; Kanatani et al.
2000). However, despite this favorable profile neither compound is able to pre
vent the increase in food intake produced by injection of NPYon spontaneous
feeding or in free feeding, fasted or obese Zucker rats or dietary obese rats.
These results have led to the conclusion that the blockade of the NPY Ys recep
tor does not have a major influence on feeding in rats.

8
Conclusions

When given into the brain, NPY stimulates food intake and a variety of metabol
ic processes that favor fat deposition. The stimulation of food intake and body
weight observed with chronic administration of the peptide is persistent and
leads to obesity. Both the acute and chronic stimulation of food intake and body
weight produced by NPY can be reproduced with selective NPY Y1 and Ys ago
nists. Therefore, there is no doubt that exogenously administered NPY is a po
tent regulator of appetite and could be involved in the development and mainte
nance of obesity. However, questions remain as to whether the increase in food
intake produced by exogenous NPY represents a true hunger state or is mediat
ed by unrelated behavioral changes.

Although brain NPY levels and food intake are temporally related, attempts
to demonstrate a change in food intake after blockade of endogenous NPY have
been mixed. Some studies have shown a change in food intake after blockade of
the actions of NPY. However, the conclusion that NPY plays an important role
in the control of food intake is difficult to fully accept because of the nonselec
tive nature of the inhibitors used.
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Based on the available evidence our conclusion is that NPY probably plays a
role in the day-to-day control of food intake . However, NPY is not a critical reg
ulator of food intake. Therefore in the absence of NPY food intake can be con
trolled by a variety of other hormones and neurotransmitters. A definitive an
swer to the role played by NPY in the control of food intake and metabolism
awaits the development of clean and selective inhibitors.
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Abstract Neuropeptide Y (NPY) is coreleased with the classical transmitter nor
adrenaline in both the peripheral and central nervous systems, and has been
shown to potentiate the pressor effects of noradrenaline. In mammals NPY is re
leased into the circulation in response to intense sympathetic stimulation, and it
maintains blood pressure in the face of hemorrhage. Despite the abundance of
NPY in nerves supplying blood vessels and the heart, it has been difficult to dis
cern the extent of involvement of this peptide transmitter in minute-to-minute
blood pressure control. Vasoconstrictor actions of NPYacross a number of vas
cular beds are likely linked to Y1 receptor activation; the magnitude of these ef
fects is specific to the particular bed under examination. There is some evidence
that raised plasma NPY levels are associated with hypertension, and increased
cardiac NPY release is a hallmark of heart failure. NPY is a constrictor of coro
nary vessels and has been implicated in the development of atherosclerosis and
in angiogenesis; these effects of NPY warrant further investigation. Neurons
containing NPYalso participate in central cardiovascular control. While it is dif
ficult to judge the precise role of central NPY in cardiovascular regulation, in
the brain NPY exerts depressor effects and modulates baroreceptor function.
NPY released in states of sympathoexitation such as heart failure and panic dis
order may contribute to the cardiovascular consequences of these conditions.

Keywords Atherosclerosis· Nucleus tractus solitarii . Heart failure '
Hypertension- Vasoconstriction

1
Introduction

Neuropeptide Y (NPY) is a 36-amino acid peptide that is colocalized and core
leased with noradrenaline from sympathetic nerves . NPY is a member of the
pancreatic polypeptide family, which also comprises peptide YY (PYY) and pan
creatic polypeptide (PP); the three peptides share structural similarities and ac
tivate multiple receptors. To date five G-protein coupled NPY receptors have
been cloned (Michel et al. 1998); their characteristics are discussed in detail
elsewhere in this volume . Cardiovascular effects of NPY have been widely inves
tigated since the discovery of the neuropeptide 20 years ago (Waeber et al.
1988). This reflects the wide distribution of NPY not only in blood vessels, heart
and kidney, but in brain regions involved in the central regulation of cardiovas
cular function (Everitt et al. 1984; Lundberg et al. 1983; Tatemoto et al. 1982;
Walker et al. 1991). This chapter will focus on the cardiovascular actions of NPY
in mammals, in both the periphery and the central nervous system, and exam
ine the evidence for alterations of NPY function in cardiovascular disease states .

1.1
NPY Is Released on Sympathetic Activation

NPY is one of the most abundant peptides in peripheral sympathetic nerves in
nervating cardiovascular structures. Soon after its discovery in extracts of por-



Neuropeptide Yand Cardiovascular Function 329

cine brain (Tatemoto et al. 1982) evidence accumulated to its distribution in pe
ripheral sympathetic nerves surrounding blood vessels (Ekblad et al. 1984;
Lundberg et al. 1983). Several findings implicated NPY in noradrenergic sympa
thetic vasoconstriction. NPY mimicked the component of sympathetic vasocon
striction that was resistant to a-adrenoceptor blockade (Lundberg and Tatemoto
1982) and subsequently experimenters applied a diverse range of investigative
tools to better understand the cardiovascular effects of this transmitter. The dis
covery of NPY followed an increasing awareness and understanding of the im
portant physiological role of nonclassical transmitters such as the neuropeptides
and ATP in both the peripheral and central nervous systems.

NPY is synthesized in the nerve cell, and transported to the nerve terminals.
Overflow of NPY was described from a variety of vascular beds following sym
pathetic nerve stimulation. Corelease of NPYand noradrenaline was demonstra
ted during electrical stimulation of the guinea pig heart (Haass et al. 1989) and
dog skeletal muscle (Kahan et al. 1988) with noradrenaline release favored on a
molar basis by around 1,000-fold. This is in line with the storage ofNPY in large
dense cored vesicles. There is some evidence that NPY is preferentially released
at high stimulation frequencies (Kahan et al. 1988; Kennedy et al. 1997; Pernow
et al. 1989), although other work suggests that NPY can be released along with
noradrenaline at lower frequencies (de Potter et al. 1995).

Support for the concept of NPYas a sympathetic cotransmitter in man devel
oped quickly with the observation of increased plasma concentrations of NPY
when sympathetic nerves were activated by exercise (Morris et al. 1986b;
Pernow et al. 1986) or other sympathetic stimuli such as cigarette smoking
(Rudehill et al. 1989) and cold pressor test (Morris et al. 1986b). Studies across
a variety of species have shown that marked increases in plasma NPY concentra
tions occur after intense sympathetic activation, and these may contribute to
the cardiovascular sequelae. Thus in the conscious rat, activation by hemor
rhage (Morris et al. 1987a), handling or electrical shock (Castagne et al. 1987)
and cold exposure (Zukowska-Grojec et al. 1991) led to increased plasma NPY.
In dogs, yohimbine (0.5 mg/kg) led to a 30% increase in blood pressure, accom
panied by large increases in noradrenaline and NPY (Poncet et al. 1992). On the
other hand sino-aortic denervation caused smaller increases in noradrenaline,
and no significant changes in NPY (Poncet et al. 1992). NPY is also a major ad
renal peptide and release of NPY may contr ibute to the cardiovascular sequelae
of pheochromocytoma (Allen et al. 1983a).

2
Effects of NPY in the Blood Vessel

It is now clear the sympathetic nerves release NPY in addition to noradrenaline
and ATP. Within the vascular system, the relative contribution of NPYto sympa
thetically mediated responses appears to vary considerably with the pattern
of nerve activation, as well as the particular vascular bed under examination
(Gibbins and Morris 2000). NPY is widely distributed throughout sympathetic
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nerves innervating mammalian blood vessels, particularly arteries (Ekblad et al.
1984; Franco-Cereceda and Liska 1998). The functional significance of vascular
NPY-ergic innervation is supported by the correlation between immunohisto
chemical localization of NPY in sympathetic axons and constrictor responses to
exogenously applied NPY (Morris 1994).

2.1
Direct Constrictor Effects of NPY

Many early studies investigated the vasoconstrictor effects of NPY in isolated
blood vessels. NPY was shown to invoke vasoconstriction resistant to adrenergic
blockade and dependent on calcium entry (Edvinsson et al. 1984; Lundberg and
Tatemoto 1982; Mabe et al. 1985; Pernow et al. 1987). The constriction was slow
in onset and long lasting. Contractile responses to NPY were shown to be inde
pendent of the endothelium (Pernow and Lundberg 1988).

Studies in vitro demonstrated that NPY is able to constrict a range of human
vessels including those in skeletal muscle (Pernow and Lundberg 1988), uterus
(Fried and Samuelson 1991) and meningeal and cerebral arteries (Jansen et al.
1992). Direct, long-lasting vasoconstrictor effects of NPY were also demonstra
ted in vivo in the human forearm (Clarke et al. 1991).

Several authors have highlighted the fact that direct contractile effects of NPY
are less apparent in vitro than in vivo (Ekblad et al. 1984; Grundemar and
Hogestatt 1992).

2.2
Vasodilator Effects of NPY

Some vasodilator neurons also express NPY (Gibbins and Morris 2000). Appli
cation of NPY, [Leu31,Pr034]NPYor NPY(l3-36) into the lumen of rat cerebral
arteries led to dilation that was not affected by YI receptor blockade, but abol
ished by inhibition of nitric oxide synthase (You et al. 2001). In this vessel NPY
had constrictor effects mediated by YI receptors on vascular smooth muscle,
and endothelium-derived dilator effects (You et al. 2001). This suggests that
NPY can dilate arteries in an endothelium-dependent process that may be high
ly regionally selective. The functional significance of this dilatory effect of NPY
remains to be established, but increased cerebral blood flow was observed fol
lowing NPY injection into the carotid artery of the cat (Kobari et al. 1993). Va
sodilatory actions of NPY were recently described in small human cutaneous
vessels (Nilsson et al. 2000).

2.3
Potentiation of Constriction by NPY

In addition to direct vasoconstrictor responses, NPY can also potentiate the
contractile response to other pressor agents and to nerve stimulation. The po-
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tentiating effect appears particularly relevant in vessels where NPYdoes not ex
ert direct contractile effects, including the rat femoral artery (Grundemar and
Hogestatt 1992) and rabbit femoral and ear artery (Edvinsson et al. 1984; Saville
et al. 1990). The enhancement of noradrenaline-evoked constriction of rat me
senteric artery by NPY was shown to be more prominent at low concentrations
of noradrenaline (Fallgren et aI.1993). The potentiation response to NPY persist
ed when calcium entry was attenuated (Chen et al. 1996; Fallgren et al. 1993),
but chelation of intracellular calcium abolished NPY potentiation of noradrena
line (Fallgren et al. 1993) leading these authors to suggest that NPY initiates an
intracellular calcium-sensitive mechanism that increases a-adrenoceptor sensi
tivity. Others working on the same vessels reported that NPY enhancement of
noradrenaline-induced contraction involved a rise in intracellular calcium
through an influx of calcium from an extracellular source (Andriantsitohaina et
al. 1993).

Conflicting data have emerged regarding the dependence of an intact endo
thelium for the potentiating effects of NPY on the vasoconstriction elicited by
nerve stimulation. For instance, in the rabbit ear artery endothelium-dependent
(Daly and Hieble 1987) and -independent (Budai et al. 1989) effects were report
ed. Subsequent work in the rat mesenteric (Andriantsitohaina et al. 1991;
Gustafsson and Nilsson 1990) and tail (Small et al. 1992) arteries reported no
requirement for an intact endothelium, but supported the involvement of volt
age-operated calcium channels in the potentiation, at least in the tail artery
(Small et al. 1992). There is evidence that NPY can potentiate purinergic as well
as adrenergic responses in the rabbit ear artery (Saville et al. 1990) and rat me
senteric artery (Westfall et al. 1996), thus this may contribute to the potentiation
of nerve stimulation seen in vivo. In some preparations, such as the guinea pig
saphenous artery, NPY seems to preferentially potentiate the purinergic compo
nent of the neural response (Cheung 1991).

In addition to the demonstrated potentiating effects of NPY in vitro, various
groups have examined this question in vivo (Wahlestedt et al. 1990b). Early
work demonstrated that NPY enhanced the blood pressure responses induced
by a-adrenoceptor activation in pithed rats (Dahlof et al. 1985); this effect was
extended to angiotensin, but not vasopressin, in work carried out in conscious
rats (Aubert et al. 1988; Lopez et al. 1989). The NPY potentiation of the pressor
actions of catecholamines, unlike its direct pressor actions, was nifedipine-inde
pendent (Lopez et al. 1989), leading to the suggestion that different mechanisms
are involved. Subconstrictor amounts of NPY were shown to potentiate phenyl
ephrine-induced constriction of human hand veins (Linder et al. 1996) and led
to significantly greater pressor responses to the a \-adrenoceptor agonist
(Schuerch et al. 1998).

In addition to enhancement of vasoconstrictor substances, there is evidence
that NPY can modulate the actions of vasodilator substances. Thus NPY was
shown to inhibit relaxation to a range of vasodilators, including acetylcholine,
vasoactive intestinal polypeptide and substance P, in rabbit coronary arteries
(Han and Abel 1987), guinea pig uterine (Fallgren et al. 1989) and coronary ar-
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teries (Gulbenkian et al. 1992), and in the rat femoral artery (Grundemar and
Hogestatt 1992). In rat mesenteric arteries NPY inhibited the release of calcito
nin gene related peptide evoked by nerve stimulation, leading to decreased neu
rogenic vasodilation in the presence ofNPY (Kawasaki et al. 1991).

2.4
NPY Effects on Veins Versus Arteries

There is strong immunohistochemical evidence that the pattern of NPYexpres
sion in nerves supplying blood vessels varies both with the segment of vessel
and the species under examination (see Gibbins and Morris 2000 for review).
Several experiments point to a difference between arteries and veins in the abili
ty of NPY to exert direct constrictor effects or to potentiate vasoconstrictor
stimuli.

In the guinea pig, NPY failed to contract the thoracic aorta, or to potentiate
noradrenaline-induced contraction, but in the vena cava it was a more potent
contractile agent than noradrenaline (Morris 1991). Thus different neurotrans
mitters appear responsible for sympathetic responses of the aorta and vena
cava, in line with the different functions of these major vessels. Thus release of
NPY leading to contraction of the vena cava would possibly only occur under
conditions of strong sympathetic activation. Differences in responses to NPY
were also described in the guinea pig mesenteric artery and vein (Smyth et al.
2000), with NPYexerting greater contractile effects in the vein than in the artery.
Other work in canine vessels showed greater stimulation-induced release of
NPY in saphenous and portal veins compared to mesenteric and popliteal arte
ries, but no contractile effect was observed in any vessel up to 100 Ilmolll NPY
and potentiating effects were confined to arteries (Hunter et al. 1996). In the rat
we have demonstrated threefold higher NPY content in equivalent lengths of ab
dominal vena cava versus abdominal aorta (data not shown) . There appear to
be major variations between species and vessel type, with regard to the role of
NPY in veins. The size of the vessel examined may be important as NPY prefer
entially constricted small arterioles (Ekelund and Erlinge 1997). It is likely that
species differences in the pattern of NPY innervation of veins versus arteries
also contribute to the different physiological effects of NPY in the two types of
vessels.

3
Receptors Involved in theVascular Responses to NPY

3.1
NPY Receptor Subtypes

The existence of multiple NPY receptor subtypes was proposed by Wahlestedt
and colleagues in 1986 (Wahlestedt et al. 1986). At this time three NPYactions
at sympathetic neuroeffector junctions were proposed: a direct postjunctional
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response (e.g., vasoconstriction); postjunctional potentiation of noradrenaline
induced constriction; and a post junctional suppression of noradrenaline release
(Wahlestedt et al. 1986). Long C-terminal amidated fragments ofNPY were able
to inhibit transmitter release, a prejunctional effect, while postjunctional effects
required the whole NPYor PYY molecule. Thus prejunctional Y2 and postjunc
tional Y1 receptor subtypes were born (Wahlestedt et al. 1990a). While other re
ceptor subtypes were subsequently characterized (Michel et al. 1998), Y1 and Y2

receptors remain the most relevant to the cardiovascular actions of NPY.
Much of the early experimental work investigating the receptor subtype

specificity of cardiovascular effects of NPY relied on testing responses to selec
tive agonists. In many beds Y1 receptor activation was shown to exert vasocon
strictor effects (see Franco-Cereceda and Liska 1998; Malmstrom 2002; see
Wahlestedt and Reis 1993 for a review). For instance, Y1 selective agonists such
as [Leu31pr034]NPY preferentially contracted rat mesenteric (Chen et al. 1996;
Evequoz et al. 1994), guinea pig uterine artery and thoracic vena cava (Morris
and Sabesan 1994). In the skeletal muscle vascular bed of the pig, NPY(l3-36)
was tenfold less potent than [Leu31Pro34]NPYas a constrictor agent (Modin et
al. 1993). Nonetheless it is clear that in some vessels Y2 receptors can mediate
vasoconstriction (Kotecha 1998) in addition to regulating transmitter release
through a presynaptic action.

More recently, the development of subtype selective NPY receptor antagonists
allowed confirmation of the relative contributions of different receptor subtypes
to the cardiovascular actions of NPY. Thus several groups have examined the ef
fect of Y1 antagonists such as BIBP 3226 on vasoconstrictor effects of NPY.
These experiments have revealed that in human cerebral arteries (Abounader et
al. 1995; Nilsson et al. 1996), cat skeletal muscle arteries (Ekelund and Erlinge
1997) Y1 receptors rather than Y2 receptors mediate the vasoconstrictor effects
of NPY. Studies using BIBP 3226 and SR 120107A revealed Y1 mediated vasocon
strictor actions of NPY in pig kidney, spleen and hindlimb, as well as dog spleen
and guinea pig vena cava (see Malmstrom 1997) and mesenteric artery and vein
(Donoso et al. 1997; Doods et al. 1995; Smyth et al. 2000). Experiments using
BIBP 3226 and 1229U91 conducted in whole animals also supported a major in
volvement of the YI receptor in the pressor response seen after electrical stimu
lation of sympathetic nerves (Kennedy et al. 1997). BIBP 3226 also attenuated
vasoconstriction induced by cold exposure in the rat, suggesting that NPY acti
vation of Y1 receptors may be important in the regulation of vascular tone dur
ing stress (Zukowska-Grojec et al. 1996).

3.2
NPY Receptor Distribution

For much of the past two decades the distribution of NPY receptors has been
inferred from pharmacological studies investigating pressor responses using
NPYand NPY receptor agonists. Another important experimental approach has
been the mapping of NPY receptors on blood vessels of animals and man. Lim-
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ited binding studies have been conducted, possibly due to high nonspecific
binding. [3H]propionyl-NPY bound to rabbit aortic membranes (Chang et al.
1988). 125I-Iabeled NPY binding to pig aorta membranes was more readily dis
placed by NPYand PYY than NPY(l3-36) or PP, demonstrating Yj-like behavior
(Shigeri et al. 1991).

More recently, autoradiography, immunohistochemistry and reverse tran
scriptase polymerase chain reaction (RT-PCR) techniques have been applied to
improve our understanding of the distribution of NPY receptor subtypes within
the cardiovascular system. Studies in humans detected Y1 and Y2 receptor
mRNA in cerebral, meningeal and coronary arteries (Uddman et al. 2002). Im
munohistochemical data suggested a higher density of NPY Y1 receptors in
smaller arteries (Uddman et al. 2002) in keeping with the reported constrictor
effects in smaller vessels (Owen 1993).

The Y4 receptor displays a pharmacological profile distinct from the other
NPY receptors, with high affinity for PP; however, NPY can bind with low affin
ity. Not surprisingly, the role of Y4 receptors in cardiovascular actions of NPY
has received limited attention although Y4 receptors were reported on rat arteri
al smooth muscle (Barrios et al. 1999). Anesthetized Y4 receptor knockout mice
were shown to have markedly lower blood pressure and reduced pressor re
sponse to NPY (Smith-White et al. 2002a); however, it is difficult to comment
on the mechanism(s) underlying these changes, which may relate to central or
peripheral effects.

4
Cardiovascular Effects of NPY In Vivo

4.1
Animal Studies

The cardiovascular effects of NPY have been investigated in a number of mam
malian species. NPYexerts pressor effects in vivo, and potentiates the vasocon
striction to both nerve stimulation and adrenergic agents (Dahlof et al. 1985).
Increases in blood pressure have been described in a range of species (Doods et
al. 1996; Grundemar et al. 1992; Lopez et al. 1989; Minson et al. 1989; Warner
and Levy 1989). As discussed in detail elsewhere in this volume, NPY has also
been shown to exert constrictor effects in the kidney of several species, includ
ing rats and rabbits (Bischoff and Michel 1998; Gardiner et al. 1988; Minson et
al, 1990b), and this may impact on cardiovascular control.

Increases in blood pressure induced by NPY were shown to be Y1 receptor
dependent due to the potency of Y1 selective agonists (Grundemar et al. 1992;
Potter and McCloskey 1992) and pressor responses to NPYand [Leu31pro34]NPY

were effectively inhibited by the Y1receptor antagonists BIBP 3226 (Doods et al.
1996) and SR 120819A (Serradeil-Le Gal et al. 1995) respectively. Further sup
port for the importance of Y1receptors in mediating the pressor effects of NPY
came with the observation of a lack of blood pressure response in mice lacking
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the Y1 receptor (Pedrazzini et al. 1998). Administration of Y1 receptor antago
nists BIBP 3226 and BIBO 3304 was shown to attenuate the increase in blood
pressure in anesthetized cats following carotid occlusion, suggesting an involve
ment ofNPY in the baroreflex (Capurro and Huidobro-Toro 1999).

4.2
Effect of NPY Administration in Man

There has been considerable interest in determining whether NPYexerts cardio
vascular effects in humans. Intravenous infusion of NPY led to reductions in re
nal and splanchnic blood flows in humans (Ahlborg et al. 1992). A dose-related
increase in blood pressure (from 94 to 104 mmHg) accompanied intravenous in
jection ofNPY (90-900 mol/kg) in human volunteers, whereas no significant in
crease was seen on continuous infusion of NPY; however, this led to smaller in
crements in plasma NPY (Ullman et al. 2002). Atrioventricular node conduction
was also prolonged after an NPY bolus (Ullman et al. 2002).

4.3
Animal Models of Hypertension

Considerable attention has been directed at determining whether the distribu
tion and density of NPY-containing nerves surrounding blood vessels may differ
in animal models of hypertension. Immunohistochemical studies have reported
increased density of NPYand noradrenergic fibers in the cerebral (Dhital et al.
1988) and mesenteric (Kawamura et al. 1989; Lee et al. 1988) artery of the spon
taneously hypertensive rat. We have observed increased NPY content in the me
senteric and femoral artery, jugular vein and vena cava of spontaneously hyper
tensive rats compared to Wistar Kyoto control rats (M.J. Morris and J.M. Pavia,
unpublished results). Exaggerated contractile responses to NPY have been dem
onstrated in the spontaneously hypertensive rat (Daly et al. 1988; Zukowska et
al. 1993a) and infusion of NPY led to greater increases in blood pressure in this
model relative to several control strains (Miller and Tessel 1991).

Changes in blood vessel NPY content may contribute to increased peripheral
resistance in spontaneous hypertension, particularly during the development
phase (Zukowska et al. 1993a). One study exploring the ability of NPY to affect
noradrenergic transmission in the mesenteric artery of spontaneously hyperten
sive rats showed a greater potentiating effect of NPYon responses to nerve stim
ulation or exogenous noradrenaline (Westfall et al. 1990). Moreover the ability
of NPYto decrease evoked release of noradrenaline was attenuated in the spon
taneously hypertensive rat, suggesting that both prejunctional and postjunction
al actions of NPY may be affected in this model (Westfall et al. 1990).

In addition to genetic hypertension, the role of NPY has been explored in
other models of hypertension. No change in vascular NPY content was observed
in one-kidney or two-kidney one-clip hypertension in the rat (Allen et al. 1986).
Later studies demonstrated depletion of NPY in mesenteric and renal arteries
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after hypertension was induced by aortic coarctation (Ballesta et al. 1987). In
creased plasma NPY was observed in rabbits with renal hypertension (Minson
et al. 1990b).

5
NPY in the Mammalian Heart

5.1
Distribution and Cardiac Effects of NPY

Soon after its discovery NPY was identified as an important cardiac peptide (Gu
et al. 1983). Radioimmunoassay studies demonstrated that NPY is present in
high concentrations in the heart of several species, including humans (Gu et al.
1984; Onuoha et al. 1999), with high levels in the atria. NPY-containing sympa
thetic nerve fibers innervate coronary vessels and cardiomyocytes of rodents
(Allen et al. 1986;Gu et al. 1984; Nyquist-Battie et al. 1994). NPY is found in the
sinoatrial and atrioventricular nodes and atrioventricular bundles (Gu et al.
1984).

Sympathectomy led to a depletion of cardiac NPY in the rat (Corr et al. 1990;
Lundberg et al. 1985; Maccarrone and Iarrott 1987; Morris et al. 1986a), con
firming the presence of NPY in sympathetic nerves. However, NPY was not
completely depleted by sympathetic denervation (Maccarrone and Iarrott 1987)
in keeping with the presence of NPY in intrinsic cardiac nerves (Hassall and
Burnstock 1987).

Electrical stimulation of sympathetic nerves induces release of NPY along
with noradrenaline from the heart in the guinea pig (Haass et al. 1989) and dog
(Warner et al. 1991). NPY was initially reported to exert negative inotropic and
chronotropic effects, possibly linked to constriction (Allen et al. 1983b). In
whole animal studies it is difficult to separate direct cardiac actions of the pep
tide from reflex responses to its pressor actions (Minson et al. 1989). In con
scious dogs with atrioventricular block, a bradycardic response to NPY infusion
was linked to reflex withdrawal of ,a-adrenergic tone (Boucher et al. 1994). A
ventricular tachycardic effect was attributed to an action of NPYon receptors in
the His bundle (Boucher et al. 1994). One study in anesthetized dogs reported
that intravenous NPY administration induced hypertension due to peripheral
vasoconstriction, with weak positive inotropic effects, and no effect on heart
rate (Hashim et al. 1997). Overall NPYappears to exert little direct influence on
heart rate.

There has been considerable interest in characterizing the effects on NPY in
coronary vessels. In vitro studies in the coronary artery showed direct contrac
tile effects of NPY, potentiation of noradrenaline-induced constriction in the rat
(Prieto et al. 1991), and attenuation of noradrenaline-induced relaxation under
some conditions in the rabbit (Corr et al. 1993; Han and Abel 1987). NPY-con
taining fibers also innervate coronary veins, and weak constrictor effects of
NPY were reported (Gulbenkian et al. 1994).
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Direct contractile effects of NPYon coronary arteries, resistant to adrenocep
tor blockade, have been reported in isolated heart preparations as well as in vivo
preparations from a number of species, including guinea pig (Franco -Cereceda
et al. 1985; Rioux et al. 1986), pig (Rudehill et al. 1986) and dog (Aizawa et al.
1985; Ertl et al. 1993; Komaru et al. 1990; Martin et al. 1992; Maturi et al. 1989;
Stack and Patterson 1991). Intracoronary injection of NPY in anesthetized dogs
led to reductions in coronary blood flow, heart rate, and increased coronary vas
cular resistance (Ertl et al. 1993; Martin et al. 1992;Tanaka et al. 1997) that were
resistant to a-adrenergic blockade (Stack and Patterson 1991) and appeared to
involve thromboxane (Martin et al. 1992). During nerve stimulation in the pres
ence of a-adrenoceptor blockade, NPY levels correlated with coronary vascular
resistance; this relationship was abolished by treatment with BIEP 3226 (Tanaka
et al. 1997). It is difficult to extrapolate from these animal studies into man;
however, NPYappears likely to act as a constrictor of coronary vessels. The abil
ity of NPY to induce coronary ischemia may depend on the degree of sympa
thetic activation and the activity of other constrictor agents, as well as the con
dition of the blood vessels.

Work in humans where NPY was injected into the coronary artery showed
evidence of coronary vasospasm. Intracoronary injection of NPY into patients
with angina pectoris induced myocardial ischemia (Clarke et al. 1987). Thus
changes in local NPY release may have important cardiovascular consequences.

Another important cardiac action of NPY relates to the vagal inhibition fol
lowing sympathetic stimulation first described in the dog by Potter (Potter
1985) and subsequently demonstrated in the rat (Potter et al. 1989). Neurally re
leased and exogenous NPYattenuated the parasympathetic effects on atrial myo
cardium and the nodes (Warner and Levy 1989). Subsequent experiments in Y2
receptor knockout mice showed that NPY modulation of cardiac parasympa
thetic neurotransmission was dependent on Y2 receptors (Smith-White et al.
2002b). Work in humans showed that a prolonged period of exercise, known to
lead to NPY release from the heart (Morris et al. 1997a), attenuated the barore
flex slowing of the heart (Ulman et al. 1997).

5.2
Distribution of Cardiac NPY Receptors

Binding studies in rat ventricular membranes using 125I-Iabeled-NPY showed
that NPY(l3-36) could compete for binding, suggesting the presence of Y2 re
ceptors in addition to Y1 (Balasubramaniam et al. 1990). [Leu31pr034JNPYand

NPY(l3-36) were shown to exert opposing effects on contraction of rat car
diomyocytes, suggesting the presence of postjunctional YI and Y2 receptors
(McDermott et al. 1997). Products corresponding to Y1and Y2mRNAwere iden
tified by RT- PCR in human myocardium and coronary arteries (Uddman et al.
2002). A recent immunohistochemical study has described the distribution of
Y1 and Y2 receptors in the human heart (Jonsson-Rylander et al. 2003). Immu
noreactivity against both Y1 and Y2receptors was evident in atrial and ventricu-
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lar tissue and nerve fibers. Overall, vessels were enriched with Y2 receptors rela
tive to YI receptors (Jonsson-Rylander et al. 2003). Interestingly, a greater pro
portion of subendocardial vessels contained YI receptors than those located in
the subepicardium.

Changes in cardiac NPY release, content and receptors have been observed in
patients with heart disease ; these are discussed in Sect. 7.

5.3
Mitogenic Effects of NPY in Vessels and (ardiomyocytes

In addition to its effects on vascular tone, NPYexerts angiogenic effects at con
centrations below those required for vasoconstriction (Zukowska-Grojec et al.
1998). These effects were first shown in rat vascular smooth muscle cells derived
from aorta and vena cava, stimulating 3H-thymidine incorporation (Zukowska
Grojec et al. 1993b) and DNA synthesis (Shigeri and Fujimoto 1993). Although
originally ascribed to a YI receptor, subsequent work in human umbilical vein
endothelial cells showed effects on capillary tube formation that were not inhib
ited by the Y1antagonist BIBP 3226 (Zukowska-Grojec et al. 1998). The activity
of the Y1 agonist [Leu31Pro34]NPY in this assay was ascribed to its conversion to
NPY(3-36) by dipeptidyl dipeptidase (Zukowska-Grojec et al. 1998). NPYand
[Pro34]NPY stimulated proliferation of human vascular smooth muscle cells in
culture and NPY potentiated the proliferative action of noradrenaline (Erlinge et
al. 1994), while effects of ATP were additive . Support for the involvement of Y2

receptors in this response has come from two separate, recent studies in Y2 re
ceptor knockout mice where NPY-induced angiogenesis was impaired (Ekstrand
et al. 2003; Lee et al. 2003). Based on experiments using antagonists these au
thors suggest that Y5, and to a lesser extent YI receptors may contribute to NPY
mediated angiogenesis (Lee et al. 2003). In support of this, Y2 receptors were
found to be widely expressed on endothelial cells of newly formed blood vessels
(Ekstrand et al. 2003).

NPY stimulates protein synthesis in rat cardiomyocytes (Millar et al. 1994),
and the initiation of hypertrophy of cardiomyocyte cultures was reported to in
volve Y1 and Y2 receptor mediated mechanisms (Nicholl et al. 2002). In cultured
mice cardiomyocytes, NPY potentiated phenylephrine-induced activation of mi
togen-activated protein kinase (MAPK). A Y5 receptor was invoked in this re
sponse as the cells expressed primarily this receptor subtype, and NPY failed to
potentiate MAPK phosphorylation in cardiomyocytes from Y5 receptor knock
out mice (Pellieux et al. 2000).

5.4
NPY and Atherosclerosis

In addition to mitogenic effects, NPY has recently been implicated in atheroscle
rosis . A leucine-proline subs titution at position 7 in the signal part of the NPY
gene correlated with elevated total and low density lipoprotein cholesterol and
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medial thickening of the carotid artery, particularly in obese subjects (Karvonen
et al. 2001; Niskanen et al. 2000), although others reported a more limited asso 
ciation (Erkkila et al. 2002). This proline 7 substitution may accelerate
atherosclerotic progression, and this finding suggests that the role of NPY in hu
man atherogenesis warrants further attention.

In this regard, the potentiating effect of NPY on neurally mediated contrac
tions of the mesenteric artery was greater in 12-month-old Watanabe heritable
hyperlipemic rabbits, suggesting that atherosclerosis may be associated with
modifications in the response to NPY (Stewart-Lee et al. 1992). Another study
from the same group reported increased direct vasoconstrictor effects of NPY in
coronary vessels from hyperlipidemic rabbits compared with normal rabbits
(Corr et al. 1993).

6
NPY in the CNS

6.1
Localization of NPY in the Brain

NPY is abundant and widely distributed in the mammalian brain (Allen et al.
1983c), particularly in the paraventricular nucleus and arcuate nucleus of the
hypothalamus (Everitt et al. 1984; Chronwall et al. 1985). The distribution of
NPYappears similar in rodent and human.

Within the brain NPY is present in cell groups involved in blood pressure
regulation including brainstem catecholamine cells (Chronwall et al. 1985;
Hokfelt et al. 1983; Potter et al. 1988). The A2 (noradrenaline) and C2 (adrena
line) cell groups lie within the nucleus of the tractus solitarii (NTS), the site of
termination of baroreceptor afferent neurons. Baroreceptor information passes
from the NTS to the (depressor) caudal ventrolateral medulla Al area. From
here, inhibitory signals project to the rostral ventrolateral medulla, a region that
mediates pressor actions via direct bulbospinal projections (Chalmers and
Pilowsky 1991). NPY is extensively co-localized within brainstem adrenergic
neurons that project to the paraventricular nucleus of the hypothalamus
(Sawchenko et al. 1985), with partial overlap with noradrenaline containing cell
groups such as Al and A2.

As well as being a cotransmitter in ascending catecholaminergic projections
relaying information to the hypothalamus, NPY-positive neurons in the rostral
ventrolateral medulla project to the intermediolateral cell column of the spinal
cord, and thus are implicated in the bulbospinal control of cardiovascular func 
tion (Blessing et al. 1987; Minson et al. 1990a; Tseng et al. 1993). The observa
tion that increased NPY overflow into spinal cord perfusate accompanies the
pressor response to both Cl stimulation (Morris et al. 1987b) and inhibition of
vasodepressor neurons in the caudal medulla (Pilowsky et al. 1987) in the anes
thetized rabbit, underlines the physiological significance of spinally projecting
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NPY neurons. NPY positive cells have also been described in the rostral ventro
lateral medulla of the human brain (Halliday et al. 1988).

Results of studies using a number of other approaches highlight the possible
involvement of medullary NPY in tonic blood pressure control. Hemorrhage led
to increased NPY mRNA expression in medullary catecholamine cell groups,
particularly Cl and C2 (Chan and Sawchenko 1998). These changes correlated
with the extent of hemorrhage, supporting the involvement of NPY in the auto
nomic responses to perturbations in blood pressure (or volume). In support of
this, another study showed that hypotension led to increased activation (as
sessed by c-fos) of NPY-containing neurons in the NTS (McLean et al. 1999).
Co-arctation induced hypertension was accompanied by increased NPY immu
noreactivity in the NTS and ventral medulla, and altered affinity of 12sI-labeled
PYY binding (Ferrari et al. 2002).

6.2
NPY Receptors in the Brain

Early studies characterizing the brain distribution of NPY receptors relied
on nonspecific ligands such as 12sI-labeled PYYand -NPY (Martel et al. 1990;
Ohkubo et al. 1990; Walker and Miller 1998). Differential distributions of Y, and
Y2 receptors were reported (Dumont et al. 1990; Wahlestedt and Reis 1993;
Widdowson et al. 1993). Membrane binding experiments revealed predominant
ly YI receptor binding in the cerebral cortex and Y2binding in the hippocampus
(Larsen et al. 1993). Autoradiographic distribution studies demonstrated that YI

receptors are located in the cerebral cortex, thalamus and brainstem nuclei, with
lower levels in hypothalamic areas (Dumont et al. 1993; Larsen et al. 1993). Pu
tative Y2 binding sites were widespread (Dumont et al. 1993); these receptors
have been located in the dorsal vagal complex, where a proportion appears to
be on vagal afferent terminals innervating the NTS (McLean et al. 1996). The ad
vent of receptor subtype-selective ligands allowed a re-evaluation of the regional
distribution of receptors for NPY (Dumont et al. 1996;Gobbi et al. 1999).

As further receptors became cloned, mRNA expression studies examined the
regional subtype localization (Parker and Herzog 1999). These techniques re
vealed some species differences in the expression and distribution of Y1> Y2, Y4

and Y5 receptors across rodents, guinea pig and primate brain (Dumont et al.
1998).

In keeping with receptor auto radiographic studies, YI receptor mRNA was
described in cortex, hippocampus, thalamus, hypothalamus and numerous
brainstem nuclei (Parker and Herzog 1999). The brain distribution of the YI re
ceptor was recently mapped using a terminally directed YI antibody (Migita et
al. 2001). Y2receptor mRNA is highly expressed in the amygdala , hypothalamus,
thalamus, hippocampus and brainstem (Gustafson et al. 1997). Y4 binding sites
and Y4 receptor mRNA have been reported in neurons of the dorsal vagal nucle
us and the area postrema (Larsen and Kristensen 1997; Parker and Herzog 1999;
Trinh et al. 1996). In the human and rat brain, Ys receptor mRNA is found in
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hippocampal regions and throughout the hypothalamic nuclei, with little ex
pression in brainstem areas (Jacques et al. 1998; Parker and Herzog 1999).

6.3
Central Cardiovascular Effects of NPY

The early discovery of NPY in brainstem cell groups implicated in cardiovascu
lar regulation prompted interest in the possible involvement of central NPY in
blood pressure regulation. In contrast to the pressor effect of peripherally ad
ministered NPY, administration of NPY into the lateral ventricle, cisterna magna
or by the intrathecal route, was generally shown to lead to hypotension (Fuxe et
al. 1983; Harfstrand 1986; Scott et al. 1989; Westfall et al. 1988). In conscious
rabbits the reduction in blood pressure was associated with reduced renal sym
pathetic nerve activity (Mastumura et al. 2000). Others have reported an in
crease in blood pressure after intracerebroventricular administration to ure
thane anesthetized rats (Hu and Dunbar 1997; Vallejo and Carter 1986) that was
associated with reduced conductance in the iliac and mesenteric vessels (Hu
and Dunbar 1997).

Site-specific cardiovascular changes were observed when NPY was adminis
tered into brain parenchyma. Injection of NPY into the posterior hypothalamus
evoked a pressor response in the rat (Martin et al. 1988). Several groups have
investigated the effects of NPY in the NTS, which is the site of termination of
baroreceptor afferent fibers and an area rich in NPY binding sites (Harfstrand
et al. 1986). Microinjection of NPY into the NTS elicits a dose-dependent fall in
blood pressure and a long lasting reduction in heart rate (Barraco et al. 1990;
Carter et al. 1985; Grundemar et al. 1991 a.b; Morris and Pavia 1997; Tseng et al
1989). There is evidence that NPYadministered within the NTS may also influ
ence baroreceptor reflex function (Grundemar et al. 1991bj Shih et al. 1992).

Few studies have investigated the subtype of brain NPY receptors responsible
for the cardiovascular actions of exogenously applied NPY. One study suggested
that Y1 receptors mediate a depressor effect in the NTS that can be counteracted
by a Y2 receptor selective ligand, NPY(l3-36) (Yang et al. 1993). Within the
NTS, Yl> Y2 and Y4 receptors have been reported (see above), and we have au
toradiographic evidence of Ys-like binding (A. Stafford , P. Sexton and M.J. Mor
ris, unpublished results) .

6.4
Central Interactions Between NPY and Noradrenaline

NPY and noradrenaline are colocalized in ascending medullary neurons
(Chronwall et al. 1985) and these transmitters appear to be coreleased in the
central nervous system (Hastings et al. 1998). Various groups have examined
the possibility of NPY-noradrenaline interactions at the level of the central ner
vous system. Postnatal treatment with NPY antiserum led to lasting effects on
hypothalamic noradrenaline content (Vallejo et al. 1987). More acute effects
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have been reported: for instance az-adrenoceptors were shown to regulate bind
ing characteristics of NPY receptors in the NTS (Harfstrand et al. 1989). There
is evidence of modulatory effects of NPYon noradrenaline that are mediated by
Y1 (Hastings et al. 1997) and Yz (Illes et al. 1992) receptors. Moreover we have
evidence of a functional interaction between NPYand az-adrenoceptors, as the
depressor actions of NPY were significantly attenuated by the az-adrenoceptor
antagonist yohimbine (Morris et al. 1997b). Anatomical data support an in
volvement of the az-adrenoceptor in the depressor effects of NPY in the NTS as
both Y1 and Y z receptors are expressed in the brainstem (see above) and there is
overlap between Y1 receptor immunoreactivity in az-adrenoceptor-containing
regions, including A2 and C2 cell groups (Yang et al. 1996). Recent ultrastruc
tural evidence suggests that in the NTS Y1 receptors are located presynaptically
on NPY or catecholamine-containing terminals, as well as postsynaptically on
NPYor catecholamine-containing neurons that most likely receive terminals of
nerves containing amino acid transmitters (Glass et al. 2002). Thus Y1 agonists
may modulate a variety of transmitters in the NTS, thereby affecting blood pres
sure.

The central cardiovascular effects of NPY may be mediated by the adipocyte
derived hormone leptin. Leptin can inhibit release of NPY not only in the hypo
thalamus, but also in the medulla oblongata (Lee and Morris 1998), and pre
treatment with leptin attenuated the depressor response to NPY (Matsumura et
al. 2000).

6.5
Central NPY Content and Responsiveness in Hypertensive Animals

Several experimenters have turned to hypertensive models to explore the role of
central NPYin cardiovascular regulation. A potential role of endogenous NPYin
hypertension was suggested following observations of altered concentrations of
brain NPY in the spontaneously hypertensive rat. Conflicting findings have been
reported, with reductions (Maccarrone and [arrott 1985) and no change (Pavia
and Morris 1994) in NPY immunoreactivity in the brain of the spontaneously
hypertensive rat. Other workers described a higher density of NPY binding sites
in the area postrema of the spontaneously hypertensive rat (Nakajima et al.
1987), and increased Y z receptor binding in the NTS (Aguirre et al. 1995) al
though this was not borne out in autoradiography studies of the dorsal vagal
complex (McLean et al. 1996). Altered responses to NPY injected into the NTS
of the spontaneously hypertensive rat (Takesako et al. 1994), and an attenuation
of the depressor response to intrathecal NPY were described in this model
(Westfall et al. 1988). The physiological significance of these findings is difficult
to assess.

An age-related decrease in NPY activity has been reported in medullary C1
and C2 cell groups of the rat (Fuxe et al. 1987), which may contribute to altered
cardiovascular responsiveness with ageing. However, no difference was ob
served in the blood pressure lowering effect of NPY injected into the NTS of



Neuropeptide Yand Cardiovascular Function 343

3-month-old versus 17-month-old Sprague-Dawley rats (Morris and Pavia
1997). Interestingly, age-related decreases in hypothalamic NPY peptide content
(Pavia and Morris 1994) and NPY immunohistochemical staining of the para
ventricular nucleus (Fuxe et al. 1987) was also observed, possibly reflecting re
duced input from medullary NPY-containing regions.

Another approach used to investigate the role of NPY in cardiovascular regu
lation is the development of the NPY transgenic rat that overexpresses NPY.
Resting mean arterial pressure was not affected in this animal despite elevated
calculated vascular resistance. On the other hand, noradrenaline-induced pres
sor responses were exaggerated, and the cardiovascular response to hemorrhage
was reduced in transgenic animals (Michalkiewicz et al. 2001). Overall this find
ing suggests that endogenous NPYtone may be important in cardiovascular reg
ulation under certain conditions.

7
NPY in Cardiovascular Disease

NPY exerts direct pressor effects, and potentiates effects of other constrictors,
actions that are now known to be largely Y1 receptor mediated. Moreover this
peptide is released into the circulation on sympathetic activation, thus many
laboratories have examined the involvement of NPY in hypertension (for a re
view see Michel and Rascher 1995). Conflicting data presented regarding resting
plasma NPY concentrations in human hypertension probably reflect method
ological and patient sampling differences between laboratories. Some workers
have suggested that elevated plasma NPY (and noradrenaline) may reflect in
creased sympathetic nervous activity in hypertensive patients (Solt et al. 1990).
Others reported increases in NPY in both male and female hypertensive pa
tients, with no elevation in noradrenaline (Wocial et al. 1995). We observed no
elevation in plasma NPY in patients with untreated moderate hypertension
(Chalmers et al. 1989), and the NPY response to sympathetic activation was sim
ilar to that observed in normotensive subjects (Morris et al. 1986b). Takahashi
and colleagues (1989) reported no difference in NPY levels in hypertensive ver
sus normotensive patients undergoing renal hemodialysis. Higher plasma NPY
concentrations were observed in patients with untreated hypertension (Erlinge
et al. 1992) and in those admitted to an emergency ward due to severe hyperten
sion (Edvinsson et al. 1991); no correlation was observed between systolic or di
astolic blood pressure and NPY (or noradrenaline). Another group reported ele
vated plasma NPY in adolescents with primary hypertension; these were main
tained when blood pressure was lowered by ,B-adrenoceptor blockade (Lettgen
et al. 1994). When patients with hypertension related to endocrine causes were
examined, increases in NPY were observed in those with pheochromocytoma,
but not primary hyperaldosteronism or Cushing's syndrome (Tabarin et al.
1992). The hypertension induced by dexamethasone in healthy volunteers was
not associated with increases in circulating NPY (Whitworth et al. 1994). On
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balance, small changes in plasma NPY appear to occur in hypertension, and
these appear to vary with the degree of the elevation of blood pressure.

It is difficult to speculate on the possible functional significance of alterations
in circulating NPY, and few studies have investigated vascular responsiveness to
NPY in hypertension. It has been reported that there is diminished contractile
response to NPY in veins but not in arteries from patients with essential hyper
tension (Lind et al. 1997). Given the vascular bed-specific effects of this peptide,
altered release of NPY may be important in various pathophysiological condi
tions . An age-related enhancement of the vasoconstrictive effects of NPY has
been demonstrated in the rat and rabbit in vitro (Corr et al. 1993; Glenn and
Duckles 1994), and enhanced pressor responses to infusion of NPYoccurred in
aged rats (Miller and Tessel 1991). It is not known whether age-related changes
in NPY responsiveness occur in humans.

Plasma NPY was shown to be increased in patients undergoing exercise tests
for the investigation of chest pain (Morris et al. 1986c) and in patients with cor
onary artery disease. The increase in NPY correlated with the degree and dura
tion of ST-segment depression after exercise, suggesting NPY may contribute to
myocardial ischemia (Gullestad et al. 2000).

It is difficult to interpret the significance of systemic NPY levels, given that
these reflect overflow from numerous vascular beds , of a neuropeptide which
has a long half-life in humans (Pernow et al. 1987). One useful approach to ex
amine the pathophysiological significance of NPY in human disease is to exam
ine regional NPY overflow across individual organs. For instance in patients
with cardiac failure, overflow of NPY from the coronary sinus at rest was
markedly elevated (Kaye et al. 1994), achieving levels seen during strenuous bi
cycle exercise in healthy subjects (Morris et al. 1986b). This is in line with the
degree of cardiac sympathetic stimulation in this disease. Interestingly, patients
with cardiac denervation following transplant showed a relative extraction of
NPY compared to control subjects (Morris et al. 1997a).

Several groups of experimenters have examined plasma NPY in patients with
heart failure. Increased plasma levels of NPYat rest were reported (Derchi et al.
1993; Hulting et al. 1990;Kaye et al. 1994; Maisel et al. 1989) while in other stud
ies plasma NPY was not elevated relative to healthy control subjects (Dubois
Rande et al. 1992; Masden et al. 1993). NPY was correlated with the degree of
decompensation of heart failure (Hulting et al. 1990) and with a reduction in
stroke volume index (Ullman et al. 1993). In patients with dilated cardiomyopa
thy, depletion of NPYand noradrenaline content was observed in left and right
ventricles, probably linked to increased adrenergic drive (Anderson et al. 1992).
Sustained cardiac release of NPY may lead to receptor changes and the expres
sion of ventricular NPY Y1 receptor mRNA, assessed by RT- PCR, was also dra
matically reduced in human heart patients relative to donors (Gullestad et al.
1998).

The observation of enhanced overflow of NPYduring exercise under hypoxic
conditions (Kaijser et al. 1990) suggests that release of NPY may be influenced
by ischemia. This was directly investigated in patients undergoing aortic occlu-
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sion during coronary artery surgery, where the outflow of NPYand noradrena
line were enhanced, in keeping with increased sympathetic nerve activity
(Franco-Cereceda et al. 1990). Increased release of NPY into the coronary sinus
was demonstrated during the sympathetic activation that accompanied panic at
tacks (Esler et al. 2003) and this may contribute to the increased risk of sudden
death and myocardial infarction in sufferers of this disorder.

Under certain conditions, increased concentrations of NPY may be an impor
tant determinant of vascular tone. NPY is increased following hemorrhage and
endotoxic shock in animals (Corder et al. 1990; Morris et al. 1987a) and was
shown to prevent the blood pressure decrease induced by endotoxin injection
into adrenalectomized rats (Evequoz et al. 1988). NPY treatment improved sur
vival in endotoxic shock, in contrast to other pressor agents (Hauser et al.
1993).

8
Conclusions and Future Directions

NPY exerts cardiovascular effects in both the peripheral and central nervous
systems. The advent of receptor specific antagonists of NPY has allowed the de
lineation of site-specific effects of NPY. The lack of pressor response to NPY in
animals lacking the YI receptor is strongly supportive of a major role of this re
ceptor in the constrictor effects of NPY. Despite the clear evidence of the impor
tance of NPY in mediating vascular effects in its own right, and in modulating
the responses to other vasoconstrictor or vasodilatory agents, the precise in
volvement of NPYin basal vascular tone remains difficult to judge. Work in ani
mals indicates there is little doubt that NPY is involved in the cardiovascular ef
fects of a number of pathophysiological states such as hypertension and heart
failure, as well as the responses to stress of various kinds. NPY is a major cardi
ac peptide and has been shown to induce hypertrophy of cardiomyocytes. Evi
dence gathered using a number of approaches supports an involvement of med
ullary NPY in blood pressure control. Cardiovascular effects are observed fol
lowing NTS microinjection, and activation of NPY cells in this region follows
hemorrhage.

Work in recent years has confirmed the presence of NPY receptors in human
vascular tissue and in central neurons involved in blood pressure control. Plas
ma levels of NPYappear increased in some forms of hypertension, and in heart
failure marked increases are observed. Further work is required to examine
whether bed-specific effects of NPY, e.g., in the coronary artery, may contribute
to coronary events in humans. This may be particularly relevant given the re
cently described link between NPYand atherosclerosis.
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Abstract Neuropeptide Y (NPY) is a co-transmitter of the sympathetic nervous
system including the renal nerves . The kidney expresses NPY receptors, which
can also be activated by peptide YY (PYY), a circulating hormone released from
gastrointestinal cells. Five subtypes of NPY receptors have been cloned, among
which YI> Yz and Y5 appear to be involved in the regulation of renal function.
NPY produces potent renal vasoconstriction in vitro in isolated interlobar arte
ries and in the isolated perfused kidney and in vivo upon intrarenal or systemic
administration via a Y1 receptor. Nevertheless glomerular filtration rate is al
tered only little if at all by NPY, indicating a greater effect on the vas efferens
than the vas afferens. NPY can inhibit renin release via Yj-like receptors. NPY
can stimulate Na+fK+-ATPase in proximal tubules via Yz receptors and can an
tagonize the effects of vasopressin on isolated collecting ducts . It can also act
prejunctionally to inhibit noradrenaline release via Yz receptors. Despite the
profound reductions of renal blood flow, systemic NPY infusion can cause diu
resis and natriuresis; this occurs largely independent of the pressure natriuresis
mechanisms and is possibly mediated by an extrarenal Y5 receptor. Studies with
the conversion enzyme inhibitor, rarniprilat, and the bradykinin receptor antag
onist, icatibant, indicate that bradykinin at least partiy mediates diuretic NPY
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effects. NPY antagonists enhance basal renal blood flow but do not alter basal
diuresis or natriuresis indicating that renovascular but not tubular NPY recep
tors may be tonically activated by endogenous NPY.

Keywords Kidney' Renal blood flow - Diuresis· Natriuresis· Hypertension 
Uremia

1
Introduction

The kidney controls not only fluid and osmolar balance and metabolic end
product excretion but is also crucial for long-term blood pressure regulation
and has endocrine effects. Therefore, it can be considered to playa central role
in the maintenance of homeostasis in the organism, and hence renal function is
tightly controlled by a variety of neural and hormonal systems. Neuropeptide Y
(NPY), the related peptide YY (PYY) and, perhaps, also pancreatic polypeptide
(PP) can potentially regulate renal function in several direct and indirect ways.
The direct NPYand PYYeffects occur via NPY receptors in the renal vasculature
and the tubules. The indirect effects can involve a number of different mecha
nisms. Thus, alterations of intrarenal hemodynamics may have secondary ef
fects on tubular function whereas alterations of systemic hemodynamics, that is,
blood pressure elevation (McDermott et al. 1993; Michel and Rascher 1995),
could cause pressure natriuresis and/or baroreflex-mediated lowering of sympa
thetic tone in the kidneys . A lowering of sympathetic drive to the kidneys can
also occur locally via prejunctional NPY receptors (Edvinsson et al. 1987). Stim
ulation of NPY receptor within or outside of the kidney may also affect the ac
tivity of various humoral systems including the renin-angiotensin and the atrial
natriuretic peptide system. Finally, activation of NPY receptors in certain parts
of the brain may affect renal function (Chen et al. 1990; Martin et al. 1989;
Matsumura et al. 2000; Roberts et al. 2000). This chapter will analyze the com
plex interactions between the above mechanisms, with the exception of the cen
tral effects.

2
Presence and Release of NPY in the Kidney

NPY is found, for example, by immunohistochemistry, in the kidney of various
species including rat (Ballesta et al. 1984; Chevendra and Weaver 1992; Knight
et al. 1989; Reinecke and Forssmann 1988), mouse (Ballesta et al. 1984), hamster
(Ballesta et al. 1984), guinea pig (Ballesta et al. 1984; Reinecke and Forssmann
1988), pig (Reinecke and Forssmann 1988), dog (Reinecke and Forssmann
1988), monkey (Ballesta et al. 1984; Norvell and MacBride 1989) and man
(Ballesta et al. 1984; Grouzmann et al. 1994; Norvell and MacBride 1989). It can
be detected in almost all renal sympathetic neurons (Chevendra and Weaver
1992; Knight et al. 1989). Whether neurons are the only source of renal NPY
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content is not fully clear. On the one hand, destruction of sympathetic nerve ter
minals by 6-hydroxy-dopamine dramatically decreases renal NPY content
(Ballesta et al. 1984). Similarly, two studies failed to detect mRNA for NPY in
human renal cells (Turman et al. 1997; Turman and Apple 1998). On the other
hand, NPY mRNAwas not only detected in rat kidney but also reported to colo
calize with NPY immunoreactivity (Haefliger et al. 1999). Whether these con
flicting results can be explained by species differences remains unclear, since
human kidney was also reported to contain the C-terminal flanking peptide of
NPY, which is formed as part of the processing of pre-pro-NPY (Grouzmann et
al. 1994), although that may have been generated by local processing of pre-pro
NPYof neuronal origin.

The intrarenallocalization of NPY-containing nerve endings has been studied
in guinea pigs, monkeys and humans. Thus, studies in the guinea pig have de
tected NPY-containing nerves in all segments of the renal arterial plexus (with
lowest concentration in medullary arteries) and in the juxtaglomerular region
(Reinecke and Forssmann 1988). One study in humans and monkeys (Macaca
jascicularis) has also detected NPY-containing nerves surrounding arteries (and
to a lesser extent veins) in the juxtamedullary region and at the afferent and ef
ferent arterioles of glomeruli (Norvell and MacBride 1989). While the localiza
tion in the juxtaglomerular region of the human kidney was confirmed in an
other study (Ballesta et al. 1984), a more recent report has suggested that within
the human kidney NPY is found mainly around tubules with little abundance in
the perivascular space and no presence in glomeruli (Grouzmann et al. 1994).

Release of NPYtogether with noradrenaline has been detected following renal
nerve stimulation in pigs in vivo (Malmstrom et al. 2002a,b,; Modin et al. 1994)
and with the isolated perfused rat kidney (Oellerich and Malik 1993). In reser
pine-treated pigs the initial NPY release upon renal nerve stimulation is en
hanced but with repeated stimulation trains NPY release gradually decreases in
dicating a possible feedback role of noradrenaline in the filling of neuronal NPY
stores (Modin et al. 1994). NPY release in the porcine kidney can be inhibited
by infusion of PYY (Malmstrom et al. 2002a; Modin et al. 1996; Pernow and
Lundberg 1989a). This is blocked by the Y2-selective antagonist BIlE 0246
(Malmstrom et al. 2002a). This antagonist also enhances NPY release upon
nerve stimulation in the same preparation (Malmstrom et al. 2002b), indicating
that the prejunctional Y2 receptor is also activated by endogenous NPY. NPY re
lease from the renal nerves can be enhanced by the aradrenoceptor antagonist,
yohimbine, or by angiotensin II whereas infusion of the converting enzyme in
hibitor, captopril, or of endothelin does not alter it (Malmstrom et al. 2002a;
Modin et al. 1996; Pernow and Lundberg 1989a). Thus, renal NPY release may
be inhibited by prejunctional NPY receptors of the Y2 subtype and aradreno
ceptors and stimulated by prejunctional angiotensin receptors.
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3
Renal NPY Receptors and Their Signal Transduction

Five subtypes of NPY receptors have been identified which are designated Y1>

Yz, Y4, Ys and Y6 (Michel et al. 1998). The gene of the Y6 receptor in humans and
primates contains a mutation causing a stop codon, and therefore the Y6 recep
tor is not functional in these species (Matsumoto et al. 1996). Moreover, the Y6
receptor gene is absent from the rat genome (Burkhoff et al. 1998). Hence this
subtype will not be further considered in the following discussion.

The presence of NPY receptor subtypes within the kidney has been studied
directly at the mRNA and protein level. Messenger RNA for the Y1 receptor has
been demonstrated in the kidney of mice by Northern blotting (Nakamura et al.
1995), of rats by in situ hybridization (Modin et al. 1999), of dogs by reverse
transcriptase (RT)-polymerase chain reaction (PCR) (Holtback et al. 1999), in
pigs by RT-PCR and in situ hybridization (Malmstrom et al. 1998), and in
human kidney by RT-PCR (Nakamura et al. 1995) or in situ hybridization
(Wharton et al. 1993). The latter study has mapped the presence of Y, NPY re
ceptor expression in human kidney to collecting ducts, loop of Henle, and the
juxtaglomerular apparatus. In contrast, Y, receptor mRNA in pig spleen seems
to exist primarily in intrarenal arteries (Malmstrom et al. 1998). Y z receptor
mRNA was detected by RT-PCR in canine and porcine kidney (Malmstrom et
al. 1998). Northern blotting failed to detect Y4 receptor mRNA in murine
(Gregor et al. 1996b), rat (Lundell et al. 1996) or human kidney (Bard et al.
1995; Lundell et al. 1995; Yan et al. 1996) or Y5 receptor mRNA in rat (Gerald et
al. 1996; Hu et al. 1996) or mouse kidney (Nakamura et al. 1997). Messenger
RNA for the Y6 receptor was also not detected by RT-PCR or Northern blotting
in rabbit or human kidney (Gregor et al. 1996a;Matsumoto et al. 1996).

At the protein level renal NPY receptor detection has relied on radioligand
binding and autoradiography. Numerous studies have characterized NPY bind
ing sites in rabbit kidney and identified them as a predominant population of
Y z receptors (Blaze et al. 1997; Michel et al. 1992; Price et al. 1991; Schachter et
al. 1987; Sheikh et al. 1989; Wieland et al. 1995), but Y, and Ys receptors can
also be demonstrated using suitable radioligands (Parker et al. 1998); moreover,
NPY receptors in rabbit kidney appear to have an unusually high affinity for PP
(Parker et al. 2001). In contrast, in human or rat kidney only very few if any
NPY receptors were detected in radioligand binding studies (Bischoff et al.
1995a; Leys et al. 1987;Price et al. 1991;Schachter et al. 1987). While it was pro
posed that the lack of NPY receptor detection in rat and human kidney by bind
ing studies may be due to rapid radioligand degradation by phosphoramidon
insensitive endopeptidase-2 (Price et al. 1991), later studies have failed to detect
NPY receptor binding in these species even under conditions where radio ligand
degradation was prevented (Bischoff et al. 1995a). On the other hand, one study
using receptor autoradiography rather than radioligand binding to tissue homo
genates has detected Y, NPY receptors in the papilla of rat kidney (Blaze et al.
1997). Thus, considerable species heterogeneity appears to exist with regard to



Neuropeptide Yand the Kidney 365

quantitative renal NPY receptor expression at the protein level with high con
centrations in rabbits and much lower ones if any in rat and human kidney. The
high density of Y2 receptor in rabbit kidney has made this tissue a primary
source to study the molecular properties of this subtype in detail (Parker et al.
1998).

Functional evidence for NPY receptors on renal cells has been obtained using
a number of biochemical approaches. Thus, in rat isolated proximal tubules
NPY receptor stimulation enhances Na+/K+-ATPase activity (Ohtomo et al.
1994, 1996a, 1996b). In addition to a direct stimulation, NPY can also potentiate
the enhancements caused by the preproinsulin-derived C-peptide (Ohtomo et
al. 1996a) and by a,-adrenoceptor stimulation (Holtback et al. 1998) and block
the deactivation by ,B-adrenoceptor stimulation (Holtback et al. 1998). The di
rect stimulatory effects of NPYoccur via a Y2receptor and a pertussis toxin-sen
sitive G-protein; they can be inhibited by the immunosuppressant drug, tacroli
mus (also known as FK 506), indicating a possible involvement of the Ca2+-cal
modulin-dependent protein phosphatase (Ohtomo et al. 1996a). The NPY-in
duced stimulation of Na+/K+-ATPase may be age dependent since it was ob
served in adult but not in juvenile rats (Ohtomo et al. 1996b). In isolated per
fused rat cortical collecting tubules NPY attenuates vasopressin-stimulated
hydraulic conductivity in a pertussis toxin-sensitive manner (Dillingham and
Anderson 1989). Interestingly the a2-adrenoceptor antagonist, yohimbine, and
the a2-adrenoceptor partial agonist, clonidine, but not the al-adrenoceptor an
tagonist, prazosin, prevented the NPYeffect, indicating a possible intermediary
involvement of a2-adrenoceptors (Dillingham and Anderson 1989). Some of
these functional effects may occur secondary to inhibition of adenylyl cyclase.
Thus, NPY can inhibit adenylyl cyclase in various segments of rat nephrons
(Dillingham and Anderson 1989; Edwards 1990; Holtback et al. 1998), in rabbit
kidney (Gimpl et al. 1991) and in the murine tubular cell line PKSV-PCT (Voisin
et al. 1996).

Some of the effects of NPYon renal function may occur indirectly. For exam
ple studies with the kidney-derived LLCPK cell line as well as with homogenates
from rat renal outer cortical tissue have found that NPY can recruit alA-adreno
ceptors to the cell surface, where they become accessible to agonist and hence
functional (Holtback et al. 1999). This could explain the enhancement of al -ad
renoceptor-stimulated Na+/K+-ATPase activity (Holtback et al. 1998). Moreover,
NPY receptor stimulation can generate prostaglandins in the kidney. Thus, in
isolated rat kidney NPY has been reported to stimulate formation of prostaglan
dins, namely prostaglandins E2and h (El-Din and Malik 1988). This stimulation
of prostaglandin formation was blocked by the Ca2+ entry blockers, diltiazem
and nifedipine, and by omission of Ca2+ from the perfusate; in subthreshold
concentrations NPYenhanced the prostaglandin E2 and 12 formation stimulated
by noradrenaline but not that by vasopressin or angiotensin II. Taken together
these molecular, radio ligand binding and biochemical data clearly demonstrate
the presence of NPY receptors on renal tubular cells. The relationship of these
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receptors to physiological effects of NPY and related peptides on the kidney,
however, is not fully clear (see below).

4
Regulation of Renovascular Function by NPY

Contraction of the renal vasculature is probably the best documented renal ef
fect of NPYand related peptides. It has been shown in vitro with isolated blood
vessels and the isolated perfused kidney, and in vivo upon intrarenal and sys
temic administration. Thus, contraction of isolated segments of the renal vascu
lature by NPY has directly been demonstrated in rabbits (Owen 1993) and rats
(Chen et al. 1997;Torffvit et al. 1999). In the rabbit, direct vasoconstriction was
mainly found in small vessels (Owen 1993). In the rat, isolated proximal seg
ments of interlobar arteries had greater responses to NPY than distal segments,
that is, those closer to the arcuate arteries (Chen et al. 1997). In isolated per
fused rat kidney NPYdose-dependently increased perfusion pressure and/or re
duced flow (Allen et al. 1985; El-Din and Malik 1988; Hackenthal et al. 1987;
Oberhauser et al. 1999; Oellerich and Malik 1993). In vivo direct intrarenal
infusion of NPY reduces renal blood flow in rats (Bischoff et al. 1996), dogs
(Persson et al. 1991) and in the primate Macaca fascicularis (Echtenkamp and
Dandrige 1989). Systemic infusion of NPY and/or PYY causes intrarenal vaso
constriction in rats (Bischoff et al. 1996, 1997a, 1997c, 1998b, 1999; Blaze et al.
1997; Malmstrom et al. 2001a; Mezzano et al. 1998; Modin et al. 1999; Shin et al.
2000), rabbits (Allen et al. 1986b; Minson et al. 1989, 1990), pigs (Malmstrom et
al. 1997, 1998, 2000, 2001; Malmstrom and Lundberg 1997; Modin et al. 1991;
Pernow and Lundberg 1989a, 1989b), dogs (Malmstrom et al. 1998), the monkey
Macaca fascicularis (Echtenkamp and Dandrige 1989) and man (Playford et al.
1995). The potency ofNPY to reduce renal blood flow in rats is greater upon in
trarenal than upon systemic administration (Bischoff et al. 1996). Taken togeth
er these data clearly show that NPYis a potent renal vasoconstrictor under a va
riety of experimental conditions in all species investigated. Upon systemic ad
ministration the renal vasculature seems to be more sensitive to NPYthan other
vascular beds, for example, the mesenteric and hindlimb vascular bed (Minson
et al. 1989).

The contracting effects of NPYon the renal vasculature may be heterogene
ous. Thus, systemic infusion of nonpressor doses of NPYin split hydronephrotic
kidney rats and mice produces nonuniform alterations of renal vascular reactiv
ity consisting of constriction of proximal and distal arcuate arteries with no
change or even dilation of interlobular arteries or the large part of the afferent
arteriole-a pattern distinct from that seen with other renal vasoconstrictors
such as noradrenaline or angiotensin II (Dietrich et al. 1991; Nobiling et al.
1991).

Whether NPY infusion alters glomerular filtration rate is controversial. A re
duced glomerular filtration rate upon intrarenal infusion of NPY has been ob
served in the primate Macaca fascicularis (Echtenkamp and Dandrige 1989) and
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in dogs (Persson et al. 1991) and upon PYY infusion in man (Playford et al.
1995). A minor reduction in glomerular filtration rate has been observed in the
isolated rat kidney perfused with Tyrode's solution by some investigators (Allen
et al. 1985) but not by others (Oellerich and Malik 1993). In anesthetized rats
intrarenal (Bischoff et al. 1996; Smyth et al. 1988) or systemic infusion of NPY
(Bischoff et al. 1996, 1997a, 1997c; Blaze et al. 1997) failed to alter glomerular
filtration rate. While different techniques have been used for the assessment of
glomerular filtration rate in the various studies, it appears that NPY causes only
little alterations of this parameter if any in rats with a possibly greater effect in
primates and humans. In face of the uniform reductions of renal blood flow
upon NPY administration, the relatively minor if any reductions of glomerular
filtration rate indicate that NPY may have greater vasoconstricting effects in the
vas efferens than the vas afferens. This conclusion is also supported by the data
from the split hydronephrotic kidney studies (Dietrich et al. 1991; Nobiling et
al. 1991).

Renovascular NPY effects occur via specific NPY receptors. Thus, the renal
vasoconstriction by NPY is not altered by the a-adrenoceptor antagonist, phen
tolamine (Minson et al. 1989), the angiotensin II receptor antagonist, losartan,
the converting enzyme inhibitor, ramiprilat, or the bradykinin receptor antago
nist, icatibant (Bischoff et al. 1998b) but it is inhibited by the noncompetitive
NPYantagonist, PP56 (Bischoff et al. 1997c).

The receptor subtype mediating renovascular NPYeffects has been character
ized in vitro and in vivo using Yj-selective agonists such as [Leu3',Pro34jNPY

(Bischoff et al. 1997a; Malmstrom et al. 1998; Modin et al. 1999; Oellerich and
Malik 1993), Yz-selective agonists such as NPY(l3-36) (Bischoff et al. 1997a;
Modin et al. 1999; Oellerich and Malik 1993), N-acetyl-[Leu28,Leu31jNPY(24-36)

(Mahns et al. 1999; Malm strom et al. 1998) or PYY(3-36) (Bischoff et al. 1997a;
Malmstrom et al. 1998), Yj-selective antagonists such as BIBP 3226 (Bischoff et
al. 1997a, 1997b; Doods et al. 1995; Lundberg and Modin 1995; Malmstrom et al.
1997, 1998; Malmstrom and Lundberg 1997; Mezzano et al. 1998; Modin et al.
1999), BIBO 3304 (Shin et al. 2000), GR 231118, formerly known as 1229U91
or GW 1229 (Hegde et al. 1995), SR 120107A (Malmstrom et al. 1996,1998),
H394/84 (Malmstrom et al. 2001a) or H 409122(Malmstrom et al. 2000), and also
Yz-selective antagonists such as BIlE 0246 (Malmstrom 200l); in some cases in
active analogs of the above such as BIBP 3435 (Lundberg and Modin 1995) or
H510/45 (Malmstrom et al. 2000) were used. Such studies were performed in the
isolated perfused kidney (Hegde et al. 1995; Oellerich and Malik 1993) and in
vivo in pithed (Doods et al. 1995; Hegde et al. 1995), anesthetized (Bischoff et al.
1997a, 1997b; Mahns et al. 1999; Malmstrom et al. 1996, 1997, 1998,2000,2001;
Malmstrom et al. 2001a; Malmstrom and Lundberg 1997; Mezzano et al. 1998;
Shin et al. 2000) or conscious animals (Shin et al. 2000). Moreover such studies
were done in rats (Bischoff et al. 1997a, 1997b; Doods et al. 1995; Hegde et
al. 1995; Malmstrom et al. 2001a; Mezzano et al. 1998; Modin et al. 1991, 1999;
Oellerich and Malik 1993; Shin et al. 2000), pigs (Durrett and Ziegler 1978;
Lundberg and Modin 1995; Malmstrom et al. 1997, 1998, 2000; Malmstrom



368 M. C. Michel

2001; Malmstrom and Lundberg 1997) and dogs (Mahns et al. 1999;Malmstrom
et al. 1998). All of these studies have reached the same conclusion, that is that
NPY-induced renal vasoconstriction occurs predominantly if not exclusively via
YI receptors. In contrast Y2 receptor stimulation may, if anything, cause minor
relaxation of renal blood vessels, presumably by prejunctionally inhibiting the
release of vasoconstricting transmitters (Bischoff et al. 1997a; Mahns et al.
1999).

Several pieces of data demonstrate that endogenously released NPY also
reduces renal blood flow via a YI receptor. Thus, the YI-selective antagonist
H409/22 can attenuate nerve stimulation-induced reductions of renal blood flow
in rats (DiBona and Sawin 2001) and in pigs (Malmstrom et al. 2000); in the lat
ter study the inhibition was not seen with H51O/45, an inactive enantiomer of
H409/22. Similar inhibition of renal blood flow reduction by endogenously re
leased NPY was seen in pigs with another Yj-selective antagonist, BIBP 3226
(Malmstrom et al. 1997). The YI-selective antagonist H394/84 inhibited nerve
stimulation-induced renal vasoconstriction in both rats and pigs (Malmstrom et
al. 2001a).

Some studies have investigated which signal transduction pathways may be
involved in renal vasoconstricting effects of NPY. Thus, pertussis toxin treat
ment abolishes the NPY-induced renal vasoconstriction in the isolated rat kid
ney (Hackenthal et al. 1987). NPY-induced vasoconstriction in many extrarenal
vascular beds depends on the influx of extracellular Ca2+, particularly via dihy
dropyridine-sensitive channels (McDermott et al. 1993; Michel and Rascher
1995). Similarly, it has been shown that omission of Ca2+ from the perfusate or
the organic Ca2+ entry blockers, diltiazem and nifedipine, inhibited NPY-stimu
lated vasoconstriction in the isolated perfused rat kidney (El-Din and Malik
1988). Activation of voltage-operated Ca2+ channels by NPY is also likely be
cause NPY can depolarize intrarenal vascular smooth muscle cells in mice; how
ever, this was observed only in arterioles which were more than 200 Ilm away
from the glomeruli but not in those being closer than 50 urn (Nobiling et al.
1991). Moreover, the Ca2+ entry blocker nifedipine did not affect peak reduc
tions of renal blood flow induced by systemic NPY infusion in rats (Bischoff et
al. 1995b). Thus, the overall role of voltage-operated Ca2+ channels in acute ren
ovascular NPYeffects remains somewhat unclear. Although NPY-induced vaso
constriction can be blocked by cyclooxygenase inhib itors in some vascular beds,
particularly in coronary arteries (Michel and Rascher 1995), NPY-induced re
ductions of renal blood flow in rats were not affected by indomethacin (Bischoff
et al. 1998a). Endogenous and exogenous NO were reported to buffer NPY-in
duced reduction of renal blood flow in pigs (Malmstrom et al. 2001b), but it
remains unclear whether this is directly related to NPY receptor activation
(Table 1).

When NPY is applied by continuous infusion, a biphasic renal blood flow
response is observed over time in the anesthetized rat. This consists of a rapid
reduction, followed by a sustained phase of a smaller magnitude; this partial
recovery despite continued infusion indicates tachyphylaxis of the response
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Table 1 Neuropeptide Yreceptor subtypes in thekidney

Receptor Human
mRNA

Receptor
protein

Receptor Vasoconstriction
function

Potentiation of
vasoconstriction

Inhibition of
renin release'

Not detected
in rat. mouse
or human

Rabbit ?

Stimulation of
Na+/K+-ATPase
Inhibition
of noradrenaline
release

Ys

Not detected
in rat

Diuresisb

Natriuresisb

Cakiuresls''

Inhibitionof
renin release'

Notdetected in
rabbit or human

a The gene for the Y6 receptor isnonfunctional in primates and humans.

bThese effects may occur indirectly via an extrarenal receptor.

c The available data do not allow us to discriminate whether a Y1 or Y5 receptor mediates inhibition of
renin release.
I, Not investigated.

(Bischoff et al. 1996, 1997c). This partial tachyphylaxis is more pronounced
upon direct intrarenal than upon systemic infusion (Bischoff et al. 1996). It is
also accompanied by a partial tachyphylaxis of the renovascular resistance re
sponse (A. Bischoff and M.e. Michel, unpublished results). Acute treatment with
the Ca2+ entry blocker, nifedipine, did not affect the initial peak reduction of re
nal blood flow but attenuated the sustained phase (Bischoff et al. 1995b). Thus,
similar to other vasoconstricting stimuli the phasic intrarenal vasocon striction
may rely mainly on mobilization of CaH from intracellular stores while the ton
ic vasoconstriction may be dependent on influx of extracellular CaH through di
hydropyridine-sensitive channels. Interestingly, the tachyphylaxis of NPYeffects
on renal blood flow was fastened by the bradykinin receptor antagonist, icati
bant, and prevented by the angiotensin II receptor antagonist, losartan, and the
converting enzyme inhibitor, ramiprilat (Bischoff et al. 1998b). Thus, tachyphy
laxis of renal blood flow alterations may at least partly result from compensato
ry changes in the activity of the renin-angiotensin and the kallikrein-kinin sys
tem rather than from rapid desensitization of vascular NPY receptors.

In a variety of vascular beds NPY can potentiate the vasoconstricting effects
of other agents (McDermott et al. 1993; Michel and Rascher 1995). Potentiation
of vasoconstriction by NPY has also been observed for the renal vasculature, for
example , for isolated intrarenal arteries of rats (Chen et al. 1997) and rabbits
(Owen 1993). In the isolated perfused rat kidney NPYenhances the renal vaso
constriction by noradrenaline, vasopressin and angiotensin II; this potentiation
response was also abolished by perfusion with CaH-free medium or by the Y1
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antagonist BIEP 3226 (EI-Din and Malik 1988;Oberhauser et al. 1999). Similarly,
NPY has been shown to potentiate the renal vasoconstricting effects of the
ai-adrenoceptor agonist, methoxamine, in anesthetized rats via a Yi receptor
(Bischoff et al. 1997b). In one study in control and diabetic rats, however, NPY
did not potentiate but rather inhibited noradrenaline-induced contraction of re
nal blood vessels in vitro (Torffvit et al. 1999). Thus, NPY has not only direct
vasoconstricting effects in the renal vasculature but also can potentiate the ef
fects occurring via other receptor systems. The limited available data suggest
that direct and potentiating renovascular NPYeffects may use similar receptor
subtypes and signaling mechanisms.

5
Regulation of Water and Electrolyte Excretion by NPY

Based on the marked reductions of renal blood flow (see above), it could be ex
pected that NPY inhibits water and electrolyte excretion . Indeed NPY infusion
has been reported to reduce diuresis, natriuresis and kaliuresis in dogs (Persson
et al. 1991). However, studies with isolated perfused rat kidneys (Allen et al.
1985) and with systemic NPYadministration in anesthetized and conscious rats
have reported an enhanced urine formation upon NPY or PYY administration
(Bischoff et al. 1996, 1997a, 1997c, 1998a, 1998b; Smyth et al. 1988). Diuresis has
also been observed in humans upon administration of PYY doses corresponding
to physiological postprandial plasma levels (Playford et al. 1995). While one
study in rats did not confirm PYY-induced diuresis (Blaze et al. 1997), it used a
tenfold lower PYY dose than the studies yielding positive results (47 pmollkg/
min compared to 2 Ilg/kg/min).

In anesthetized rats systemic infusion of NPYenhances urine formation and
excretion of sodium and calcium by up to 110%, 110% and 45%, respectively,
while effects on potassium excretion were reported to be absent (Bischoff et al.
1996; Smyth et al. 1988) or at least considerably weaker than those on sodium
excretion (Bischoff and Michel 2000). These diuretic effects were not accompa
nied by alterations of creatinine clearance (Bischoff et al. 1996, 1998a, 1998b;
Blaze et al. 1997). The NPY-induced diuresis is slow in onset and requires at
least 30-45 min of continued agonist infusion to develop fully. Upon termina
tion of agonist infusion it is reversible, but that also requires 30-45 min for a
complete recovery. NPY-induced diuresis is observed at agonist doses which are
at least 10 times higher than the threshold doses for reductions of renal blood
flow in the same animals. The marked enhancements of sodium and calcium ex
cretion with much lower enhancement of potassium excretion (Bischoff et al.
1996; Bischoff and Michel 2000; Smyth et al. 1988) indicate that enhanced urine
formation may occur at a site distal to the Na+/K+ exchange mechanism in the
distal tubules. However, this remains to be confirmed by direct micropuncture
studies. Studies with subtype-selective agonists and the Yj-selective antagonist,
BIEP 3226, have proposed that NPY may cause diuresis and natriuresis via a
Ys-like receptor (Bischoff et al. 1997a) but this requires confirmation by Ys-se-
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lective antagonists. Pertussis toxin treatment abolished the NPY-induced en
hancements of diuresis and natriuresis in anesthetized rats (Smyth et al. 1988)
indicating mediation via a G-protein of the Gj/Go family. Based on the above
data as well as the role of NPY in the regulation of food intake, it has been pro
posed that NPY may playa crucial role in fasting-induced natriuresis (Sulyok
and Tulassay 2001).

The NPY-induced diuresis is a mechanistically complex phenomenon and
may represent the integration of a multitude of direct and indirect effects in
cluding alterations of tubular function, blood pressure, prejunctional sympa
tholysis, and of the functional states of the renin-angiotensin, atrial natriuretic
peptide and kinin-kallikrein systems. The vast majority of studies in this re
spect have been done in rats. Therefore, the following primarily refers to rats
unless specifically indicated otherwise.

At the tubular level NPY stimulates Na+/K+-ATPase activity in proximal tu
bules (Holtback et al. 1998; Ohtomo et al. 1994, 1996a, 1996b). In cortical col
lecting tubules attenuation of vasopressin-stimulated hydraulic conductivity
(Dillingham and Anderson 1989), chloride secretion and cAMP accumulation
(Breen et al. 1998) have been observed. The latter two effects were shown to in
volve pertussis toxin -sensitive G-proteins (Breen et al. 1998). The exact relation
ship of these phenomena and urine excretion is not clear, but the stimulation of
Na+/K+-ATPase (Ohtomo et al. 1994) and the inhibition ofvasopressin-stimulat
ed chloride secretion (Breen et al. 1998) occur via Y2 receptors, while Yrselec
tive NPYanalogs, for example NPY(13-36), do not cause diuresis (Bischoff et al.
1997a).

Sympathetic stimulation may inhibit urine formation, and this may occur
predominantly by the action of noradrenaline on tubular a-adrenoceptors
(Akpogomeh and Johns 1990). Stimulation of prejunctional NPY receptors in a
variety of tissues and species potently inhibits noradrenaline release from sym
pathetic nerve terminals (Edvinsson et al. 1987). In the isolated perfused rat kid
ney NPY can also inhibit the nerve stimulation-induced noradrenaline release,
but this was observed with high (10-16 Hz) but not low frequency (4 Hz) stim
ulation (Oellerich and Malik 1993). A more detailed investigation of presynaptic
NPY receptors has been presented for rabbit and human kidney (Rump et al.
1997). These studies have shown that inhibition of noradrenaline release occurs
via Y2 receptors and is sensitive to pertussis toxin . In vivo studies have demon
strated that Y2-selective agonists - NPY(13-36) or PYY(3-36) - slightly enhance
renal blood flow in anesthetized rats while NPY, PYYand their Y[-selective ana
logs reduce renal blood flow (Bischoff et al. 1997a; Mahns et al. 1999), which is
consistent with a Y2 receptor-mediated inhibition of noradrenaline release. The
relationship of this phenomenon to enhanced urine formation is unclear since
Yrselective NPYanalogs did not cause diuresis (Bischoff et al. 1997a).

One study has compared the dose-response curves for renal NPYeffects upon
systemic and intrarenal NPYadministration (Bischoff et al. 1996). As expected it
has reported that intrarenal NPYadministration causes more potent reductions
of renal blood flow than systemic infusion. Surprisingly, NPY-induced diuresis
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and natriuresis were markedly attenuated or even converted into anti-natriure
sis upon intrarenal administration. As systemic NPY infusion causes diuresis
via a Ys-like receptor (Bischoff et al. 1997a), a subtype which is not detectable
in rat kidney at the mRNA level (Gerald et al. 1996; Hu et al. 1996), these data
indicate that NPY might cause diuresis and natriuresis by acting on an ex
trarenal receptor. On the other hand, Smyth et al. (1988) have reported NPY-in
duced diuresis upon intrarenal agonist infusion. To reconcile these contradicto
ry results, two technical differences between the studies should be considered.
Firstly, Bischoff et al. (1996) performed retrograde infusions via a catheter
placed in the suprarenal artery, while Smyth et al. (1988) placed a needle in the
main renal artery via the aorta. Secondly, Smyth et al. (1988) studied only the
effects of local infusion and thus cannot exclude the possibility of agonist spil
lover into the systemic circulation. Considerable NPY spillover into the systemic
circulation has been described upon intrarenal infusion in dogs (Persson et al.
1991). Allen et al. (1985) have reported NPY-induced diuresis in isolated per
fused rat kidneys. While this preparation clearly excludes extrarenal factors, it
has other limitations, for example the preparation is stable for only 2 h, glomer
ular filtration rate is around 60% of the rate seen in vivo and perfusion pressure
and perfusion flow rate are at unphysiological high levels.

In light of the above findings on direct NPYeffects on tubular function and
on intrarenal sympatholysis, it can be assumed that NPY may cause some diure
sis by an intrarenal mechanism. The NPY-induced alterations of intrarenal he
modynamics which are different from those by other renal vasoconstrictors, for
example angiotensin II or endothelin, might contribute to these intrarenal diu
retic effects (Dietrich et al. 1991). However, these effects may be insufficient to
overcome the anti-diuretic effects of pronounced, Y1 receptor-mediated reduc
tions of renal blood flow (see above). Thus, the major part of NPY-induced diu
resis and natriuresis upon systemic administration may result from stimulation
of an extrarenal receptor, possibly of the Ys subtype. Therefore, the possible me
diator of diuretic NPYeffects will be discussed below.

Systemic NPY administration elevates blood pressure (Michel and Rascher
1995) and blood pressure alterations can profoundly affect renal function (Firth
et al. 1990). Hence, some of the renal NPYeffects may occur secondarily to sys
temic hemodynamic alterations. NPY-induced blood pressure elevations occur
via Y\ receptors (Kirby et al. 1995;Michel et al. 1992). This might enhance urine
formation via the pressure natriuresis mechanisms and/or by baroreflex-medi
ated withdrawal of sympathetic tone from the kidney. The latter mechanism is
not very likely, since acute renal denervation does not inhibit NPY-induced diu
resis (Bischoff et al. 1998b). The role of the pressure natriuresis mechanism has
been investigated by three experimental techniques to inhibit pressure natriure
sis. Firstly, experiments have been done in rats with renal decapsulation; this
did not modify the NPY-induced diuresis (Bischoff et al. 1996). Secondly, exper
iments were performed in rats, where renal perfusion pressure was fixed at
100 mmHg with an adjustable mechanical clamp on the abdominal aorta; this
partially inhibited NPY-induced diuresis but did not abolish it (Bischoff et al.



Neuropeptide Yand the Kidney 373

1996). Thirdly, NPY-induced blood pressure alterations were pharmacologically
prevented by concomitant infusion of nitroprusside sodium; this also failed to
abolish NPY-induced diuresis 0. Smits, A. Bischoff and M.e. Michel, personal
communication). Moreover, NPYanalogs that do not elevate blood pressure, for
example PYY(3-36), caused similar diuresis as NPY (Bischoff et al. 1997a). The
Yl antagonist, BIBP 3226, prevents NPY-induced blood pressure elevations
(Doods et al. 1996) but does not inhibit NPY-induced diuresis (Bischoff et al.
1997a); similar data were observed for the combination of BIBP 3226 and the
Y\/Y5 agonist, [Leu3l,Pro34jNPY. The noncompetitive NPYantagonist, PP56, also
inhibits NPY-induced blood pressure elevations but not diuresis or natriuresis
(Bischoff et al. 1997c). Finally, systemically infused PYY causes diuresis in hu
mans at doses where it does not alter blood pressure (Playford et al. 1995).
Thus, activation of the pressure natriuresis mechanism by NPY is possible but it
is not a predominant factor in diuresis and natriuresis caused by systemic NPY
administration.

Therefore, studies have been performed to identify a possible humoral medi
ator of NPY-induced diuresis. Vasopressin is not a likely candidate since vaso
pressin increases free water clearance while NPY causes diuresis and natriuresis
to a similar degree (Bischoff et al. 1996) and enhances osmolar clearance (Smyth
et al. 1988). Moreover, we have not observed alterations of plasma vasopressin
concentrations upon NPY infusion (W Rascher, A Bischoff and MC Michel, un
published results). Another potential mediator would be atrial natriuretic pep
tide. Systemic infusion of NPY has been reported to enhance release of atrial
natriuretic peptide, but this was not mimicked by infusion of similar doses of
PYY (Baranowska et al. 1987). On the other hand PYY causes diuresis at least as
potent as NPY (Bischoff et al. 1997a). Thus, atrial natriuretic peptide release ap
pear to contribute little if at all to NPY-induced diuresis.

Another possible mediator of the diuretic effects of NPY is the renin-angio
tensin system. The juxtaglomerular region is richly endowed with NPY-contain
ing nerves and expresses mRNA for YI receptors (see above). Thus, inhibition
of renin release and/or lowering of plasma renin activity by NPY have been ob
served under a variety of experimental conditions. These include the isolated
perfused rat kidney (Hackenthal et al. 1987), systemic infusion in conscious
(Aubert et al. 1992) and anesthetized rats (Bischoff et al. 1997a), conscious rab
bits (Allen et al. 1986b), anesthetized cats (Corder et al. 1989) and conscious hu
mans (Ahlborg and Lundberg 1994; Playford et al. 1995). On the other hand,
studies in conscious dogs (Persson et al. 1991) and in the primate Macacafasci
cularis (Echtenkamp and Dandrige 1989) did not report alterations of plasma
renin activity or renin secretion upon intrarenal or systemic NPYadministra
tion. One study in conscious rats has also failed to detect lowering of basal plas
ma renin activity by NPY infusion, but reported inhibition of captopril-induced
elevations (Aubert et al. 1988). The enhancements of renin release which are ob
served upon ,B-adrenoceptor stimulation can also be inhibited by NPY (Aubert
et al. 1992), although one study on rat isolated renal cortical slices failed to de
tect NPY-induced inhibition of isoprenaline-induced renin release (Shin et al.
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2000). NPY administration can also normalize pathophysiologically elevated
plasma renin activities, which can occur following adrenalectomy (Pfister et al.
1986), stenosis of the renal artery (Waeber et al. 1990), or postmyocardial in
farction (Zelis et al. 1994). Taken together these data demonstrate that NPY can
lower plasma renin activity, presumably by inhibition of renin release, under
most experimental conditions. This occurs via a Yj-like receptor (Aubert et al.
1992; Bischoff et al. 1997a; Evequoz et al. 1996). The subtype-selective agonists
which have been used do not allow a clear discrimination between Y, and Y5 re
ceptors, but a participation of the Y5 receptor is unlikely to be due to the lack of
its expression in the kidney (Gerald et al. 1996; Hu et al. 1996).The inhibition of
renin release occurs via a pertussis toxin-sensitive G-protein but is not inhibited
by the Ca2+ entry blocker, methoxyverapamil, or the calmodulin antagonist,
calmidazolium (Hackenthal et al. 1987).

While the above data clearly establish the renin-angiotensin system as a po
tential mediator of diuretic NPYeffects, they do not prove its physiological role.
Therefore, studies were performed with the angiotensin II receptor antagonist,
losartan, and the converting enzyme inhibitor, ramiprilat (Bischoffet al. 1998b).
While the applied dose of losartan inhibited the blood pressure-elevating effects
of exogenous angiotensin II, it did not affect the NPY-induced diuresis. The ap
plied dose of ramiprilat inhibited the blood pressure-elevating effects of angio
tensin I, but also failed to inhibit NPY-induced diuresis. These pharmacological
inhibitor data clearly demonstrate that the renin-angiotensin system is not the
main mediator of the diuretic NPYeffects.

Ramiprilat not only failed to prevent NPY-induced diuresis but actually en
hanced it considerably (Bischoffet al. 1998b). In the same study the B2bradyki
nin receptor antagonist, icatibant, inhibited NPY-induced diuresis and natriure
sis and abolished calciuresis. Since ramiprilat not only prevents the format ion
of angiotensin II but also prevents the degradation of bradykinin, these data
strongly suggest that bradykinin is an important mediator of systemic NPY
effects on tubular function. Several other pieces of evidence also support this
hypothesis. Thus, bradykinin causes diuresis and natriuresis upon intrarenal in
fusion in conscious and anesthetized dogs (Blasingham and Nasjletti 1979;
Granger and Hall 1985; Lortie et al. 1992; Siragy 1993) and upon systemic infu
sion in conscious rats, which had been rendered hypertensive by deoxycorticos
terone treatment (Pham et al. 1996). The diuretic and natriuretic effects of bra
dykinin mainly occur in distal nephron segments (Chen and Lokhandwala 1995;
Schuster et al. 1984). NPYaiso appears to cause diuresis mainly by altering the
function of distal nephron segments (see above). Finally, bradykinin stimulates
renal prostaglandin formation (Grenier et al. 1981; Malik and Nasjletti 1979),
and accordingly its diuretic and natriuretic effects can be inhibited by cyclooxy
genase inhibitors (Blasingham and Nasjletti 1979; Carretero and Scicli 1980).
Similarly, the cyclooxygenase inhibitor, indomethacin, also inhibits the diuretic
and natriuretic NPYeffects (Bischoff et al. 1998a). These data suggested that
bradykinin could be an important mediator of tubular NPYeffects. This could
occur if stimulation of the extrarenal Y5 NPY receptors causes bradykinin re-
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lease, which then reaches the kidney via the bloodstream to act intrarenally on
prostaglandin formation. The very short plasma half-life of bradykinin (Regoli
and Barabe 1980), however, casts doubt on this mode of action. Alternatively it
is possible that the extrarenal Y5 receptor activates yet another mediator which
causes intrarenal bradykinin formation and/or release. To address these possi
bilities directly two types of studies were performed, measurement of renal bra
dykinin excretion upon systemic infusion of a diuretic dose of PYYand intrare
nal infusion of bradykinin (Bischoff et al. 1999). However, PYY infusion did not
enhance but rather significantly reduced urinary bradykinin excretion, and bra
dykinin infusion did not cause diuresis at doses where it had clear renal hemo
dynamic effects. While these data do not support a role of bradykinin as media
tor of diuretic NPYeffects, they cannot exclude a possible intrarenal bradykinin
generation following NPY receptor stimulation, which may be sufficient to alter
tubular function but is not reflected in urinary bradykinin excretion. In light of
the above inhibitor data, particularly those with ramiprilat and icatibant, we
still consider this to be the most likely mechanism underlying diuretic and nat
riuretic NPY effects .

6
AFunctional Role for Endogenous NPV-Related Peptides in the Kidney?

The above studies clearly demonstrate that exogenous NPY can affect renal
function at the vascular and tubular level. Initial evidence for a role of endoge
nous NPY in the regulation of renovascular function came from studies with re
serpinized pigs (Modin et al. 1994). In those experiments the vasoconstriction
response to renal nerve stimulation decreased upon reserpine treatment with
only a minor fraction remaining. This fraction gradually decreased further upon
repeated stimulation, which occurred in parallel with gradual reductions of NPY
release (Modin et al. 1994). While these data have indirectly indicated that NPY
may playa physiological role in the regulation of renal blood flow, more direct
evidence comes from antagonist studies. Thus, the NPY receptor antagonist
SR 120107A inhibits the nerve stimulation-induced vasoconstriction in the kid
ney but not in several other tissues in pigs in vivo (Malmstrom and Lundberg
1996). In conscious rats, the YI antagonist H409/22 significantly attenuated re
ductions of renal blood flow induced by renal nerve stimulation, whereas it did
not affect renal hemodynamics in anesthetized rats in the same study (DiBona
and Sawin 2001). In another study with anesthetized rats the NPYantagonists,
BIBP 3226 (Bischoff et al. 1997a) and PP56 (Bischoff et al. 1997c), both in
creased renal blood flow over time upon continuous infusion, although this did
become apparent only after extended observation periods. These effects oc
curred at doses which antagonized exogenous NPY and but did not concomi
tantly alter blood pressure. Taken together, these data indicate that endogenous
NPY can also cause renal vasoconstriction and that this mechanism may be ton 
ically active under some conditions such as certain forms of anesthesia. Thus,
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endogenous NPY may be more important in the regulation of vasoconstriction
in the kidney than in other vascular beds.

In the above studies PP56, BIBP 3226 or H409122 did not alter urine forma
tion or electrolyte excretion (Bischoff et al. 1997a, 1997c; DiBona and Sawin
2001; Zhao et al. 1999). This could be explained by a selective innervation of re
nal blood vessels relative to the tubules with NPY-containing nerve fibers. In
light of the above data on a possible extrarenal location of the NPY receptor
which mediates diuresis and natriuresis, it is more likely that plasma levels of
NPYare not sufficiently high to tonically activate this extrarenal receptor. This
is plausible since NPY is a neurotransmitter that acts mainly in the synaptic
cleft, while detectable plasma NPY is considered to reflect spillover (Zukowska
Grojec and Wahlestedt 1993). Thus, endogenous NPY is not very likely to cause
diuresis and natriuresis tonically with the possible exception of extreme sym
pathoadrenal stimulation, for example during open chest surgery (Lundberg et
al. 1985) or in patients with phaeochromocytoma (Michel and Rascher 1995).
On the other hand, the related peptide PYY is primarily a systemically circulat
ing hormone. Plasma PYY levels in particular increase following a meal (Pironi
et al. 1993). This postprandial elevation of plasma PYY is due mainly to an in
crease in occurrence of PYY(3-36) (Grandt et al. 1994), a peptide which does
not increase blood pressure but acts on Y5 receptors to cause diuresis (Bischoff
et al. 1997a). Unfortunately no studies on renal function following a meal have
been done with NPYantagonists, but infusion of exogenous PYYat doses corre
sponding to postprandial plasma levels causes diuresis and natriuresis in human
volunteers (Playford et al. 1995). Therefore, we speculate that endogenous NPY
may be relevant for the regulation of renovascular function, while endogenous
PYY, particularly in the postprandial phase, may participate in the regulation of
tubular function.

7
Regulation of Renal NPY Content and Responsiveness

Since our last review on the subject (Bischoff and Michel 1998), a considerable
number on studies has been published on the physiological and pathophysiolog
ical regulation of renal NPY content and/or NPY responsiveness. With regard to
the pathophysiological regulation of renal NPY content most studies have fo
cused on various rat models of arterial hypertension. In the genetic model of
spontaneously hypertensive as compared to normotensive Wistar Kyoto rats lit
tle if any alteration of renal NPY content was found in study using young adult
(3-4 months) and old (17-18 months) rats (Pavia and Morris 1994). On the oth
er hand, Corder (2000) reported a reduced NPY content in kidneys as well as
well as atria, spleen and adrenals from spontaneously hypertensive rats. In a
model in which blood pressure is chronically elevated by aortic coarctation, the
number of renal nerve fibers with NPY-like immunoreactivity as well as the re
nal NPY content as determined by radioimmunoassay decreased (Ballesta et al.
1987). In models of renal hypertension such as the one-clip-one-kidney and
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one-clip-two-kidney Goldblatt hypertension, renal NPY content was also report
ed to be decreased (Allen et al. 1986a; Haefliger et al. 1999); this reduction was
detected both at the protein and the mRNA level (Haefliger et al. 1999) and in
terestingly not only in the kidney directly affected by renal artery stenosis but
also, although to a lesser extent, in the non-ischemic kidney (Neri et al. 1991).
Since hypertension due to renal artery stenosis belongs to the group of high re
nin hypertension, it is interesting to note that renal NPYexpression was not al
tered in deoxycorticosterone/salt-induced blood pressure elevation, a model of
low renin hypertension (Haefliger et al. 1999). The latter authors interpreted
these data to indicate that angiotensin II should playa role in the regulation of
renal NPYexpression, a notion which is supported by the finding that, at least
in atria and skeletal muscle, chronic treatment with the converting enzyme in
hibitor lisinopril increased NPY content (Corder 2000). Another hypothesis to
explain reduced renal NPY content in some forms of hypertension is based on
comparison with alterations of NPY content in other tissues and in plasma in
hypertension; this indicates that a reduced renal NPY content may reflect en
hanced release which is not fully compensated by de novo synthesis (Michel
and Rascher 1995). Finally, an increased NPY content was reported in inflamed
kidneys of a mouse model of systemic lupus erythematosus (Bracci-Laudiero et
al. 1998), whereas renal NPY content was found to remain unaltered in a rat
model of congestive heart failure (Zhang et al. 1999).

With regard to physiological differences in NPY responsiveness, one study
has compared the effects of infusion of incremental NPYdoses in male and fe
male rats (Bischoff et al. 2000). In these experiments NPYdose-dependently in
creased renovascular resistance in both sexes; since the responses desensitized
faster in males than in females, the cumulative elevations were greater in fe
males. NPY-induced diuresis and natriuresis were similar in male and female
rats.

Studies on the regulation of renal NPY responsiveness in disease states have
mostly focused on arterial hypertension and congestive heart failure. In sponta
neously hypertensive as compared with normotensive Wistar-Kyoto rats infu
sion of incremental NPYdoses caused similar blood pressure elevations in both
strains but in the hypertensive rats basal renovascular resistance was greater,
and NPY caused considerably greater additional elevations (Bischoff et al.
2000). On the other hand, NPY-induced diuresis and natriuresis appeared small
er in hypertensive than in normotensive rats, but this may be related to a greater
basal urine and electrolyte excretion in the hypertensive rats in that study. An
enhanced NPY responsiveness of the renal vasculature was also reported in
Goldblatt hypertensive rats (Mezzano et al. 1998). Whether this reflects a specif
ic regulation of NPY responsiveness remains unclear since renovascular norad
renaline responses were similarly enhanced in that stud y. An opposite conclu
sion was reached in a stud y with rabbits where renal hypertension was induced
by cellophane wrapping of the kidneys (Minson et al. 1990). In this model plas
ma NPY levels increase, and this was accompanied by a partial desensitization
of the renal vasocon stri cting effects of NPY. These conflicting results are diffi-
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cult to interpret due to the very different profile of renal NPY receptor expres
sion in rats and rabbits (see above).

To study the role of NPY in the development of renovascular hypertension,
chronic treatment with either NPY or the YI antagonist BIBO 3304 were per
formed. Despite the ability of acute NPY administration to elevate blood pres
sure, Waeber et al. (1990) reported that a chronic NPY infusion can prevent the
development of renal hypertension in a two-kidney one-clip rat model, possibly
secondary to lowering of plasma renin activity (see above). In marked contrast,
Shin et al. (2000) used the same rat model of renal hypertension but observed a
prevention of blood pressure elevation by the antagonist BIBO 3304. Further
studies are clearly necessary to determine whether the blood pressure elevation
following renal artery stenosis is due to too much or too little NPY.

Chronic heart failure is a disease state that is accompanied by altered renal
function, that is characterized by elevated NPY plasma levels (Feng et al. 1994;
Maisel et al. 1989). These elevated NPY plasma levels may indirectly modify re
nal function since exogenous NPYdecreases plasma renin activity in a postmy
ocardial infarction model of heart failure in rats (Zelis et al. 1994). In rat models
of congestive heart failure based upon ligation of a coronary artery, the nonspe
cific NPYantagonist PP 56 and the Y1 antagonists BIBP 3326 and H409/22 were
reported to lower blood pressure (DiBona and Sawin 2001; Sun et al. 1995; Zhao
et al. 1999). This was accompanied by a PP 56-induced diuresis and natriuresis
in heart failure rats (Sun et al. 1995), whereas BIBP 3326 or H409/22 did not af
fect basal renal function (DiBona and Sawin 2001; Zhao et al. 1999). While NPY
directly contracted the renal artery and potentiated the contraction induced by
noradrenaline in control rats, both responses were largely absent in heart failure
rats (Zhao et al. 1999). Since both responses were sensitive to the YI antagonist
BIBP3326, the authors concluded that heart failure was associated with a desen
sitization of renovascular YI NPY receptors. Nevertheless , NPY may still be an
important regulator of renovascular function in heart failure since nerve stimu
lation -induced renal vasoconstriction was more sensitive to the NPYantagonist
H409/22 in heart failure than in control rats (DiBona and Sawin 2001).

Finally, it was reported that reperfusion after 2 h of renal ischemia causes lo
cal overflow of noradrenaline but not of NPY in pigs (Malmstrom and Lundberg
1997). In that study in vivo renal vasoconstriction responses to PYY (but also to
the al-adrenoceptor agonist phenylephrine and to angiotensin II) were strongly
attenuated after the ischemic period, whereas that to af3-methylene-ATP was
maintained to a greater extent. After a IS-min period of ischemia, however,
PYY-induced renal vasoconstriction was enhanced (Malmstrom and Lundberg
1997).

8
NPY System in Renal Disease

End-stage renal failure is a disease state accompanied by numerous abnormali
ties of autonomic regulation, including elevated plasma catecholamine levels
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(Dhein et al. 2000; Ziegler et al. 1990). Since NPY is a co-transmitter of the auto
nomic nervous system, it seemed logical to assess possible alterations of plasma
NPY levels in end-stage renal failure. Thus, elevated plasma NPY concentrations
have been reported in various groups of patients with end-stage renal failure in
cluding adults and children as well as patients undergoing hemodialysis or peri
toneal dialysis (Bald et al. 1997; Crum et al. 1991; Hokfelt 1991; Miller et al.
1990; Takahashi et al. 1987). One study also detected elevated plasma NPY in
children with impaired renal function not yet requiring dialysis treatment (Bald
et al. 1997). In contrast, Kokot et al. (1999) did not detect elevated plasma NPY
in hemodialysis patients as compared to healthy controls, but rather reported
enhanced plasma NPY in kidney transplant patients. Another study reported a
tendency for increased plasma NPY in hemodialysis patients which failed to
reach statistical significance (Klin et al. 1998). Taken together, these data suggest
that renal failure is associated with elevated plasma NPY concentrations, but the
extent of these elevations is such that it does not consistently reach statistical
significance in all studies. The elevated plasma NPY concentrations are not af
fected to a relevant extent by hemodialysis in children or adults with end-stage
renal failure (Bald et al. 1997; Crum et al. 1991; Hegbrant et al. 1995; Klin et al.
1998).

9
Conclusions and Directions for Future Research

In summary NPY is present in and released from the kidneys of various species.
It can act on pre- and postjunctional intrarenal receptors to modify renovascu
lar and tubular function . Enhancements of urine and electrolyte excretion fol
lowing systemic administration of exogenous NPY may mostly occur indirectly.
They appear to involve an extrarenal NPY receptor and bradykinin and prostag
landin formation as intermediary steps; PYY may be the physiological agonist at
this extrarenal receptor. The exact relationship between the direct and multiple
indirect effects of NPY on renal function remains to be established. This will re
qu ire definition of the anatomical location of the NPY receptor which mediates
diuresis and natriuresis. Based upon several antagonist studies it appears that
endogenous NPY plays a greater role in the regulation of vascular tone than in
that of tubular function . Moreover, its role seems to be minor in conscious heal
thy animals but may gain importance under pathophysiological conditions. Fi
nally, a number of pathophysiological conditions, most notably congestive heart
failure and certain forms of arterial hypertension, can regulate renal NPYex
pression and/or responsiveness.
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Abstract This chapter aims to discuss the role of neuropeptide Y (NPY)-like
peptides, peptide YY (PYY), PYY(3-36) and pancreatic polypeptide (PP) with
respect to gastrointestinal function, specifically in terms of electrolyte transport
and motility. First we summarize the localization of each peptide and the Y re
ceptors as indicated by recent immunocytochemical studies. The availability of
antibodies for Y1 and more recently, Y4 receptors have provided precise infor
mation on the cellular localization of these receptors in human and rodent intes-
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tine, and most importantly the colocalization of the YI receptor with NPYand
other prominent enteric neuropeptides. We will also discuss the significant pro
gress made to date in ascribing precise functions for specific Y receptors made
possible by the availability of selective YI (BIBO 3304) and Y2 (BIlE 0246) recep
tor antagonists, and most recently by the availability of NPY and Y receptor
knockout (-1-) mice. Selective antagonists have been crucial for the accurate
characterization of the different Y receptors and their roles in peripheral and
central targets. The Y4 receptor however, still remains a challenge and the timely
generation of mutant mice lacking this single receptor type has enabled assess
ment of this receptor's functional significance . We will refer to the association
of PYY and NPY with gastrointestinal disease and the potential role these pep
tides, their analogues and Y receptor antagonists may have as novel therapeu
tics. Readers are referred to earlier chapters in collected volumes or review jour
nals which provide significant background information (Cox 1993; Cox 1998;
Furness 2000 ; Playford and Cox 1996).

Keywords Neuropeptide Y . Peptide YY . Pancreatic polypeptide · Intestinal
function

1
Location of NPY, PYYand PP

Neuropeptide Y (NPY) is located within both intrinsic enteric ganglia, namely
the myenteric and submucosal plexi. The two intrinsic interconnecting ganglia
form the majority of the enteric nervous system (ENS) providing a continuous
neuronal network along the length of the intestine. In the mammalian intestine
NPY provides an extensive innervation of multiple targets, being expressed in
several different intrinsic enteric neurone types each with different functions. In
the guinea pig small intestine for example, NPY is located in: (a) inhibitory my
enteric neurones innervating the circular smooth muscle; (b) in descending my
enteric interneurones; and (c) cholinergic secretomotor (non -vasodilator) neu
rones that innervate the mucosa (for details see Furness 2000). In the mouse
small intestine, approximately 26% of small intestinal myenteric cell bodies con
tain NPY while NPY-positive fibres only are present in the myenteric plexus of
murine large intestine (Sang and Young 1996) . Sandgren et al. (2002) found few
er NPY-positive neurones (3%-10%) in myenteric ganglia compared with 35%

of submucosal ganglia containing NPY-positive neurons in mouse ileum. The
neuropeptide is therefore localized in cell bodies and fibres within submucosal
plexi in both small and large intestine and dense fibre networks are present in
the mucosa of both regions. In the proximal colon, 2%-16% of myenteric and
4%-14% of submucosal neurones are NPY positive, compared with 1%-1 0% of
myenteric neurones and 2%-9% of submucosal neurones in the distal colon
(Sandgren et al. 2002). NPY-containing, putative inhibitory motor neurones
project anally, while NPY-positive interneurones project locally (i.e., circum fer
entially with no anal or oral bias (Sang et al. 1997). A similarly extensive NPY
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innervation (together with vasoactive intestinal polypeptide; VIP) has been de
scribed in rat small and large intestine but in the latter NPY is co-localized in
only a proportion of VIP-positive enteric neurones (Ekblad et al. 1987, 1988).

Peptide YY (PYY) on the other hand is present in endocrine cells in the epi
thelial lining of all mammals studied to date, occurring most frequently in the
large bowel (BOttcher et al. 1986). Endocrine cells (at least in human and feline
colon) have basal and apical processes, the latter extending in to the lumen
(Bottcher et al. 1986), implicating a bidirectional mechanism of action for re
leased PYY. PYY has been detected by radio -immunoassay of extracts of colonic
tissue from mouse, rat, guinea pig, cat and pig (Bottcher et al. 1993b). The con
centration of this peptide is higher in mammalian colon and ileum compared to
the duodenum and jejunum (for a review see Ekblad and Sundler 2002). PYY is
also present in pancreatic islet cells from several species, and in mouse pancre
atic islets it is co-localized with pancreatic polypeptide (PP, Bottcher et al.
1993b). Surprisingly, PYY has also been localized in discrete populations of en
teric neurones, mainly in the fundu s, antrum and small intestine with only very
occasional fibres in the large intestine, of the cat, ferret and pig (for a review see
Ekblad and Sundler 2002). In the rat, however PYY-positive nerve fibres are
rare , exclusive to the antrum, and absent from other intestinal regions studied
(Bottcher et al. 1993a).

Circulating PYY is hydrolysed in plasma by aminopeptidase-P and dipep
tidylpeptidase-IV, two peptidases which are active in the plasma membrane of
the intestinal brush border, resulting in the production of local and circulating
PYY(3-36) (Medeiros and Turner 1994). In the canine colon approximately 40%
of PYY immunoreactivity can be attributed to PYY(3-36) (discriminated from
full length PYY by high performance liquid chromatography (HPLC) and using
an ant ibody with little or no cross-reactivity to human PP or NPY (Grandt et al.
1992). In plasma samples from fasted and postprandial human volunteers,
PYY(3-36) accounted for 37% and 63% of total PYY respectively (Grandt et al.
1994), indicating a more prominent functional role for the fragment (and thus
the Y2 receptor) following ingestion of a meal. Recent studies by Batterham et
al. (2002) have shown that the fragment is a major satiety factor in man and ro
dents; infusion of PYY(3-36) at concentrations comparable to postprandial cir
culating peptide levels, significantly reduced food intake in healthy human vol
unteers.

The third full-length member of the NPY peptide family, PP is a pancreatic
hormone also released in response to food and under vagal control (for a review
see Schwartz 1983). PP-containing endocrine cells are more numerous in the du
odenal type of pancreatic islets than in those located in the splenic portion of
the pancreas (Sundler et al. 1993). However, PP-positive endocrine cells have
also been identified in human colon and rectum and in the duodenum of dog.
Endocrine PP is expressed postnatally in the rat, detected first at 2 days in the
colon, and temporarily between 7 and 21 days in the pyloru s and rectum (for a
review see Ekblad and Sundler 2002). The different patterns of peptide localiza
tion in the mammalian gastrointe stinal tract implicate different functional roles
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elaborated by co-release of a range of co-localized unrelated peptides, neuro
transmitters and/or neuromodulators.

2
Co-Localization of NPY with Other Prominent Enteric
Nervous System Peptides

In the myenteric ganglia of the mouse small intestine NPY is co-localized with
VIP and nitric oxide synthase (NOS), and is not localized with either the excita
tory neurotransmitter, substance P or the calcium binding protein, calretinin
(Sang and Young 1996). In the rat small and large intestine, myenteric VIP/NPY
containing neurones are common, innervating smooth muscle and myenteric
ganglia, while submucous VIP/NPY neurones also provide a dense innervation
of the mucosa, the submucosa and submucosal ganglia (Ekblad et al. 1987).
These two unrelated neuropeptides are co-localized in the same neurosecretory
vesicles (in rat jejunum; Cox et al. 1994) and are presumably co-released into
the lamina propria. The co-release of a combination of potent secretagogue
(VIP) with a similarly potent but anti-secretory NPY (for review see, Cox 1998)
remains the most prominent pairing of functional antagonists in the rodent
ENS.

A large proportion of myenteric and submucosal neurones in the small intes
tine and myenteric neurones in the large intestine (approximately 43%-63%)
are cholinergic, however of the total neuronal specific enolase immunoreactive
neurones in colonic submucosal plexi only approximately 20% are cholinergic
(Sang and Young 1998). This finding highlights the importance of noncholiner
gic neurotransmission, particularly in submucosal neurones of the large intes
tine of the mouse.

3
Factors Influencing Alterations in NPY, PYYand PP Expression and Release

The ENS receives extrinsic innervation and thus manipulation of extrinsic
nerves to detect changes in gastric motility or nuclear protein, c-Fos (produced
by activation of the early proto-oncogene c-fos) expression in intrinsic enteric
neurones can be used to investigate the role of the central nervous system
(CNS) in regulation of the ENS. For example, stimulation of the vagal nerve re
sults in c-Fos expression in gastric myenteric plexus neurones (Zheng and
Berthoud 2000). Denervation of sympathetic fibres in the lumbar colonic and
hypogastric nerves can also result in an increase in c-Fos immunoreactive neu
rones in guinea pig colon (Yuyama et al. 2002). Similarly, loss of extrinsic sym
pathetic or sensory nerves also increases c-Fos expression in guinea pig ileum
(Yunker et al. 1999). All of these observations suggest that the respective enteric
neurones receive inhibitory inputs from extrinsic nerves. It has been suggested
that extrinsic innervation is not necessarily a prerequisite for the appearance of
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colonic contractile activity, but it is required for the propagation and modula
tion of motility (Tanabe et al. 2002).

With respect to the vagal regulation of NPYor PYY release, neither right nor
left cervical vagotomy alters the concentration of NPY (2-8 weeks after vagoto
my) in mouse antrum, duodenum and colon, nor PYY levels in mouse ileum (El
Salhy et al. 2000). This demonstrates the lack of tonic vagal regulation of NPY/
PYY release in these tissues . Nevertheless, PYY release is induced by electrical
stimulation of the vagus nerve in pig and dog, and this release is sensitive to at
ropine and hexamethonium in both species (for a review see Onaga et al. 2002)
indicating significant cholinergic control. PYY release in rat duodenum also ap
pears to be neurally regulated (Anini et al. 1999). In response to intraduodenal
oleic acid, peptide release is sensitive to hexamethonium and L-NAME demon
strating a role, not only for acetylcholine (and ganglionic nicotinic receptors)
but also for NO in the regulation of PYY release (Anini et al. 1999).

Following perfusion of human ileum with fat, PYY is released into the circu
lation and delays gastric emptying in a dose-dependent manner, contributing to
the fat-induced phenomenon, 'ileal brake' (Pironi et al. 1993). Inhibition of gas
tric emptying appears to be vagally mediated, as subdiaphragmatic vagotomy
reverses the inhibition of gastric emptying induced by PYY in the rat (Chen et
al. 1996). Oleic acid inhibits intestinal motility in canine ileum (with or without
intact extrinsic innervation) and this response is accompanied by an increase in
serum PYY. However, the inhibition of small intestinal motility elicited by
triglycerides is dependent upon intact extrinsic innervation and has no effect in
the antrum whether extrinsic nerves are intact or not. This mechanism is not
accompanied by an increase in circulating PYY (Ohtani et aI2001), indicative of
PYY-independent, neuronal mechanisms contributing to the triglyceride-in
duced 'ileal brake'. This suggests that PYY [and potentially, PYY(3-36)) inhibit
gastric motility in response to specific fats. The mechanisms are mediated by
extrinsic nerves, although this is not the sole mechanism responsible for the fat
induced 'ileal break '. Interestingly, canine plasma NPY levels are also increased
significantly following ingestion of a standard meal (Balasubramaniam et al.
1989).

Furthermore, PP release is also regulated by vagal mechanisms, electrical
stimulation of the vagal nerve elicits significantly increased levels of PP release
with a time-dependency different from the PYY response. An increase in PP is
observed within 10 min of ingesting food, and lasts for up to 4 h in humans
(Hornnes et al. 1980). 'Sham feeding' and hypoglycaemia also induce PP release,
which is blocked by vagotomy and atropine treatment (for a review see Schwartz
1983). Recent studies utilizing Y2 receptor knockout mice, suggest that hypotha
lamic Y2 receptors regulate plasma levels of PP by stimulating secretion of adre 
nal glucocorticoids in response to hypoglycaemia (Sainsbury et al. 2002).
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4
Differential Localization of YReceptor Types in the Gastrointestinal Tract

4.1
Location ofY1 Receptors

YI receptor immunocytochemistry has identified YI receptor positive staining
in rat intestine in endothelial cells, endocrine cells (negative for PYY, and most
numerous in the small intestine), and on myenteric and submucosal neurones
(Jackerott and Larsson 1997). YI labelling is co-localized with VIP in submucos
al neurones most numerous in the rat small intestine, while a fraction of YI pos
itive nerves in the myenteric plexus also co-store NOS (and the latter is true
also, but to a lesser extent in submucosal neurons; Iackerott and Larsson 1997).
In human colon, the majority of YI receptor positive cell bodies and nerve fibres
in the myenteric plexus are also positive for NOS and vice versa, however the YI
positive neurones in the submucosal plexus are NOS negative (Peaire et al.
1997). In Henle's plexus of human colon YI labelling is co-localized with NPY
positive cell soma, indicating a potential pre-synaptic/pre-junctional role for
the YI receptor in regulating NPY release, similar to that reported for the Y2 re
ceptor centrally (King et al. 2000). In the myenteric plexus however, there is no
co-localization between NPYand YI rather, YI positive cell bodies are surround
ed by NPY positive nerve fibres (Peaire et al. 1997).

Furthermore in human colon, YI receptors are present on neuronal varicosi
ties which extend directly to the mucosa, close to the basolateral domain of
crypt epithelia, as well as on the basolateral domain of epithelial cells themselves
(Mannon et al. 1999). Consistent with previous studies described above, both
submucosal and myenteric neurones are YI receptor-positive in human colon
(Mannon et al. 1999). These studies implicate a potential neurogenic role for
NPYand PYYactivation of YI receptors as well as a direct activation of epithelial
YI receptors both influencing ongoing mucosal fluid secretion/absorption in the
human and rat intestine. However, it is clear that activation of different popula
tions of YI-positive neurones will result in very different responses, dependent
upon the excitatory or inhibitory character of the intrinsic neurone and the sub
cellular localization of the receptor, that is, cell soma versus varicosity/terminal
location.

4.2
Location ofy2 Receptors

The absence of commercially available Y2 receptor antibodies has meant that
studies on this receptor type in gastrointestinal tissues lag somewhat behind
those for the YI receptor. Conclusions on the cellular location of probable Y2

receptors are therefore drawn from autoradiographic, reverse transcription
(RT)-polymerase chain reaction (PCR) (both types of investigation are dis
cussed here) and functional studies (discussed below, see Sect. 5). In human co-
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lon, 12SI_PYY differential displacement by PYY(3-36} (Y2 preferred agonist) and
[Leu", pro 34)NPY (YI preferred agonist) identified both fragment-preferring
(assumed to be Y2 binding) and Y, binding sites (from [Leu", pro 34)NPY dis
placement) in myenteric and submucosal plexi, and in circular and longitudinal
smooth muscle with only 'Yl ' binding in blood vessels (Rettenbacher and Reubi
2001). Human intestin al segments subjected to in situ RT- PCR have shown Y2
receptor mRNA in the muscle of the ileum and left colon as well as in the mu 
cosal layers of the ileum and right colon (Ferrier et al. 2002). No Y2 receptor
mRNA was detected in muscle preparations from rat intestine (Ferrier et al.
2002) or in nerve-muscle preparations from rat proximal colon (Ferrier et al.
2000). In a separate study Y2 mRNA was found to be highly expressed in rat
proximal and distal colon (while Y1 mRNA levels were intermediate; Feletou et
al. 1998), specifically in colonic epithelium and 'non-epithelial' tissue presumed
to be muscle layers from rat jejunum (Goumain et al. 1998). Taking into account
species differences and tissue-specific variations in Y2 receptor expression, these
studies indicate that Y2 receptors are predominantly but not exclusively, neuro
nal. Their localization on myenteric and submucosal neurones (the latter ex
tending to the muco sa) indicates a neuromodulatory role in the ENS as well as
direct effects on epithelial and smooth muscle targets. However, little if any in
formation on the subcellular distribution of this receptor type exists and the
availabilit y of specific Y2 receptor antibodies is long overdue.

4.3
Location of Y4, Y5 and Y6 Receptors

Here too immunohistochemical studies are few due to lack of selective antibod
ies and thus the patterns of localization are limited. RT-PCR and northern anal
yses have however consi stentl y identified mRNA for the Y4 receptor in rat prox
imal colon (Feletou et al. 1998; Ferrier et al. 2000, 2002), distal colon (Ferrier et
al. 2002) and 'non- epith elial' tissue from rat jejunum (Goumain et al. 1998); but
not apparently in hum an ileum, right or left colon or rectum (Ferri er et al.
2002). Y4 receptor mRNA is present in both crypt and villus epithelia (of the
rat small intestine) , with highest levels of expression in coloni c epithelium
(Goumain et al. 1998). Recently, aided by the first selective antibody, Y4 receptor
immunoreactivity has been detected in goblet cells and along the basal lamina
of rat intestinal villi (Campbell et al. 2003). The Y4 receptor therefore is predict
ed to have significant roles in mucosal function, for example , epithelial ion
transport and mucus secretion, as well as modulating smooth muscle activity.

The peripheral expre ssion of Y5 receptors in comparison with YI> Y2 and Y4

receptor expression, is limited and Y5 mRNA has not been detected in rat fun
dus , antrum, duodenum, jejunum, ileum , caecum or distal colon, or in human
ileum, colon, and rectal tissues (Ferrier et al. 2002). Neverthel ess Y5 mRNA has
reportedly been detected (albeit at low levels) in rat proximal colon (Feletou et
al. 1998) and in colon ic 'non-epithelial' (presumed to be muscle) layers and je
junal crypt s (Goumain et al. 1998). Thus the possibilit y of as yet unidentified Ys
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receptor stimulated effects in these intestinal areas remains but is less promi
nent than Y" Yz or Y4 receptor-mediated functions.

The Y6 receptor is likely to be functionally inactive in humans and primates
(Matsumoto et al. 1996) yet it is expressed full-length and is therefore potential
ly functional in mouse developing embryo (Gregor et al. 1996). Messenger RNA
for Y6 receptor has also been identified in adult human and rabbit small intes
tine and colon (Gregor et al. 1996; Matsumoto et al. 1996) but was apparently
absent from adult mouse tissues (Gregor et al. 1996).

5
Insights into Y Receptor Function in the Small and Large Intestine

Studies using specific Y receptor preferring agonists (for a review see Michel et
al. 1998) not only give us an insight into the potential location but also identify
the functional roles of specific Y receptors in the intestine.

5.1
NPY, PYY and PP Effects upon Gastrointestinal Ion Secretion

By virtue of their primary Gi-protein coupling in epithelia, NPYand PYYare
both anti-secretory peptides, causing an inhibition of ongoing epithelial cAMP
(Servin et al. 1989) which underpins the anti-secretory effects of both peptides.
NPY and PYY cause reductions in electrogenic ion transport, (measured as
short-circuit current; Isc) in rat colon and jejunum predominantly as a result of
attenuated apical chloride secretion (Cox et al. 1988). Electrogenic responses in
the rat jejunum were insensitive to blockade of intrinsic neurogenic activity by
tetrodotoxin (TTX), suggesting that PYY/NPY receptors are exclusively located
post-junctionally on epithelial cells in this tissue (Cox et al. 1988). The Y z pre
ferring fragment, NPY(l3-36) also inhibited basal Isc [as did PYY(3-36)] and
also significantly reduced electrically-evoked electrogenic responses in rat jeju
num (both in the presence and absence of atropine and hexamethonium) indi
cating the possibility of pre-junctional Yz receptors regulating cholinergic and
non-cholinergic neurotransmission (Cox and Cuthbert 1990).

The selective Yz antagonist, BIlE 0246 has confirmed that NPYand PYY-stim
ulated inhibitory effects in the rat jejunum and colon (Cox and Tough 2000;
Goumain et al. 2001) are solely and partially Y z receptor-mediated, respectively.
Also, similar long-lasting anti-secretory responses to PYY(3-36) are observed in
the wild-type mouse descending colon and these are virtually abolished by
BIlE 0246 (Cox et al. 2001a) and are absent from Y z·1. mouse colon mucosae (up
to 100 nM; Hyland et al. 2003). Thus the Yz receptor provides major anti-secre
tory mechanisms, both epithelial (post-junctional) and neurogenic (pre-junc
tional) dependent upon both the species and intestinal site.

Use of BIBP 3226 first confirmed that Y1 receptors are involved in NPYand
PYY anti-secretory responses in rat colon and the TTX sensitivity of [Leu3 1

,

Pr034
] NPY responses, indicates significant pre-junctional Y1 receptor-mediated
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effects in this tissue (Tough and Cox 1996). In contrast, Yz receptor-stimulated
effects are less TTX-sensitive and therefore more likely to be post-junctional in
origin in the rat intestine (Cox et al. 1988; Tough and Cox 1996). In mouse de
scending colon [Leu31, pro 34)PYY responses were abolished by the selective Y1

antagonist BIBO 3304, while PYY responses were only partially attenuated, indi 
cating that the native peptide co-activates both Y1 and Yz receptors in this tissue
(Holliday et al. 2000). No functional activity for any species PP has been ob
served in rat intestinal mucosae.

However PP, together with NPY, PYYand their [Leu31 Pro"] analogues (Y1 re
ceptor preferring), are all anti -secretory in mouse colon (Holliday et al. 2000)
and further characterization using Y1 and Yz antagonists demonstrates that col
lectively these responses are mediated by Yl> Yz and Y4 receptors, with the YI

receptor effects dominating. A Y5 receptor preferring agonist, Ala31,Aib3zhNPY,

was only active at micro-molar concentrations suggesting that Y5 receptors
do not have a role in mucosal responses in mouse colon (Cox et al. 2001a). Re
cent data suggest that Yz receptors in mouse (and human) colon are predomi
nately located pre-junctionally, as responses to both the Y z preferring agonist
PYY(3-36), and blockade of endogenous inhibitory Y z tone by BIlE 0246 were
significantly reduced or abolished by TTX (Hyland et al. 2003, Cox et al. 2003).

In human colon mucosa, Yl> Yz and Y4 are also the receptor types that mediate
NPY, PYYand PP effects (Cox and Tough 2002). Functional studies with isolated
human colonic mucosa indicate that Y1 receptors are present pre- and post-june
tionally, Yz receptors are pre-junctional on enteric neurones and Y4 receptors are
exclusive to basolateral epithelial surfaces (Cox and Tough 2002). Interestingly,
these conclusions are borne out by work with human colonic adenocarcinoma
cell lines, which despite being heterogeneous, rarely or never constitutively ex
press Y1 or Yz receptors (respectively) but frequently express Y4 receptors (H.M.
Cox, I.R. Tough and N.D. Holliday, unpublished results; Cox et al. 2001b). In the
small and large intestine of the rat, different species PP (and thus presumably Y4

receptors) do not alter mucosal ion transport (Cox et al. 1988). Recent studies us
ing a polyclonal Y4 receptor antibody have shown selective staining of goblet cells
in the rat duodenum (Campbell et al. 2003), thus alternative Y4 receptor-mediated
effects, such as the regulation of mucus secretion may yet be described.

5.2
NPY, PYYand PP Effects upon Gastrointestinal Motility

As already discussed Yl> Yz and Y4 receptors mediate the anti -secretory effects
of NPY, PYYand PP in human and murine colon, by differentially acting at both
pre-junctional neuronal Y receptors or directly acting upon epithelial Y recep
tors . Excitatory, contractile effects have also been observed in the gastrointesti
nal tract in response to these polypeptides. In rat proximal colon both PYYand
NPY induce muscle contraction (Feletou et al. 1998; Ferrier et al. 2000; Pheng et
al. 1999), although there are conflicting reports concerning the combination of
Y receptors that mediate these effects. Feletou et al. (1998) suggest that three Y



398 N. P. Hyland · H. M. Cox

receptors are involved in the rat, namely Y2, Y4 and Ys receptors. In terms of
TTX sensitivity, neither NPY nor PYY contractile responses were sensitive to
pre-treatment with the toxin, while Yr , Y4-, and Ys-preferring agonist responses
were abolished by TTX (Feletou et al. 1998). In contrast, Pheng et al. (1999)
found that TTX abolished contractile responses to PYYand human PP (hPP).
PYY contractile responses were also partially sensitive to pre-treatment with at
ropine, suggesting neural regulation of the PYY contractile response via a cho
linergic mechanism (Pheng et al. 1999). Ferrier et al. (2000) suggest that the
contractile effects of NPYand PYYin rat proximal colon are predominantly me
diated by Y1 receptors on muscle cells and neuronal Y4 receptors. However, the
Y1 receptor antagonist BIBO 3304 does not alter contractile responses in rat
(Pheng et al. 1999) or wild-type mouse colon (Tough et al. 2002). The Y2 antago
nist used by Pheng et al. (1999) T4-[NPY-(33-36))4' reduced, and BIlE 0246
abolished PYY(3-36) responses (Dumont et al. 2000) leaving [Leu31,Pro34)NPY

and hPP effects unchanged (Dumont et al. 2000) indicating a definite role for Y2

receptors in mediating this contractile response, and a potential role for both Y1

and Y4 receptors. While PP effects are predominantly mediated by Y4 receptors,
residual effects of this peptide upon Y1 receptors (as seen in Y4-/- tissue, and dis
cussed in Sect. 6; Tough et al. 2002) probably account for the conflicting infor
mation on Y receptor modulation of contractile activity.

Centrally administered (intracerebroventricular; icv) NPYand PYYalso in
duce changes in gastric motility (Fujimiya et al. 2000). When administered to
fed rats NPY returned duodenal activity from a fed state back to a fasted state,
via potential central vagal mechanisms involving Y2 and possibly Y4 receptors
(Fujimiya et al. 2000). It was also speculated by these authors that such a mech
anism may lead to the onset of feeding behaviour. However, it has since been
shown that the Y2 preferring agonist PYY(3-36) can directly influence hypotha
lamic circuits to inhibit food intake (Batterham et al. 2002). In complete con
trast, and in a different species (the guinea pig colon), NPYand PYY inhibit mo
tility via Y1 and Y2 receptor activation and both effects are mediated via an inhi
bition of acetylcholine release (Sawa et al. 1995).

6
Gastrointestinal Function in Mutant Mice lacking Y1, Y2
and Y4 Receptors and NPY

Mice lacking either NPY or a single Y receptor population, that is Y1> Y2 or Y4
receptors have confirmed the functional roles for this neuropeptide and its re
ceptors in the murine gastrointestinal tract. It is noteworthy that we and others
have not found differences in Yagonist effects, potency or pharmacology, either
between pure mouse strains or the mixed background strains (C57BL6/129 Sv)
used to generate conditional and unconditional knockouts (Cox et al. 2001a;
Hyland et al. 2003; H.M. Cox, N.P. Hyland, I.R. Tough, E.L. Pollock and H.
Herzog, unpublished results). Y receptor mutant mice have also provided useful
models for the complete characterization of Yagonists, which have been used to
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ascribe physiological function to Y receptors in the past. As previously dis
cussed in this chapter both NPYand PYY together with PP are anti-secretory
peptides, and all three can significantly alter intestinal motility. These two func
tional end points have been studied in detail in isolated tissues from wild-type
and unconditional knockouts, namely s,': y 2-1-, NPy-l- and y 4-1- mice, and our
findings are summarized below.

6.1
Overlapping Pharmacology

Anti-secretory mucosal responses mediated by the Y. preferring agonist [Leu",
Pro34jPYYand the Y2 preferring PYY(3-36) are abolished in Y\-1- (H.M. Cox and
N.P. Hyland, unpublished results) and y 2-1- (Hyland et al. 2002; Fig. 1) tissues

61lA

Y2-1- '"AL
5mins

51lA

0 • •
Y1-1-

o • 0 6...
VIP PYY(3-36) hPP PYY UK SOM

Fig. 1 Representative responses to basolateral VIP (30 nM), PYY(3-36) (100 nM), PYY (10 nM) and UK
(1 ,11M) in descending colon mucosal sheets from y/ I+, V/" and y1-1- mice. Inaddition to this sequence of
agonists, hPP (100 nM) and somatostatin (SOM, 100 nM) were also added to yl -

l- tissue (lowest trace) only.
Values (in ,uA) to the leftof each trace record the basal IS( foreach 0.2 cm2 preparation. Note the loss of
PYY(3-36) responses in Y/ - tissue compared with those observed in y/ I+ colon; the absence of PYY re
sponses in Y/ colon (lowest trace only), and the decrease in IS( observed following hPP in y\-I- colon
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Fig. 2 Concentration-response (CR) curves for basolateral hPP added to descending colon mucosae
from y/ I+, Y4-1- and Yl-I- tissue. Each point is the mean±l SE from pooled data and is quoted as
"tJA .cm-2>~ Note the rightward shift in the CR curves from V4-1- (and the loss of hPP responses in this
mutant plus BIBO 3304, 300 nM) and V,-I- colon, and the monophasic character of the hPP curve in
V/ colon (n=2-19)

respectively, although at higher concentrations (300 nM, data not shown)
PYY{3-36) decreased Ise in Y2-1- tissue, an effect that was blocked in the presence
of the YI antagonist BIBO 3304, indicating that this fragment co-stimulates YI

receptors at higher concentrations (Hyland et al. 2002). The human sequence of
PP has been thought to be a Y4 preferring agonist but we have clear evidence
that this species PP can co-stimulate Y\ and Y4 receptors at low concentrations
(I-30 nM; Fig. 2) and more so at 100 nM and 300 nM. Residual mucosal hPP
responses are also present in y4·1- tissue and these are abolished by BIBO 3304
(Tough et al. 2002; Fig. 2). In the mouse colon, Yj-stimulated Ise responses are
significantly greater than either Y2 or Y4-mediated anti-secretory effects. Thus
hPP can stimulate the very large Yj-mediated decreases in Ise (at 100 nM and
300 nM) in control and knockout colon mucosae (NPY-/-; y 2-1. , Hyland et al.
2002; y 4·1., Tough et al. 2002) but it does not do so in y \ .I. colon mucosa
(Fig. 2). These stud ies demonstrate the ability of hPP [and to a lesser extent
PYY{3-36)] to co-stimulate murine Y1 receptors.

6.2
Enteric Nerve Depolarization by Veratridine inY1' /' , Y2'/'

and NPY'/' Colon Mucosae

The depolarizing agent veratridine causes an increase in Ise (Hyland and Cox
2002) in mouse colon as a result of elevated Cl secretion initiated by cholinergic
and non-cholinergic neurotransmitter release (Sheldon et al. 1990) and this neu
rogenic response is reversed by TTX (Fig. 3A). The loss of the enteric neuropep
tide, NPY, caused an unexpected decrease in the resultant secretory response (in
the absence of the anti -secretory neurotransmitter), and indicates an inhibitory
role for NPY in normal colonic submucosal neurotransmission. Veratridine-in
duced depolarization of enteric neurones in tissue pre-treated with the Y2 antag
onist, BIlE 0246 resulted in significantly increased mucosal l se responses
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Fig. 3. A A representative IS( response to basolateral veratridine (30 ,LiM) in wild-type (NPy+I+) mouse
descending colon, followed by a subsequent inhibition of elevated Ise by TTX (100 nM). The value to
the left of the trace is the basal Ise prior to stimulation. B Histogram showing pooled data of peak
height veratridine responses (at 5 min) following, in order; wild-type tissue pre-treated with either
BilE 0246 (1 ,LiM for 15 min) or BIBO 3304 (300 nM for 15 min), then responses in y2-1- tissue and Y/
colonic tissues. Note the significant increase (P<0.05, Students' unpaired t test) observed in +1+ tissues
plus BilE 0246 compared with controls (+1+). The numbers of observations are given in parentheses

(Fig. 3B) in mouse colon (and to a lesser degree in y 2-1- tissue), while responses
were unchanged in s,', compared with y\+I+ (with or without BIBa 3304) or
y/I+ tissues (Hyland and Cox 2003; Fig. 3B). These data indicate that the Y2 re
ceptor (and to a lesser extent Y1 receptors) is located pre-junctionally on colonic
submucosal neurones and that their stimulation modulates non-cholinergic
neurotransmission in the mouse colon (Hyland and Cox 2003).

6.3
Y, Receptor-Mediated Inhibitory Tone

The mucosal y \ receptor has recently been reported to mediate inhibitory tone
in mouse (Hyland and Cox 2002; Hyland et al. 2003) and in isolated human co
lon mucosae (Cox and Tough 2002). BIBa 3304 alone can stimulate an increase
in basal mucosal ion transport in the colon from both species, suggesting loss of
endogenous inhibitory (anti-secretory) tone which could be mediated by either
NPYor PYY. However, a similar increase in Ise in response to BIBa 3304 is also
observed in NPy-l - mouse colon, implicating either circulating PYY and/or
PYY(3-36) as the important mediators of this inhibitory tone in the mouse
(Hyland and Cox 2002).

6.4
YReceptor-Mediated Smooth Muscle Contraction in Y2+ and y4-1- Colon

Longitudinal smooth muscle contractile effects of NPY appear primarily to be
mediated by Y2 receptors in wild-type mouse colon, nevertheless a small in-
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crease in tone is observed in Y2.1. tissue, which is sensitive to pre-treatment with
BIBO 3304 (Hyland et al. 2003) and is therefore Y1 receptor-mediated. Both hPP
and porcine (pPP) increase basal smooth muscle tone (and frequency and am
plitude of spontaneous contraction) in control and y 4•1• mouse ascending colon
(pre-treated with TTX) and these responses are only abolished by the Y1 antag
onist (BIBO 3304) showing that both species PP can stimulate murine Y1 recep
tors.

7
NPYand PYY in Intestinal Disorders and Gastrointestinal Pathology

PYYat postprandial circulating levels, profoundly inhibits VIP-stimulated elec
trolyte secretion in the small intestine of healthy human volunteers (Playford et
al. 1990). Similarly intravenous infusion of NPY into healthy human volunteers
has been shown to inhibit prostaglandin-E, stimulated fluid and electrolyte se
cretion (Holzer-Petsche et al. 1991). Such studies strongly suggest that both
PYY and NPY have an anti -diarrhoeal role in the human intestine. Conversely,
elevated colonic PYY has been associated with chronic idiopathic slow transit
constipation (for review see, EI Salhy et al. 2002) but there are also reports that
serum PYY and PP levels remain unchanged, following ingestion of a meal, in
patients suffering from this disease (Van et al. 1998).

Colonic biopsies taken from patients suffering from inflammatory bowel dis
ease (rBS) show changes in both NPYand PYY content when compared to con
trol samples (Simren et al. 2003). Those patients who suffered from diarrhoea
predominant IBS (IBS-D) showed a significant decrease in NPY levels. In a simi
lar study the amount of PYY present in biopsies taken from constipation pre
dominant IBS (IBS-C) patients and IBS-D patients displayed tissue specific
changes in PYY levels with a significant decrease in the descending colon and
no associated changes in the ascending colon (Simren et al. 2003). Thus, while
changes in NPYand PYY expression in the intestinal wall may contribute to the
pathogenesis of colonic disorders, it may be envisaged that in cases of IBS-D for
example NPY and PYY analogues may be beneficial clinically, while Y receptor
antagonists may be of use in the treatment of IBS-Cpredominant disease.

In contrast, biopsies taken from patients suffering from coeliac disease, show
an elevation in intestinal NPY, however the functional significance of this in
crease is as yet unclear (Sjolund and Ekman 1989). Both basal and postprandial
levels of PYY are elevated in coeliac disease, and it has been suggested this may
be a compensatory response to prolong gastrointestinal transit time and to alle
viate diarrhoea (for a review see El Salhy et al. 2002). Circulating levels of PYY
also appear to increase following resection of the small and large intestine and
this is likely to be a similar compensatory response in order to slow gastrointes
tinal transit through the resected gut (for a review see EI Salhy et al. 2002). Fur
thermore, PYY has been reported to have a gastric protective effect by inhibit
ing ethanol-induced gastric injury suggesting a physiological role for PYY
in protecting the gastric mucosa from injury following ingestion of a meal
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(Kawakubo et al. 2002). It would seem therefore that changes in NPYor PYY
may be associated with disease i.e. IBS-C and peptic ulcer formation. PYY (and
NPY) have a positive effect in slowing gastrointestinal transit and potentially
acting as an anti-diarrhoeal in those patients with functionally or anatomically
compromised colons (i.e. as a result of IBS or surgery).

8
PYY: ATrophic Factor in the Intestine?

125I-labelled PYY binding studies suggest that these binding sites (probably Y2

receptors) are preferentially expressed in crypt cells rather than in villus cells in
rat small intestine (Voisin et al. 1990). Interestingly in situ hybridization studies
also reveal PYY mRNA positive cells within the epithelial lining of the crypts as
well as in the lamina propria of rat colon (Gomez et al. 1995). Thus the close
localization of endocrine cell PYYand Y2 receptors in epithelial cells at the base
of crypts where stem cells undergo maturation and differentiation, might indi
cate a role for PYY in regulating these mechanisms. The Y2 receptor has been
implicated in increasing alkaline phosphatase activity and decreasing dipepti
dase enzymes in Caco-2 cells. These cells exhibit morphological and biochemi
cal characteristics of normal small and large intestinal epithelium, demonstrat
ing a role for PYYand/or PYY(3-36) in promoting colonic cell differentiation
(Sgambati et al. 1997). Exogenous PYY, when administered (either intraperito
neally or subcutaneously) to rats and mice, results in a significant increase in
intestinal weight, DNA content and protein content in small intestine and colon .
Species differences and differences in PYY levels within different intestinal re
gions were cited as reasons for the variation between rat and mouse data, and
that between the small intestine and the colon (Gomez et al. 1995). These effects
may well be mediated by the Y1 receptor, which is shown to couple mitogen-ac
tivated protein kinase phosphorylation and result in cell growth in gut epithelial
cells (Mannon and Mele 2000).

9

Conclusions

This chapter describes the differential localization of NPY, PYY, PYY(3-36) and
PP in the gastrointestinal tract of human, rat and mouse intestine (with some
reference to guinea pig), as well as the immunocytochemical localization of Y1

and Y4 receptors in rat and human tissue, and the detection of Y2, Y5 and y6 re
ceptors using RT- PCR or northern blot analysis respectively. As antibodies for
all the Y receptor types are developed and become commercially available, more
information about their discrete cellular and subcellular localization will be ob
tained. Specifically we have focused on two physiological mechanisms here, gas
trointestinal ion secretion and motility and the regulation of these responses by
the pancreatic polypeptides with particular reference to those studies where the
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selective antagonists for the YI and Y2 receptors, and most recently Y receptor
knockout mice have been used. These mutant mice have proved to be particu
larly useful in confirming various physiological functions and also in character
izing the pharmacology of different species peptide agonists. In terms of clinical
applications, while NPYand PYY may be associated with some gastrointestinal
disorders (where Y receptor antagonists may be useful), there is clear evidence
to suggest that development of NPY, PYY or PP agonists would be beneficial as
anti-diarrhoeal agents. Indeed Y4 preferring agonists or antagonists might prove
to be the most useful in the development of novel anti-diarrhoeals or anti-con
stipatory drugs as this receptor type is not widely expressed in peripheral tis
sues and is functionally significant in human colon (Cox and Tough 2002).
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Abstract It is now well established that the nervous system and the immune
system are connected in a reciprocal manner. A major pathway in the neuroim
mune crosstalk is provided by the sympathetic nervous system (SNS). Though
this interaction is thought to be predominantly mediated by catecholamines
(CA), compelling evidence is now available indicating that neuropeptide Y
(NPY), released from sympathetic nerves within immune organs, also exerts
profound influence on both cellular and humoral immune functions. NPY inter
feres with critical immune functions, such as differentiation of T helper cells,
monocyte mediator release, natural killer (NK) cell activation, and immune cell
redistribution. Additionally, NPY also modulates the outcome of CA induced
immune alterations in vitro and in vivo, thereby acting as a neuroimmune co
transmitter. In this chapter, we summarize key findings from the interaction be
tween NPYand immune functions and discuss implications for the clinical situ
ation. In addition, fields of future research on this interesting topic are outlined.

Keywords Immune functions- Macrophages/monocytes . NK cells·
Lymphocytes· Autoimmunity

1
Introduction

The sympathetic nervous system (SNS) is critical for the maintenance of ho
meostasis. In addition to its involvement in the regulation of crucial networks of
the organism, such as the cardiovascular or gastrointestinal system, it is now
well established that a functional interaction between the SNS and immune sys
tem is also present (reviewed by Straub et al. 1998; Elenkovet al. 2000; Downing
et al. 2000; Madden 2001). Sympathetic nerves directly terminate in primary
and secondary lymphoid organs. SNS transmitters, such as catecholamines
(CA), are shown to bind to specific receptors expressed on various types of im
mune cells and finally numerous immunological functions are modulated by
the SNS (reviewed by Elenkov et al. 2000). On the other hand, it is well docu
mented that mediators from the immune system, such as cytokines, can directly
interact with critical central nervous system (CNS) structures and functions
(Turnbull et al. 1999; Parnet et al. 2002). A more detailed understanding of this
bidirectional communication will provide new insights into both physiology
and pathophysiology.

The vast majority of these studies have focused on the role of CA (reviewed
by Kohm and Sanders 200l). However, as indicated by early studies (Lundberg
et al. 1989), CA are not the only sympathetic transmitters being released in the
immune system . NPY is costored and coreleased from sympathetic nerves ter
minating in lymphoid organs (reviewed by Lundberg et al. 1996) and leukocytes
express functional NPY receptors (Petitto et al. 1998; Bedoui et al. 2002). Strik
ingly, a growing number of investigations have proven that NPYalso modulates
critical immunological functions. Thus, NPY can also be considered a player in
the interaction between the SNS and the immune system (Bedoui et al. 2003a).
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The aim of this chapter is to summarize key findings from the interaction be
tween NPYand the immune system . The description of the anatomical and func
tional basis for this interaction will be followed by a detailed overview on the
effects of NPYon critical immune functions in vitro and in vivo, such as phago
cyte function, cytokine release, natural killer (NK) activity, lymphocyte biology
and trafficking of immune cells. Finally, we present evidence for a role of NPY
in different pathophysiological conditions and discuss possible mechanisms un
derlying these observations.

2
Bidirectional Communication Between NPYand the Immune System

Neuroimmune interactions are bidirectional: the nervous system modulates im
mune mechanisms, whereas the immune system affects functions of the nervous
system . Therefore, a physiological role for NPY in the neuroimmune crosstalk
depends on certain anatomical and functional prerequisites. First of all, the im
mune system needs to be supplied with NPY-containing nerve fibers. Secondly,
NPY must be released within the local immunological microenvironment. Final
ly, cells of the immune system should posses NPY receptors in order to enable a
direct communication between locally present NPY and immune cells. On the
other hand, the expression and the release of NPY should be subject to modula
tion by the immune system.

2.1
NPY-Positive Fibers in Spleen, Thymus, Lymph Nodes and Bone Marrow

Sympathetic nerve fibers, originating from brain regions that are crucial for ho
meostasis, such as the paraventricular nucleus in the hypothalamus or the cau
dal raphe nuclei (reviewed by Sawchenko and Swanson 1982) project to pregan
glionic neurons in the thoracic and lumbal spinal cord. Myelinated fibers from
these neurons branch off the spinal cord through the ventral root to form syn
apses with cell bodies located in the visceral ganglia, such as the superior me
senteric or the celiac ganglion. From these ganglia , a second projection follows
the vasculature to terminate in target organ s.

An overwhelming number of studies demonstrated the presence of sympa
thetic fibers in lymphoid organs (for details see Elenkov et al. 2000). Even
though the majority of these studies were designed to detect the expression of
CA or CA-specific enzymes, such as tyrosine hydroxylase and dopamine beta
hydroxylase , there is also compelling evidence for the presence of NPY-contain
ing fibers in various lymphoid organs. Using immunohistochemistry to detect
NPYexpression, Lundberg et al. (1985) found several NPY-positive fibers inner
vating the cat spleen that or iginated in the celiac ganglion. Furthermore, an
analysis using electron microscopy revealed that NPY-positive nerve terminals
are found in close apposition to lymphocytes and macrophages in the marginal
zone of the rat spleen, indicating a direct interaction between NPYand immune
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cells (Romano et al. 1991). Fink et al. (1988) investigated the presence of NPY
positive sympathetic nerves supplying lymph nodes in a variety of mammalian
species (guinea pig, rat, cat, pig, mouse, and human). Both visceral and somatic
lymph nodes are richly innervated by NPY-posit ive fibers and some fibers were
also found to branch off into the lymphoid parenchyma. NPY-positive nerves
also innervate other important lymphoid organs, such as the thymus and the
bone marrow. Though the majority of NPY-positive fibers were found to sur
round blood vessels, several fibers also ramified among immune cells within
these organs (Cavalotti et al. 1999;Tabarowski et al. 1996). The functional signif
icance of these findings is further substantiated by studies demonstrating that
electrical stimulation of superfused pig and murine spleens induces the release
of NPY from sympathetic nerves into the local immunological microenviron
ment (Lundberg et al. 1989;Straub et al. 2000a).

Finally, the presence of NPY-positive sympathetic fibers has been associated
with the morphological and functional development of lymphoid organs .
Westermann et al. (1998) described that the re-innervation of transplanted
splenic tissues with NPY/TH-positive fibers is a critical element for the func
tional development of the transplants. In addition, thymocyte repopulation fol
lowing bone marrow transfer into scid mice was also demonstrated to depen
dent on the innervation with NPY (Mitchell et al. 1997).

Thus, the presence of NPY-containing fibers in lymphoid organs and the re
lease of NPY within the local microenvironment allows for a direct interaction
between NPYand immune cells. However, a detailed study on a potentially dif
ferential innervation of the discrete compartments and on nerve endings next to
lymphocyte subsets is still lacking.

2.2
Coexistence and Corelease of NPY and CA in Lymphatic Organs

Initial studies have revealed that NPY and CA can be found within the same
nerve terminals. Subsequent ultrastructural investigations further demonstrated
a particular storage pattern for NPY and CA in sympathetic nerve terminals .
Small vesicles were found to contain NPY only, whereas in large vesicles NPY
is present in combination with CAs (Fried et al. 1985; Ekblad et al. 1984).
Lundberg et al. (1989) investigated the functional relevance of this costorage in
the spleen. It was found that upon electrical stimulation splenic sympathetic
nerves can release NPYeither alone or in combination with CAs (Lundberg et
al. 1989). The process of corelease is regulated by several mechanisms. Accord
ing to neurophysiological studies NPY is preferentially released under condi
tions of elevated neuronal activity (5-40 Hz), whereas the release of CAs
dominates under moderate stimulation (1-10 Hz) (Hokfeldt et al. 1991). Howev
er, the duration of the nerve activation also modifies the composition the sym
pathetic transmitter output. Prolonged sympathetic stimulation over 1 h de
creases 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
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NPYof approximately 5 mm/h (D'Hooge et al. 1990), a complete resupply of the
nerve terminal with NPY can take up to 11 days (Lundberg et al. 1989).

Thus, NPYand CA can be released together in the immune system . This pro
vides a rationale for a possible interaction between both of these transmitters in
affecting immunological functions. Acute, repeated or prolonged nerve stimula
tion might show different effects due to the surprisingly slow axonal transport
of NPY.

2.3
NPY Receptors in the Immune System

Studies characterizing the distribution of the YI receptor have revealed a high
density in the spleen of different species (Gehlert et al. 1996; Malstrom et al.
1998). Unfortunately, since most of these studies used spleen homogenates, a
differentiation between vascular components on the one hand and immunologi
cal contents, such as the white pulp, on the other was impossible. One study,
however, compared binding sites between blood vessels, the red and the white
pulp. Even though they found much stronger signals in the red pulp and blood
vessels, moderate signals were also obtained in lymphocyte-rich areas of the
white pulp (Lundberg et al. 1989). This first indication for the expression of the
YI receptor on immune cells was further substantiated by de la Fuente et al.
(1993), who demonstrated binding sites for radiolabeled NPYon peritoneal mu
rine macrophages. A more detailed investigation on this matter was conducted
by Petitto et al. (1994). They successfully cloned a YI receptor from splenic
lymphocytes, which displayed a 100% sequence homology upon comparison to
the Y1 receptor cloned from the frontal cortex. Using reverse transcription
(RT)-polymerase chain reaction (PCR) and radioligand binding studies, they
demonstrated the functionality of the YI receptor expressed on splenic lympho
cytes. In a recent study we extended this finding by the observation that YI re
ceptor transcripts are also detectable in rat peripheral blood mononuclear cells
(PBMC) (Bedoui et al. 2002).

In conclusion, with the detection of NPY-containing nerves in lymphatic or
gans, evidence for the release of NPY within the immunological microenviron
ment and the demonstration of functional NPY receptors on immune cells, all
requirements for an interaction between NPY and the immune system are ful
filled. However, a potential lymphocyte subset-specific expression difference,
e.g., CD4, CD8 regulatory cells, memory and naive lymphocytes of the YI recep
tor has not been studied so far.

2.4
Effects ofthe Immune System on Expression and Release of NPY

The NPY pathway between the SNS and the immune system is not unidirection
al. Immune cell derived messengers, such as interleukin (IL)-lfJ, are shown to
interfere with the production of NPY by human astrocytes (Barnea et al. 2001).
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It is also documented that the levels of NPY in specific brain regions are signifi
cantly increased in mice transgenic for tumor necrosis factor (TNF)-a (Fiore et
aI. 2000). Furthermore, leukemia inhibitor factor, another important cytokine
for neuroimmune interactions (Arzt et aI. 1999), is known to modulate the ex
pression of NPY in sympathetic neurons (Nawa et aI. 1991; Zigmond et aI.
1997). Finally, a study using coculture of sympathetic ganglion cells (SGC) and
splenocytes demonstrated that NPY expression in SGC directly depends upon
the activation status of the cocultured splenocytes (Barbany et al. 1991). Thus,
several immune derived mediators are capable of interfering with the expression
and production of NPY in the nervous system.

There is evidence demonstrating that the immune system is also able to pro
duce NPY. NPY mRNA is found in both murine PBMC (Ericsson et al. 1987)
and in human monocytes and lymphocytes (Schwarz et aI. 1994). Several treat
ments, such as dexamethasone and nerve growth factor, upregulate NPY mRNA
and NPY in rat PBMC (Ericcson et aI. 1991) and human lymphocytes (Bracci
Laudiero et aI. 1996), indicating that NPYexpression in the immune system is
subject to modulation.

In conclusion, there is compelling evidence for a bidirectional communica
tion between NPY and the immune system, thus providing the anatomical and
functional basis for NPY to function as transmitter in the neuroimmune cross
talk.

3
Actions of NPY on Innate Immune Functions

NPYexerts critical effects on various immunological parameters, including im
portant actions in both innate and acquired immunity (reviewed by Bedoui et
aI. 2003a). The aim of this section is to outline the involvement of NPY in criti
cal immune functions, such as phagocytosis, mediator release, NK activity, T
helper cell differentiation, B cell homeostasis and leukocyte trafficking .

3.1
Phagocyte Function

Monocytes and neutrophils are key players in the first -line defense of the body.
These cells have the ability to phagocytose pathogens and nonbiological parti
cles. The process of phagocytosis, involving engulfment of the pathogen and the
subsequent enzymatic degradation within the phagocyte, is mediated through
surface molecules that are directed against highly conserved microbial compo
nents and is triggered by antibodies or complement fragments bound to the sur
face of a pathogen.

Several studies have focused on the ability of NPYto interfere with phagocyte
function (Fig. 1). An initial study using murine peritoneal monocytes (de la
Fuente et aI. 1993) compared phagocytotic responses to Candida albicans and
inert latex beats. The results demonstrated that NPY increases phagocytosis. In-
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Fig. 1 Summary of the in vitro effects of NPY on monocytes/macrophages. HUVEC, human umbilical
cord endothelial cells

teres tingly, these results are in contrast to a recent study investigating the effect
of NPY on the ingestion and degradation of Leishmania major, where it was
demonstrated that NPY inhibits phagocytosis of these intracellular microbes
(Ahmed et al. 2001). The different results can probably be attributed to the vari
ous pathophysiological mechanisms by which the microbes and the particles in
teract with monocytes. Interestingly, phagocytosis of Leishmania is a crucial
step for the survival of these microbes, since they replicate and proliferate with
in phagocytes. Thus the prevention of phagocytosis of Leishmania might reflect
a means by which NPYexerts a protective role during Leishmaniasis.

Another important function of monocytes is the presentation of ingested
antigens on the cell surface, thereby fulfilling their role as antigen presenting
cells (APCs). APCs are critical to direct immune responses in health and dis
ease. However, until today the possible effects of NPYon this important function
have not been investigated. Clearly, there is a need to investigate this matter, in
particular as it has been recognized that dendritic cells are several fold more po
tent APe. The role of NPYon this interesting cell family has not been studied so
far.
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3.2
Natural Killer Cell Activity

NK cells play an important role in the host response to viruses and tumors.
Among several other mechanisms physical and psychological stress, such as
physical exercise or mood disorders (Irwin et al. 1987), modulate NK cell activi
ty. However the underlying mechanisms of this interaction are not fully under
stood. Most likely these alterations are mediated via the SNS. This suggestion is
supported by several findings. Chemical sympathectomy is shown to increase
NK cell activity (Reder et al. 1989), whereas SNS activation results in an inhibi
tion of NK cell activity (Cunnick et al. 1990). Furthermore, bilateral lesions in
the hypothalamic preoptic nucleus result in suppressed NK cell activity (Kata
fuchi et al. 1993) and these effects can be abrogated by resection of sympathetic
splenic nerves (Hori et al. 1995). However, a growing number of studies indi
cates that sympathetic control on NK cell activity also involves NPY (Fig. 2).

The first detailed study on the association of NPY levels and NK activity was
performed in patients undergoing bereavement or other severely threatening life
events. It was found that the known decrease in NK activity resulting from such
events (Kiecolt-Glaser et al. 1984; Irwin et al. 1987) is inversely correlated with
NPY plasma levels. Whereas increased NPY levels result in decreased NK cell
activity, decreased NPY levels result in an increased NK cell activity (Irwin et al.
1991). These findings were further emphasized by in vitro experiments demon
strating a direct and concentration-dependent inhibition of NK cell activity by

in vivo

r>.
NPY in tracere~~~enrriCUla,

(von Horsten et 01. 1998)

NK cell-mediated lysis
• in LNand thymus l'

• in blood and spleen J..
Fig. 2 NPY interacts with NK cells both directly
(in vitro) and indirectly (intracerebroventricular).
LN, lymph node
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NPY (Fig. 2). The study clearly demonstrated the specificity of the findings,
since anti-NPY sera abrogated the effects and the impaired NK activity was not
due to effects of NPY on the target cells themselves (Nair et al. 1993). Interest
ingly, these suppressive effects on NK activity can be induced not only by direct
interaction of NPY with these cells, but also by intracerebroventricular (icv) ap
plication (Fig. 2). However, these indirect effects seem to have a rebound effect,
since NK activity increased after 24 h (von Horsten et al. 1998a,b). The periph
eral distribution of NK cells is also modulated by NPY. This is of particular im
portance since immune reactions and inflammations involve the migration and
trafficking of leukocytes to their site of action. Recently, we have shown that in
travenous application of NPYalters NK cell distribution in the blood in a dose
dependent manner (Bedoui et al. 2001). The effects were bimodal: a low dose
NPY injection resulted in decreased numbers of NK cells, whereas high dose
NPY was able to mobilize these cells. Interestingly, the distribution of blood NK
cells can be also altered by icv administration of NPY. Shortly after injection of
NPYa significant increase in NK cell numbers was detected (von Horsten et al.
1998a,b). The role of a differential expression of adhesion molecules induced or
suppressed by NPY or effects on chemokines and their receptors are still un
known .

3.3
Humoral Immune Functions and Mediator Release

3.3.1
Respiratory Burst

Besides the direct ingestion of microbes, phagocytes can also damage pathogens
through the generation of toxic metabolites. In addition to numerous different
intracellular enzymes and antimicrobial peptides, monocytes and neutrophils
produce highly reactive oxygen species, a process termed as respiratory burst.
The respiratory burst depends on the enzyme NADPH oxidase and is character
ized by the production of hydrogen peroxide, superoxide anion and nitric oxide.
The release of these oxidative agents is essential for killing of a number of mi
croorganisms (Hampton et al. 1998).

During phagocytosis, the respiratory burst is strongly activated. Whereas
NPY has no influence on the respiratory burst of resting murine peritoneal
monocytes, the stimulation of the respiratory burst resulting from activation of
phagocytosis is directly increased by NPY (de la Fuente et al. 1993; Fig. 3). In
terestingly, Nl'Yalso interferes with other agents that induce the release of oxi
dative reagents in neutrophils. Formyl-methionyl-Ieucyl-phenylalanine (fMLP),
when administered alone, potently activates this pathway, as indicated by in
creased oxygen radical formation. Hafstrom et al. (1993) investigated the influ
ence of NPYon fMLP-induced oxygen radical formation in human neutrophils.
Their results displayed a bidirectional pattern. If a very low dose ofNPY is coad 
ministered with fMLP the action of fMLP is significantly enhanced. However, us-
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Fig. 3 The effect of NPY on functional aspects of neutrophils. NPY modulates neutrophils function
through both direct interactions in vitro and after administration in the brain ventricles (intracere
broventricular). PHA, phytohemagglutinin

ing a rather high dose of NPY, fMLP-induced oxygen radical formation is inhib
ited by NPY. These NPY mediated effects on neutrophil function are not
only induced by direct or combined interaction of NPY with these cells, but icv
application also induced a similar alteration of blood neutrophil function (von
Horsten et al. 1998a; Fig. 2). Blood neutrophils immediately isolated from icv
NPY treated rats exhibited a decrease in zymosan and phorbol-12-myristate 13
acetate- induced oxygen radical formation (von Horsten et al. 1998a,b; Song et
al. 1998). When the same assay was performed 24 h after icv administration of
NPYan increase in oxygen radical formation was observed (von Horsten et al.
1998). Further studies revealed that these effects are mediated via the Y, recep
tor, since the results were mimicked using an Y, receptor agonist and were
blocked by an Y, receptor antagonist (von Horsten et al. 1998c).

3.3.2
Cytokine Release

Macrophages are a major source of several cytokines released at inflammatory
sites. Using electrical stimulation of ex vivo spleen slices (Straub et aI1996), the
interaction of CA and NPY in the sympathetic nerve-macrophage interplay was
recently examined (Straub et al. 2000a). Administration of exogenous NPY in
hibits IL-6 release from splenic macrophages. This process is mediated via the
Y, receptor, because administration of the Y, receptor antagonist BIBP 3226 ab-
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rogates this action. Interestingly, coadministration of NPY and norepinephrine
(NE) resulted in an even stronger inhibition of the IL-6 release, indicating a po
tentiation of NE-mediated effect. Because NE mainly acts through a-adrenocep
tors (ARs), but at higher concentrations also involves ,8-adrenergic signaling,
the effect of the ,8-AR agonist isoproterenol was also investigated. Isoproterenol
increases the release of IL-6 in a dose-dependent fashion and thus operates in
an opposite manner to a az-AR agonist. Surprisingly, the combined action of
NPYand isoproterenol intensifies the increased IL-6 release. One possible expla
nation for the potentiating effects of NPY can be a modulation of intracellular
cyclic adenosine monophosphate (cAMP) formation. Since NPY is shown to in
duce both an increase and an inhibition of cAMP formation (Michel et al. 1998),
we speculate that the NPY induced effects depend on the catecholaminergic
pathway that is activated. In case of ,8-adrenergic stimulation NPYaugments the
increase of cAMP, whereas upon az-AR activation NPY further inhibits cAMP
formation. In conclusion, NPY potentiates the outcome of adrenergic stimuli in
the nerve-macrophage interplay, depending on which AR subtype is activated
(Straub et al. 2000a). This provides evidence for cotransmission between NPY
and CA during neuroimmune interactions.

NPYtreatment of a fraction of gut-derived human macrophages and lympho
cytes results in a significant proliferative effect on these lymphocytes (Elitsur et
al. 1994). This effect seems to be mediated by IL-l,8 released from macrophages,
since depletion of adherent cells abolishes this effect and it can be restored by
the addition of exogenous IL-l,8. This conclusion is supported by the in vitro
capacity of NPY to increase IL-l,8 production from whole blood (Hernanz et al.
1996) and murine monocytes (de la Fuente et al. 2001).

The effects of NPY on the release of cytokines, such as IL-l,8 and IL-6
(Fig. 1), and the interaction of NPY with the release of oxidative reagents may
be of major importance for host defense. Furthermore, after being secreted from
monocytes these cytokines diffuse throughout the body. Since systemically re
leased cytokines can induce a wide spectrum of actions, it is of major impor
tance to investigate to what extent locally NPY evoked cytokine release con
tributes to systemic levels of cytokines.

3.3.3
Histamine Release by Mast Cells

Mast cells also belong to the innate branch of the immune system and their me
diators are crucial components in the first line of immune responses against mi
crobes . Murine connective tissue mast cells respond to NPY by releasing hista 
mine (Arzubiaga et aI1991), whereas NPY has no effect on human mucosa mast
cells (T. Gebhardt and S. Bedoui, unpublished results). The effect on connective
tissue mast cells appears to be different from other NPY evoked effects on the
immune system. Investigations focusing on the involvement of NPY receptors
reveal that degranulation in rat peritoneal mast cells can be evoked by C-termi
nal fragments of NPY, which, however, do not have proper affinities for NPY re-
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ceptors (Shen et al. 1991). This receptor independent effect is most likely due to
positive charges at the C-terminal end of centrally truncated NPY analogues
(Cross et al. 1996), and may represent a receptor independent effect of NPY.

The findings on the interaction between NPYand mast cells suggest unspecif
ic effects on the release of histamine that are associated with structural compo
nents of NPY receptor-specific analogs. Future development of drugs based on
NPYanalogs should carefully consider this receptor-independent mechanism.

3.3.4
Antimicrobial Activities of NPY

The skin and the mucosa form the interface between the organism and the out
side world. Numerous microbes colonize these sites and therefore the skin and
the mucosa must function as barriers. However, with the exchange of nutrients,
the export of certain substances and the excretion of waste products, there is
also an imperative need for the skin and the mucosa to be permeable. With the
dermal and mucosal immune system, the organism has achieved a balance of
keeping up the barrier function, yet, ensuring the necessary permeability. In ad
dition to patrolling phagocytes and lymphocytes, these barriers are also covered
by a large number of microbicidal proteins and peptides. Small antimicrobial
peptides, such as defensins, have the capacity to kill or inactivate several differ
ent microbial organisms through disruption of their membranes (reviewed by
de Yang et al. 2002).

Isolating biologically active peptides from the skin of a South American frog,
Mor et al. (l994) detected a peptide exhibiting 94% similarity with the NPY-re
lated peptide YY (PYY). Microbiological testing of the compound referred to as
skin- PYY, revealed remarkable microbicidal activities. A broad variety of bacte
ria and fungi are irreversibly destroyed upon incubation with skin-PYY for 1 h
(Vouldoukis et al. 1996). Interestingly, the study also demonstrated that NPYex
hibits similar antibiotic activities. The mechanism appears to involve electro
static interactions between positive charges of the peptide and negative charges
of the microbial membrane, finally resulting in osmolysis of the microbe
(Shimizu et al. 1998). The relevance of antimicrobial activities exerted by NPY is
further strengthened by a study demonstrating that Aspergillus niger is able to
secrete a factor that inhibits binding of NPY to NPY receptor expressing cells
(Kodukula et al. 1995).

In addition to the antimicrobial activity, NPY and defensins share further
functional similarities. NPYand defensins are released from immune cells (de
Yang et al. 2002; Schwarz et al. 1994), they both exert strong chemotactic activi
ties for monocytes (Yang et al. 2000; Straub et al. 2000b) and their actions are
mediated through Gai-protein-coupled receptors (de Yang et al. 2002; Michel et
al. 1998). In light of these apparent similarities we conclude that NPY functions
as an antimicrobial peptide. However, several points need to be clarified. What
are the concentrations of NPYon the very surface of these compartments? What



NPYand Immune Functions: Implicati ons forHealth and Disea se 421

is the source of NPY? Is it of neuronal origin or is it secreted from non-neuronal
cells, possibly immune cells?

4
Lymphocyte Biology

4.1
T Lymphocytes

The main characteristic of lymphocytes is their ability to specifically react
against a certain antigen. This unique feature is mediated by the interaction of
an antigen with T cell receptor (TCR) or B cell receptor (BCR), respectively. T
lymphocytes form two major subpopulations: cytotoxic T lymphocytes and T
helper lymphocytes (THL). Whereas cytotoxic T lymphocytes can directly de
stroy tumor bearing or virus infected cells, THL regulate immune responses
and the action of other immune cells, such as the production of antibodies by B
lymphocytes. A very important characteristic of THL in health and disease is
the functional differentiation of naive THL upon antigen recognition (Thl/Th2
balance). The THI phenotype is characterized by the production of cytokines,
such as IL-2 and interferon (IFN)-y, whereas the production of IL-4 is an impor
tant feature of T cells biased towards a TH2 subtype (Abbas et al. 1997).

Crucial lymphocyte functions are also profoundly influenced by NPY
(Fig. 4). Using lymphocytes isolated from BALB/c mouse spleens, it was demon
strated that NPYelevates IL-4 production and decreases IFN-y production upon
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Fig. 4 Summary of the in vitro effects of NPY on Tcells
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stimulation with a plate-bound anti-CD3 antibody (Kawamura et al. 1998). To
confirm these findings, several different THI and TH2 clones were stimulated
with their specific antigens in the presence or absence of NPY. These results
showed that NPY suppresses differentiated THI cells in their production of
IFN-y and stimulates the production of IL-4 by TH2 cells. Thus, a typical TH2
shift is induced by NPY in vitro. Currently we are addressing the question of
whether NPY also induces a TH2 shift in vivo. In agreement with the in vitro
data, intraperitoneal application of NPY significantly inhibits the ex vivo pro
duction of IFN-y in antigen-specific murine lymphocytes. The induction of a
TH2 shift in vivo is further substantiated by the observation that NPYaiso selec
tively inhibits the production of antigen-specific IgG2a (Bedoui et al. 2003b).

Direct in vitro stimulation ofTHl and TH2 cells by NPYwithout any addition
al stimulus was recently shown to produce unexpected results (Fig. 4). In addi
tion to the expected cytokine pattern, NPY was also shown to induce the secre
tion of IFN-y by Th2 cells and IL-4 by THI cells (Levite 1998a). However, when
these cells were stimulated in the presence of the specific antigen and syngenic
APCs, NPYelevated IL-4 in TH2 cells and inhibited IFN-y in THI cells, indicating
a typical TH2 shift. Thus, this study demonstrated that under physiological cir
cumstances of antigen stimulation NPYinduces a TH2 shift in vitro.

In addition to these effects on the functional characteristics of lymphocytes,
NPY has also been shown to interfere with lymphocyte proliferation (Fig. 4).
For instance, in vitro treatment of murine lymphocytes with NPYincreases their
ability for spontaneous proliferation (Medina et al. 2000). However, in the same
study another interesting finding was reported. When NPY is coadministered
with concanavalin A (ConA), a strong activation signal, NPY inhibits the ConA
induced proliferatory effect. Thus, an interesting picture is found in NPY/mito
gen interaction: NPY administered alone induces completely different results
from the effects resulting from interaction with a mitogen. However, the number
of lymphocytes in a lymphoid organ depends not only on lymphocyte prolifera
tion but also on programmed cell death, apoptosis. A potential effect of NPYon
receptors for cell death has not been studied so far.

4.2
BLymphocytes

The main function of B lymphocytes is the production of antibodies. Antibodies
also have a unique specificity towards an antigen and the antibody produced by
individual B lymphocytes can be considered a soluble form of the BCR ex
pressed on the surface this cell. As a part critical component of the humoral im
mune response, antibodies mediate several immunological effector mechanisms,
such as opsonization and complement-mediated lysis.

Though NPY-positive sympathetic fibers form close contacts with B cells in
lymphoid organs (Felten et al. 1985), providing an anatomical basis for a direct
influence of NPYon B cells, little is known about such an interaction. Indirect
evidence for NPY-induced mobilizing effects on B cells comes from a study
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using L-deprenyl, a drug capable of reversing chemical sympathectomy
(ThyagaRajan et al 1998). These authors demonstrated that the L-deprenyl-in
duced re-loading of sympathetic nerve fibers with CAs and NPY causes an in
crease in circulating IgM B cells (ThyagaRajan et al. 1998). However, this study
only demonstrates that re-loading of sympathetic nerves induced an increase in
circulating B cells, and therefore provides no direct evidence for involvement of
NPY. More direct data come from a study investigating the distribution of B
cells after intravenous application of NPY. Intravenous infusion of a low dose of
NPY results in a significant decrease in the number of circulating IgM B cells
(Bedoui et al. 2001). This work also revealed the dose-dependent mobilization
of a previously undetected B cell subpopulation in the rat, referred to as B-1-like
B cells (Bedoui et al. 2001). B-1 B cells form a distinct B cell subpopulation and
are well known in other species (Herzenberg et al. 2000). Even though their
function is mostly unclear, these cells are believed to represent an early develop
mental stage of the immune system (Paul 1998). Finally, intraperitoneal applica 
tion of NPY in rats results in a dose-dependent inhibition of IgM and IgG anti
body responses against keyhole limpet hemocyanin (Friedman et al. 1995,
Fig. 5). We have recently found that intraperitoneally administered NPY induces
a selective inhibition of anti-myelin oligodendrocyte glycoprotein (MOGhs-S5
IgG2a (Bedoui et al. 2003b; Fig. 5). It is clear that the influence of NPY and B
cells needs to be investigated more intensively.

In conclusion, recent findings provide clear evidence that critical elements
in lymphocyte biology are modulated by NPY. However, important questions
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remain unanswered. What are the mechanisms underlying the effects on the
THIlTH2 balance? Which NPY receptor subtypes are involved? What is the phys
iological role of this interaction? Furthermore, we need to extend our under
standing on the effects of NPYon B lymphocytes. Does NPY interfere with the
differentiation of naive B lymphocyte into antibody secreting cells or does the
inhibitory action results from direct effects on preformed cells? Finally, do the
effects of NPYon THL change their abilities to regulate the production of anti
bodies by B lymphocytes?

5
Migration and Trafficking of Leukocytes

Trafficking and migration of white blood cells are crucial steps in the distribu
tion ofleukocytes throughout the body (Westermann and Pabst 1991). This pro
cess is regulated by several mechanisms, including the interaction of leukocytes
with adhesion molecules expressed on the endothelium and attraction of leuko
cytes by chemotaxis. The elucidation of mechanisms regulating leukocyte traf
ficking and migration will have great impact on our understanding of critical
immunological phenomena, including inflammation and antigen distribution
within the immune system.

Determining the number and the phenotype of peripheral blood leukocytes
after intravenous injections of NPY allows investigation of the role of NPY in
regulating leukocyte trafficking. Recent experiments have shown that NPYdose
dependently regulates trafficking of B cells, monocytes and NK cells in vivo
(Bedoui et al. 2001). In addition, to inducing these quantitative effects, NPYaiso
changes the composition of blood leukocytes. The major fraction of monocytes
mobilized by NPY expresses the NK cell typical marker CD161 (Bedoui et al.
2001). CD161-positive monocytes represent a subpopulation that was first de
scribed after challenging rats intravenously with IFN-y (Scriba et al. 1997) and
are regarded as activated monocytes (Grau et al. 2000). Thus, among other ef
fects, NPY induces a preferential mobilization of activated monocytes (Bedoui
et al. 2001). Interestingly, NPYaiso exerts mobilizing effects on leukocytes after
icv application. Shortly after the administration of NPY into the CNS a moder
ate leukocytosis is observed, which is mainly composed of neutrophils and NK
cells (von Horsten et al. 1998b).

In addition to these solitary effects of NPYon leukocyte distribution, we have
recently conducted a study to investigate the effects of a combined action of
NPYand CA on leukocyte numbers in the blood. If NPY is coadministered with
epinephrine (EPI) to mimic the naturally occurring corelease of both SNS neu
rotransmitters, the effects are very different compared to the effects of either
EPI or NPY alone. Single administration of low-dose EPI alone does not mobi
lize blood leukocytes but when administered in combination with NPY, a signif
icant increase in leukocyte numbers is observed. In contrast, the combination
of NPY with a high dose of EPI, which by itself induces a strong leukocytosis,
results in completely opposite effects. In that case NPY inhibits EPI-induced leu-



NPY and Immune Functions: Implications for Health and Disease 425

kocytosis (Bedoui et al. 2002). Furthermore, this interaction between EPI and
NPY is receptor specific, since the inhibitory action is mediated via Y1 receptor
signaling, whereas the potentiation results from Y5 receptor activation (Bedoui
et al. 2002). Thus, a bimodal effect of NPYon EPI-mediated leukocyte mobiliza
tion is effective: low dose EPI effects are facilitated, whereas high dose effects
are inhibited. These observations are not only due to purely additional effects of
NPYupon the EPI effects, since a similar dosage of NPYalone results in different
effects.

In conclusion, these findings provide compelling evidence for a role of NPY
in regulating the number and composition of blood leukocytes. This action can
be induced by both intravenous and icv application of NPY. NPYalso modulates
the effects of CA on blood leukocyte numbers and composition.

These findings raise some important questions. What is the source of the
leukocytes mobilized by NPY? Adrenaline-induced leukocytosis, serving as the
prototype of SNS-induced leukocyte mobilization, has been intensively investi
gated. However, a definite source of mobilized cells could not yet be identified,
but most likely cells are derived from lungs, spleen, bone marrow and the mar
ginal pool of blood vessels (Benschop et al. 1996). However, taking into consid
eration that the observed effects are present within a few minutes and that re
cruiting cells from lymph nodes or the bone marrow requires more time, we
suggest that the interaction between NPYand leukocytes takes place at the en
dothelium.

What possible molecular mechanisms could be involved in the effects of NPY
on leukocyte distribution? With respect to the kinetics described, it is unlikely
that changes in leukocyte cellular expression markers influence their migratory
capacity. Thus, NPY most probably interacts with preformed leukocytes; this
suggests that NPYaffects the capabilities of leukocytes to adhere to the endothe
lium. Indeed, Levite et al. (I 998b) and Sung et al. (I991) both demonstrated that
NPYenhances leukocyte adhesion to extracellular molecules in vitro, and pro
posed that the NPY-induced enhancement of cell adhesion is due to increased
overall avidity of adhesion molecule receptors on lymphocytes. Since Y1 recep
tor antagonism by BIBO 3304 increases leukocyte numbers and a injection of a
Y1 receptor decreases the blood leukocyte count (Bedoui et al. 2002), we pro
pose that NPY increases the adhesion of leukocytes to the endothelium via acti
vation of the YI receptor (Fig. 6). For a better understanding of the underlying
mechanisms of this phenomenon, future investigation should examine carefully
the involvement of adhesion molecules in NPY-induced leukocyte mobilization.

Another possible mechanism underlying these effects could be an interfer
ence of NPY with the chemotactic properties of leukocytes . Chemotaxis is a pro
cess that involves guiding neutrophil and monocytes from the blood into the
tissues, where they principally encounter their antigens . The action of NPYon
human monocytes results in increased chemotaxis, as demonstrated by a che
motactic in vitro assay (Straub et al 2000b). fMLP, a strong chemotactic stimu
lus, exerts a two- to threefold stronger effect than NPY (Straub et al. 2000b).
However, the combined action of fMLP and NPYdid not result in additional ef-
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Fig. 6A-C Proposed model for theregulation of CA-induced leukocyte mobilization by NPY. A Stimula
tion of the /JrAR expressed on leukocytes increases the number of circulating leukocytes in the blood
bydecreasing their abilities to adhere to the endothelium (deattachment). B Activation of theY1 recep
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effect is likely to take place at the endothelium, where it may reduce theaffinity of adhesion molecule
receptors

fects: NPY inhibited fMLP-induced chemotaxis of human monocytes (Dureus et
al. 1991). Thus, chemotaxis, a critical step in leukocyte migration into and with
in an organ, is not only profoundly altered by NPYdirectly, but NPYalso modu
lates the outcome of other chemotactic stimuli.

The findings presented above demonstrate the ability of NPY to regulate leu
kocyte trafficking and migration in vitro and in vivo. This process most likely
involves a receptor-specific modulation of the capabilities of leukocytes to ad
here to the endothelium (Fig. 6) and an interaction of NPY with the chemotactic
properties of leukocytes. In addition, it has been demonstrated that NPYexerts
its immunological action through at least three pathways: direct action on im-
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mune cells, effects on leukocytes after injection into the CNS and a receptor
specific interaction with CA in mobilizing leukocytes.

6
Comparison of Immunological Studies on NPY in Different Species

The studies mentioned so far provide a large variety of data on the role of NPY
in the immune system. However, since these studies were mostly conducted in
different species it is important to differentiate at least between the murine and
the human system . The importance of such differentiation is indicated by sever
al findings (see Figs. 1-5).

In humans and mice, CDS B cells form a constant subpopulation of the B cell
pool (reviewed by Herzenberg 2000). In rats, however, the situation is different:
several studies have failed to detect a constitutively present subpopulation in
this species (de Boer et al. 1992; Vermeer et al. 1994). It is therefore rather sur
prising that NPY dose-dependently mobilizes a B cell subpopulation in the rat
that is characterized by the expression of CDS and CDll b. Differences between
species also become obvious when the effects of NPYon T cell proliferation are
examined: NPY increases spontaneous proliferation in human T cells (Elitsur et
al. 1994), whereas NPYdecreases proliferation in the murine model (Soder et al.
1987). Similar differences are also present with respect to the influence of NPY
on monocyte chemotaxis. Human monocytes respond to NPY with increased
chemotaxis (Straub et al. 2000b; de la Fuente et al. 1993), while NPY inhibits
murine monocyte chemotaxis (Ahmed et al. 1998). Nevertheless, several func
tions are regulated similarly in the two systems. The NPY induced production
of cytokines, such as IL-1J) is upregulated in both human and mouse immune
cells (de la Fuente et al. 2001; Hernanz et al. 1996). Furthermore, NPY increases
in vitro adhesion of monocytes in both the human and the mouse system (Sung
et al. 1991; Medina et al. 1998).

Thus , some effects of NPY are specific to the species being investigated, but
importantly, other functions also occur in different species. Furthermore, strain
differences may add another facet to this picture. However, several immune
modulating functions of NPY have been investigated in only one species and/or
strain. It is therefore necessary to conduct experiments comparing these effects
between different species and strains. This approach will help in understanding
the significance of the se effects.

7
NPY Acts as a Transmitter in Neuroimmune Crosstalk

The findings presented here have consistently shown that NPY interacts with
critical immune functions. Its influence on functions, such as phagocytosis
and mediator release, suggests that NPY is involved in the rapid first-line de
fense against microorganisms. However, NPY is involved not only in innate
immune functions, but also interferes with important mechanisms of the ac-
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quired limb of the immune system. By altering the THIlTH2-balance and anti
body production by B cells, NPY can have a profound influence on directing
and maintaining immune responses. Finally, the impact of NPY on trafficking
and migration of leukocytes further emphasizes the role of NPY in immune
functions.

But does that also mean that NPY is an endogenous player in the interaction
between the SNS and the immune system? In order to act as an endogenous
neuroimmune transmitter, NPY must meet the criteria for chemically mediated
transmission (Eruklar et al. 1994). (a) NPY fulfills the first requirement for a
role as a neuroimmune transmitter, since it is synthesized and stored in post
ganglionic nerves terminating in lymphatic organs (Madden 2001). (b) With its
release into lymphatic organs and its presence in the vicinity of these nerves
(Lundberg et al. 1989; Straub et al. 2000a) NPYalso meets the second criterion.
(c) PBMC express functional NPY receptor (NPY-R) (Petitto et al. 1994; Bedoui
et al. 2002) and a large number of studies has revealed direct in vitro effects of
NPYon different immune cells. (d) The final prerequisite for a neuroimmune
transmitter is that the endogenous action of the transmitter can be blocked by
administration of competitive antagonists. Administration of an Y, receptor an
tagonist elevates blood leukocyte numbers (Bedoui et al. 2002) and inhibits the
release of IL-6 from splenic macrophages evoked by electric stimulation (Straub
et al. 2000a). Thus, NPY meets the criteria for chemically mediated transmission
between the CNS and the immune system and can, as such, be regarded as a
neuroimmune transmitter.

Interestingly, the action of NPY in the immune system is not only restricted
to its function as a direct neuroimmune transmitter. Moreover, NPYaiso mod
ulates the outcome of adrenergic immune functions, such as the release of IL-6
and the mobilization of blood leukocytes. These functions are receptor specific
and probably involve G-protein dependent pathways. Upon activation of their
specific receptors both CA and NPY modulate the level of intracellular cAMP
levels. Therefore, potentiating or inhibiting effects of NPYon CA induced func
tions might be due to additional effects on cAMP formation or inhibition.
These findings are in line with several studies conducted in the cardiovascular
system indicating that NPY serves as a cotransmitter (Lundberg et al. 1996).
For example, NPY modulates the outcome of EPI-mediated vasoconstriction in
a bimodal manner; since both a potentiation (Wahlestedt et al. 1985) and an in
hibition were demonstrated (Ohia et al. 1990). In addition, NPYaiso potentiates
EPI-induced growth of cardiomyocytes (Pellieux et al. 2000). In the same man
ner, we hypothesize that NPY acts a cotransmitter during neuroimmune inter
actions.

In the in vivo situation, particularly within the local microenvironment, it is
unlikely that any single mediator interferes with only one effector system. Many
different mediators from several regulatory super-systems, such as the endo
crine system and the nervous system, influence the immune system simulta
neously. Resulting effects are due to balances between permissive and inhibitory
effects exerted by different mediators and their interactions. It is obvious that
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cotransmitters, which regulate effects of other neurotransmitters, are important
players in the local microenvironment. The observations mentioned so far pro
vide a role for NPY, a sympathetic transmitter, to be involved in fine-tuning of
immunological functions.

8
Clinical Implications

8.1
Autoimmunity

In the following section a brief introduction into the role of T lymphocytes and
antibody producing B lymphocytes in autoimmunity is followed by a detailed
discussion of recent findings regarding the involvement of NPY in certain auto
immune disorders. Finally, we will discuss the relevance to autoimmunity of the
effects of NPYon lymphocyte function.

8.1.1
TLymphocytes in Autoimmunity

Each T cell has a unique receptor, the TCR, which enables these cells to specifi
cally recognize antigens. During the T cell development in the thymus, several
mechanisms exist to ensure that T cells expressing TCRs that are reactive to
wards self-antigens are deleted. In some cases these autoreactive T cells escape
thymic deletion and are present in the periphery. However, the pure presence of
auto reactive T cells in the body does not necessarily lead to the induction of au
toimmunity, since auto reactive T cells can also be detected in healthy individu
als (Goebels et al. 2000). Obviously, there are mechanisms controlling the acti
vation of these cells in the periphery, hence preventing the onset of autoimmu
nity.

A critical step in the activation of auto reactive T cells is the differentiation
into different T cell subtypes. The THI phenotype is characterized by the pro 
duction of cytokines, such as IL-2 and IFN-y, whereas the production of IL-4 is
an important feature ofT cells biased towards a TH2 subtype (Abbas et al. 1997).
In autoimmune disorders, such as rheumatoid arthritis (RA) and multiple scle
rosis (MS), autoreactive T cells are predominantly biased towards the THI phe
notype. With the production of pro-inflammatory cytokines, such as IL-2 and
IFN-y, these cells initiate an immune response directed against joint tissues and
myelin sheaths, respectively (van Roon et al. 2000; Neumann et al. 2001). On the
other hand, other autoimmune disorders, such as systemic lupus erythematodes
(SLE), are characterized by a predominance of autoreactive TH2 cells (Furukawa
et al. 1997). These TH2 cells activate humoral immune responses and the subse
quent production of autoantibodies is a critical pathophysiological element in
SLE. The significance of the THliTH2 balance in autoimmunity is further dem
onstrated by therapeutic strategies seeking to modify this balance. Shifting THI
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cells towards the TH2 phenotype is shown to inhibit RA and MS, both experi
mentally and clinically (van Roon et al. 2000; Neumann et al. 2001). On the oth
er hand, inducing a THI shift cells in SLEhas also proven a beneficial therapeu
tic intervention. Thus, the THIlTH2 balance is a major element in the pathophys
iology of autoimmune disorders (Davidson et al. 2001).

8.1.2
Autoantibodies and C05 BLymphocytes inAutoimmunity

Another important pathophysiological factor in autoimmunity is the production
of antibodies that are directed against self antigens. Autoantibodies are involved
in the pathogenesis of RA, MS, SLE and other autoimmune disorders, such as
myasthenia gravis or Guillain-Barre Syndrome. In 95% of patients with clinical 
ly definite MS, autoantibodies directed against myelin structures, such as MaG,
can be detected in the cerebrospinal fluid (CSF) (Correale et al. 2002). The sig
nificance of these antibodies for the disease was recently demonstrated by a
study reporting that MaG-specific antibodies bind directly to disintegrating
myelin around axons in lesions of acute MS (Genain et al. 1999). In RA it is well
established that binding of autoantibodies to joint structures initiates macro
phage-mediated tissue destruction (reviewed by Burmester et al. 1997). Hence,
the production of auto reactive antibodies is another important pathophysiologi
cal feature of autoimmune disorders.

CDS B lymphocytes comprise a special subset of B lymphocytes, which differ
in several aspects from normal B lymphocytes. Numerous studies have investi
gated the involvement of this subset in certain autoimmune disorders, since
CDS B cells were initially shown to produce autoantibodies. However, the situa
tion appears to be not as easy as to ascribe a definite role for CDS B lympho
cytes in autoimmunity. On the one hand, there are investigations demonstrating
an increase of CDS B lymphocytes in the CSF of MS patients (Mix et al. 1991;
Correale et al. 1991) and increased numbers of CDS B lymphocytes are associat
ed with elevated autoantibodies in RA (Arinbjarnarson et al. 1997). On the other
hand, several studies reported on protective effects of CDS B cells in autoim
mune disorders. Sellebjerg et al. (2002) have recently shown that the number of
CDS B lymphocytes in the CSF of MS patients is negatively correlated to CSF
cells secreting myelin-specific antibodies. Furthermore, after treatment with lin
odamide, a drug that reduces lesions in MS brains, the percentage of CDS B
lymphocytes in peripheral blood of MS patients is increased (Lehmann et al.
1997). Finally, one study suggested that the dramatically decreased percentage
of CDS B lymphocytes in patients with RA and IgA reflects the abilities of CDS
B lymphocytes to inhibit autoantibody production (Jones et al. 1993). Hence,
despite these conflicting observations, an involvement of CDS B lymphocytes
can be concluded. However, to understand fully the role of the cells more thor
ough investigation of the regulation of these cells in autoimmunity is required.

The mechanisms underlying the endogenous regulation of the THIlTH2 bal
ance and the production of autoantibodies are only poorly understood. Interest-



NPYand Immune Functions: Implications forHealth and Disease 431

ingly, in addition to the autochthonous modulation by immune mechanisms,
such as the mode of antigen presentation, cytokine milieus and B cell activation,
there is consistent evidence indicating that the SNS is also involved the regula
tion of these functions in health and disease.

8.1.3
Involvement of NPY in Autoimmune Disorders

This section will discuss findings on the involvement of NPY in RA, MS and SLE
exemplarily. For a detailed overview on the association of NPYand other auto 
immune diseases see Bedoui et al. (2003a).

RA is an autoimmune disorder that is dominated by joint inflammation. The
persistent inflammation leads to the destruction of joint tissues, in particular
bones and cartilage, finally resulting in severely impaired joint function. A well
documented phenomenon in joints of RA patients is the loss of sympathetic
nerve fibers (Miller et al. 2000). An initial hypothesis on the involvement of the
SNS in RA (Levine et al. 1985) has been substantiated by several investigators.
Using antisera against CA and NPY the distribution of sympathetic fibers in RA
joints was compared to that in healthy controls. Despite the presence of sympa
thetic fibers in all layers of healthy joints, it was found that sympathetic nerves
were absent in the synovium of RA joints. Since most of these studies used anti
sera against CA and NPY, it was argued that depleted transmitter stores could
account for the failure to detect sympathetic fibers. However, this possibility
was ruled out by the use of the neuronal marker protein gene product 9.5 in
several of these studies (Mapp et al. 1990; Pereira da Silva et al. 1991). Thus, it is
evident that a loss of sympathetic fibers is present in joint tissues of RA pa
tients .

The question 'What role does the apparent sympathetic depletion play in the
pathophysiology of RA?' thus arises To address this question several investiga 
tions have focused on the role of CA in the pathophysiology of RA. Chemical
depletion of sympathetic transmitters in lymph nodes draining the hind limb of
rats was recently shown to result in aggravated joint inflammation and increased
paw diameter in a model of adjuvans-induced arthritis (Lorton et al. 1999). On
the other hand, continued treatment using salbutamol, a ,B-adrenergic agonist,
inhibits collagen-induced arthritis in mice (Malfait et al. 2000). These findings
strongly suggest a protective role for the SNS in RA that is probably mediated
by CA.

A more detailed look at the involvement of CA in RA and experimental mod
els makes some interesting observations. Studies comparing the density of
adrenoceptors on synovial lymphocytes from RA patients and healthy controls
revealed a significantly reduced expression of adrenergic receptors on the sur
face of lymphocytes from RA patients (Baerwald et al. 1997). Furthermore, the
suppressive effect of CA on the proliferation of these cells is reduced in synovial
lymphocytes of RA patients. Finally, there is a direct correlation between disease
severity and the number of adrenergic binding sites: patients with high systemic
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disease activity have lower numbers of adrenoceptors than patients with low
disease activity (Baerwald et al. 1992). These findings indicate that in addition
to the loss of sympathetic innervation, the responsiveness towards CA is also
decreased in RAjoint tissues.

In conclusion, there is consistent evidence that the SNS exerts a protective
effect in RA. However, since the above mentioned studies also demonstrate a re
duced efficacy of CA and a decreased expression of adrenoceptors in RA pa
tients, it is apparent that the protective effect of the SNS on RA can not be at
tributed entirely to the action of CA. Instead the integrity of the SNS itself and
not just the presence of CA appears to be the critical element.

A difference between intact sympathetic innervation and the solitary pres
ence of CA in joints of RA patients is that the activation of sympathetic nerves
results not only in the secretion of CA, but also in the release of NPY.

Several lines of evidence suggest a role for NPY in the regulation of RA. As
indicated above a specific loss of NPY-containing fibers is found in the synovi
um from RA patients (Mapp et al. 1990; Pereira da Silva et al. 1990). Investiga
tions to determine the concentration of NPY in inflamed arthritic joints have
revealed some unexpected observations. Despite of the lack of NPY-containing
nerves, different studies have reported elevated NPY levels in RA joints, such
as the knee, the ankle or the temporomandibular joint (Larson et al. 1991;
Appelgren et al. 1993; Ahmed et al. 1995). One study also found a correlation
between NPY levels in the temporomandibular joint and plasma NPY levels
(Holmlund et al. 1990).

What is the significance of elevated NPY levels in inflamed joints? The impor
tant question to address is whether elevated NPY levels are a secondary, reactive
phenomenon or whether the increase in NPYis involved in causing joint inflam
mation. Appelgren et al. (1993) conducted a study to correlate symptom severi
ty, intra-articular NPY levels and intra-articular temperature in the temporo
mandibular joint of RA patients. It was found that intra-articular NPY levels
and the intra-articular temperature are negatively correlated, indicating that
high levels of NPYare associated with decreased inflammation. Furthermore, it
was found that high levels of NPY correspond to a shorter duration of pain. A
similar study produced conflicting data, since it found that increased pain and
impaired mandibular mobility are correlated with elevated levels of NPY and
calcitonin gene-related peptide (CGRP) (Appelgren et al. 1995). However, it is
not clear to what extent a possible interaction between NPYand CGRP might in
terfere with the solitary action of NPYand also these findings were not correlat
ed to general indicators of inflammation, such as the intra-articular tempera
ture . We therefore conclude that elevated NPY levels can be considered a sec
ondary, reactive mechanism.

In addition, the question of how NPY levels can be elevated when a dramatic
reduction of sympathetic innervation is present should be addressed. Ahmed et
al. (1995) investigated possible mechanisms underlying elevated NPY levels in
the ankle joint of arthritic Lewis rats. If increased activity of NPY-positive fibers
would account for this phenomenon, altered NPY levels in the dorsal root gan-
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glia should be expected. However, NPY levels in the dorsal root ganglia revealed
no changes. To investigate extraneuronal sources of NPY, they determined the
number of megakaryocytes in the bone marrow of the tibial bone and found a
dramatic increase of NPY-positive megakaryocytes. These findings suggest the
interesting possibility that the increased concentration of NPY could be derived
from megakaryocytes, a cell type that contains high amounts of NPY. This sug
gestion is further emphasized by a study seeking to determine the source of NE
in RA synovial tissues . Miller et al. (2000) reported that despite the loss of sym
pathetic fibers the concentration of NE is increased in synovial tissues from RA
patients. The study revealed that the additional NE amount is produced by
CD163-positive macrophages residing in the synovium. Hence, in analogy with
the possibility that megakaryocytes release NPY in inflamed RA tissues, extra
neuronal NE is released by local macrophages in the synovium of RA patients.

Taken together, it appears that upon the loss of sympathetic nerves in RA and
the resulting lack of neuronal-derived sympathetic transmitters in synovial tis
sues, other cells types, such as macrophages and megakaryocytes, attempt to re
supply the synovium with extra neural sympathetic transmitters. Thus, it is im
portant to ask why this re-supply is not sufficient enough to suppress RA. We
believe the critical differences between the presence of neuronal and extraneu
ronal transmitters is the way in which they are released. The release of transmit
ters from intact nerves is a well regulated interactive process, involving supra
spinal control, interaction with other nerves and transmitters, and time and
concentration-specific modulation of the final transmitter output. Several mech
anisms, such as the frequency dependent release pattern, ensure that the sympa
thetic output is well orchestrated. The secretion of NE and NPY from macro
phages and megakaryocytes, however, does not involve such highly fine-tuned
regulatory mechanisms. This is probably the reason why replacing neuronal-de
rived by extraneuronal NE and NPY secreted from macrophages or megakaryo
cytes is inefficient in maintaining the suppressive effect of the SNS in RA.

Impaired sympathetic function appears to be a common feature in other
autoimmune disorders also. In MS, a disease characterized by the destruction
of myelin sheaths, several lines of evidence suggest impaired sympathetic
functions. Using experimental autoimmune encephalitis (EAE), an animal mod
el for MS, initial studies demonstrated that depletion of peripheral SNS trans
mitters by 6-hydroxydopamine augments the severity of EAE (Chelmicka-Schorr
et al. 1988), whereas treatment using ,B-adrenergic agonists suppresses EAE
(Chelmicka-Schorr et al. 1989). Clinical observations further strengthened the
concept of sympathetic dysfunction in MS. A variety of sympathetic dysfunc
tions are reported in MS patients, such as pupillary disturbances (de Seze et al.
2001), impaired sympathetic skin response (Yokota et al. 1991) and cardiovascu
lar abnormalities (Nordenbo et al. 1989). Furthermore, it was shown that the
normal decrease in blood pressure following the administration of clonidine, an
aragonist, is absent in MS patients (Zoukos et al. 1992). Interestingly, the densi 
ty of adrenergic receptor on lymphocytes from MS patients is also altered. The
upregulation of ,B-adrenoceptors on T cells from MS patients (Karazewski et al.
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1991) is believed to reflect the loss of sympathetic influence, since chemical
sympathectomy results in a similar receptor upregulation (Miles et al. 1981).
Hence, in MS we are left with a picture that is comparable to RA. A sympathetic
dysfunction is accompanied by altered responsiveness of lymphocytes. This,
again, makes a solitary action of CA as a mediator for the sympathetic influence
unlikely. Indeed changes in the concentration of NPYin the CSF and the plasma
have been documented. Maeda et al. (1994) found decreased NPY concentra
tions in the CSF of MS patients in comparison to healthy subjects . These find
ings were confirmed by others and in addition it was found that a more severe
form of MS is associated with even lower CSF NPY levels than observed in
milder forms (Gallai et al. 1994). We have recently conducted a study to investi
gate the effects of NPY on EAE (Bedoui et al. 2003b). Female B6 mice, immu
nized with MOG35- 55, were subjected to a continued treatment with exogenous
NPY. The results demonstrate a dose-dependent suppression of actively induced
EAE. Pharmacological assessment of the receptor involved revealed that the
suppression is mediated via the YI receptor. Comparing T cell responses and
anti-MOG35_55 antibody titers from treated vs. control animals we found that
the suppression is due to a YI receptor-mediated induction of a TH2 shift of au
toreactive lymphocytes in vivo. These findings indicate for the first time that
NPY has a direct suppressive effect in a model of autoimmunity.

In contrast to MS and RA, SLEis driven by autoreactive T cells that are biased
towards the TH2 subtype. These cells induce the production of autoantibodies,
which in turn mediate the typical tissue destruction. Whereas decreased sympa
thetic functions are a feature of THI driven autoimmune disorders, such as MS
and RA, observations in SLE patients revealed several indications for increased
sympathetic activity. Prolonged pupillary reaction and increased maximal pu
pillary areas, as well as increases in blood pressure and heart rate are found in
SLEpatients (Gluck et al. 2000; Nakajima et al. 1998). Comparing stress-induced
alterations in the composition of leukocytes in the peripheral blood of SLE pa
tients and healthy controls, Jacobs et al. (2001) observed an interesting differ
ence between SLE patients and healthy subjects. Whereas in the control group
the number of both IFN-y (THl) and IL-4 (TH2) producing cells increased upon
stress, in SLEpatients only IL-4 producing cells increased, suggesting a selective
inhibition of stress-induced THI responses in SLE patients.

So the question of whether there is also an involvement of NPY in SLE arises.
Indeed , observations demonstrated elevated NPY levels in animal models of
SLE. Ericsson et al. (1987) compared the expression of NPY mRNA in the
spleen, the bone marrow and the peripheral blood in different mouse strains
and found largely elevated NPY levels in mice that develop SLE. Furthermore, it
was demonstrated that the onset of glomerulonephritis in lupus-prone mice is
accompanied by increased quantities of NPY in the kidney (Bracci-Laudiero et
al. 1998). Taken together these findings indicate that the TH2 shift in SLE is as
sociated with SNShyperactivity and increased NPY levels in immune organs .
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8.1.4
Possible Mechanisms for NPY in Autoimmunity

The observations presented above demonstrate an interesting association be
tween NPYand autoimmunity. Autoimmune disorders that are characterized by
the predominance of THI cells are associated with decreased NPY levels, where
as a TH2 driven autoimmune disease is accompanied by elevated NPY levels.
The lack of NPY in RA and MS might contribute to the predominance of autore
active THI cells and elevated NPY concentrations in SLE may be at least partly
responsible for the TH2 shift.

The proliferative capabilities of lymphocytes are also crucial in autoimmuni
ty, since a reduced number of auto reactive T lymphocytes will ameliorate tissue
damage . The ability of NPYto inhibit T lymphocyte proliferation induced by ac
tivation signals provides another basis for a role of NPY in autoimmunity.

As indicated above, the production of autoantibodies by B lymphocytes is a
crucial factor in the pathophysiology of various autoimmune disorders. Since
we have shown that NPY induces a selective inhibition of anti-MOG35_55 IgG2a
(Bedoui et al. 2003b), it is obvious that the production of autoantibodies in RA
and MS is affected by NPY. This would also help to explain the association be
tween decreased NPY levels and increased autoantibody production in RA and
MS. This notion, however, is in contrast to the observation of increased autoan
tibody production and elevated NPY levels in SLE. Remarkably, there is consis
tent evidence demonstrating that B lymphocyte function in SLE is abnormal.
For example, SLE B lymphocytes differ in their functional phenotype (Higuchi
et al. 2002), exhibit altered intracellular signaling (Huck et al. 2001) and it is well
documented that SLEis associated with B cell malignancy (Xu et al. 2001). Thus,
the apparent B lymphocyte abnormalities in SLE might also involve impaired
responsiveness to NPY, which in turn would explain this obvious discrepancy
between elevated NPY levels and increased autoantibody production.

The dose-dependent mobilization of CDS/CDllb B lymphocytes could pro
vide another means by which NPY is involved in autoimmunity. Bearing in
mind the observation that increased numbers of CDS B lymphocytes in the CSF
of MS patients are correlated with decreased secretion of myelin-specific anti
bodies, it can be speculated that the lack of NPYobserved in MS patients con
tributes to decreased numbers of CDS B lymphocytes. Clearly, further studies
on the effect of NPYon the function of this unique cell type are needed and will
undoubtedly shed light into the role of NPY in autoimmunity.

8.2
ARole for NPY in the Control of Infectious Diseases

The immune system is prepared to mount immediate responses against certain
highly conserved bacterial fragments. Lipopolysacharides, major components of
the membrane of Gram negative bacteria, are readily recognized by specific re
ceptors, such as Toll-like receptors or CD14, that are expressed on the surface of
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phagocytes. The subsequent release of pro-inflammatory cytokines, including
IL-l and TNF-a, induces a strong activation of cellular and humoral immune
functions, which in turn initiate the complex pathophysiological state of sepsis.
Sepsis is associated with high mortality and involves alterations of all major ho
meostatic functions. Cardiovascular and gastrointestinal malfunctions are ac
companied by severe reactions within the endocrine system and the CNS. In
particular the SNS is affected by sepsis. A common feature during sepsis is a
hypo -responsiveness to the SNS, indicated by impaired cardiovascular functions
and resistance to exogenous CA treatment (Jarek et al. 1993; Jindal et aI2000).

Using lipopolysaccharide-induced septic shock in rats , Hauser et al. (l993)
demonstrated that NPY infusion improves survival and also restores cardiovas
cular responsiveness to CA. They concluded that the beneficial effects of NPY
result from both its vasoconstrictor abilities, as well as a potentiation of cate
cholaminergic vasopressor effects, since the observed effects were partially
blocked using a-AR antagonists. Since NPY improves critical immune functions
that are important in protecting the host from overwhelming infections it can
be speculated that the beneficial effects from NPY in experimental sepsis can
also be attributed to the influence of NPYon the immune system.

Dramatic pathological changes can also result from excessive SNS input on
the immune system. Major injuries or other severe pathological states, such as
trauma or surgery, can lead to a condition often referred to as 'sympathetic
storm'. Under such circumstances the exaggerated SNS activation inhibits pro
inflammatory cytokines such as TNF-a, IFN-y and IL-12 (Severn et al. 1992;
Andrade-Mena 1997; Panina-Bordignon et al. 1997, Straub et al. 2000c) and in
creases the amount of systemically released IL-I0 (van der Poll et al. 1996).
Characterized by severe immunosuppression, this response is mediated mainly
by the action of CAs, which thereby contribute to detrimental complications,
such as sepsis and death (Woiciechowsky et al. 1998, Straub et al. 2000c). Bear
ing in mind that NPY is also released upon SNS activation and exerts profound
effects on the immune system, an involvement of NPY in this critical condition
is likely.

9
Conclusion

The above mentioned findings clearly indicate the crucial role of NPY in im
mune homeostasis. Furthermore, since several immune disorders are associated
with impaired NPY levels or functions, the immunological action of NPY might
prove an interesting therapeutic target. However, fundamental questions remain
unanswered (Table 1). What are the precise mechanisms underlying the effect
of NPY on the immune system? Which NPY receptor subtypes mediate the ef
fects? What second messenger systems are activated? What is the cellular and
molecular basis for neuroimmune cotransmission? And finally, what are the pre
cise effects of NPY on diseases characterized by either overwhelming or sup
pressed SNS activity, such as sepsis or autoimmunity?
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Table 1 Areas of future research. Summary of several important issues in the field of NPY and immune
functions that should beaddressed

Topic

Innervation of immune
organs

NPY receptor expression
on immune cells

Significance of NPY
produced by immune cells

Modulation of cytokine
secretion by NPY

Role of NPYin antigen
presentation

Interaction with other
transmitters

NPY in autoimmunity

NPYin infectious diseases

Open questions

Are NPY-positivefibers present in all species?
Do synapse-like contacts occur between nerve terminalsand immune
cells in all immune organs and their different compartments?

Are receptors other than theY1 receptor present on immunecells?
Which leukocyte subsets express NPY receptors?

What is therole of NPYsecreted locally from immune cell s?
Does immune cell-derived NPY affect other immune cells?

What is theeffect on the production of cytokines, such as IL-10
or TGF-f3?
Does NPY affect the abilities of nonimmune cells to produce cytokines?
What are the molecu larmechanisms underlying the modulation of IL-4
and IFN-y secretion?

Does NPY modulate antigen presentation?
Aredendritic cells affected by NPY?
Does NPY administration/treatment alter the number of MHC molecules
on the surface of antigen presenting cells?

Which immunological functions of catecholamines are modulated
by NPY?
What is the molecularbasis for thisinteraction?

What is the role of NPY in animal models of RA?
What is thesignificance of lowered NPY in theCSF/plasma
of MS patien ts?
Does NPY alter cytokine secretion of immune cells from MS
or RA patients?

Are vira l diseases influenced by NPY?
Does NPY alter immune responses to viruses?
What is the reason for contradictory findings regarding NPY-induced
phagocytosis of microbes?

MHC, major histocompatibility complex.
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Abstract The neuropeptide Y system consists of three peptide precursor genes
encoding neuropeptide Y (NPY), peptide YY (PYY) and pancreatic polypeptide
(PP) and at least five receptor genes encoding the Yl> Y2, Y4, Ys and Y6 receptor
making it complex to work with. In the past, delineating the function of the
NPY system relied mainly on pharmacological approaches using modified pep
tide ligands and a few synthetic molecules. However, interpretation of the results
was difficult due to the poor knowledge of the in vivo selectivity and the distinct
metabolic or pharmacokinetic properties of the compounds used. One can nev
er be sure that ligands which are highly selective in in vitro systems, demonstra
ted by their binding properties on brain tissue or recombinant receptor prepa
rations, do not crossreact with other known or yet unidentified receptors in
vivo. Furthermore, their action can vary strongly depending on the dose, the site
and the mode (acute versus chronic) of administration of the compound. This
leaves unanswered many questions regarding the functional contributions of the
different Y receptors to a variety of important physiological processes . Modern
molecular biology technologies such as the generation of transgenic or gene-tar
geted rodent models offer valid alternatives to these pharmacological approach
es. Over recent years studies describing the overexpression of NPYin transgenic
mice and rat models as well as the inactivation of the NPY, YI> Y2, Y4 and Ys
gene by homologous recombination have been published. The analysis of the
phenotypes of all these animal models has revealed significant and distinct roles
of each gene in modulating feeding behavior, fertility, seizure susceptibility,
pain perception, cardiovascular function and emotional behaviors.

Keywords Conditional· Knockout· Mice· Neuropeptide Y . Y Receptor
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1
Generation of Transgenic Models

1.1
Transgenic Mice

1.1.1
NPY-Overexpressing Mice

The Thy-1 promoter was used to drive the expression of the mouse neuropep
tide Y (NPY) transgene, which restricts expression strictly to neurons in the
central nervous system (CNS) (Inui et al. 1998). However, only a modest 115%
increase in NPY immunoreactivity could be detected by semiquantitative immu
nohistochemical analysis and by radioligand binding assay in these transgenic
mice. Transgene expression was also detected by in situ hybridization analysis
that demonstrated transgene-derived NPY expression in neurons in the hippo
campus, cerebral cortex, and the arcuate nucleus of the hypothalamus. The mice
expressing the NPYtransgene are on a BDF1 background.

Thiele et al. also generated a NPY transgenic mouse model (Thiele et al.
1998). These investigators used a construct containing 10 kb of the endogenous
mouse NPY promoter plus 3 kb of 3'-flanking sequence. Insertion of an oligonu
cleotide in the 3'-untranslated sequence of the NPY gene allowed for screening
of transgene expression and estimation of copy numbers. Approximately five
times higher NPY mRNA levels could be detected in a line with germline trans
mission of the transgene. Immunocytochemistry identified more abundant NPY
protein expression in the cortex, amygdala and hippocampus but interestingly
not in the arcuate nucleus of the hypothalamus. This NPYtransgenic mouse line
is on FVB background.

1.1.2
y,-Receptor-Transgenic Mice

A 1.3-kb fragment upstream of the transcription initiation sites of the murine
YI receptor gene has been shown to direct specific expression of reporter genes
in neuronal cell cultures. This putative promoter region linked to the LacZ re
porter gene was also shown to express, in a temporal and spatial manner, the
transgene in the CNS of mice (Oberto et al. 2000). However, no YI receptor over
expressing transgenic mouse model has been reported so far.

1.1.3
Pancreatic Polypeptide-Overexpressing Mice

The cytomegalovirus immediate early enhancer chicken-S-actin hybrid promot
er was fused to the mouse PP cDNA followed by the 3'-flanking sequence of the
rabbit ,B-globin gene. Transgenic animals were generated by injecting this con-
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struct into fertilized eggs from the BDFI strain and founder mice crossed onto
the C57BL/6 background (Ueno et al. 1999) from which one line containing 14
copies of the mouse PP gene was derived. The expression of the trans gene was
specific and limited to the pancreas with strong increases in immunreactivity in
islets particularly in insulin positive cells. Serum levels of PP reached 20 times
higher levels in the transgenic animals compared to controls and half of the off
spring of the transgenic animals died within 2 weeks of birth. No gross abnor
malities were observed in these casualties .

1.2
NPV-Overexpressing Rats

Experimental procedures to investigate physiological parameters are well estab
lished in rat models. Therefore, the generation of transgenic rats, despite being
more costly, has certain advantages. In order to develop NPY overexpressing
rats, Michalkiewicz and Michalkiewicz (2000) performed experiments using a
mouse metallothionin and a human cytomegalovirus driven NPY cDNA con
struct. However, no founders could be produced by this strategy suggesting that
overexpression of the NPY gene in early development might be lethal. Subse
quently a strategy was adopted to use a 14.5-kb fragment that contained the en
tire rat NPY gene including 5 kb of 5' and 1.5 kb of 3' flanking sequences . It was
presumed that this should ensure tissue specific expression of the transgene.
The successful insertion of the transgene and the copy number achieved in the
various lines was evaluated by an BeaRI restriction fragment length polymor
phism artificially generated in the transgene. The amount of overexpression
of NPY in different tissues was assessed by quantitative radioimmunoassay, im
munocytochemistry and in situ hybridization in homozygous animals on a
Sprague-Dawley background.

2
Generation of Knockout Models

2.1
NPV Knockout Mice

The first report of a knockout of a member of the NPY gene family was pub
lished in 1996 (Erickson et al. 1996a). The targeting vector was designed to re
place the coding sequence of the pre-pro-NPY peptide with the lacZ gene and a
neomycin -resistant cassette for selection (Fig. 1). The successful deletion of the
NPY gene has been verified by the absence of immunostaining for NPYand the
expression and functional activity of the LacZ gene in place of it. AB 1 embryon
ic stem cells were used to target the NPY gene locus but the background of the
knockout animals has not been described in this initial publication. In a subse
quent report the background of the mice is stated as being 129 Sv (Erickson et
al. 1996b).
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3 4

3 4

-------1HI-----
Exon 2

NPY

D-1Wild type locus a)

ATG

Targeted locus b)

Erickson et al 1996

Fig. 1 Schematic representation of (a) the mouse NPY locus and (b) the targeting strategy employed. Open
boxes represent noncoding exons orsequences. Black boxes represent coding sequence of the NPY gene

2.2
Single Y Receptor Knockout Mice

With the exception of the Y1 receptor gene, which contains a small, approxi
mately 100-bp-long intron following the fifth putative transmembrane-spanning
domain of the coding sequence, all other Y receptors contain their entire coding
region on one exon (Herzog et al. 1992). An alternative splice variant of the Y,
receptor gene leading to a truncated receptor molecule has also been described
(Li et al. 1992). However, all of the Y receptor genes have been shown to have
variable numbers of exons encoding the 5'-untranslated region potentially al
lowing tissue or cell specific regulation of transcription (Ball et al. 1995; Herzog
et al. 1997). In Figs. 2, 3, 4, and 5 the mutated Y receptor gene loci produced by
homologous recombination are shown.

2.2.1
Y, Receptor Knockout

Four laboratories have reported the generation of Y, receptor deficient mice
(Howell et al. 2003; Kushi et al. 1998; Naveilhan et al. 2001c; Pedrazzini et al.
1998) (Fig. 2b-e). Two of the constructs are designed to interrupt the coding se
quence with either a 'IRES Tau-LacZ-Neo' (Naveilhan et al. 2001c) or a single
neo cassette (Pedrazzini et al. 1998), with the third one actually deleting a part
of the gene - including the start codon - - and replacing it with a neo cassette
(Kushi et al. 1998). A fourth report describes the removal of the entire coding
sequence of the Y, receptor gene by using cre/loxP technology. (For a detailed
description of this conditional knockout approach see Sect. 3.3). The Y, knock
out strains generated by Naveilhan is on a mixed 129SV/Balb/c background.
The Y1 knockout mice generated by Pedrazzin i originally on a 129 Sv/C57BL/6
background were backcro ssed onto the C57BL/6 strain for at least four genera
tions. The other two Y1 knockout mice strains are on a mixed 129SvJ/C57BL/6
background. Absence of functional Y, receptors were demonstrated by lack of
binding to the Y, antagonist BIBP3226 (Pedrazzini et al. 1998), lack ofY1 recep-
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Exon IC 16 IA
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a) ----{}------iWild type locus
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Pedrazzini ct al 1998 ATG
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Howell et al 2003

loxP

Fig. 2 Schematic representation of (a) the mouse Yl receptor locus and (b-e) different targeting stra
tegies used. Open boxes represent noncoding exons or sequences. Black boxes represent coding se
quence of the receptor gene. Black triangles indicate the locations ofloxPsites

tor mRNA (Kushi et al. 1998; Naveilhan et al. 2001c) and replacement of it by
,a-galactosidase expression. In the conditional model, in situ hybridization, ra
dioligand binding and genomic southern blotting was used to confirm the re
moval of the Y1 receptor gene (Howell et al. 2003).

2.2.2
Y2 Receptor Knockout

Again two different strategies were used to generate Y2 knockout mice. The first
one operates by disrupting the coding sequence of the Y2 receptor by the inser
tion of a cassette containing the IRES Tau-LacZ-Neo genes and leaving the
translation initiation codon intact (Naveilhan et al. 1999) (Fig. 3b). Homozygous
mutant mice were generated on a mixed 129SVxBalb/c background. Verification
of the knockout was by Northern analysis and radioligand binding on brain
membranes. The second Y2 knockout line was generated by using the cre/loxP
technology, allowing the entire coding sequence of the Y2 receptor including the
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2
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Targeted locus b) --Q----i~ IRES Ta u-LacZ-N eo~
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Sainsbury et al 2002 )

Fig. 3 Schematic representation of (a) the mouse Y2 receptor locus and (b, c) different targeting stra
tegies used. Open boxes represent noncoding exons or sequences. Black boxes represent coding se
quence of the receptor gene. Black triangles indicate the location of loxP sites

initiation start site eventually to be removed (Sainsbury et al. 2002a) (Fig. 3c).
This strain was propagated on a mixed 129SvJ/CS7BL/6 background. The dele
tion of the Yz receptor gene was confirmed by in situ hybridization , radioligand
binding on brain sections as well as Southern analysis (Sainsbury et al. 2002a).

2.2.3
Y4 Receptor Knockout

Only one report so far describes the generation and characterization of a Y4 de
ficient mouse stra in on a mixed 129SvJ/CS7BL/6 background (Sainsbury et al.
2002c). Similar to the Y1 and Y z described above this knockout was also created
by using cre/loxP technology to establish germline and conditional Y4 receptor
knockout in one step (Fig. 4b). Genomic Southern analysis was used to prove
the successful deletion.

2.2.4
Ys Receptor Knockout

Marsh et al. are the only group to report the generation of Y5 receptor deficient
mice (Marsh et al. 1998). The target ing construct was designed to replace the
coding sequence of the Y5 receptor with a Tau- LacZ cassette for visualization of
gene expression (Fig. Sb). However, due to incorrect sequence information at
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2

Y4 receptor
Wild type locus a)

ATG

loxP loxP

Targeted locus b)

\
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Sainsbury et al 2002

Fig.4 Schematic representation of (a) the mouse Y4 receptor locus and (b) the conditional targeting
strategy used. Open boxes represent noncoding exons or sequences. Black boxes represent coding se
quence of the receptor gene. Black triangles indicate the location of 10xP sites

Exon 2 3 4 5

Y5 receptor
a)Wild type locus

ATG

2 3 4 5

Targeted locus b)

Marsh et al 1999

Fig. 5 Schematic representation of (a) the mouse YS receptor locus and (bl the targeting strategy
used. Open boxes represent noncoding exons or sequences. Black boxes represent coding sequence of
thereceptor gene

the time (Gerald et al. 1996), the cassette was placed into the first intron rather
then the first coding exon of the Y5 receptor gene and expression of the reporter
gene was minimal. The mice were bred on a mixed 129 Sv/C57BL/6 background
and gene knockout was confirmed by Southern analysis.

2.3
Conditional Y Receptor Knockout Mice

Three conditional Y receptor knockout mice lines have been described so far.
All three, Y ,loxllox, Y zloxllox and Y41oxll0x, were made using the same strategy which
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includes the introduction of a 34-base pair long 10xP sequence upstream of the
initiation codon, and the insertion of a neomycin cassette followed by another
10xP sequence 3' to the coding exon. No genomic DNA was removed or rear
ranged in this process ensuring minimal disturbance to the targeted gene. Func
tionality of the 10xP system was demonstrated by the absence of the respective
gene after crossing the chimeric mice with transgenic mice which express Cre
recombinase under the control of an oocyte specific promoter leading to the de
letion of the gene in the first cell stage (Schenk et al. 1995). In order to remove
the targeted gene in the adult animal an alternative strategy was the injection of
Cre-recombinase expressing adenovirus into the target tissue (Sainsbury et al.
2002a). Successful deletion of the Yz receptor in the target tissue was shown by
in situ PCR and PCR on genomic DNA (Sainsbury et al. 2002a).

2.4
Combinatorial NPY and YReceptor Knockout Mice

A series of double knockout models have been generated by interbreeding single
homozygous mutant mice deficient of the NPY, Y-receptor(s), agouti-related pep
tide (AgRP) or leptin genes . So far double knockouts for NPy-I-,oblob (Erickson
et al. 1996b), NPy-I-,AgRP-I- (Qian et al. 2002), NPy-I-,AY (Hollopeter et al. 1998),
Y,-I-,oblob (Pralong et al. 2002), Yz-I-,oblob (Naveilhan et al. 2002; Sainsbury et al.
2002b), y 4-1-,oblob (Sainsbury et al. 2002c), Ys -I-,oblob (Marsh et al. 1998), y t-

I-,
s," (Naveilhan et al. 2001b), and Y z-I-, y4-1- (Sainsbury et al. 2003) have been re
ported. The background of the double knockout mice is difficult to verify but all
mutant mice with the leptin deletion must contain variable percentages of the
C57BL/6 genome. All of these double knockout mutants are viable and show dif
ferent degrees of improvement over the obese, diabetic and infertile phenotype
of the leptin deficient mice demonstrating the importance of NPY as a down
stream mediator of leptin function .

3
Phenotypes of Mutant Mice

It is not surprising that mice lacking NPYand Y-receptors are reported not to
have any gross abnormalities. It is plausible that removing one component of
the NPY family system can lead to adaptive changes during development in or
der to maintain homeostasis within the NPY system. Such modification may be
subtle and needs to be investigated further in these mutant mice. Y-receptors in
particular show overlapping expression and do also have similar affinity for
NPY. It is therefore possible that this redundancy in the system could lead to
compensatory responses when one of the components is missing. The investiga
tion of the local expression levels of the remaining Y receptors at the mRNA as
well as the protein level in defined areas in such mice is an important prerequi
site to defining the role of the particular Y receptor that is missing. So far only a
few studies on that topic have been reported.
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In the NPY knockout mice, the expression and binding of NPY receptors
were investigated by in situ hybridization and receptor autoradiography using

[125II_(Leu31,Pr034)PYYand [l2sJI_PYY(3_36) as radioligands (Trivedi et al. 2001).

No significant change could be detected for Y" Y4, Ys and Y6 receptors. Howev
er, a sixfold increase in Y2 receptor mRNA was observed in the CA1 region of
the hippocampus. This is confirmed by a 60%-400% increase of Y2 receptor
binding in a variety of brain areas. YI receptor binding was also increased but
only in the hypothalamus confirming that the lack of the ligand gene can lead to
alterations in Y receptor levels (Trivedi et al. 2001). Interestingly, radioligand
binding experiments on brain sections of Y2 knockout animals, using the Y2/Y5

preferring ligand [125II-PYY(3-36), revealed an almost complete lack of signal
indicating a very low level of Y, receptor in these mice (Sainsbury et al. 2002b).

In a similar way to the NPY system, other neurotransmitter systems could
have been altered to help balance the functional loss of one component of a de
fined pathway. The NPY system and several other neuropeptides such as AgRP,
pro-opiomelanocortin (POMC) and cocaine and amphetamine-regulated tran
script (CART) are known to interact closely. The loss of control of regulatory
functions on some of these other pathways after deletion of a particular Y recep
tor can trigger other pathways to take over these regulatory functions by in
creasing or decreasing the expression of a particular neurotransmitter. Studies
on the expression of NPY, AgRP, POMC, CART, thyrotropin-releasing-hormone
and corticotropin-releasing-hormone in Y2 and Y4 receptor knockout animals
have revealed such changes and can help explain the observed or missing phe
notypical changes (Sainsbury et al. 2002a, 2002b, 2002c).

Gene array technology may also be helpful in investigating changes of ex
pression pattern in a variety of neuronal pathways. However, it is important to
remember that whole brain analysis may not be conclusive as downregulation
of a particular transcript in one brain nucleus could be canceled out by the si
multaneous increase of this transcript in another nucleus. Dissecting out de
fined subareas in the brain for this type of analysis is therefore necessary and
verification of the observed changes by in situ hybridization analysis is essen
tial.

The advances made to date by using transgenic technologies for investigating
a variety of aspects of physiology from the NPY point of view are summarized
below. An overview of the phenotypes of male animals under basal conditions
for all the transgenic models known at this time is shown in Table 1.

3.1
Feeding and Energy Homeostasis

A complex system has evolved to regulate food intake and to maintain energy
homeostasis. Meal size is controlled by a series of short-term hormonal and
neural signals that derive from the gastrointestinal tract, such as cholecystoki
nin, PP and the recently discovered peptide PYY3-36 (Batterham et al. 2002).
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Others initiate meals, such as ghrelin. Insulin and leptin, together with circulat
ing nutrients, indicate long-term energy stores. All these signals act on CNS
sites which converge on the hypothalamus, an area that contains a large number
of peptide and other neurotransmitters that influence food intake. Energy defi
cit compromises survival, and it is not surprising that the most powerful of
these pathways are those that increase food intake and decrease energy expendi
ture when reserves are low. In such a situation circulating leptin concentrations
fall, leading to increased production of hypothalamic neurotransmitters that
strongly increase food intake-such as NPYand AgRP-and decreased levels of
a-melanocyte-stimulating hormone (a-MSH) and CART, peptides that reduce
food intake and increase energy expenditure. However, due to the complexity
and limited availability of selective agonists and antagonists many important
questions are still unanswered. Transgenic overexpressing and knockout animal
models can help to shed more light on this area.

3.1.1
NPY Transgenic Mice

Intracerebroventricular (icv) injection of NPY results in a significant increase in
food intake and when administered chronically it leads to the development of
obesity, both in freely feeding as well as in pair-fed animals (Sainsbury et al.
1996b). This can also be seen in the natural mutant oblob and db/db mice which
both have strongly elevated NPY levels and are grossly obese. It is therefore not
to surprising that NPY transgenic mice with an only 18% increase in arcuate
NPY levels do not show such a severe change in bodyweight (Kaga et al. 2001).
However, when such homozygous mice are fed a sucrose loaded diet an obese
phenotype can be induced. These NPY-overexpressing mice exhibit significantly
increased body weight gain with transiently increased food intake and later (ap
proximately 1 year) develop hyperglycemia and hyperinsulinemia although
without altered glucose excursion (Kaga et al. 2001). This confirms that elevated
hypothalamic NPYexpression levels are important for the development of obesi
ty but also shows a strong influence of the type of food needed to induce such a
phenotype.

No reports concerning the effects of feeding and energy homeostasis have
been made for the second NPYoverexpressing model generated by Thiele et al.
(1998).

3.1.2
PP Transgenic Mice

Opposing effects on food intake have been reported for PP when it is adminis
tered centrally rather than by peripheral injections (Katsuura et al. 2002). How
ever, these data are difficult to compare as differences are apparent when PPs
from different species are used (e.g., human PP exhibits specificities on rat Y-re
ceptors that are different from those of rat PP). Overexpressing PP in mice led
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to the development of a lean phenotype with a reduction of fat mass (Ueno et al.
1999). This phenotype was much more pronounced in male than in female
transgenic PP mice. These mice also exhibited a significant decrease in food in
take, during both dark and light phases. The rate of gastric emptying was also
reduced in these mice and this, and the reduction in food intake, was reversible
by intraperitoneal injection of PP antiserum. Overexpression of PP does not
have any effect on either water intake or oxygen consumption. Together these
data confirm the role of PP as a postprandial satiety signal.

3.1.3
NPY Knockout Mice

The germline deletion of the NPY gene in mice did not lead to a reduction in
food intake and body weight under normal conditions (Erickson et al. 1996a).
However, these mice showed hyperphagic behavior after fasting . Treatment with
leptin reduced food intake and bodyweight to a greater extent in the NPy-l - mice
compared to the controls. Another study by Bannon et al. also showed that the
NPY knockout animals do have a reduced food intake in response to fasting
compared to controls (Bannon et al. 2000). Again, this is evidence of an involve
ment of NPY in the regulation of energy balance.

More importantly, crossing of the NPY knockout mice onto the leptin defi
cient obiob background demonstrated a clear function of the NPY system in the
regulation of food intake and energy homeostasis as these double knockout
mice showed a significant reduction of the severe obese phenotype of oblob
mice (Erickson et al. 1996b). This was accompanied by reduced food intake, in
creased energy expenditure and improved serum parameters influencing the de
velopment of diabetes . This also shows that central NPY is acting downstream
ofleptin.

3.1.4
Y, Knockout Mice

An icv injection of the Y1/Ys preferring ligand Leu31/Pr034NPY strongly stimu
lates feeding behavior. In contrast, Y1 receptor knockout models, similar to NPY
knockout models, do not show any major abnormalities in food intake or ener
gy homeostasis. However, subtle changes can be seen in all Y1 receptor knock
outs analyzed . The report by Pedrazinni et al. describes a phenotype of slightly
diminished food intake in Y1 receptor knockouts, both in freely feeding and
NPY induced feeding mice. Fasting induced re-feeding on the other hand is
strongly decreased (Pedrazzini et al. 1998). Interestingly, when adults these mice
show an increased body fat content with no change in protein content. It is sug
gested that this is at least in part due to the reduced locomotor activity and de
creased metabolic rate of these mice.

The Y1 knockout mice generated by Kushi et al. (1998) show a similar pheno
type with no change in basal food intake . Again, these mice develop mild hyper-
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insulinemia and obesity with a significant increase in fat mass particular in fe
males. Furthermore, the increased levels of uncoupling protein (UCP) 1 in
brown adipose tissue and the reduced levels of UCP2 in white adipose tissue in
dicate a decrease in energy expenditure. This further highlights that a global
knockout of a particular Y receptor might not reveal its true physiological func
tion in a specific pathway as a secondary mechanism may become activated
which can mask the primary effect.

3.1 .5
Y2 Knockout Mice

In contrast to all other Y receptors, the Y2 receptor is expressed predominately
presynaptically and has therefore been proposed to regulate the synthesis and
release of NPY and other important neurotransmitters involved in energy ho
meostasis (King et al. 2000). However, its high level expression in an area of the
arcuate nucleus with a permeable blood-brain barrier, accessible to circulating
factors, makes it an ideal candidate to mediate peripheral signals for the regula
tion of energy homeostasis. Furthermore, injections of Y2 preferring ligands
into hypothalamic nuclei have been shown to reduce food intake and meal sizes
(Leibowitz and Alexander 1991). Two different phenotypes have been reported
on germline Y2 knockout mice. Naveilhan et al. describes a phenotype of in
creased body weight, food intake and fat deposition accompanied by an attenu
ated response to leptin in female mice (Naveilhan et al. 1999). NPY induced food
intake and the re-feeding responses after 24-h starvation were normal. In con
trast, the germline Y2 knockout model described by Sainsbury et al. shows a re
duced bodyweight gain and adiposity in male mice (Sainsbury et al. 2002a).
Food intake was unaltered in male and increased in female knockout mice with
re-feeding after starvation strongly elevated in both sexes. The different back
ground of the two models , as well as the different way the targeting of the Y2

gene has been performed, may explain some of the differences.
Most importantly, compared to wild-type mice the Y2 receptor preferring en

dogenously produced and postprandially released hormone PYY(3-36) fails to
inhibit food intake in germline Y2 deficient mice when administrated intraperi
toneally (ip) (Batterham et al. 2002). This strongly suggests a gut-hypothalamic
pathway that regulates food intake via arcuate Y2 receptors.

Hypothalamus-specific deletion of Y2 receptors in conditional Y2 knockout
mice also show a significant decrease in body weight and a significant increase
in food intake that is associated with increased mRNA levels for the orexigenic
NPYand AgRP, as well as the anorexic POMC and CART in the arcuate nucleus
(Sainsbury et al. 2002a). These hypothalamic changes persist over a period of 4
weeks after Y2 deletion, yet the effect on body weight and food intake subsided
within this time. The transience of the observed effects on food intake and body
weight in the hypothalamus-specific Y2 knockout mice compared to germline Y2

knockout mice, underlines the importance of conditional models of gene dele-



Transgenic and Knockout Models in NPYResearch 461

tion, as developmental, secondary, or extra-hypothalamic mechanisms may
mask such effects in germline knockouts.

3.1.6
Y4 Receptor Knockout Mice

The functions of the Y4 receptor are among the less well understood of the Y
receptor family. Although expressed predominantly in peripheral tissues there
are significant amounts present in areas known to be important in the regula
tion of food intake and energy homeostasis such as the paraventricular nucleus
and some brain stem nuclei, and central injections of PP have been shown to
stimulate food intake (Katsuura et al. 2002). However, as mentioned above, this
could also be attributed to cross reactivities on different Y receptors due to non
species conforming PP ligands . Germline deletion of this Y receptor generates
mice with a slightly but significant reduced bodyweight gain accompanied by
reduced food intake (Sainsbury et al. 2002c). White adipose tissue mass was also
reduced in male knockout mice and plasma levels for PP, the proposed endoge
nous high affinity ligand for this Y receptor, was strongly elevated. All other se
rum parameters important in the regulation of energy homeostasis were not sig
nificantly altered. Peptide mRNA levels for NPY, AgRP, CARTand POMC in the
arcuate nucleus were also unaffected by the ablation of the Y4 receptor. Changes
in other Y receptor systems were not analyzed. The increases in plasma PP lev
els in these animals, which reached similar values as seen in the lean PP trans
genic animals (Ueno et al. 1999), are therefore the most likely candidate to ex
plain the reduced food intake and bodyweight.

3.1.7
YsReceptor Knockout

Pharmacological data have also implicated the Y5 receptor in the regulation of
food intake. Germline deletion of this Y receptor, however, does not provide any
such evidence (Marsh et al. 1998). These knockout mice feed and grow normally
when young but develop late onset (>30 weeks) obesity accompanied by in
creases in food intake and bodyweight. In contrast to the YI knockout mice
these Ys knockout mice do not show any changes in the fasting induced re-feed
ing pattern. However, responses to icv NPY or NPY analogs are either reduced
or missing. This is particularly obvious when a higher dose of NPY is used. The
combined administration of NPY and the Y, antagonist 1229U91 completely
abolishes any effect of NPY induced feeding suggesting that an integrated action
of both YI and Y5 receptors is necessary to elicit the strong stimulatory effect of
NPYon food intake .
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3.1.8
Double Knockout Models

Hypothalamic NPYlevels are strongly regulated by leptin. Lack of this predomi
nantly adipocyte produced hormone, or its receptor, causes severe obesity syn
dromes showing extreme high expression levels of hypothalamic NPY. In order
to identify potential pathways, double knockout mice models have been generat
ed by crossing the leptin deficient oblob background onto the NPY knockout
mice. Reduced food intake and increased energy expenditure are the main rea
sons for the clear reduction in obesity (40%) and all other obesity related pa
rameters in the NPY-/-/ob/ob double knockout animals (Erickson et al. 1996b)
confirming NPYas an important downstream mediator of leptin action.

To identify the particular Y-receptor(s) mediating this response, Y-receptor
deficient mice additionally carrying a nonfunctionalleptin gene have been gen
erated. Pralong et al. describes a Y,-I-,ob/ob double knockout mouse model that
shows a significantly reduced bodyweight in both males and female double
knockout mice compared to Y,-I- mice (Pralong et al. 2002). However, only the
bodyweight gain over the first 7 weeks of life has been reported. As shown by
the same group as well as others, this is the period before a strong increase in
bodyweight gain, particular in females, takes place in the Y,-I- animals (Kushi et
al. 1998; Pedrazzini et al. 1998). It will be important to monitor the development
of these double knockout mice over an extended period to identify the role of
the Y, receptor under these conditions. The main reason for the reduced body
weight seen in these mice was a reduction in hyperphagia. Interestingly, despite
the reduced bodyweight the total fat mass (as a percentage of body weight) in
the double knockout mice was still elevated compared to oblob mice. This sug
gests that although food intake is regulated by Y, receptor activity, energy ho
meostasis and peripheral fat deposition might be mediated by another mecha
nism(s) .

Crossing the Y z-I- mice onto the oblob background attenuates the increased
adiposity, hyperinsulinemia, hyperglycemia, and increased hypothalamo-pitui
tary-adrenal (HPA) axis activity of oblob mice without affecting food intake
and bodyweight gain (Sainsbury et al. 2002b). Yz deletion in oblob mice also sig
nificantly increases the hypothalamic POMC mRNA expression with no effect
on NPY, AgRP, or CART expression. This suggests that Y z receptors mediate the
obese, type 2 diabetes phenotype of oblob mice, possibly via alterations in mela
nocortin tonus in the arcuate nucleus, and/or effects on the HPA axis. Interest
ingly, the reduction in white adipose tissue mass in Yz-1-,ob/ob double knockout
mice is compensated for by increased lean mass.

Y4 deficiency has no beneficial effects in terms of a reduction in body weight
or excessive adiposity of oblob mice neither does it reduce food intake in these
mice (Sainsbury et al. 2002c). Interestingly, male y 4-1-,ob/ob double knockout
mice actually seem to have a tendency to even higher bodyweight compared to
oblob mice. As the WAT mass in the y 4-1-,ob/ob double knockout mice is not dif
ferent from that of the oblob mice the additional weight might be contributed
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by lean mass, which is consistent with the elevated testosterone levels in these
rmce.

Mice lacking a functional Y5 receptor have also been crossed onto the obiob
background. Marsh et al. reports that although the single Y5 knockout shows re
duced responses to central NPY induced feeding stimulation this effect has no
beneficial consequences in the Y5 -1-.obtob double knockout animals (Marsh et
al. 1998). In both sexes food intake, bodyweight and adiposity was not different
from tho se of obiob mice suggesting that the Y5 receptor is not required for
NPY's ability to induce obesity in leptin deficient oblob mice.

3.1.9
Summary on YReceptor Involvement in Energy Homeostasis

Taken together these results indicate that the Y1 receptor is most likely to medi
ate the strong stimulatory activity of NPY on food intake, whereas the Y2 and Y4

receptors have either an inhibitory or no effect on this parameter. Y5 receptors
do seem to contribute slightly to the stimulation of food intake but do not have
any significant role under conditions in which leptin signaling is absent. It still
remains to be seen what role the Y6 receptor, which is a functional entity in the
mouse system, plays in this and other processes of the regulation of energy ho
meostasi s. Investigation s of additional double knockout models including Y[/Y5

double mutant mice may also help to shed more light onto thi s que stion.

3.2
Reproduction

NPY is a major central regulator of sexual behavior and reproductive functions.
Intracerebroventricular administration of NPY to sex steroid-primed ovariec
tomized (OVX) rat s increases secretion of luteinizing hormone (LH) and gona
dotropin releasing hormone (GnRH ; Sabatino et al. 1990; Urban et al. 1996). In
contrast, in sex steroid-deficient OVX rat s, or intact male and female rats, NPY
markedly inhibits reproductive func tion (Pierroz et al. 1996; Xu et al. 1993),
with testicular and seminal vesicle or ovarian weights being reduced, and sexual
maturation and estrous cyclicity in female rats being disrupted. These inhibito
ry effects of NPY on reproductive function particularly obvious under condi
tions of negative energy balance, such as food restriction, heavy exercise, lacta
tion, and insulin-dependent diabetes mellitus, all of which are associated with
elevated hypothalamic NPYexpression (Aubert et al. 1998; Krysiak et al. 1999).
In thi s way NPY coordinates energy availability with reproduction, inhibiting
procreation during unfavorable metabolic conditions.

Obesity is also associ ated with reproductive defects and reduced fert ility
(Caprio et al. 2001). Genetica lly obese obiob mice are also infertile due to insuf
ficient hypothalamo-pituitary-gon adal dri ve, underdevelopment of reproductive
organs, and impaired sperma togenesis (Caprio et al. 2001). In oblob mice, the
lack of leptin-mediated inh ibi tion of NPY express ion and secretion in the hypo-
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thalamus (Schwartz et aI. 1996; Widdowson and Wilding 2000) leads to chroni
cally elevated hypothalamic NPY-ergic activity. Treatment of oblob mice with
leptin reduces NPY mRNA expression and peptide levels in the hypothalamus,
and restores fertility of male and female mice by improved function of the hy
pothalamo-pituitary-gonadal axis (Chehab et al. 1996). Insights into the regula
tory role of the different Y receptors in reproduction as gained from investiga
tion of the different Y receptor knockout models are summarized below.

3.2.1
NPY Knockout

NPYdeletion per se does not have any adverse effects on reproductive functions
in the mouse. However, as with most of the side effects of leptin deficient oblob
mice fertility was improved when the NPY null locus was combined with the obI
ob locus (Erickson et aI. 1996b). This includes increased fertility rates for males
(33%) and females (20%) as well as increases in the size of the reproductive or
gans in both sexes of the NPy-I-,oblob double knockout mice compared to the
ob/ob mice. These improvements are most likely due to an increased hypotha
lamic pituitary activity with consequent elevation of sex steroids.

3.2.2
Y1 Receptor Knockout

YI receptor deficient animals produced by Pedrazzini et aI. showed increased pi
tuitary levels of LH and increased seminal vesicle size after 48 h of starvation,
parameters that are otherwise not altered in Y1-1- mice under basal conditions
(Pedrazzini et aI. 1998). The increased levels of NPY caused by the starvation
and the lack of Y1 receptor signaling are likely to be responsible for this effect.
The inhibitory effect of leptin on NPYexpression has been reported to be one of
the major modulators for the onset of puberty. Daily injections of leptin into ju
venile Y1-1- female mice triggered a marked advancement in puberty compared
to wild-type control mice. Consistent with increased activity of the gonadotro
pin axis the uterine weight of the leptin treated Y1 knockout mice was signifi
cantly higher than that of age-matched controls. Further support for an involve
ment of the Y1 receptor in reproductive function comes from the observation of
improved function of the gonadotropic axis in yl-I-,oblob double knockout mu
tant mice (Pralong et aI. 2002). Both pituitary LH concentration and seminal
vesicle weight was increased twofold in the double knockout animals compared
to oblob mice.

3.2.3
Y2 Receptor Knockout

No effects on the reproductive functions of mice missing the Yz receptor have
been reported. This is also true for Yz-I-,oblob double knockout mice where the
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deletion of both genes leads to an improvement of the side effects of an obesity
phenotype but does not have any positive effects on fertility-suggesting that
different leptin-dependent pathways for the regulation of feeding behavior and
reproduction exist (Sainsbury et al. 2002b).

3.2.4
Y4 Receptor Knockout

Recently it has been demonstrated that icv administration of the YI antagonist
and Y4 agonist 1229U91 (Schober et al, 1998) to estrogen-primed OVX or intact
male rats rapidly increased follicle stimulating hormone and/or LH secretion
(Jain et al. 1999; Raposinho et al. 2000). These effects were attributed to Y4 acti
vation since rat PP, which is specific for the rat Y4 receptor, also induced a simi
lar profile of LH secretion in estrogen-primed OVX rats . Conformation of a ma
jor role in reproduction for this Y receptor comes from the analysis ofy4-1- mice
which have been shown to have elevated GnRH expression in forebrain neurons
accompanied by increased testosterone levels in male y4-1- mice (Sainsbury et al.
2002c). Furthermore, female Y4+ mice show a strong advancement in mammary
gland development with significant increases in ductile branching both in virgin
and in pregnant animals (Sainsbury et al. 2002c). Moreover, ablation of the Y4

receptor in oblob mice restores fertility to 100% in male mice and improves fer
tility in female double knockout mice by 50%. Reproductive organ sizes are also
normalized and testosterone levels are similar to wild-type control levels. As the
high affinity ligand for the Y4 receptor, PP, cannot cross the blood-brain barrier
to reach the central Y4 receptors it has been proposed that the lower affinity
ligand NPY is the prime candidate to mediate the effects on the reproductive
axis when levels reach high enough values-as in the case of starvation or leptin
deficiency. In contrast, other aspects of the obese phenotype of the oblob mice
are unaffected by Y4 deletion again suggesting that different leptin dependent
pathways exist for the control of reproduction and energy homeostasis.

3.2.5
Ys Receptor Knockout

No effects on the reproductive axis have been reported in either Y5 -1- or Y5 -/- /

oblob double knockout animals. Consistent with the low abundance of Y5 recep
tor binding sites in the brain it can be concluded that this Y receptor does not
playa major role in fertility mediated effects of NPY.

3.3
Cardiovascular Phenotypes

NPY is known to mediate potent effects, both centrally as well as peripherally,
on the cardiovascular system thereby regulating heart rate and blood pressure
(Lundberg et al. 1983). Peripherally, NPY is a putative sympathetic cotransmit-
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ter, colocalized with noradrenaline in most postganglionic sympathetic nerve
terminals. It is released together with noradrenaline during sympathetic nerve
stimulation to act at both prejunctional and post junctional receptors. The pre
junctional effects of NPYare thought to be mediated by the Y2 receptor whereas
the postjunctional effects are most likely due to activation of Y, receptors ex
pressed on smooth muscle cells. NPY released during sympathetic stimulation
is also known to attenuate the cardiac responses to vagal activity, probably by
inhibiting the release of acetycholine (Potter 1987). Effects on overexpressing
NPYand consequences of deleting Y receptors from the mouse genome are sum
marized below.

3.3.1
Transgenic Rat

NPYoverexpressing rats generated by Michalkiewicz et al. show significant ele
vated NPY levels in several internal organs including heart and blood vessels
(Michalkiewicz et al. 200l). This increase in NPY concentration in the transgen
ic animals does not affect basal arterial blood pressure or heart rate; however,
total vascular resistance was significantly increased. In addition, the potentia
tion activity of NPYon noradrenaline induced blood pressure increases was also
significantly elevated in the transgenic animals suggesting that NPY is not a ma
jor regulator of basal blood pressure but has important functions under more
stressful situations.

3.3.2
Y1 Receptor Knockout

The deletion of the Y1 receptor generated mice that were no longer responsive
to the vasoconstrictor action of NPY (Pedrazzini et al. 1998). Basal blood pres 
sure and heart rate were unaffected in these mice. NPY infusion in Y1-1- mice no
longer triggered an effect but the effects on blood pressure and heart rate of
other colocalized neurotransmitters such as noradreanlin were still present in
Y,-I- mice. Also the normally seen strong potentiation of noradrenalin action on
blood pressure by NPY was lost. The findings from this study suggest that NPY
is not essential for the basal regulation of blood pressure, but demonstrates that
the majority of blood pressure effects of elevated NPYare mediated by the Y,
receptor.

3.3.3
Y2 Receptor Knockout

Similar to Y, knockout the removal of the Y2 receptor did not affect basal blood
pressure, however, heart rate was increased in these mice (Naveilhan et al. 1999;
Smith-White et al. 2002a). Infusion of NPY still produced a similar response on
blood pressure in the Y2-1- mice as in control mice confirming that Y2 receptors
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are not responsible for the pressure activity of NPY. However, the ability of NPY
to attenuate the decrease in heart rate evoked by cardiac vagal stimulation was
completely lost in the y 2-1- mice. Vagotomy in control mice causes an increase in
heart rate but this parameter remains unchanged in Y2-1- mice. The results of
this investigation demonstrate that the presynaptically located Y2 receptors are
responsible for the NPY mediated attenuation of parasympathetic activity to the
heart.

3.3.4
Y4 Receptor Knockout

Interestingly, in contrast to the deletion of the YI or the Y2 receptor, mice mis
sing the Y4 receptor display lower basal blood pressure compared to control
mice (Smith-White et al. 2002b). In addition, Y4-1- mice also show a significantly
reduced heart rate (Smith-White et al. 2002b). Interestingly, the endogenous
high affinity ligand for the Y4 receptor, PP, had no effect on blood pressure or
cardiac vagal activity in Y4-1- or control mice suggesting that other NPY family
members may activate this Y receptor to mediate the effects on blood pressure.
Consistent with this hypothesis is that injection of NPY evokes an increase in
blood pressure in control mice but this response was significantly reduced in Y4

receptor knockout mice. Similarly, vagotomy increased heart rate in both y 4-1

and control mice, however, this increase was significantly lower in the y 4-1

mice.
The reduced vasoconstrictor and vagal inhibitory activity evoked by NPY in

Y4-1- mice may be due to a reduction in sympathetic activity, possibly resulting
from altered NPYactivity in other central brain areas such as the nucleus of the
tractus solitarii (NTS) thereby affecting adrenergic transmission. Deletion of Y4

receptor located in the NTS may therefore disrupt the autonomic balance within
the cardiovascular system.

3.4
Seizure Susceptibility

It is known that NPY influences the appearance of epileptic seizures and the
manifestation of epilepsy (Hokfelt et al. 1998; Vezzani et al. 1999). NPYand its
receptors are also undergoing adaptive changes after acute seizures and in
chronic epilepsy suggesting a pivotal role of this neuropeptide system in the
modulation of seizure activity. In the hippocampus, NPY is constitutively ex
pressed in gamma-aminobutyric acid (GABA) interneurons. YI receptors are lo
cated on granule cell dendrites and Y2 receptors are preferentially located presy
naptically on mossy fibers and on Schaffer collaterals. Y2 receptors mediate a
potent presynaptic inhibition of glutamate release with Ylreceptor stimulation
causing a block of N-type calcium channels. Receptor adaptations such as the
increase of Y, and Ys mRNA and the decrease in expression of Y, mRNA togeth-
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er with the upregulation of NPY levels in mossy fibers may therefore represent
an important protective mechanism for epilepsy (Klapstein and Colmers 1997).

3.4.1
Transgenic Rat

Seizure susceptibility in transgenic rats overexpressing the rat neuropeptide Y
gene under the control of its natural promoter is normal under basal conditions
(Vezzani et al. 2002). However, induction of seizures in adult transgenic male
rats by icv injection of kainic acid or by electrical kindling showed a significant
reduction in the number and duration of electroencephalographic seizures com
pared to wild-type rats. Transgenic rats were also less susceptible to epileptoge
nesis than wild-type littermates suggesting that endogenous NPYoverexpression
in the rat hippocampus is protective against seizures and epileptogenesis.

3.4.2
NPY Knockout Mice

Erickson et al. describe that young adult mice deficient of the NPY gene show
mild seizures when exposed to an unfamiliar environment such as on the top of
the cage (Erickson et al. 1996a). Such short convulsion episodes occurred in
about 30% of the NPY knockout animals and was only observed in the age range
6-8 weeks but not in older mice. However, hyperexcitability of NPy-l - mice was
observed when they were challenged with a convulsant agent such as penete
traxole, a GABA antagonist. Eighty percent of NPy-l- mice developed motor con
vulsions compared to only 30% of control mice. In addition, the time until the
start of the seizure was reduced and the severity of the seizure was increased in
the NPy-l - mice consistent with the lack of inhibitory action of NPYon excitato
ry transmission. The most likely Y receptor candidate(s) mediating these inhib
itory signals is the pre-synaptically located Y2 receptor and potentially the Ys
receptor. Results from Ys knockout animals confirm this suspicion and so do
reports on y 2-1- mice that have been presented at several meetings but have not
yet been published.

3.4.3
YsReceptor Knockout Mice

A report by Marsh et al. showed that Y s-I- mice do not exhibit spontaneous sei
zure-like activity; however, they are more sensitive to kainic acid-induced sei
zures (Marsh et al. 1999). The analysis of hippocampal slices from these mutant
mice by electrophysiological techniques revealed normal function, but the anti
epileptic effects of NPY were absent. In a different study on the same YS-I. mice
it was shown that NPY-ergic inhibition of excitatory CA3 synaptic transmission
is absent (Guo et al. 2002). The effect on seizure susceptibility in Ys·l . seems to
be strongly dependent on the genetic background of the mice as mice on a 129/
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Sv background show much greater responses to kainic acid-induced seizures
than Y s-I - mice on a mixed 129/Svx C57BL/6Jbackground.

3.5
Anxiety-Related Behaviors

One of the major biological actions of NPY is believed to be its regulatory role
in anxiolytic-like responses (Hokfelt et al. 1998). NPY has been shown to re
duce experimental anxiety in several animal models including the elevated
plus-maze, the social interaction test and the fear-potentiated startle paradigm
(Broqua et al. 1995). The major center where NPYexerts its anti-anxiety related
behavior is the amygdala where strong alterations in NPY mRNA and peptide
expression can be observed after acute or repeated restrain stress (Redrobe et
al. 2002). The majority of evidence suggests that the anxiolytic actions of NPY
are mediated by the YI receptor (Redrobe et al. 2002). However, recent studies
have also shown a major role for the Y2 receptor as intra-amygdalar adminis
trations of Y2 preferring ligands induce anxiogenic-like responses (Nakajima et
al. 1998).

3.5.1
NPY Knockout Mice

An extensive analysis of behavioral phenotypes on NPy-l - mice was performed
by Bannon and colleagues (Bannon et al. 2000). Several lines of evidence sug
gest an anxiogenic-like phenotype of these mice. In particular the experiments
in the open-field test detected significantly less activity in the center area of the
apparatus for the NPy-l - mice compared to the control animals. This was not
due to a general decrease in activity as the total distance traveled in NPy-l - and
wild-type mice was not different. Further evidence for an anxiogenic-like
behavior in NPy-l - mice comes from experiments investigating the arcustic
startle response where the knockout animals showed a significant increase in
amplitude.

In the situation of elevated NPYexpression as in the transgenic NPY rat mod
el anxiety behavior was also influenced (Thorsell et al. 2000). Although no dif
ferences between control and transgenic animals can be observed in the elevated
plus-maze under basal conditions, preceding restrain stress causes a significant
reduction in exploratory behavior in the wild-type rats but had no effect on the
NPY overexpressing rats . Furthermore, NPY transgenic rats also showed an in
crease in the number of drinking episodes in the punished drinking test com
pared to control animals. Interestingly, NPYtransgenic mice do not seem to dif
fer from control mice when exposed to the elevated plus-maze or another anxi
ety paradigm, fear conditioning (Thiele et al. 1998).
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3.5.2
Y2 Knockout Mice

So far reports on anxiety-related behavior of Y receptor knockout mice are only
available for the Y«" mice (Redrobe et al. 2003; Tschenett et al. 2003). Both
studies suggest that the Yz receptor has an inhibitory role in the anxiolytic-like
effects of NPY. This is demonstrated in two models of anxiety, the elevated plus
maze and the open-field test. In both tests Yz-I- mice had more entries and spent
more time in the open arms of the elevated plus-maze and also had more cross
ings and spent more time in the central area of the open-field test compared to
control animals. The suggested mechanism by which Yz receptors mediate their
effects on anxiety might be via negative inhibitory action on NPY release. A lack
of feedback inhibition of NPY release in the Y z-I- mice might lead to increased
NPY mediated activation of other receptors, particularly Y\ receptors and con
sequently induce-through this pathway-anxiolytic-like effects.

3.6
Other Behavioral Phenotypes

3.6.1
Voluntary Alcohol Intake

Voluntary alcohol intake can be viewed as an anxiety related behavior; genetic
linkage analysis in P rats, which have an increased alcohol preference, identified
a locus that includes the NPY gene (Carr et al. 1998). The expression of NPY
and Y receptors in the CNS of these rats is also altered suggesting an important
role for NPYin alcohol consumption.

Experiments in NPy-l- and NPYoverexpressing mice have shown that volun
tary ethanol consumption is inversely related to NPY levels: NPy-l - mice exhibit
significantly higher ethanol consumption and lower sensitivity to ethanol than
control mice, and NPYoverexpressing mice show the opposite effects (Thiele et
al. 1998). However, there seems to be genetic background effect causing differ
ences in locomotor activity in NPy-l- mice. For example, NPy-l- mice on a mixed
C57BLl6Jx 129/SvEv background showed increased sensitivity to locomotor ac
tivation caused by intraperitoneal injection of ethanol, and were resistant to se
dation caused by ethanol. In contrast, NPy-l- mice on an inbred 129/SvEv back
ground exhibited normal locomotor activation following injection of ethanol,
and displayed normal sedation in response to ethanol.

The Y receptor that is most likely to be responsible for mediating voluntary
alcohol consumption is the Y\ receptor. Experiments on mice that lack the Y\
receptor demonstrated that male and female Y\-1- mice showed increased con
sumption of ethanol when compared with wild-type mice (Thiele et al. 2002).
Male Y\-1- mice were found to be less sensitive to the sedative effects of alcohol
with a more rapid recovery from ethanol-induced sleep compared to wild-type
mice.
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Ys receptor knockout Y s-I - mice on an inbred 129/SvEv background showed
normal ethanol-induced locomotor activity and normal voluntary ethanol con
sumption, but displayed increased sleep time caused by injection of ethanol
(Thiele et al. 1998). No results are yet available for the other Y receptor knock
out mice.

3.6.2
Memory

One of the biological actions of NPY, which has received little attention so far, is
its regulatory role in learning and memory processing (Redrobe et al. 1999). In
jection of NPY into the rostral hippocampus and the septal area was shown to
enhance memory retention, whereas NPY injection into the amygdaloid body
and the caudal hippocampus induced amnesia (Flood et al. 1989). The develop
ment of an NPY-transgenic rat with significantly elevated NPY levels in the
hippocampus has helped to study this aspect of NPY action in greater detail
(Thorsell et al. 2000). Surprisingly, these NPYtransgenic rats were shown to dis
play deficits in both the acquisition and retention of a spatial memory task
when tested in the Morris Water Maze (Thorsell et al. 2000).

The identity of the specific Y receptor subtype(s) involved in NPY-induced
effects on learning and memory processing remain unclear, although some evi
dence suggests that the ability of NPY to enhance learning and memory may be
linked to activation of Y2 receptors (Heilig 1993). In situ hybridization studies
have shown that Y2 receptor mRNA is discretely localized in the rat brain, in
cluding comparatively high levels in the hippocampus (Dumont et al. 1997,
2000). In addition, radioligand binding experiments have demonstrated that Y2

receptors seem to be the predominant NPY receptor subtype in the hippocam
pal formation (Dumont et al. 1997, 2000), where they have generally been as
sumed to be presynaptic receptors which negatively modulate glutamatergic
neurons (Colmers and Bleakman 1994) and possibly NPY release (King et al.
2000). Further studies are needed to clarify the role of the different Y receptors
in this physiological process.

3.6.3
Nociception

NPY is involved in pain processing at the level of the spinal cord as structural
and functional studies have shown (Abdulla and Smith 1999; Zhang et al. 2000).
A particularly high density of NPY-containing fibers can be found in laminae I
and II of the dorsal horn suggesting that NPY may control transmitter release
from the central terminals of primary afferents. NPY has been shown to induce
biphasic effects on the nociceptive flexor reflex in rats when injected intrathe
cally (White 1997). In addition, NPY is able to block substance P release from
dorsal root ganglion neurons in vitro as well as in vivo and has anti-nociceptive
effects after intrathecal administration (White 1997).
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The lack of NPY in NPy-l - mice causes an exaggerated autotomy, a self-muti
lation behavior possibly related to pain sensation, in agreement with analgesic
effect of NPY (Shi et al. 1998). Alterations in the levels of Y\ and especially Yz
receptor mRNAs were observed in the spinal cord of NPY-deficient mice sug
gesting these two Y receptors are the major mediators of the analgesic effect of
NPY. Consistent with these results, reduced anti-nociception and plasma extra
vasation has been shown in mice deficient in the Y\ receptor (Naveilhan et al.
2001c). These y\-I- animals develop hyperalgesia to acute thermal, cutaneous
and visceral chemical pain and also show mechanical hypersensitivity. Experi
ments with these animals also confirm the requirement of Y\ receptors for the
release of substance P. Furthermore, the Y\ receptor has been implicated in me
diating the effect of NPYon sedation (Naveilhan et al. 2001a).

3.6.4
Regulation of Bone Homeostasis

The most recent function added to the already extensive list of the processes
mediated by NPY is its role in the regulation of bone homeostasis. Intriguingly,
4 weeks of central NPY infusion in wild-type mice had an inhibitory effect on
bone formation (Ducy et al. 2000). However, it is unclear from this study
whether the inhibitory effects of central NPY infusion on bone are a direct con
sequence of hypothalamic NPYaction, or a secondary effect of the resultant in
crease in expression (Sainsbury et al. 1996a) and circulating concentrations
(Sainsbury and Herzog 2001) ofleptin which also has an negative effect on bone
formation.

As NPY is a downstream modulator of leptin action at the level of the arcuate
nucleus where NPY neurons are known to express both leptin receptors and Yz
receptors it is likely that this is the pathway through which NPY mediates is
function on bone.

Analysis of bones from Yz receptor deficient mice has demonstrated a two
fold increase in trabecular bone volume as well as greater trabecular number
and thickness compared with control mice (Baldock et al. 2002). Moreover, this
study also demonstrated that central Yz receptors are crucial for this process ,
since selective deletion of hypothalamic Yz receptors in mature condit ional Yz
knockout mice results in an identical increase in trabecular bone volume within
5 weeks of deletion of the Yz receptor. The lack of any significant changes in
plasma content of hypothalamo-pituitary-corticotropic, -thyrotropic, -somato
tropic, or -gonadotropic related parameters suggests that Yz receptors do not
modulate bone formation by humoral mechanisms, but it is more likely that al
teration of autonomic function through hypothalamic Yz receptors play a key
role in a major central regulatory circuit of bone formation. Additional experi
ments will be necessary to elucidate the full scale of NPY's involvement and the
function of possible other Y receptors in this process .
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4
Concluding Remarks

Over the last couple of years studies on transgenic models of NPYand its recep
tors have provided a wealth of information about molecular and behavioral phe
notypes with finally some more defined roles for the individual Y receptors
emerging. Particularly in the coordinated regulation of food intake and energy
homeostasis important new insights have been revealed with the help of these
knockout and transgenic models . However, specific roles for the individual re
ceptors have also been found in other areas including reproduction, anxiety,
epilepsy and cardiovascular regulation. Furthermore, with the help of these
models completely new and unexpected functions of the NPY system have been
revealed such as the central regulation of bone formation. It also became clear
that Y4 receptors are not only responsive to PP, and in particular centrally locat
ed Y4 receptors might be activated by other NPY family members.

However, some of the findings in the transgenic models did not show the ex
pected 'severe' phenotypes, which would have been predicted from previously
conducted pharmacological intervention studies. In particular the relative 'nor
mal' feeding phenotype of the NPy-l - mouse was a surprise considering the mas
sive increase in food intake and body weight gain observed after acute and
chronic NPYadministration. Some of these might be due to the limitations (lack
of high enough specificity for one particular Y receptor) of the pharmacological
tools used in the in vitro and in vivo studies. One other explanation for the dis
crepancies between pharmacological and transgenic research outcomes could
be the redundancy in the system, which could lead to compensatory changes in
knockout animals during development. In addition, germline deletion of a gene
causes the loss of function of that gene in all tissues where it is normally ex
pressed leading to a phenotype which is compiled by the sum of all lost func
tions. Germline deletion of a gene can also produce secondary effects not direct
ly linked to the actual function of the deleted gene.

Future strategies will therefore need some refinement of the in vivo targeting
mutagenesis techniques used. In particular the use of knock-in strategies, which
allow modification of, rather than complete inactivation of, receptor or ligand
functions, will be required. More importantly, the generation of a full set of con
ditional knockout models for all Y receptors and ligands is needed to overcome
the inherent problems of developmental influences on phenotypes, as well as al
lowing selective deletion of the genes in only a defined tissue or nucleus in an
adult animal (thereby avoiding complication due to whole body ablation of the
gene).

There are still some transgenic models for members of the NPY gene and Y
receptor family missing. These include knockout models for PYYand PP as well
as Y6' Although the later is considered to be a pseudogene in primates it is still a
functional entity in the mouse system . As such it also needs to be analyzed with
the same rigor as all other members of this family to answer completely all the
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questions about the functional contributions of all the different Y receptors to
physiological processes.

Nevertheless, the data accumulated from the models generated so far are of
great value for future, more detailed studies on the complex nature of NPY
physiology. These knockout models are also an invaluable resource for the test
ing of the specificity of agonists and antagonists and for determining the speci
ficity of antibodies.

Finally, with the completion of the human and mouse genome sequencing
programs and the rapid identification of additional genes paralleled by the de
velopment of gene array expression technologies, these NPY and Y receptor
knockout and transgenic mice models will be extremely useful in the identifica
tion of molecular networks that contribute to certain complex physiological
processes. Carefully conducted studies using this technology may identify a
great number of new candidate genes involved in many different NPY mediated
functions not yet known or associated with these systems.
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Abstract NPY receptors belong to the large superfamily of heptahelical G-pro
tein coupled receptors. They are part of a network consisting of receptor sub
types (Y], Y2, Y3, Y4, Ys, Y6) and their ligands , the hormones neuropeptide Y
(NPY), peptide YY (PYY) and pancreatic polypeptide (PP). Structure-affinity
and structure-activity relationship studies of peptide analogs are useful tools
not only for the ident ification of the bioactive conformation of the ligands at
the various receptor subtypes, but also for the development of analogs selective
for the individual receptors. Such compounds will help to correlate biological
actions to the interaction of the three hormones to the distinct receptor sub
types. In this article we summarize characteristic features corresponding to the
specific ligand-receptor subtype interactions elaborated so far by structure-ac
tivity and structure-affinity studies .

Keywords Neuropeptide Y . Agonist· Antagonist· Receptor selectivity'
Y Receptors
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1
Introduction

Neuropeptide Y receptors belong to the large superfamily of heptahelical G-pro
tein coupled receptors. Several NPY receptor subtypes have been characterized
pharmacologically and presently five distinct types of NPY family receptors are
cloned in mammals (Y], Yz, Y4, Ys and Y6). All of them are correlated to a dis
tinct pharmacological profile. An additional putative receptor (Y3) has so far
only been described pharmacologically and no specific agonists or antagonists
are known. The Y6 receptor has been found in mice and rabbits, but not in pri
mates although its mRNA is present in various tissues . Its pharmacological pro
file is still controversial and no physiologically relevant actions could be at
tributed to the Y6 receptor (Michel et al. 1998).

These receptors are activated by a family of neuroendocrine hormones called
the NPY hormone family, comprising neuropeptide Y (NPY), peptide YY (PYY)
and pancreatic polypeptide (PP) (Cerda-Reverter and Larhammar 2000). All three
peptides consist of 36 residues and are C-terminally amidated. X-ray crystallogra
phy of avian PP resulted in crystals of symmetric dimers, with the monomer con
sisting of an extended type II polyproline helix (residues 1-8) that is followed by
a turn (residues 9-13) and an amphipathic a-helix (residues 14-31). Based on the
high sequence homology, this three-dimensional hairpin-like structure, the so
called PP-fold, was assumed to be the structural feature common to the whole
NPY family. Accordingly, although PYYand NPYare thought to be entirely mono
meric at physiological concentrations, NMR studies revealed a PP-like fold for
monomeric PYY (Keire et al. 2002, 2000a). A similar model was suggested for hu
man NPY, a polyproline stretch (residues 1-10) followed by a tight hairpin struc
ture (residues 11-14) and two short a-helices (residuesI5-26 and 28-35). N- and
C-terminal ends are thought to be kept together in close proximity by hydropho
bic interaction. Other NMR studies however highlight a dimeric NPY structure,
which consists of an antiparallel, hydrophobic packing of two helical units (resi
dues 11-36 or 15-36), with the structure of the N-terminal residues poorly de
fined (Cowley et al. 1992; Darbon et al. 1992; Glover et al. 1983; Nordmann et al.
1999). Recent studies exhibit the existence of dimers only at high, millimolar con
centrations. Whereas the existence of an N-terminal polyproline helix was exclud
ed, the C-terminal part of the molecule adopts an a-helical conformation which is
stabilized in the dimer by intermolecular hydrophobic interactions. The a-helical
segments are concomitantly present in parallel and antiparallel orientation in the
dimer. Decrease of the concentration causes a shift of the dimerization equilibri
um towards the monomeric form of NPY. Fluorescence resonance energy transfer
studies used to investigate the conformation of the monomeric peptide could not
support the existence of a PP-fold motif, characterized by a folding back of the
N-terminal tail onto the C-terminal a-helix. Correspondingly, the solution struc
ture of NPY in the presence of lipid mimetic dodecylphosphocholine (DPC) mi
celles revealed a conformation of micelle associated NPY with a flexible N-termi 
nal segment (residue 1-13) and an a-helical C terminus (residues 14-36) oriented
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Fig. 1 Suggested model for receptor activation by NPY. Two different types of dimers exist in equilibri
um with partially unfolded monomer in solution. The peptide binds to the cell membrane as a mono
mer and is brought to bind the receptor by two-dimensional diffusion. Changes in the secondary and
tertiary structure upon interaction with the receptor are so far unclear

parallel to the micelle surface. The C-terminal residues 32-36 which are flexible
in solution become a-helical in the membrane bound molecule (Bader et al. 2001;
Bettio et al. 2002;Bettio and Beck-Sickinger 2002). Further changes in the second
ary and tertiary structure upon interaction of the ligand with the corresponding
receptor subtype could so far not be elucidated (Fig. 1).

Whereas NPYand PYY bind with high affinity to the Y1> Y2 and Y5 receptor
subtypes, the Y4 receptor is preferentially bound by PP. NPYis widely distributed
within the central and peripheral nervous system and is one of the most abun
dant neuropeptides in the brain. It is involved in the regulation of many physio
logical activities, such as food intake, energy expenditure, learning and memory,
nociception, blood pressure, and circadian rhythms. PYYand PP are mainly syn
thesized and released by pancreatic and intestinal cells and act as hormones in
an endo- and exocrine fashion, for example by regulating pancreatic and gastric
secretion (Cerda-Reverter and Larhammar 2000; Michel et al. 1998). The wide
range of actions influenced by the NPY family of peptides, together with the ex
istence of multiple receptors with overlapping binding patterns for the three pep
tide ligands, makes it difficult to correlate the extent to which different receptor
subtypes contribute to a distinct physiological effect. Different receptor subtypes
may redundantly mediate identical actions in a given system. For example YI

and Y5 receptors are both involved in the regulation of food intake and interplay
of these receptors is suggested in this system (Inui 1999; Iyengar et al. 1999; Soll
et al. 2001). The clarification and dissection of the complicated network of NPY
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receptor subtypes and their ligands demands the characterization of each recep
tor subtype relative to its interaction with the ligand, as well as to its biological
function. Structure-affinity and structure-activity relationship studies of peptide
analogs, combined with studies based on site-directed mutagenesis and anti-re
ceptor antibodies are useful tools to approach this question.

The situation is even more complicated, since the Y4 receptor is one of the
most rapidly evolving G-protein receptors known and shows a very high species
diversity compared to the Y1 and Y z receptor subtypes . The variability is not
only restricted to its sequence, but also concerns its pharmacology and tissue
distribution. For example NPY is able to act as an antagonist on the guinea pig
Y4 receptor, but not on the rat Y4 receptor, where it has no inhibitory effect on
cAMP synthesis (Eriksson et al. 1998; Larhammar 1996; Lundell et al. 1996).
Species-specific differences are also observed for the other receptors with regard
to their distribution and density in the brain . This may point to different func
tional roles for the NPY receptors within each species (Dumont et al. 1993,
1998; Gackenheimer et al. 2001; Gehlert and Gackenheimer 1997; Gehlert et al.
1997; Widdowson 1993). To address this problem, not only specific antibodies
directed against different receptor subtypes but also the development of selec
tive ligands can help to localize the distinct receptor subtypes in a given tissue.

Taken together, structure-activity relationship studies are the basis for the
identificat ion of the bioactive conformation of a ligand and the understanding
of its interaction at a distinct receptor subtype. For this purpose a variety of
peptides has been designed, that are modifications of the natural ligands in pri
mary, and consequently, secondary and tertiary structure. The analysis of their
affinity and activity in connection with their conformat ion gives insight into re
ceptor binding properties and is informative for the pharmacological character
ization of the receptor subtypes. It will help to characterize signal transduction
pathways connected to the distinct receptor subtypes as well as their physiologi
cal role. In addition selective ligands for each receptor subtype would be useful
tools to localize the distribution of each receptor in vivo.

Exchange of single or multiple amino acids, introduction of conformationally
constraining amino acids, or C-terminal, N-terminal or central truncations of
the native peptide segment are used to create receptor-selective peptide analogs.
N-terminal, C-terminal or internal truncation identifies domains of a naturalli
gand, which are important for the receptor binding. Single exchanges of each
residue with L-alanine, so called L-Ala scans, are a first step towards the valua
tion of the importance of each position with respect to binding affinity. They al
low clarification of the significance of chemical properties of the corresponding
side chains at these positions. Additional D-isomer scans give information on
the role of the orientation of a certain side chain. The introduction of special
amino acid units, spacer templates, cyclization or backbone modification can
limit the conformational space available to a peptide chain. If the induced or
stabilized conformation is similar to that adopted from the native ligand when
it interacts with a single receptor subtype this will lead to selectivity. If not,
there will be loss of affinity at all receptor subtypes.
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2
NPVand Peptide Derived Ligands at the V, Receptor

The YI NPY receptor subtype was the first member of the PP-fold peptide recep
tor family to be cloned. This subtype displays high affinity for both PYYand
NPY with little affinity for PP (Herzog et a1. 1992; Larhammar et a1. 1992). The
contribution of each amino acid side chain of NPY to the receptor binding was
investigated by exchanging systematically each single residue of NPY by L-Ala.
This L-Ala scan revealed that the most sensitive positions in this receptor are
Pro", Pros, Arg'", Tyr20 and the C-terminal decapeptide, namely positions
27-36. In particular the two arginine residues at positions 33 and 35 turned out
to be the most important residues for YI binding, since their replacement by
alanine provoked the most efficient loss of affinity (Beck-Sickinger et a1. 1994b;
Eckard and Beck-Sickinger 200l) (Table 1).

The importance of the tyrosine amide at position 36 of NPY for binding to
the YI receptor was confirmed by the investigation of the affinity of NPYanalogs
containing different chemical modifications at the C-terminus: Even the change
of the peptide amide to the corresponding peptide acid resulted in a complete
loss of affinity at the YI receptor (Hoffmann et a1. 1996).

Table 1 Results of the I-Ala scan: effects of single amino acid replacement on the binding affinity of
NPY at the human Y-receptors (in parentheses the affinity of the peptide divided by the affinity of
pNPY isgiven)

Peptide hY1 hY2 hY4 hYs

1(50 1(50 (Pep) 1(50 1(50 (Pep) 1(50 1(50 (Pep) I(so 1(50 (Pep)

[nM] 1(50 (NPY) [nM] 1(50 (NPY) [nM] 1(50 (NPY) [nMj 1(50 (NPY)

pNPY 0.23 (1) 0.04 (1) 5.5 (1) 0.8 (1)
[A'j-pNPY 21 (91) 0.2 (5) 5.8 (1.1) 2.2 (2.8)
Wj-pNPY 114 (496) OJ (8) 7.8 (1.4) 5.5 (7)
Wj-pNPY 228 (991) 24 (600) 25 (4.5) 32 (40)
[A8j-pNPY 32 (139) 0.7 (18) 60 (11) 55 (69)
[A11]_pNPY 8 (35) 0.2 (5) 3.1 (0.6) 0.5 (0.6)
[A13]-pNPY 7.5 (33) 0.1 (3) 37 (6.7) 17 (21)
[A19]_pNPY 282 (1226) 1.6 (40) 4.1 (0.7) 1.4 (1.8)
WOj-pNPY 71 (309) 1.2 (30) 161 (29) 19 (24)
[A21]_pNPY 5.5 (24) 0.2 (5) 66 (12) 32 (40)
W5]-pNPY 11 (48) 0.7 (18) 201 (37) 80 (100)
[A27]_pNPY 250 (1087) 1.4 (35) 340 (62) 370 (463)
[A28]_pNPY 64 (278) 0.1 (2.5)
[A29]_pNPY 58 (252) 1.4 (35)
WOj-pNPY 26 (113) 0.1 (2.5)
[A31j_pNPY 365 (1587) OJ (7.5)
[A32j_pNPY 723 (3143) 45 (1125) 380 (69) 7.7 (9.5)
[A33j_pNPY >1000 (>4348) 54 (1350) >1000 (>182) 94 (118)
[A34j_pNPY 94 (409) 6 (150) 7.4 (1.3) 1.3 (1.6)
WS]-pNPY >1000 (>4348) >1000 (>25000) >1000 (>182) >1000 (>1250)
[A36j_pNPY 970 (4217) 48 (1200) 141 (26) 68 (85)
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A o-amino acid scan of NPY showed an affinity profile very similar to that of
the t-Ala scan (Kirby et al. 1993a). This suggests that the most important posi
tions are sensitive not only to the exchange of the side chain but also to the ori
entation of the side chain itself.

To gain further insight into structure-affinity relationship, residues identified
as sensitive in the t-Ala and o-amino acid scans are further exchanged with
other amino acids: Substitution of Pr02 and Pros by t-Ala led to a more than
500- or 1,000-fold lower affinity at the Y, receptor, respectively, and the intro
duction of the more hydrophobic side chain of leucine or phenylalanine at these
positions improved the binding only partially. Thus at both positions not only
hydrophobicity but also the presence of a turn inducing residue seems to be re
quired. The mutation Tyr20Ala and Tyr27Ala also led to a 450- or more than
1,000- fold decrease, respectively, in affinity while here the introduction of the
hydrophobic residues Bpa (p-benzoyl-L-phenylalanine) or phenylalanine still re
sulted in good affinity. This suggests that the hydrophobic character of the side
chain at this position is important for the ligand to adopt the bioactive confor
mation. Together Pr02,s and Tyr20

,27 may be important in stabilizing the hairpin
like structure of NPY by hydrophobic interaction. In agreement with this obser
vation, perturbation of the PP-fold by substitution of Tyr20 with the helix break
ing amino acid proline led to a loss of binding to Y, receptors (Fuhlendorff et
al. 1990b). Hydrophobicity also is required at position 28 since here the substi
tution of isoleucine by alanine resulted in a more than 300-fold decrease in af
finity. The side chain of Asn29 might playa role in interacting with the receptor
or in stabilizing the bioactive conformation since introduction of alanine result
ed in 290-fold lower affinity, whereas replacement of asparagine with its homo
logue glutamine led to an affinity that was only 55-fold lower than that of NPY.
At position Leu30 the chemistry, size and orientation of the side chain are all of
major importance for the binding, since here replacement by alanine, phenylal
anine or n-tryptophan all reduced the binding affinity to the receptor. Replace
ment of Gln34 by alanine led to a more than 300-fold decrease in affinity. How
ever, the introduction of Pr034 gave a ligand which was as potent as NPYat the
Y, receptor, in contrast to the Y2 receptor. This suggests that the turn inducing
residue at this position favors the bioactive conformation of the peptide at the
Y, receptor. Furthermore, the orientation of the C-terminal turn turned out to
be important, as the analog containing o_Pr034 even bound with lower affinity
than the Gln34Ala mutant (Beck-Sickinger et al. 1994b; Cabrele and Beck-Sickin
ger 2000). In agreement with this, substitution of Glu34 by proline in PYY does
not alter the binding at the Y, receptor, but abolishes binding to the Y2 receptor
(Keire et al. 2002). A hydrophobic side chain seems to be favored at the C termi
nus of NPY. The introduction of Ala36 in place of Tyr36 led to a severe loss of
affinity, which could be limited by the introduction of Phe36 at this position.
However, incorporation of the large, highly hydrophobic residue Bpa or the im
idazole ring of histidine were poorly tolerated, showing that the size of the hy
drophobic side chain is determinant as well. In contrast, at the N-terminus, Bpa
and alanine substitution of tyrosine at position 1 resulted in analogs that had
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the same reduced affinity. This suggests that here the loss of affinity is due to
the lack of the phenolic group of Tyr', which might be involved in the formation
of an intramolecular hydrogen bond. However, the comparably good affinity of
Bpa1-NPY is also indicative of the flexibility and spatial availability of the N-ter
minus of NPY (Beck-Sickinger et al. 1994b; Cabrele and Beck-Sickinger 2000).

To develop YI receptor specific agonists, the results emerging from the scans
mentioned above are also important in distinguishing crucial residues from
those which might be modified without impairing YI receptor binding. The later
might be replaced to gain agonists with improved receptor selectivity, without
loss of YI receptor affinity. Accordingly almost all YI analogs are synthesized
with proline in position 34. While the presence of proline is tolerated at the Y1

and Y5 receptor subtypes, and even enhances the affinity for the Y4 receptor, it
leads to complete loss of affinity at the Y2receptor. It is suggested that Pr034 dis
rupts the C-terminal helix that is required for Y2 binding, but does not disturb
the juxtaposition of the N- and C-terminus and therefore allows potent YI bind
ing (Cabrele and Beck-Sickinger 2000; Fuhlendorff et al. 1990a; Keire et al.
2000b, 2002). Similarly modifications at positions 6 and 7 were interesting be
cause of their moderate influence on the binding of NPY to the YI receptor, as
shown by the L-Ala scan . Variations at these positions yielded the agonists
[Phe7,Pr034

] pNPYand [Arg6,Pro34
] pNPY with significant Y1 receptor prefer

ence (Beck-Sickinger et al. 1994b; SolI et al. 2001). Another example is the sub
stitution of the corresponding D-amino acid at either position 25 or 26 of NPY,
which result s in loss of Y2 affinity but maintains YI affinity. The resulting ago
nists are also selective for the Y1 receptor relative to the Y4 and Y5 receptors.
The loss of Y2, Y4 and Y5 receptor binding upon changing the chirality of a sin
gle amino acid in the C-terminal a-helical segment of the molecule suggests that
these receptors have more stringent requirements for the native conformation
of this region of NPY than the YI receptor. Such agonists are promising tools for
the evaluation of the physiological role of the YI receptor in vivo. For example it
was shown that these two compounds stimulate food intake dose responsively
in Long-Evans rats for at least 4 h after intracerebroventricular administration
(Boublik et al. 1989; Kirby et al. 1993a; Mullins et al. 200l).

Also the results of the L-Ala scan showed that single amino acid exchanges at
central positions of NPY are not essential for binding to the YI receptor, the re
placement of larger segments in the central region led, in almost all cases, to a
significant reduction or complete loss of affinity at the Y1 receptor (Rist et al.
1995). Analogs containing the N- and C-terminal NPY segments connected by a
spacer, i.e., 6-amino hexanoic acid (Ahx), showed only moderate affinity. Only
the putative fJ-turn (amino acids 10-17) constituting the PP-fold can be deleted
without loss of affinity, provided that the N- and C-terminal helices are held in
close proximity by a covalent linkage. Furthermore the location of the disulfide
bridge and the chirality of the cysteine residues influence the affinity. For main
taining YI receptor affinity a disulfide linkage between Cys" and Cys21 was favored
above other interchain bridges examined (Kirby et al. 1993b, 1995, 1997). These
observations were combined with an exchange of Pr034 to decrease the affinity at
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the Y2 receptor and D-His26 to decrease affinity at the Y4 receptor. The resulting
cyclic peptide Des-AAll-18[Cys7,21,D-Lys9(Ac), D-His26, Pr034jNPY showed excellent
selectivity and adequate affinity for the Y1 receptor. It represents an agonist of
NPYat this receptor with orexigenic activity in vivo (Mullins et al. 2001).

Other investigations are based on the comparison of structural features of the
members of the NPY hormone family. Albeit the common hairpin like structure,
NPY and PP reveal a completely different affinity at the Y1 receptor, which is
SOD-fold lower for PP compared to NPY. This might be due to a different folding
of the N- and C-terminal segments in the two peptides, leading to a more stable
helical conformation in PP than in NPY. Chimeras based on the combination of
NPYand PP segments are used as a tool to answer the question whether the pri
mary structure is crucial for the peptide either to fold in a specific way or to be
recognized from the various receptor subtypes. Substitution of the pig NPY se
quence 19-23 (RYYSA) by the corresponding human or rat PP (QYAAD/
QYETQ) led to a decrease in affinity and was structurally characterized by helix
destabilization and a higher content of unordered structure, as suggested by cir
cular dichroism (CD) studies. The poorest Y1 receptor analog in these studies
[rppI9-23,H34j pNPY was characterized by a helical content of only 9%, com
pared to 18% helicity in pNPY. Some of the lost affinity was recovered by the
introduction of proline at position 34 in place of glutamine, indicating that the
presence of a turn inducing element at the C-terminus may favor the binding to
the Y1 receptor. This is in agreement with the results of the single amino acid
replacements. These results suggest that the central region of NPY plays an im
portant role in inducing and/or stabilizing the helical peptide conformation and
consequently confers high affinity. Inverse exchanges, meaning human PP
(hPP) analogs containing the central NPY sequence, increased the hPP affinity
at the receptors Y1> Y2 and Y5. The hPP analogs are all as highly helical as the
unmodified hPP; however, they probably adopt a different tertiary structure,
which may be more similar to that of NPYthan that of hPP. Thus the central se
quence might also playa role in the formation and orientation of the C-terminal
helix with respect to the N-terminus (Cabrele et al. 2001).

Introduction of the hPP segment 1-7 or 1-17 in pNPY resulted in potent ana
logs. [hPp l

-
7j pNPY showed a CD spectrum that was very similar to that of NPY,

and [hPp l
-
17j pNPY was characterized by a highly stable helix (64% versus 18%

found for NPY). These results support the hypothesis that the N-terminal part
of the molecule is important for the stabilization of the C-terminal helix, espe
cially by interdigitation of the Pr02and Pros with the tyrosine side chains at po
sitions 20 and 27, since these positions are conserved between pNPYand hPP
(Cabrele et al. 2001).

The simultaneous presence of the pNPY sequences 1-7 and 19-23 led to an
analog of hPP that is as potent as NPYat the Y1receptor, comparable to hPP at
the Y4 receptor and even better than NPYat the Y5 receptor. This suggests that
the NPY segments 1-7 and 19-23 drive the formation of the bioactive conforma
tion of the ligand (Cabrele et al. 2001).
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The exchange of the C-terminal hexapeptide, which is very conserved among
PP-fold peptides, led to the development of [Leu3 1,pro34)NPY and [Leu31

, Pro"]
PYY. This analog lost affinity for the Yz receptor and had originally been de
scribed as a YI selective agonist. However, after the identification of the Y4 and
Y5 receptor subtypes, it was found that [Leu31,Pro34jNPYand [Leu31, Pro 34)_pyy

also have significant affinity and potency at these receptors (Dumont et al. 1994;
Fuhlendorff et al. 1990a; Gerald et al. 1996; Hu et al. 1996; Michel et al. 1998).

The most striking feature of the YI receptor as compared to the other receptor
subtypes is its low affinity for analogs of NPY and PYY lacking the N-terminal
sequence. Deletion of the N-terminal tyrosine in NPYalready resulted in a 75
fold decrease in affinity. Increasing the extent of the deletion further decreased
the affinity of the analogs to the micromolar range (Beck-Sickinger and lung
1995). Despite this observation a C-terminal cyclic peptide of NPY, YM-42454
(Ac-Cys-Leu-Ile-Thr-Arg-Cys-Arg- Tyr-NHz) showed high affinity and selectivity
for Y1 versus Yz receptors in SK-N-MC cells. Amino acid replacement revealed
similar crucial positions for YM-42454 as it had been shown for the full-length
NPY molecule: The hydrophobic side chains of Leu30 and Ile3 1

, the guanidinium
groups of Arg33 and Arg35 and the C-terminal amide are critical for the binding
affinity of YM-42454 to the Y1 receptor. Accordingly the binding mode of
YM-42454 to the Y1 receptor might be similar to that of the C terminus of
NPY. IH-NMR studies for YM-42454 and its derivatives have suggested that the
critical residues are involved in the direct interaction with the YI receptor rather
than in maintaining the bioactive conformation (Takebayashi et al. 2000). On the
other hand the conformation of peptide analogs that mimic the C-terminal re
gion of NPY might play an important role in modifying the affinities at NPY re
ceptors: Peptides corresponding to the C-terminal nonapeptide of NPY, with
modifications at position 30, 32 and 34 were found to antagonize the YI receptor.
The high activity of these analogs compared to the corresponding unmodified
NPY segment (amino acid 28-36) was correlated to their ability to adopt a stable
helix, which is initiated by the turn-inducing sequence AsnZ9_Pro30

• Surprisingly
some of these nonapeptides, which were covalently linked by lactam or disulfide
bridges, bound to the receptor with subnanomolar affinity. One example is the
dimer of Ile-Glu-Pro-Dpr-Tyr-Arg-Leu-Arg-Tyr-Nfl, that contains two interchain
lactam bridges between glutamine and Dpr (2,3-diaminopropionic acid). This
antagonist is known as GW1229, GR231118 or 1229U91, and binds to the Y1 re
ceptor in the picomolar range (Daniels et al. 1995). It has therefore found wide
spread application in defining the role and distribution of YI receptors (Dumont
and Quirion 2000; Ishihara et al. 1998; Kanatani et al. 1996). However, GW1229
also turned out to be a potent agonist at the Y4 receptor, which limits its use as a
pharmacological tool (Kanatani et al. 1998; Parker et al. 1998; Schober et al.
1998,2000). Replacement of the C-terminal amides of GW1229 with methyl ester
or replacement of the peptide bond between Arg35 and Tyr36 with 'P(CHrNH)
deduced compounds that retained subnanomolar affinity for YI receptors and
exhibited high selectivity for Y1 receptors relative to Yz, Y4 and Y5 receptors.
These compounds were confirmed to be potent and selective Y1 receptor compet-
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itive antagonists with respect to forskolin-stimulated cAMP synthesis in cell cul
ture. It is suggested that, due to the loss of hydrogen bonding ability, the C-ter
minal modifications induce conformational changes and consequently provoke
receptor selectivity (Balasubramaniam et al. 2001).

The only linear, conformationally constrained and Y\ receptor selective ana
log contains .B-amino cyclopropyl residues at position 34. In this case even the
C-terminal octapeptide shows significant affinity (Koglin et al. 2003).

In conclusion, the most striking feature of the YI receptor compared to the
other subtypes is its low affinity for analogs of NPYand PYY lacking the N-ter
minal amino acid. Binding to the YI receptor supposes intramolecular interac
tions between the juxtaposed N- and C-termini to stabilize the tertiary structure
of the ligand. The central region of the ligand is comparably insensitive to single
amino acid replacement, yet it influences the binding affinity of the ligand . This
part of the peptide confers high affinity by inducing and/or stabilizing the C
terminal a -helical segment. It is also of importance to orientate the C terminus
with respect to the N terminus. Whereas the C-terminal NPY residues Arg33 and
Arg35 are essential for high-affinity binding to the receptor, the analogs
[Pr034)NPYand [Leu31,Pr034)NPY retain full activity on the Y\ receptor, despite
the disruption of the C-terminal helix. Surprisingly short cyclic peptides or
nonapeptides linked by lactam or disulfide bridges, which are imitating the C
terminal region of NPY, or linear peptides containing constraint amino acids,
bind with high affinity to the receptor and even led to the development of highly
selective YI receptor antagonists.

The effects of modifications in the peptide sequence of NPYon the binding to
the receptor subtypes are illustrated in Fig. 2 and examples for peptide derived
ligands with selective binding affinity are given in Table 2.

Table 2 Peptide-derived ligands with selective binding affinity for the NPY receptors Yj , Y2 and Ys

YI [Arg6,Prol4]NPY Agonist Soli et al.2001
[Phe7,Prol 41NPY
(d-Arg2S1NPY Mullins et al. 2001
[d-His26]NPY
Des-AA11.18[Cys9(Ac),d-His26,Pro34]NPY
GW1229 with C-terminal methyl ester Antagonist Balasubramaniam et al. 2001
GW1229 with peptide bond between
Argl S_Tyrl6replaced with IjJ(CH2-NH)

Y2 [Ala25]NPY Agonist Eckard and Beck-Sickinger 2001
[Ala27]NPY
NPY(13-36) Wahlestedt et al. 1986
[Ahxs-24]NPY Beck et al. 1989
cycl0-(2/30)[Ahxs-24,GIu2,LyslOj NPY Beck-Sickinger et al. 1992

t , [d-Trpl4] NPY Agonist Parker et al. 2000
[Alal 1,Prol2]NPY Cabrele et al. 2002
[Alall, Aibl2]NPY Cabrele et al. 2000
[cPP1-7,NPY19-21,Ala31,Aibl2,Glnl4JPP Cabrele et al.2000
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3
NPY and Peptide Derived Ligands at the Y2 Receptor

Like the YI receptor, the YZ receptor displays high affinity for NPY and PYY.
However, differences in binding affinities for ligand analogs can be observed.

The L-Ala scan of NPY showed that the exchange of single residues by L-ala
nine affects binding to the YZ receptor less than binding to the YI receptor. With
only a few exceptions, the exchange of single residues by L-alanine only pro
voked a 2-20-fold loss of affinity to the Y z receptor in human neuroblastoma
cell lines: The substitution ProsAla was the only one in the N-terminal part that
led to a more severe change, by reducing the binding affinity 600-fold. Exchange
of positions Arg19, TyrZO, TyrZ7 and AsnZ9 in the central region of NPY resulted
in a 30-40-fold reduction of affinity. Highest sensitivity was located to the C-ter
minal positions 32-36, where the mutation Tyr34Ala resulted in a ISO-fold loss
of affinity and substitution of Thr", Arg33, Arg3S and Tyr36 provoked a loss
of affinity more than 1,000-fold (Beck-Sickinger et al. 1994b; Eckard and
Beck-Sickinger 2001). The activity of several analogs was tested in mucosal
preparations of rat jejunum, where NPY exerts an antisecretory function. All
analogs showed agonistic potential, with the only exception of [Ala34jNPY that
was inactive despite the observation that binding affinity to the human recep
tors was reduced only ISO-fold (Cox et al. 1998). In comparison the [AlaSjNPY
mutant that provoked a 600-fold loss of affinity still showed 40% activity. The
replacement of Pros, Pro'", Tyr27

, Ilezs and AsnZ9 resulted in analogs with high
YZ receptor affinity, but only partial activity. These differences might be at
tributed to species-specific differences in receptor binding. Despite this obser 
vation the relative activities of the Ala-NPYanalogs closely resemble their order
of affinity to the Yz-expressing human neuroblastoma cell line (Beck-Sickinger
et al. 1994b; Cabrele and Beck-Sickinger 2000) (Table 1).

The t-Ala scan, as well as the n-amino acid scan showed that the most impor
tant part of NPYas a ligand at the YZ receptor may be located in the C-terminal
fragment. The side chains in this region apparently playa role in either stabiliz
ing the bioactive conformation of the ligand or in directly interacting with the
receptor. Interestingly, the orientation of the aromatic side chain at position 36
is not very important, as demonstrated by the still high affinity of the analog
[D-Tyr36jNPY (Kirby et al. 1993a).

Furthermore the presence of an aromatic residue is favored at positions
TyrZO, TyrZ1, TyrZ7 and is most evident at position Tyr36, since here the replace
ment with phenylalanine or Bpa resulted in minor changes compared to replace
ment by alanine. As already mentioned, replacement of Gln34by proline is toler
ated at the YI receptor, but leads to loss of affinity at the YZ receptor, by disrupt
ing the C-terminal a-helix (Keire et al. 2002, 2000b; Nordmann et al. 1999). Sim
ilarly substituting TyrZOby proline reduced the a-helical content of NPYand di
minished affinity to the YZ receptor (Fuhlendorff et al. I990b). Substitution of
ArgZSand Arg33 and particularly Arg3Swith lysine shows the importance of the
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guanidinium group at these positions for functional activity (Fournier et al.
1994).

Comparable to the YI receptor, a centrally truncated analog composed of
residues 1-4 linked by a spacer molecule to residues 31-36, did not show bind
ing to Y z receptors or biological activity (Fournier et al. 1994). Nevertheless,
in contrast to the YI receptor, the Yz receptor is able to bind the centrally trun
cated analog [Ahx5-Z4jNPY with high affinity (Beck et al. 1989; Eckard and
Beck-Sickinger 2001). The binding affinity of this analog could be slightly im
proved by introducing the hydrophobic residue Tic (tetrahydroisoquinoline-3
carboxylic acid) at position 1 or by using Pac (l-phenyl-2-aminomethyl-cyclo
propanoic acid) as a spacer molecule (Beck-Sickinger et al. 1994a). Cyclization
of the linear peptide in cyclo-(2/30)[Ahx5-z4,GluZ,Lys30j-NPY slightly reduced
the binding affinity to the YZ receptor, but resulted in higher activity with re
spect to the inhibition of cAMP accumulation in cell culture experiments. Unlike
the linear peptide, the cyclopeptide was unable to increase blood pressure via
the YI receptor in rats. This suggests that cyclization improves Yz selectivity by
conferring the right orientation of the C-terminus, which is required to activate
the Yz but not the Y1 receptor subtype (Beck-Sickinger et al. 1992; Cabrele and
Beck-Sickinger 2000).

The influence of the central region also becomes evident by the introduction
of the pNPY segment 19-23 in hPP, which resulted in Yz receptor affinity in the
nanomolar range. As expected from the substitution of single amino acids in
NPY, the replacement of Pr034 by glutamine in the N-terminal PP segment of
this analog further increased its binding potency (Cabrele et al. 2001). Exchange
of the PP-fold of NPY with the corresponding segment of PP in the chimeric
molecule PP(l-30)-NPY(31-36) resulted in binding affinity to Yz receptors
which was comparable to that of NPY. This indicates that the PP-fold is an im
portant but purely structural element in the interaction of NPY with the Yz re
ceptor (Fuhlendorff et al. 1990b).

Unlike the YI receptor the Yz receptor is relatively resistant to N-terminal de
letion: Deletion of Tyr! and Tyrl-Pro/ does not affect the binding to the Y z re
ceptor and even shorter fragments [e.g., NPY(l3-36), NPY(l8-36) and NPY(22
36) j still bind the receptor with subnanomolar affinity (Beck-Sickinger and lung
1995; Fuhlendorff et al. 1990b; Wahlestedt et al. 1986). In contrast the acetylated
dodecapeptid NPY(25-36) showed only minor affinity. However, the binding af
finity of this analog could be improved by the introduction of amino acids with
hydrophobic and conformationally restricted side chains. For example com
pounds with cyclohexylalanine (Cha) or Tic at position Leu30 and/or Cha, Tic or
,B-naftyl-alanine (Nal) at position Ile31are able to strongly activate the Y2 recep
tor in a rat vas deferens assay. Together with the find ing that [Tyr32,Leu34j

NPY(25-36) binds to the Y z receptor with nanomolar affinity, this supports the
hypothesis that large and hydrophobic side chains in the region 28-32 favor Y2
receptor binding. Further shortening of these analogs showed that the nona
peptide is the minimal sequence required for receptor binding (Cabrele and
Beck-Sickinger 2000).
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Another possibility to obtain C-terminal analogs with full agonistic proper
ties is the stabilization of the dodecapeptide by the introduction of lactam
bridges. The binding affinity of the resulting analogs is dependent on the posi
tion, the orientation and the length of the lactam bridges, with the most potent
ligands corresponding to lactamizations Glu27_Lys31 and Lys28-Glu32• Two-di
mensional NMR and molecular dynamics studies showed that high affinity in
lactam bridged analogs is correlated with the presence of a short helix (residues
29-34) ending with a turn at the C-terminus and facing to the N-terminal frag
ment as in a hairpin-like structure (Rist et al. 1997). The importance of a helical
structure was also shown for the agonist N-acetyl [Leu28,31jNPY(24-36), where
substitutions were introduced to stabilize the a-helical structure of the mole
cule. The presence of the amphipathic a-helix extending from residue 24 to resi
due 32 in this molecule is crucial for potent cardiac vagal inhibition, represent
ing binding to Y2 receptors. In addition, some degree of flexibility must be re
tained within the C-terminal extension (Barden et al. 1994). Furthermore it was
shown that, according to the t-Ala scan of the full-length peptide, Arg2S, Arg33,
Arg3S, Asn29 and Tyr36 are critical residues for maintaining the functional activi
ty of the C-terminal peptide. Whereas a maximum response of cardiac vagal in
hibition could be reached for some analogs, the duration of the response was
decreased for all active analogs. This might be explained by either enhanced
sensitivity of the NPYanalogs to enzyme degradation or by the absence of addi
tional conformational parameters in the truncated peptides. As expected these
analogs are active at the Y2 receptor but do not bind to the Y1 receptor, whereas
binding to the receptors Y4, Y, and Y6 remains to be tested (Smith-White and
Potter 1999). Furthermore, the occurrence of self-association of this peptide has
been described in aqueous trifluoroethanol but its meaning for the formation of
the biologically active conformation remains to be established (Barnham et al.
1999; Potter et al. 1994).

To summarize, in comparison to the Y1receptor, the Y2 receptor is less affect
ed by single amino acid replacements in the t-Ala scan. However, high-affinity
binding to this receptor has more stringent requirements on the C-terminal re
gion of the ligand. The side chains in this region either stabilize the bioactive
conformation of the ligand or are involved in direct interactions with the recep
tor. The helical conformation of the C-terminus plays an important role for
binding to this receptor. For example, the insertion of proline at position 34 of
NPY disrupts the C-terminal helix and impedes ligand binding to the Y2 recep
tor in contrast to the other receptors. Unlike the Y1receptor, the Y2receptor still
binds N-terminally truncated fragments like NPY(13-36) or NPY(22-36) and
centrally truncated analogs like [AhxS-24jNPY with high affinity. The N-terminal
and central regions are of importance in stabilizing and orientating the func
tional part of the molecule represented by the C-terminus (Fig. 2 and Table 2).
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4
NPY and Peptide Derived Ligands at the Y4 Receptor

The Y4 receptor is preferentially bound by the PP compared to NPYand PYY.
However, at least for the human and guinea pig Y4 receptors, binding of NPY
and PYY may still occur in the physiological range (Berglund et al. 2001; Cerda
Reverter and Larhammar 2000). As already mentioned in the beginning of this
chapter the Y4 receptor is one of the most rapidly evolving G-protein coupled
receptors and comparably high sequence diversity between species can be ob
served. Despite this, PP from human (h), cow (b), rat (r) and guinea pig (gp)
bind equally well to human and rat Y4 receptors. For bPP a slightly higher affin
ity (two- to threefold) for the gpY4 receptor could be observed with respect to
hPP, rPP and gpPP (Berglund et al. 2001).

An L-Ala scan of NPY binding at human, rat and guinea pig Y4 receptors re
vealed that, comparable to the Y2 receptor, the C-terminus is the most sensitive
part of the molecule (Table 1). As it had already been shown for the other recep
tors Arg33 and Arg35 provoke the most pronounced loss of binding affinity at
the Y4 receptor. The effect of the Arg35Ala mutation on the guinea pig receptor
was slightly less dramatic than on human and rat receptors. Furthermore, Gln34

is of interest as it is the only amino acid which differs between NPYand PP seg
ments 33-36. Substitution of this residue by proline, which is the corresponding
amino acid in PP, increased the affinity 200-fold for the rat Y4 receptor (Lundell
et al. 1996). However, binding to human and guinea pig receptors was unaffect
ed by this modification (Berglund et al. 2001). Replacement of Gln34 by leucine
increased the affinity I8-fold, but replacement by n-proline induced a 49-fold
loss of affinity at the human Y4 receptor (Cabrele and Beck-Sickinger 2000). The
introduction of alanine instead of aspartic acid at position 11 and arginine at
position 19 slightly increased the affinity, which might be attributed to the re
moval of charged side chains. In PP the polar but neutral side chains of gluta
mine and asparagine are present at these positions and are thought to be in
volved in direct interactions with the receptor. In contrast the charged side
chains of NPYat these positions might lead to electrostatic repulsion (Cabrele
and Beck-Sickinger 2000).

Although C-terminal fragments of NPY, PYY and PP have reduced binding
potency compared with the native peptides, bPP(l3-36) displays only I3-fold
lower affinity to the human Y4 receptor (Balasubramaniam et al. 1990). Interest
ingly it was shown that the Y1 receptor antagonist GWI229, a dimer of modified
nonapeptides corresponding to the C terminus of NPY, linked by two interchain
lactam bridges, represents a potent agonist at the Y4 receptor (Kanatani et al.
1996; Parker et al. 1998;Schober et al. 1998).

In contrast to N-terminal deletions, truncation of the central sequence in
analogs like [Ahx5

-
24j_pNPY reduces the affinity to human, rat and guinea pig

receptors more than 100-fold. Interestingly deletion of the central residues 8-20
only affected binding to human and guinea pig Y4 receptors, but not to the rat
receptor. Confining the deletion to [Ahx9

-
17)pNPY, which still leads to a 65-fold
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decrease at the YI receptor, only provokes a 8.2-fold loss of binding affinity at
the human Y4 receptor. Correspondingly deletion of central sequences 5-24 or
5-20 of hPP reduces the affinity even more (3600- and 5400-fold) and could be
improved only partially by substitution of Ahx by tyrosine (Berglund et al.
2001; Cabrele and Beck-Sickinger 2000; Eriksson et al. 1998;Gehlert et al. 1996).
Thus the presence of the central part induces and stabilizes the bioactive confor
mation of NPYas well as PP. However, species-specific differences could be ob
served concerning the degree of the central deletion tolerated.

The role of the central region was further investigated by studying binding
affinities of PP/NPY chimeras: introduction of the central hPP segment 19-23
into pNPY resulted in a 181-fold loss of affinity versus the full length NPY pep
tide and could only be recovered partially by the replacement Gln34Pro. The ex
change of the central peptide between the two peptides might induce conforma
tional changes, thereby causing an unfavorable orientation of the C-terminus.
This orientation might be improved by the introduction of proline at position
34. Similarly substitution of the central segment of hPP by the corresponding
pNPY sequence led to a 12-fold loss of affinity and could be recovered complete
ly by the introduction of glutamine at position 34 (Cabrele et al. 2001).

In contrast the presence of the N-terminal segments hPP(l-7) or hPP(l-17)
in pNPY increased the binding affinities at the human Y4 receptor, which could
be further improved by the introduction of histidine at position 34. This substi
tution was correlated with an increase of helix content, and suggests that the N
terminal fragment stabilizes the C-terminal helix by hydrophobic, intramolecu
lar interactions. This is in accordance with the X-ray structure of avian PP. On
the other hand introduction ofpNPY(l-7) in hPP resulted in a more than 100
fold reduced affinity, but did not change the helix content in comparison with
hPP. However, this modification might induce a different folding of the peptide
backbone. Furthermore combining N-terminal and central replacement in
[pNPyl - 7,19-23jhPP yields a molecule with similar affinity to the Y4 receptor as
hPP (Cabrele et al. 2001).

This suggests that N-terminal and central regions ofhPP are important struc
tural elements for the PP-fold. While their substitution by the corresponding
pNPY regions induces a conformational change that can lead to significant loss
of affinity, it can be recovered by using the right combination of replacements
along the sequence.

As expected, since the C-terminus was shown to playa crucial role for the
binding, the exchange of the C-terminal hexapeptide in [Leu31,Pr034jNPYor

[Leu31,Pro34jPYYenhanced the affinity of these analogs at Y4 receptors (Gehlert
et al. 1997; Gerald et al. 1996; Hu et al. 1996).

Interestingly, binding of several ligands to human, rat and guinea pig Y4 re
ceptors occurs according to a two-site binding model, as has been shown for
NPYand PYY in competition experiments with the radioligand [125IjhPP at Y4
receptors expressed in Chinese hamster ovary cells. Similarly porcine [Ala34jNPY

and [Ahx8-20jNPY showed binding to rat Y4 receptors characterized by a two-site
binding model. However, these mutations completely abolish high-affinity bind-
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ing to human and guinea pig Y4 receptors. These results suggest that these ago
nists can distinguish between different active conformations of the human and
guinea pig, but not the rat receptor. It is speculated that a cell can host only a
limited number of Y4 receptors in a high-affinity state, possibly due to G-protein
depletion or loss of interaction with other cytoplasmic or membrane-bound pro
teins. A very efficient expression system could thereby mask the high-affinity
binding. This could explain different values of binding affinity depending on the
assay used to study the ligand-receptor interaction (Berglund et al. 2001).

Taken together, the Y4 receptor is the only receptor which predominantly
binds PP. Also at this receptor the C-terminal part of the ligand and a high helix
content are important for high-affinity binding and receptor activation. Similar
to the Y2 receptor N-terminal deletions of the ligand, as for example in bPP(l3
36), are tolerated at the Y4 receptor. However, the centrally truncated peptide
[Ahx5- 24]pNPY shows more than 100-fold reduced affinity to the Y4 receptor,
whereas it still binds the Y2 receptor with high affinity. Interestingly studies on
PP/NPY chimeras showed that at this receptor interplay of the central region
with the corresponding amino acid at position 34 is important for stabilizing
the bioactive conformation of the ligand . But also the combination of N-termi
nal and central NPY segments in hPP still results in high affinity. Thus stabiliza
tion of the PP-fold by the right combination of structural elements confers high
affinity at this receptor (Fig. 2).

5
NPY and Peptide Derived ligands at theY5 Receptor

Like the YI and Y2 receptors, the Y5 receptor binds NPY and PYY with higher
affinity than PP. Besides the YI receptor, the Y5 receptor is thought to playa role
in mediating the stimulation of feeding behavior by NPY (Gehlert 1999; Inui
1999; SolI and Beck-Sickinger 2001). Therefore its structural and biological
properties relative to the other receptors, especially to the YI receptor, are of
great interest.

The L-Ala scan of NPY showed that N-terminal positions like Tyr1,Pr02 are
relatively insensitive to replacement by L-alanine (Cabrele and Beck-Sickinger
2000). However, amino acid substitutions at position ASp6 and Asn? of NPYare
better tolerated at the Y1 receptor compared to the Y2 and Y5 receptor. For ex
ample the introduction of the basic residue arginine in [Arg6,Pr034]NPY in
creased the affinity at the YI receptor twofold, whereas a sevenfold decrease in
affinity to the Y5 receptor was provoked by this mutation. Moreover the analog
[Phe?,Pr034

]NPY displayed even higher significant YI receptor preference (SoIl
et al. 200I). The replacement of Arg25 by L-alanine, which affected binding to
the YI and Y2 receptors only moderately, decreased binding to the Y5 receptor
more than 100-fold. The mutation Tyr2?Ala, which had a comparably small ef
fect on Y2 binding, reduced the affinity to the Y5 receptor 600-fold. In contrast
to the YI and Y2 receptors, replacement of Gln34 by alanine led to only a twofold
decrease of the affinity to the Y5 receptor. However, similar to the YI receptor,
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the introduction of n-Pro at position 34 was poorly tolerated at the Ys receptor.
As it had been shown for the other receptors, Arg33 and Arg3Sare essential resi
dues also for the binding to the Ys receptor (Cabrele and Beck-Sickinger 2000)
(Table I).

[0- Trp3ZjNPY displayed weak, but selective agonistic activity at the Y5 recep
tor with respect to inhibition of forskolin stimulated cAMP increase in cell cul
ture. In vivo orexigenic properties have been attributed to this NPY mutant;
however, antagonism against NPY induced increase in food intake has been ob
served as well (Balasubramaniam et al. 1994; Gerald et al. 1996; Matos et al.
1996; Small et al. 1997; Wyss et al. 1998). In comparison [0-Trp34jNPY showed
slightly higher affinity for the Y5 receptor in radioligand binding assays and was
also identified as a moderate Ys selective agonist in cell culture studies. Further
more [0-Trp34jNPY was shown to have significant orexigenic activity after cen
tral administration in rats, which could be blocked by administration of the Y5

selective nonpeptide antagonist CGP 71683A (Parker et al. 2000).
As already suggested by the small effect of L-alanine replacement at position

1, unlike the Y1 receptor, the Y5 receptor tolerates deletion of the N-terminal
amino acid in NPY(2-36) (Borowskyet al. 1998; Lundell et al. 2001).

Deletion of the central region generally resulted in low affinity, for example
[AhxS-Z4jNPY had more than 1,000-fold reduced binding affinity. The most po
tent analog in this series [Ahx9

-
17jNPY still displayed 14-fold reduction of affin

ity to the Y5 receptor. Comparably a more than 1,000-fold decrease of Y5 recep
tor binding was observed for centrally truncated hPP analogs [AhxS-Z4jhPP,

[AhxS-ZOjhPP and [TyrS-ZOjhPP (Cabrele and Beck-Sickinger 2000; Eckard and
Beck-Sickinger 2001).

In agreement, substitution of the central region of pNPY(l9-23) by the corre
sponding segments of human or rat PP resulted in 300-fold decrease of affinity.
As it had already been observed for the Y1 and Y4 receptors, unlike the Yz recep
tor, the binding was partially recovered by the introduction of pro34. Thus the
central segment is important for the orientation of the C-terminal helix also at
the Y5 receptor. However, the structural requirements differ between the recep
tors, since these analogs display different binding potencies at all receptors
(Cabrele et al. 2001).

N-terminal replacement in [hPp l
-

17jNPY, which displays a highly helical con
tent, slightly increased the affinity to the Y5 receptor, in contrast to a decrease
of Y1 receptor binding. However, [hPp l - 7jNPY, which is characterized by chang
es in the folding of the peptide backbone without affecting the hPP helix, re
duced the binding affinities for both the Y5 and Y1 receptors (Cabrele et al.
2001).

Replacement of single or multiple positions in the central region of hPP re
sulted in ligands with good affinity to the Y, receptor. Interestingly the simulta
neous introduction of the segment pNPY(l-7) or cPP(l-7) and pNPY{19-23) in
human PP led to analogs, which displayed even higher affinity to the Y5 receptor
than human NPY. These data suggest that the N-terminal, central and C-termi-
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nal region contribute to induce and stabilize the tertiary structure that is adopt
ed from the ligand at the Ys receptor (Cabrele et al. 2001).

NPYanalogs and PP/NPY chimeras containing the motif Ala31,Pr032 or even
better Ala31,Aib32-motif (Aib: alpha-amino isobutyric acid) represent very po
tent and highly selective Ys agonists. Remarkably, the peptide [Cppl-7,NPy19-23,
Ala31,Aib32,Gln34)hPP is more potent than NPY in stimulating food intake in
rats . Even centrally truncated analogs and C-terminal fragments containing this
motif, like [Ahxs-24,Ala31,Aib32)NPYand [Ala31, Aib32jNPY(l8-36) show compa
rably good affinity to the Ys receptor. Therefore the motif Ala31,Aib32 seems to
be sufficient to induce and stabilize the required bioactive conformation of the
C-terminal part of the ligand. Solution structure in water revealed the presence
of a C-terminal a-helix ending with a 31O-helical turn of the residues 28-31, fol
lowed by an apparently not well-defined structure of the last five residues. Sur
prisingly the inverse motif Aib31,Ala32, which also improved binding of NPY to
the Ys receptor significantly, led to loss of selectivity relative to the Y2 receptor.
This suggests that a specific type of turn structure, representing the bioactive
conformation of the C-terminus at the Ys receptor, is induced and stabilized
more correctly by the motif Ala31,Aib32 than Aib31,Ala32, whereas we find the in
verse situation at the Y2 receptor (Bader et al. 2002; Cabrele and Beck-Sickinger
2000; Cabrele et al. 2000, 2002).

In conclusion, unlike the Y1 receptor, the Ys receptor tolerates deletion of the
first N-terminal amino acid. In contrast to the Y2 receptor, the centrally truncat
ed analog [AhxS

-
24jNPYonly displays low affinity binding to the Ys receptor. A

stable a -helix is an important but not sufficient structural requirement for high
affinity binding to the Ys receptor. Comparably to the other receptors the cen
tral and N-terminal segments of NPYare important for inducing and stabilizing
the tertiary structure of the ligand at this receptor. Highly Ys receptor selective
analogs containing the motif Ala31,Aib32 are characterized by a C-terminal a-he
lix ending with a 31O-helical turn. Therefore the bioactive conformation of the
ligand at this receptor might be characterized by a well-defined conformation of
the C-terminalloop (Fig. 2 and Table 2).

6

NPYand Peptide Derived Ligands at the Y6 Receptor

The Y6 receptor has been identified in mice and rabbits, but is a pseudogene
in primates and is absent in rats (Burkhoff et al. 1998; Gregor et al. 1996;
Matsumoto et al. 1996; Rose et al. 1997). The pharmacological properties of the
mouse Y6 receptor are controversial; however, two reports suggest a pharmaco
logical profile that most closely resembles those of the YI receptor (Gregor et al.
1996; Mullins et al. 2000; Weinberg et al. 1996).

Like the Y1 receptor, the Y6 receptor binds the dimeric nonapeptide 1229U91
with high affinity. However, as has been shown for the Y4 receptor, this analog
exhibits agonistic properties for the Y6 receptor. In contrast 1229U91 represents
an antagonist for the Y, receptor. Although N-terminal truncation reduces affin-
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ity at the Y6 receptor, the requirement of N-terminal amino acids is less stringent
than for the Y1 receptor. Unlike the Yz receptor, the Y6 receptor binds NPY(l3
36) with low and [Leu31,Pro34]NPY with high affinity. Low affinity has also been
shown for the Y5 receptor selective agonist [D-Trp3Z]NPY. In contrast to the Y4

receptor the Y6 receptor only weakly binds hPP and rPP (Mullins et al. 2000).

7
Concluding Remarks

The structure-affinity and structure-activity studies elaborated so far elucidate
that the bioactive conformation of the ligands differs at the various receptor
subtypes. Some characteristic features corresponding to the specific ligand-re
ceptor subtype interactions could be identified. However, further investigations
are necessary for a full understanding of the structures adopted by the bioactive
ligand-receptor complexes. Continuing mutational analysis on both receptor
and ligand sites will be of particular interest to gain further insight into these
structural characteristics and their relationship to physiological reactions.
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Abstract Reports in 1990 on some weakly to moderately active nonpeptides
which were not originally designed for neuropeptide Y (NPY) receptors, fol
lowed by the discovery of the first highly potent and selective Y1 receptor antag
onists-the (R)-argininamide BIBP 3226 and the benzamidine derivative SR
120819A-as well as raising hope for novel drug treatment of hypertension,
obesity and metabolic diseases stimulated the search for NPY-blocking com
pounds. Most of the currently known nonpeptidic NPYantagonists are ligands
of Y1 or Y5 receptors, whereas only one class of Y2 selective antagonists around
the (S)-arginine derivative BIlE 0246 has been disclosed. Nonpeptidic ligands of
the Y4 receptor are not known. In some cases the design of Y1 antagonists fol
lowed rational strategies considering amino acids which are essential for bind
ing to Y1 and/or Y2 receptors according to results of a complete alanine scan of
NPY. Typical Y1 antagonists (e.g., compounds of the argininamide, benzami
dine, benzimidazole, indole and aminopyridine series) have one or two basic
groups which-according to the working hypothesis-could mimic Arg33 and/
or Arg35 in NPY. Binding models derived for some compounds (e.g., BIBP 3226
and J-104870) based on investigations with Y1 receptor mutants suggest key in
teractions between the basic groupes) and acidic residues of the Y1 receptor pro
tein, especially ASp287. Compared to Y1 antagonists the known Y5 antagonists
are often based on hits from screening of libraries and show a considerably
higher degree of structural diversity. Nevertheless many highly active Y5 antago
nists represent a common structural pattern suggesting at least overlapping
binding sites.

Keywords NPY· Y1 receptor' Y2 receptor' Y5 receptor' Nonpeptidic antagonist

1
Introduction

Since Rudolf et al. (l994a) published the o-argininamide BIBP 3226 as the first
highly potent and selective nonpeptide Y1 receptor antagonist, specula
tions about the therapeutic potential of neuropeptide Y (NPY) blocking agents
(Grundemar and Bloom 1997;Silva et al. 2002), for example as anti-hypertensive
or anti-obesity drugs, and the discovery of additional receptor subtypes (Michel
et al. 1998) stimulated tremendously the search for new drug candidates in the
NPY field. Some of the early successful approaches in the design of NPYantago
nists were more or less rational starting from the structure of the natural ligand
NPY. Regardless of the fact that the three-dimensional structure of NPYand its
active conformation(s) at the different NPY receptors is still a matter of debate,
the putative pancreatic polypeptide (PP)-fold structure of NPY (Allen et al.
1987) was used by many groups as a model to develop working hypotheses, in
particular in the field of Y1 receptor antagonists. The principle of drug design
resulting in BIBP 3226 as mimic of the C terminus of NPYappeared to be gener
ally a promising approach, in particular, as a complete L-alanine scan has pro
vided valuable information which residues of NPYare important for binding at
Y1 and Y2 receptors (Beck-Sickinger et al. 1994). Meanwhile, the initial opti-
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mism concerning the impact of nonpeptide NPY receptor antagonists as new
therapeutics in the near future was dampened in some respect. This is certainly,
at least in part, due to the complexity (and even redundancy) of NPY mediated
physiological and pathophysiological effects resulting from the interaction of
NPY with differently localized receptor subtypes and its interplay with a multi
tude of other neurotransmitters and hormones, for example in the regulation of
food intake, metabolic processes, blood pressure, hormone release, modulation
of emotional processing, and sexual and cognitive function (Silva et al. 2002).
Although highly potent and selective substances, mainly YI and Y5 receptor an
tagonists, have been developed, no NPY receptor ligand was launched onto the
market up to now. However, selective non peptide NPYantagonists proved to be
indispensable pharmacological tools for the investigation of the physiological
and pathophysiologial role of NPYand the contribution of receptor subtypes, es
pecially Y" Y2, and Y5, to complex biological responses, for example in feeding
related metabolic processes.

Within the last decade the number of known nonpeptide NPY ligands has
largely increased (for recent reviews see Carpino 2000; Zimanyi and Poindexter
2000; Hammond 2001). However, comparing the described compounds a strong
imbalance is obvious. With respect to the possible market for anti-obesity drugs
the pharmaceutical companies were focusing their research on YI and Y5 antag
onists, whereas only one class of potent nonpeptidic Y2 (BIlE 0246) and no se
lective Y4 receptor antagonist has been described so far. The structures of
known YI antagonists are less diverse than those of Y5 antagonists, but the de
sign strategies were rational and ligand based in some cases, leading to well ex
plored structure-activity relationships in different series. The overall diversity
of nonpeptide NPY antagonists is not surprising if one considers the large
spread of the putative NPY binding sites covering extracellular and transmem
brane regions of the receptor protein, as indicated, for instance, by in vitro mu
tagenesis of the YI receptor and modeling approaches (Walker et al. 1994;Sautel
et al. 1996; Du et al. 1997a; Robin-Jagerschmidt et al. 1998; Sylte et al. 1998,
1999). Therefore, different partially overlapping or even nonoverlapping antago 
nistic binding sites are possible which mayor may not reproduce key interac
tions of NPY, for example those between crucial Arg residues and acidic amino
acids of the YI receptor. This is reflected by the diversity especially of the Y5 an
tagonistic leads and has offered the chance of finding structurally distinct leads
by high throughput screening of large and diverse compound libraries.

Compared to antagonists the structural requirements which must be fulfilled
by an agonistic pharmacophore to induce (or stabilize) the active conformation
of the receptor are much more stringent. Nonpeptidic agonists, which could be
extremely useful pharmacological tools and potential drugs as well, are not re
ported in the literature. In the following sections nonpeptide NPY antagonists
are summarized according to their Y" Y2, and Y5 selectivity and with focus on
their structure-activity relationships.
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2
First Nonspecific NPY Receptor Antagonists
and Structurally Derived Compounds

Prior to the discovery of the first highly active nonpeptide NPY receptor ligands
and the application of rational approaches to design such compounds, some
substances originally described to act on other targets were found to be weak or
moderate NPY antagonists: o-myo-inos itol-1,2,6-tri sphosphate (a-trinositol or
pp56, 1), an isomer of the second messenger inositol-1,4,5-trisphosphate,
benextramine (2a), an irreversible ai -adrenergic antagonist, and BU-E-76 (He
90481, 3a), a highly potent histamine Hz receptor agonist.

2.1
a-Trinositol

It has been reported, that a-trinositol (1, Fig. 1)-apart from its anti -inflamma
tory and analgesic effects-noncompetitively inhibits NPY induced vasocon
striction and pressor responses in several in vitro and in vivo assays (Edvinsson
et al. 1990). Since the compound is not able to displace radiolabeled NPY from
YI or Yz binding sites it is suggested that a -trinositol acts at a point in the NPY
activated signaling pathways downstream from the receptors (Heilig et al. 1991;
Feth et al. 1993). Thus a-trinositol is not an NPY receptor ligand, but it was the
first nonpeptide agent described to inhibit some NPY mediated effects-
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HOyYOP03Hz

HO""Y""OP03Hz
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Fig. 1 First nonspecific NPYantagonists-compounds with different main pharmacological effects
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amongst them the NPY induced stimulation of food intake (for a review see Bell
and McDermott 1998).

2.2
Benextramine and Related Compounds

Benextramine (2a, Fig. 1), an irreversible (XI-adrenoceptor antagonist (Benfey
1982), produces a long-lasting antagonism of NPY induced pressor effects
(Doughty et al. 1990) and was presented as the first nonpeptide inhibiting spe
cific binding of [3H]NPY to a NPY receptor population in rat brain membranes
(Doughty et al. 1992). Since the inhibition ofNPY binding is irreversible, the au
thors suggested a covalent linkage of benextramine to a cysteine residue of the
receptor protein via a thiol -disulfide exchange . Whereas functional assays indi
cated YI selectivity (Palea et al. 1995), binding studies with cloned human NPY
receptors resulted in K, values of 2 pM at the YI and the Y4, 7.5 pM at the Yz
(Wright 1997) and 5 flM at the Y5 subtype (Islam et al. 2002). A lead optimiza
tion approach was based on the hypothesis that the terminal benzylic moieties
of benextramine possibly mimic Tyr1 and/or Tyr36 of NPY. Analogs lacking a
benzylic portion did not displace [3H]NPY from rat brain membranes. 3-Hy
droxy or 3-methoxy substituted benzyl as well as naphthyl groups are favorable
(Doughty et al. 1993). Reversible antagonists were obtained when the central di
sulfide moiety was replaced with an ethylene bridge. Functional experiments
with CC2137 (2b) indicated a shift towards Y z (vs. YI) receptor selectivity
(Chaurasia et al. 1994).

2.3
V, Antagonists Related to Arpromidine

The potent histamine Hz agonist BU-E-76 (3a, also named HE 90481; Fig. 1), an
analog of arpromidine (Buschauer 1989), is a weak competitive NPY YI-antago
nist (Michel and Motulsky 1990; Michel et al. 1991). As 3a and related sub
stances displayed some Yj receptor selectivity these imidazolylpropylguanidines
were considered as model compounds and investigated for inhibition of the
NPY-induced Caz+ mobilization in HEL cells to elaborate structure-activity re
lationships and to derive a pharmacophore model. Compared to BU-E-76 the YI
antagonistic activity could be increased by a factor of about 100 or more by in
creasing lipophilicity, for example by introduction of two chlorine substituents
(Michel et al. 1993), and/or by vicinal instead of geminal arrangement of the ar
omatic rings. For instance, the halogenated benzyl(2-pyridyl)aminoalkylguani
dines 3b,c achieve YI antagonistic activities in the submicromolar range (3b: Kb
0,47 pM, 3c: Kb 0.36 pM; calcium assay in HEL cells; Dove et al. 2000) (Fig. 2).

Based on the assumption that two basic groups, mimicking Arg33 and Arg35

in NPY, are beneficial for Yj-receptor affinity, the imidazole ring of the arpromi
dine analogs, which is essential for histamine Hz receptor agonism, was replaced
by a different basic heterocycle or a second guanidino group. Active bisguani-
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Fig. 2 Guanidine-type NPY antagonists derived from arpromidine

dines (e.g., 3d; Knieps et a1. 1996; Fig. 2) with trans-cyclohexane-l,4-diyl spacers
point to an optimal distance between the guanidine groups of about 8 A in
agreement with the Arg33_Arg3S side-chain distance postulated for the Y1 active
conformation ofNPY (Beck-Sickinger et a1. 1994; Beck-Sickinger 1997). The de
rivative 3e (SK 48; Fig. 2) displayed also Y2 receptor binding (K; IIlM) and, sur
prisingly, a Y2 agonist-like profile in the isolated electrically stimulated rat vas
deferens (ECso 2.7 jJM, inhibition of the twitch response) which could, however,
not be unequivocally attributed to Y2 receptor stimulation (Meister 1999).

In another arpromidine-based series the basic center was moved to the ter
minus of a flexible side chain in order to better mimic Arg35 of NPY (Muller et
a1. 1997). Surprisingly, N-imidazolylethyl-N-diphenyl-alkanoic acid amides with
a terminal amino group (e.g., 3£with submicromolar activity; Fig. 3) are consid
erably more potent than the corresponding guanidines in the functional Y1 as
say (Ca2+ assay, BEL cells). By contrast, when the imidazole moiety is replaced
with phenol to imitate the C-terminal tyrosine of NPY, highest activity is found
in combination with a guanidine (e.g., 3g; Fig. 3). These inverse structure-activ-

3f

Fig. 3 N-imidazolylalkyl- and N-(hydroxyphenyl}ethyl-N-diphenylalkyl-alkanoic acid amides with termi
nal basic functions
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ity relationships suggest different binding modes for NPY Y1 antagonists with
one and with two basic sites.

3
Potent and Selective Nonpeptide NPV V, Receptor Antagonists

3.1
BIBP 3226and Other (R)-Argininamides

3.1.1
Design and Pharmacology of BIBP 3226

A rational mimetic strategy based on the structure of NPY led to the synthesis
of the first highly active and YI selective nonpeptidic antagonist, BIBP 3226 (4a,
Fig. 4) at Boehringer Ingelheim Pharma (Rudolf et al. 1994a; Doods et al. 1995;
Wieland et al. 1995). The complete alanine scan of NPY (Beck-Sickinger et al.
1994) revealed that the C-terminal tetrapeptide, in particular Arg35 and Tyr36, is
most important for Y1 receptor binding. Deletion of the carboxamide terminus
and, surprisingly, replacing of L-arginine by its D-enantiomer proved to repro
duce this pharmacophoric pattern. Lead optimization with hundreds of analogs
resulted in BIBP 3226, (R)-N2-(diphenylacetyl)-N-[ (4-hydroxyphenyl)meth
yl)argininamide, a highly potent and selective Y1 receptor antagonist (K; 5.1 and
6.8 nM at human and rat Y1 receptors, respectively; Rudolf et al. 1994a).

BIBP 3226 was found to be active in numerous functional in vitro tests, for
example on rabbit vas deferens, rat renal tissue (Doods et al. 1995), guinea-pig
vena cava (Doods et al. 1996) and HEL cells (Aiglstorfer et al. 1998). Except
on human cerebral arteries (pKb 8.5, Abounader et al. 1995), in vitro activity
(pKb 7-7 .6) was lower than binding affinity. The receptor selectivity was also
confirmed in functional tests for NPY antagonism. For example, using rat vas
deferens for Y2 and Y4 (Doods et al. 1995, 1996) and rat colon for Y3 receptors
(Jacques et al. 1995) the compound was found to be inactive at concentrations
~ 10 ,uM. Interestingly, BIBP 3226 also binds in a 50-100 nM range to human
neuropeptide FF (NPFF) receptors and antagonizes the anti-opioid effect of
NPFF (Mollereau et al. 2001, 2002), probably since the ligand fits with the C ter
minus of the octapeptide NPFF, Pr05-Gln6-Arg7-Phe'-amide, as with the analo
gous NPY terminus.

Fig. 4 Structure of theYI receptor antagonist
BIBP 3226 (4a)
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4n 40 (GI264879A)

Fig.5 NPY Y1 antagonists from different sources based on BIBP 3226 as lead

In vivo, BIBP 3226 does not influence the basal blood pressure, but inhibits
the hypertensive effect induced by administration of NPY, stimulation of the
sympathetic nervous system or stress (Doods et al. 1996; Malmstrom et al.
1997). Though the compound is not an appropriate drug candidate due to, for
example lack of oral bioavailability and inability to cross the blood-brain barri
er, BIBP 3226 was used as a pharmacological tool in more than 100 studies to
investigate Y\ receptor mediated peripheral and central effects of NPY. Investi
gations of the effect of BIBP 3226 on the central regulation of feeding revealed
contradictory results (Kask et al. 1998; Morgan et al. 1998). Morgan et al. (1998)
and Iyengar et al. (1999) reported for both, BIBP 3226 and its inactive (S)-enan
tiomer BIBP 3435, the ability to block NPY induced food intake after injection
into the paraventricular nucleus (PVN) of the hypothalamus or intracerebroven
tricular (icv) injection, so that a Y\ specific mechanism is questionable. Howev
er, the closely related and more potent Y\ antagonist BIBO 3304 (41, Fig. 5) does
exhibit central anorexigenic effects after icv or PVN administration (Wieland et
al. 1998; Dumont et al. 2000b; Kask and Harro 2000; Polidori et al. 2000).

3.1.2
Structure-Activity Relationships of BIBP 3226 Derivatives

Some pharmacological data reflecting the structure-activity relationships of
BIBP 3226 analogs are summarized in Table 1. First studies (Rudolf et al. 1997;
Doods et al. 1996) indicated that the fit of BIBP 3226 to the Y\ receptor binding
site is highly stereospecific and nearly optimal, hardly leaving degrees of free
dom for structural variation (but see below for ,NG-substituted analogs) . The
(S)-enantiomer 4b (BIBP 3435) is almost inactive. Moderate affinity remains if
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Table 1 NPY Y1 receptor binding of BIBP 3226 derivatives (Rudolf et al. 1997)

X
o (CH2)n

4a-k R l)lN~NHR2
H 0

No. R! RZ X n *a ICso(nM)b

4a( CH(4Hsh CHZ4H4-4-0H NHC(=NH)NHz 3 (R) - 5
4bd CH(4HSh CHZ4H4-4-0H NHC(=NH)NHz 3 (5)- >10,000
4c CHZ4Hs CHZ4H4-4-OH NHC(=NH)NHz 3 (R)- 370
4d CH J CHz4H4-4-0H NHC(=NH)NHz 3 (R)- >10,000
4e 9H-Fluoren-9-yl CHz4H4-4-0H NHC(=NH)NHz 3 (R)- 72
4f CH(C6Hsh CHZC6H4-4-0H NHC(=NH)NHz 4 (R)- 220
4g CH(4Hsh CH ZC6H4-4-0H NHz 3 (R)- >10,000
4h CH(C6Hsh CHZC6H4-4-0H NHz 4 (R)- >10,000
4i CH(C6Hsh CHZC6Hs NHC(=NH)NHz 3 (R)- 70
4j CH(C6Hsh (CHzhC6H4-4-0H NHC(=NH)NHz 3 (R)- 290
4k CH(C6Hsh CHZC6HlO-4-0H NHC(=NH)NHz 3 (R)- 9,000

a Configuration of Arg.

bReceptor affinity determined by radioligand binding studies on 5K-N-MC cells.

e BIBP 3226.

d BIBP 3435.

the (R)-arginine side chain is extended by one CHz group (4f), but, independent
of the chain length, an exchange of the guanidine against an amine function re
sults in complete loss of affinity. With respect to better pharmacokinetic proper
ties various basic groups such as benzamidines or aminopyridines (cf. 4n) were
incorporated as mimics of the arginine side chain, usually resulting in com
pounds with reduced YI receptor affinity compared to that of the reference com
pound 4a (Rudolf et aL 1994b; Aiglstorfer et aL 1998; Antonsson et aL 2001).
The backbone is open to modification only at the argininamide nitrogen;
N-methylation reduces affinity by a factor of not more than five. As indicated by
the weak binding of the monophenyl analog 4c, the diphenylacetyl moiety is es
sential and should be sufficiently flexible since rigidization within a fluorene
nucleus (4e) results in about IS-fold lower affinity. The para-OH substituent of
the phenylmethyl moiety directly contributes to the high affinity of BIBP 3226.
The nonhydroxylated analog 4i is 14 times less active. However, the 4-(urei
domethyl) derivative BIBO 3304 (41) has subnanomolar affinity for both the hu
man and the rat Y1 receptor [SO% inhibitory concentration (lCso), 0.38 and
0.72 nM, respectively] and is nearly inactive at Y z, Y4 and Ys receptors (ICso
>1,000 nM, Wieland et aL 1998). The chain length of the amide substituent is
optimal with one methylene group as in 4a, although a 2-(4-hydroxyphenylethyl
residue as in 4j should be a better mimic of the C-terminal tyrosinamide in
NPY.
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Additional substituents at the benzylic carbon may be tolerated as demon
strated with H409122 (4m, Fig. 5) and related compounds (Aiglstorfer et al.
2000; Malmstrom 2000; Malmstrom et al. 2000). The higher potency of the (R)
enantiomers is characteristic of the argininamide series of Y\ antagonists [cf.
BIBP 3226 (4a) vs. BIBP 3435 (4b); BIBO 3304 (41) vs. its inactive enantiomer
BIBO 3457]. In case of the a-methylated compound, highest activity resides in
the (R,R)-configured stereoisomer 4m, H409/22, which was tested in man,
whereas the (S,S)-enantiomer is inactive (Malmstrom et al. 2000; Malmstrom
2002). Other examples of BIBP 3226-like Y\ antagonists are 4n (Antonsson et al.
2001) and G1264879A (40) (Daniels et al. 2001). 40 weakly binds in the micro
molar range to YI> Y4 and Y5 receptors, but reduces food intake and body weight
gain in obese animals, suggesting that interaction with more than one NPY re
ceptor and/or other mechanisms may contribute to the inhibition of NPY medi
ated hyperphagia (Daniels et al. 2001).

Further structure-activity relationships of Y\ antagonists related to BIBP 3226
were explored by functional investigations on HELcells (inhibition of intracellular
calcium mobilization induced by 10 nM NPY; Aiglstorfer et al. 1998; Aiglstorfer et
al. 2000). Introduction of a p-CI substituent at the diphenylacetyl group is tolerat
ed and may be even favorable. The 3,3-diphenylpropionyl homolog of BIBP 3226
(ICso 510 nM compared to 17 nM for BIBP 3226) is much more active than the
2,3-diphenylpropionyl analog. Relatively open to the introduction of substituents
is again the (4-hydroxyphenyl)methylamide moiety which may be incorporated
into a tetrahydro-1H-benzo[c]azepine nucleus (ICso 280 nM; Aiglstorfer et al.
2000). A methylation at the hydroxybenzyl a-carbon leads to compounds with ac
tivities comparable to that of 4a, indicating that a certain bulk is tolerated in this
position. The backbone conformations of the NPY C-terminus and of BIBP 3226
should therefore be different so that the corresponding guanidino and para-hy
droxyphenyl groups may similarly interact with the Y\ receptor.

3.1.3
TheY1 Receptor Binding Site for BIBP 3226:
In Vitro Mutagenesis Results and Computer Models

The obvious suggestion that NPY and BIBP 3226 share an overlapping binding
site at the human Y\ receptor has been extensively investigated by in vitro muta
genesis and computer modeling (Sautel et al. 1996; Du et al. 1997a). Reduced af
finity of the antagonist to the respective alanine mutants indicates which residues
might contribute to BIBP 3226 binding. Most of these positions, namely W163,
F173, Q219, N283, F286, 0287 (Sautel et al. 1996) and additionally Q120, F282,
H306 (Du et al. 1997a) are important for NPYand BIBP 3226 affinity and thus
thought to form an overlapping binding region of both ligands. Positions Y211
(Sautel et al. 1996), Y47, W276, H298 and F302 (Du et al. 1997a) seem to partici
pate only in binding of BIBP 3226, but Y47 and H298 were demonstrated in an
other in vitro mutagenesis study (Kanno et al. 2001) to interact with peptide YY
(PYY). These experimental results have been considered in computer models of
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Fig. 6 Computer model of the human neuropeptide Y Y1 receptor, based on the crystal structure of
bovine rhodopsin, in complex with BIBP 3226. TM regions are numbered and shown as blue cylinders.
Labeled residues (C atoms: orange): weak or no binding of BIBP 3226 after mutation). The model was
generated bythesoftware package SYBYL 6.8 (Tripos Inc., SI. Louis)

the Y\ receptor complexed with BIEP 3226, but the proposed binding modes are
rather different due to the mutants taken into account. Moreover, the homology
modeling based on bacteriorhodopsin and the electron microscopy map of rho
dopsin, respectively, could not represent the very recent progress resulting from
the high resolution crystal structure of bovine rhodopsin (Palczewski et al. 2000).

Recently, a new and more reliable model of BIBP 3226 binding to the Y\ recep
tor was generated (S. Dove, unpublished results) on the basis of an unambiguous
sequence alignment of the transmembrane (TM) regions with those of bovine
rhodopsin, using the crystal structure of the latter as template and taking into
consideration all published results with Y\ receptor mutants. The suggested to
pology of the BIEP 3226 binding site within the novel, rhodopsin-based align
ment of the TM and extracellular regions becomes obvious from the important
residues highlighted in Fig. 6. The binding mode derived from the mutants re
ported by Sautel et al. (1996) could be reproduced with the new model. All key
interactions occur within a deep pocket between TM domains 4-7. However, Y47
(TMl) and Q120 (TM3) (Du et al. 1997a) cannot approach BIEP 3226 in this
mode. To include the highest possible number of responding mutants, another
mode is suggested which, in principle, retains interactions of the o-argininamide
and the (4-hydroxyphenyl)methyl moiety as previously proposed, but extends
the diphenylacetyl site towards TM domains 1 and 3 (see Fig. 6). With respect to
the number and quality of interactions, this mode is superior to that suggested
by Du et al. (1997a) where essentially the (4-hydroxyphenyl)methyl and dipheny
lacetyl sites were exchanged. Interestingly, it is never possible to include W163
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Table 2 Pharmacological data of tfi-acylated BIBP 3226 derivatives (Hutzler 2001)

H

R1/
N, <".N-R2

x¢H)H~OH
"'" N""yN "'"

H 0
,p-I

4a ,5a-j
y

Y1 antagonism" Binding data Kj (nM)b

No X Y R1 R2 ICso(nM) YI Y2 Ys

4a H H H H 14 2 8,000 52,300
Sa H H H COMe' 45.4 11 .9 2,1100 9,350
Sb H H H C02Et' 2.5 4.5 19,100 1,4500
Sc H F H C02Et 0.91 8.5 5,080 12,300
Sd H H H C02CH2Ph ' 0.98 48.6 4,200 21,400
Se H H H CONHEt 1.18 0.06 19,500 21.300
Sf H H H CONHCHlO2Et 1.65 0.06 2480 17,700
59 H F H CONHCHlO2Et 0.86 0.31 2,340 44000
Sh CI CI H CONHCH2C0 2Et 0.6 0.53 650 24,100
5i H H H CONH(CH2)sC02Et 0.64 0.72 550 7,500
Sj H H C02Et C02Et 8200

" Inhibition of NPY (10 nM) stimulated Ca2+ mobilization in HEL cells.

b Determined on SK-N-MC cells (Y1), SMS-KAN cell membrane preparations (Y2) and hYs-transfected
HEC-1B cells (Moser et al.2000); radioligand: [lH]propionyl-NPY (1 nM).

( Me=CH3; Et=C2Hs; Ph=C6Hs.

(TM4) into binding of BIBP 3226. The inability of the W163A mutant to bind the
antagonist and NPY might be due to rearrangement of the transmembrane re
gions since the indole nitrogen probably forms a hydrogen bond with N81
(TM2) like the identical residues in the rhodopsin crystal structure.

The suggested key interactions are depicted in Fig. 6. The D-argininamide
backbone oxygen is hydrogen bonded to the side chain of N283 (TM6). The
guanidino group interacts with the carboxylate of D287 (at the top of TM6 in
the rhodopsin-based alignment) . Also the suggested hydrogen bond between the
amide nitrogen ofQ219 (TM5) and the (4-hydroxyphenyl)methyl oxygen (Sautel
et a1. 1996) is retained. Y211 (TM5) might form another hydrogen bond to the
4-0H group. The diphenylacetyl moiety extends , with one phenyl ring, towards
Y47 (TMl) and H306 (TM7). The model suggests that a p-Cl substituent should
be slightly favorable for interaction with Y47 as indicated by structure-activity
relationships (Aiglstorfer et a1. 2000; see also 5h, Table 2). Ql20 (TM3) is sup-
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posed to form an additional H bond with the diphenylacetyl oxygen. This pat
tern is completed by aromatic-aromatic and z-cation interactions within a large
pocket aligned by the side chains of F173 (TM4), W276 (TM6), F282 (TM6),
F286 (TM6), F302 (TM7) and H306 (TM7), comprising all terminal groups of
BIBP 3226.

3.1.4
~-Substituted (R)-Argininamides with Reduced Basicity

Recently, the Y1 receptor binding models of BIBP 3226 were used to suggest that
appropriate ~-substituents at the D-arginine side chain will retain or even in
crease antagonistic activity (Hutzler 2001; Hutzler et al. 2001). With single alkyl
or arylalkyl groups, no improvement was achieved. Radioligand binding studies
on SK-N-MC cells resulted in K, values of 2 nM (BIBP 3226), 2.6 nM (~-meth

yl), 27 nM (~-propyl) and 48 nM (~-phenylpropyl). With the intention to re
duce the basicity of the guanidino group and, by this, to increase the hydropho
bicity of the ligands for better blood-brain passage, electron-withdrawing sub
stituents were introduced. Selected ~-acylated derivatives are presented in Ta
ble 2 together with results of calcium assays on HEL cells and with binding data
on Y1>Y2 and Y5 receptors. Some of the compounds are up to 20 times more ac
tive in the functional test and show more than 30 times higher Y1 receptor affin
ity than BIBP 3226. Y1 selectivity is even increased in most cases. The basicity
of the guanidino group is reduced to pKa values of about 8, indicating that con
siderable amounts of the ~-acylated argininamides are uncharged under physi
ological conditions. Probably, the ionic interaction of BIBP 3226 with ASp287 can
be replaced by a charge-assisted hydrogen bond. Long ~-substituents may in
teract with residues in TM domains 5 and 6 and project towards the extracellu
lar loops. The ~-ester substituted compounds 5a-d as such are active as Y1 an
tagonists (see Table 2), but they are also prodrugs which may be enzymatically
cleaved by esterases to form the unsubstituted guanidine 4a (BIBP 3226) as
demonstrated for some alkoxycarbonyl derivatives in vitro. The inactive diester
5j is stepwise (via 5b) converted to 4a (Hutzler 2001; Hutzler et al. 2001).

3.2
Benzamidine-Type Y, Antagonists SR 120819A and SR 120107A

The potent NPY Y1 receptor antagonist SR 120819A (6a; Fig. 7), designed at
Sanofi (Serradeil-Le Gal et al. 1995; Serradeil-Le Gal 1997), was published short
ly after BIBP 3226 as the first orally active Y1 antagonist. The backbone of this
arylsulfonyl substituted peptide mimetic resembles that of the benzami
dine-type thrombin inhibitor NAPAP. The (R,R)-cis-configured compound
SR 120819A and its less active trans-diastereoisomer SR 120107A (6b; Fig. 7)
(Serradeil-Le Gal 1997) are based on the C terminus of NPY and provided with
two basic centers (benzamidine and tertiary amine) presumably mimicking
Arg33 and Arg35

• Radioligand binding studies revealed high affinity at rat, guin-
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Fig.7 Structure of the benzamidine derivatives SR 120819A (6a) and SR 120107A (6b)

ea pig and human Y1 receptors (6a: Kj 11-22 nM, 6b: Ki 11-80 nM; Serradeil-Le
Gal 1997; Malmstrom 2002). At a dosage of 5 and 10 mg/kg 6a inhibited the rise
in diastolic blood pressure induced by [Leu", Pr034jNPY (5 J1g/kg iv) in anes
thetized guinea pigs with a long duration of action of more than 4 h (Serradeil
Le Gal, 1995).

3.3
Indoles, Benzimidazoles, and Benzothiophenes

By library screening and similarity searches at Lilly Research Laboratories the
trisubstituted indole 7a (Fig. 8) was discovered as NPY Y1antagon istic lead with
low affinity at human Y1 receptors expressed in AV-12 cells (Ki 2.1 J1M for dis
placement of [125I)PYY; Hipskind et a1. 1997). This structure was optimized in
different positions, leading to some of the most potent Y1antagonists known so
far. First attempts maintained the 1-methyl-2-(4-chlorophenoxy)methylindole
scaffold. Variation of the 3-substituent resulted in markedly improved activity
with a 1,4'-bipiperidine group linked by two C atoms to C-3 (7b: K, 93 nM; 7c:
Ki 26 nM). Based on the C terminus of NPY, the introduction of an additional
basic moiety at N-1 was suggested. Alkylpiperidine side chains with a free NH

7b: X = CH2CH2
7c : X = C(O)CH2

7a
7d: R = 2-(piperidin-4-yl)ethyl
(R)-7e :} R = 3-(piperidin
(S)-7e: 3-yl)propyl

Fig.8 Optimization of 1,3-substituted 2-[(4-chlorophenoxy)methyl]indoles
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Table3 In vitro Y1 receptor binding (human Y1 in AV-12 cells) and Y1 antagonistic activity (cAMP assay
in SK-N-MC cells) of selected 2-[(4-chlorophenoxy)methyl]benzimidazoles 8 (Zarrinmayeh et al. 1998)

H

/5
Q=N
I h -

.& N ov el
R 8

No. R YI binding data K; (nM) y1 antagonism K; (nM)

4aa

Sa
Sb
Se
Sd
Se
Sf
89
8h
Si
8j
(S,S)-Sh
(R, R)-Sh
(R,Sj-8h
(S,Rj -8h

a BIBP 3226.

H
CH3
[2-(piperidin-1-yl)ethyl]oxy
[3-(piperidin-1-yl)propyl]oxy
[2-(piperidin-2-yl)ethyl]oxy
[3-(piperidin-2-yl)propyl]oxy
[2-(piperidin·3-yl)ethyl]oxy
[3-(piperidin-3'yl)propyl]oxy
[2-(piperidin-4-yl)ethyl]oxy
[3-(piperidin-4-yl)propyl]oxy
[3-(piperidin-3-yl)propyl]oxy
[3-(piperidin-3-yl)propyl]oxy
[3-(piperidin-3-yl)propyl]oxy
[3-(piperidin-3-yl)propyl]oxy

4.6
700
97
43

1.7
29
16
18
30
7

152
6

41
27
17

11

240
2.7

53
91
77
15

11 9
87

153
137
65

were optimal in this position. K; values in the low nanomolar and subnanomolar
range were obtained in binding studies with the compounds 7d (Kj 1.9 nM),
(R)-7e (Kj 1.4 nM), and (S)-7e (LY 357897, x, 0.75 nM). The activity of (S)-7e
in different functional assays was in a similar range: K, 1.8 nM for reversal of
NPY-induced inhibition of forskolin-stimulated cAMP, 3.2 nM for inhibition of
NPY-induced Ca2+ mobilization in SK-N-MC cells. The compounds proved to
be highly selective for the Y1 receptor (Y2, Y4, Ys: Kj values >10 ,liM). (S)-7e
blocked the food consumption in mice, elicited by a submaximal (230 pmol) icv
administered dose of NPY, with an EDso of 17 nmol.

Attempts to replace the indole moiety by other nuclei resulted in a series of
2-[(4-chlorophenoxy)methyl]benzimidazoles with an optimal 1-[3-(piperidin-3
ylpropyl)] substituent (Zarrinmayeh et al. 1998, 1999). Some of the analogs and
their NPY Y1 antagonistic potencies are summarized in Table 3. The parent
compound 8a was weakly active. Comparison with the most potent indoles sug
gested that their structure may be best matched with appropriate 4-substituents
at the benzimidazole moiety. Introduction of a methyl group in 8b produced a
seven-fold increase in receptor affinity. 3-Piperidinylpropoxy and 2-piperidiny-
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Fig.9 General structures of highly active NPY Y, antagonistic benzimidazole (9, 10) and benzothio
phene (11) derivatives. Example structures: 9a, R=3-(piperidin-l-yl}propyl; 9b, R=4-(piperidin-l-yl}bu
tyl; lOa, R=isobutyl; lOb, R=cyclohexylmethyl; 10c, R=2-phenylethyl; 10d, R=3-phenylprop-2-en-l -yl;
10e, R=3-(piperidin-l-yl)propyl; lOt, R=4-oxo-4-phenylbutyl; 109, R=2-(4-iodophenyl)ethyl; lla,
R2=CH

20H, R4=Br; llb, R2=CH
20CH 3, R4=Br; llc, R2=CN, R4=Br

lethoxy substituents are more favorable. The structure-activity relationships of
the piperidine isomers are not uniform and point to an optimal position of the
basic nitrogen relative to the benzimidazole nucleus: 3-(piperidin-l-yl)- and
3-(piperidin-2-yl)propoxy derivatives are more active, but 3-(piperidin-3-yl)
and 3-(piperidin-4-yl)propoxy substituted compounds are less potent than their
ethoxy analogs. Among the diastereomers of Bh, highest affinity was found with
the (S,S)-configuration. The most potent compound in Table 3, 8d, approached
the nanomolar range in NPY Y\ receptor binding as well as in the functional
data for Y\ antagonism in SK-N-MC cells.

Optimization of substituents at the piperidine nitrogen in 2-[(4-chlorophe
noxy)methyl]-4-methyl-l -[3-(p iperidin-4-yl)propyl]benzimidazoles 9 (Fig. 9)
also resulted in very active Y\ antagonists (Zarrinmayeh et al. 1998). The highest
NPY Y\ receptor affinity was obtained by introduction of an additional basic ni
trogen separated by 3-4 C atoms from the piperidine-N ( Fig. 9; 9a: K; 5 nM; 9b:
K, 6 nM). It was a reasonable extens ion of this work to combine such l-sub
stituents with the 4-[3-(piperidin-l-y1)propoxy] group present in 8d (Zarrin
mayeh et al. 1998). Indeed, a number of compounds of the common structure
10 displayed Y\ receptor affinities in the subnanomolar range (Zarrinmayeh et
al. 1999). K; values lower than 0.3 nM were found for derivatives with higher al
kyl groups (see Fig. 9; lOa,b). Phenylalkyl or phenylalkenyl substitution (lOc,d)
or the attachment of a moiety with a polar group as in 10e,f led to even higher
affinities (K j 0.1-0.2 nM). The derivative with a p-iodophenylethyl substituent R
(lOg) is among the most potent nonpeptide NPY Y\ receptor ligands known so
far (Kj 0.05 nM).

With benzothiophene derivat ives a third nucleus was used at Lilly as a scaf
fold for the design of NPY Y\ antagonists (Britton et al. 1999). Optimization of
both side chains in 2- and 3-position resulted in the common structure II
(Fig. 9). A 4-chlorophenoxymethyl group, as present in the indole and benz-
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imidazole series, leads only to moderate affinity tK, 310 nM). However, the po
tency may be significantly increased by appropriate multiple substitution at the
phenyl ring . The most active YI antagonists in this series (Kj values: 11-15 nM)
are those with polar groups in ortho position (Rz=CHzOH, CHzOMe, CN) and
an additional para-Br substituent (l1a-c).

3.4
Yl Antagonists Based on Other Common Structures

3.4.1
6-Benzylsulfonyl-S-nitroquinolines

Arylsulfonyl compounds from Parke-Davis/Warner-Lambert with a nitroquino
line nucleus are only weakly basic and do not obviously overlap with NPY
(Wright et al. 1996). The 8-amino-5-nitroquinoline and the phenylsulfonyl moi
eties in the general structure 12 (Fig. 10) are essential for YI antagonistic activi
ty. Whereas the parent compound PD 9262 (12a) is not very potent (Kj 282 nM
for displacement of eZ5I]PYY from SK-N-MC membranes), artha-alkyl or halo
gen substituents at the phenyl ring enhance affinity up to a K, value of 48 nM
for the artha-isopropyl derivative PD 160170 (12b).

3.4.2
Phenylpiperazines

Neurogen and Pfizer have patented 1-(1-phenylcyclohexyl)-4-phenyl-piper
azines with amide, amine and ether substituents R (13, Fig. 10) as novel class of
NPY Y1 specific ligands (Peterson et al. 1996; Blum et al. 2000). No biological

x

14a O~O

R

13a NHC(O)CeH4-4-F
13b OCH 20CH3

00 NOz

R~S/W"" ""V /' h
12 N

NHz
12a : R = 4-NH 2 (PD 9262)
12b: R =2-isopropyl (PD 160170)

q~)~ # ~N
R O~ 14b ~O

13 -"" O~

Fig. 10 6-Benzylsulfonyl-S-nitroquinolines 12, phenylpiperazines 13 and bis[diamino(phenyl)triazines]
14
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data were given for the new amides (e.g., 13a). An ether derivative (13b) dis
placed [IZSI]PYY with an ICsovalue of 30 nM.

3.4.3
Bis[diamino(phenyl)triazines]

At Alanex different structures were identified as nonpeptide NPY YI receptor
antagonists by pharmacophore-based approaches and by screening of combina
toriallibraries (Rabinovich et al. 1997). Examples of discovered compounds are
symmetric bis[diamino(phenyl)triazines) 14 with a disubstituted central ben
zene ring as spacer (Fig. 10). The Ki values for YI receptor binding are 117 nM
(meta derivative AXC01829 14a) and 150 nM (para analog AXC011018 14b). A
certain similarity of the compounds to benextramine (2a) and analogs is obvi
ous.

3.4.4
Benzazepines and Benzodiazepines

Hybrid compounds combining a CCK-B receptor antagonistic benzodiazepine
and a histamine Hz receptor blocking roxatidine-like moiety were synthesized
at Shionogi and Co. (Shigeri et al. 1998), for example the derivative 15 (Fig. 11),
which was about equiactive with BIBP 3226 as NPY YI antagonist (Kj 6.4 nM in
radioligand binding studies, ICso 95 and 320 nM in functional Caz+ and cAMP
assays in SK-N-MC cells). No binding to Yz and Ys receptors was observed up
to concentrations of 111M. The hybrid molecule maintains the CCK-B and hista
mine Hz antagonistic potency of the components, which were, however, both in
active at NPY YI receptors. Other series of YI antagonists from Shionogi and
Co. are based on a 1,3-disubstituted benzazepine nucleus (Murakami et al.
1999a, 1999b). The common structure 16 was optimized at both positions. Gen
erally, derivatives with urea moieties (R1=NH-alkyl) are about 10 times more
potent than the corresponding carbamates (RI=O-alkyl). Maximal YI receptor
binding affinity (Kj 2.9 nM) was observed for the 3-guanidino derivative

~~CIII a ~
~ ~N HN 0

N~OO~ H
O

,:? A~
(Y NAN~~'iCH)IlN~9Hz~ :::,... I ~
~ H H n 23 0 16

~ 0 (YN~ONH
?)l~ 15 ~ }--NHR2

H3C X

Fig.11 Benzodiazepine 15 and general structure of benzazepines 16 (X=O; R1=NH-alkyl, O-alkyl;
R2=aryl, heteroaryl)
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(X=NH) with an isopropylamino and a 4-hydroxyphenyl group as R1 and R2
, re

spectively, whereas the 3-ureido analog (X=O) was much less potent (Ki 82 nM).
Further optimization of R2 in a 3-ureido series (R'<Nl-l-isopropyl) also led to
compounds with K, values lower than 10 nM (R2=6-benzofuryl, 6-benzothienyl,
6-benzothiazolyl, 2-F-phenyl, 2,4-di-F-phenyl) (Murakami et al. 1999b). The
6-benzothiazolyl derivative iK, 5.1 nM) was functionally characterized as a Y1

antagonist and did not show any effects on Y2, Y4 and Y5 receptors.

3.4.5
Morpholinopyridines J-104870 and J-115814

Two highly potent NPY YI receptor antagonists, the morpholinopyridines
J-104870 (l7a) and J-115814 (l7b, Fig. 12) were disclosed by Banyu (Kanatani et
al. 1999; Kanatani et al. 2001). J-104870 displaced [125I]PYY binding to cloned
human and rat YI receptors with K, values of 0.29 and 0.54 nM, respectively, and
inhibited the NPY-induced intracellular calcium mobilization (ICso 3.2 nM). K,
values determined for the binding at other NPY receptors were greater than
5 ,11M. Anorexigenic effects on NPY-mediated feeding of rats were demonstrated
by both intracerebroventricular and oral administration of the compound
(Kanatani et al. 1999). J-115814 (Kj 1.4-1.8 nM) was nearly as potent as J
104870. Feeding induced by icv NPY was unaffected by intraperitoneally inject
ed J-115814 in Y1( - / - ) mice, but suppressed in wild-type and Ys(-/-) mice
(Kanatani 2001). Together these findings suggest the contribution of YI recep
tors in the regulation of food intake. In vitro mutagenesis studies on the human
YI receptor (Kanno et al. 2001) resulted in reduced affinity of J-104870 at ala
nine mutants of amino acids Trp163, Phe173, Asn283, Asp287 and Leu303, indicating

H H OCH3 CHzCH=CHz
CH3 CH3 CI CH(CH3)z

H H H H

NNI(N~ gNI(N~Y Z N '# ° N

H3C02C'r(XyC02CH3 Qe.g. H3C02C C02CH3 80
~ ~ R Z =0, NCN I I ~ ~ ~

H3C ~ CH3 R =alkyl, H3C ~ CH3 ___

18: X =CH substituted
19: X =N phenyl 18a (H 394/84)

Fig. 12 Morpholinopyridines 17,dihydropyridines 18 and dihydropyrazines 19
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that the compound recognizes a pocket formed by TM domains 4, 5 and 6 which
only partially overlaps with the binding site of other antagonists like BIBP 3226
or the peptide 1229U91.

3.4.6
Dihydropyridines and Dihydropyrazines

Recently, dihydropyridine (18) and dihydropyrazine derivatives (19, Fig. 12)
from Bristol-Myers Squibb (Poindexter et al. 1996, 2002; Sit et al. 2002) were de
scribed as NPY YI antagonists. Generally the dihydropyridines 18 were up to
about 100 times more potent in displacing [12SI]PYY from human Y1 receptors
than the corresponding dihydropyrazine analogs 19. Highly active compounds
18 (K i 2-5 nM) are urea derivatives (Z=O) with 2-methoxy-, 3-methoxy- or
3-hydroxy-substituted phenyl rings as R. Replacement of the urea with a
cyanoguanidine group (Z=NCN) results in a further increase in activity (e.g.,
with R=tert-butyl: Ki <1 nM). For the derivative BMS-193885 (Z=O, R=2-meth
oxyphenyl) full functional YI antagonism (Kb 4.5 nM) was observed in a cAMP
assay using human Y1 receptor expressing CHO cells. The compounds are YI se
lective and specific in spite of the presence of al adrenoceptor and calcium
channel blocking pharmacophores. H 394/84 (l8a) antagonized vascular re
sponses to exogenous and endogenous, neuronally released NPY with similar
potency already at plasma levels of 29 nM with a long duration of action in vivo
(Malmstrom et al. 2001; Malmstrom 2002).

4
Selective Nonpeptide Y2 Receptor Antagonists

For a long time Y2 receptor blocking agents were eagerly awaited as pharmaco
logical tools. First approaches to the design of NPY Y2 receptor antagonists, de
scribed by Grouzman et al. (1997), were based on the structure of the C-termi
nal tetrapeptide in NPY. A template-assembled synthetic protein (TASP),
T4-[NPY(33-36)]4' consisting of four NPY(33-36) residues bound via spacer
groups to a cyclic template (T4) was reported to display Y2 receptor binding in
the submicromolar range (Grouzmann et al. 1997). However, it was not before
1999 that a nonpeptide ligand, the L-arginine derivative BIlE 0246 (20a, Fig. 13),
was disclosed (Boehringer Ingelheim Pharma; Doods et al. 1999). BIlE 0246
proved to be a highly potent and selective Y2 receptor antagonist in binding ex
periments as well as in functional pharmacological studies (Doods et al. 1999;
Dumont et al. 2000a).

Radioligand binding studies on Y2 receptors (SMS-KAN cells) revealed an
ICso value of 3.3 nM, whereas no displacement of radiolabeled NPY was ob
served in Yl> Y4 and Ys receptor assays (Doods et al. 1999). Competitive Y2 an
tagonism of 20a was demonstrated, for instance, in pharmacological investiga
tions on the isolated electrically stimulated rat vas deferens. The compound was
used in numerous studies to investigate the contribution of NPY Y2 receptors to
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20a (BilE 0246)

Fig. 13 Structure of thenonpeptide Y2 receptor antagonist BilE 0246(20a)

Table 4 Structure-activity relationships of BilE 0246 related argininamides (Dollinger et al. 1999; Esser
et al. 1999; Rudolf et al. 1999)

2- a- o !) "'0 o !) 0
l # CH :::". CH '- ~ '- ~

N~o .o 6 N~ NN
gNU noH :::". OH 0

iii iv v vi

No. R1 R2 X Rl IC50 (nM)a

20ab i (CH2h NHC(=NH)NH2 (CH2h iii 7.5
20b i (CH2hNHC(=NH)NH2 (S)-CH(CONH2) iv 36
20c i 4-~H4-C(=NHlNH2 (S)-CH(CONH2l iv 1000
20d ii (CH2hNHC(=NH)NH2 (S)-CH(CONH2l iv 40
20e ii (CH2hNHC(=NH)NH2 (CH2h iii 32
20f ii (CH2hNHC(=NHlNH2 (CH2h v 220
20g ii (CH2hNHC(=NHlNH2 (CH2h vi 340
20h ii (CH2hNHC(=NHlNH2 (CH2)4 iii 68

aDisplacement of 125
1 labeled NPY from rabbit kidney preparations.

b BilE 0246.

complex physiological effects of NPY, for example in tissues with heterogenous
receptor populations (Dumont et al. 2000a; Malmstrom 2001a, 2001b; Smith
White et al. 2001; Malmstrom et al. 2002a, 2002b).

Similar to the discovery of the Y[-selective antagonist BIBP 3226 (4a, see
Sect. 3.1), BIlE 0246 was synthesized as a member of an extensive set of related
peptidomimetics which were designed as putative mimics of the C terminus in
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NPY. For some of these BIlE 0246 analogs Y2 receptor binding data are given in
the patent literature (for examples see Table 4) (Dollinger et al. 1999; Esser et al.
1999;Rudolf et al. 1999).The 5,1l -dihydrodibenzo[b,eJazepin-6-one group, though
obviously representing the best suited substructure, can be replaced by an a
diphenylmethyl residue resulting in a relatively small decrease in affinity at the Y2

receptor by a factor of 4-5 (20e) (Dollinger et al. 1999). By contrast, exchange of
the L-Argside chain, which is presumably mimicking Arg3S of NPY, by an isosteric
p-benzamidino group is not tolerated (20c). Another interesting observation is that
the replacement of the 4-(2-aminoethyl)-1,2-diphenyl-l,2,4-triazolidine-3,5-dione
group by an L-tyrosinamide residue (20b) does not strongly alter affinity. This
may be interpreted to mean that both substructures are bioisosters mimicking the
C terminus in NPY. In contrast to BIlE 0246, other compounds of this series, for
example 20d, were found to produce an elevation of blood pressure in anesthetized
rats which was attributed to different qualities of action (agonism/antagonism) at
NPY receptors (Esser et al. 1999). Variations of the 4-(2-aminoethyl}-1,2-diphenyl
1,2,4-triazolidine-3,5-dione motif (see 20f-20 h) led to diminished Y2 affinity.

Interestingly, 20a (BIlE 0246) does not bind to avian NPY Y2 receptors
(Salaneck et al. 2000). Reciprocal mutagenesis between human (hY2) and chicken
Y2 receptor (chY2) revealed that three amino acids in hY2 are especially impor
tant for BIlE 0246 binding: Glnl35 in TM3, Leu227 in TM5, and Leu284 in TM6
(Berglund et al. 2002). Mutagenesis of hY2 to the corresponding amino acids in
chY2 (QI35H, L227Q, L284F) resulted in low affinity of BIlE 0246. Inversely, the
introduction of the three human residues into chY2 reproduced the high affinity
to hY2 (Berglund et al. 2002). These results are first clues to models of the Y2 re
ceptor binding site of BIlE 0246.

5
NPY Ys Receptor Antagonists

The cloning of Ys receptors (Gerald et al. 1996) and the discovery of first low
molecular weight Ys-blocking compounds stimulated an intensive and success
ful search for potent and selective nonpeptide ligands. The interest in such com
pounds was not surprising as the Ys receptor-previously referred to as 'Yj-like '
or the putative 'feeding receptor'-has been considered as a key target for the
control of body weight. Meanwhile various YI and Y5 receptor antagonists have
been investigated as potential anti-obesity agents . The results do not allow us to
conclude that the orexigenic effect of NPYdepends on a single receptor subtype
(Duhault et al. 2000), and there is some doubt concerning a significant contribu
tion of the Y5 receptor (Turnbull et al. 2002). Investigations of the NPY receptor
mediated feeding response in Y1 and Y5 receptor knockout mice indicated a
dominant role of YI receptors (Kanatani et al. 2000b). Nevertheless, the follow
ing selection of compounds reflects the enormous efforts of pharmaceutical
companies in the Y5 field: all non peptide Y5 receptor ligands mentioned in this
section have been disclosed in patents over the last few years. The novel struc
tures were summarized in detailed reviews by Ling (1999), Hammond (2001),
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and Dax (2002). Published pharmacological data for these compounds are most
ly restricted to ICso values for the displacement of radio ligands, and information
on structure-activity relationships is limited to a few series.

Although the diversity of the known Ys antagonists is very large, many of the
highly active structures seem to represent a common pattern which may be
roughly characterized as 'barbell-shaped': a nonbulky central group containing
heteroatoms connects two larger terminal moieties consisting of polar or hydro
phobic, aromatic or alicyclic, hetero- and/or polycyclic rings. Although this very
general and simplified pattern does not necessarily suggest common ligand-re
ceptor interactions, overlapping binding sites with a similar orientation of the
structures may be assumed. The superposition of electrostatic and hydrophobic
potentials would further elucidate this point.

5.1
Arylsulfonamide-rype and Related NPY YsReceptor Antagonists

The first nonpeptide Ys receptor antagonists with binding affinities in the mi
cromolar range, for example diarylalkanediamines such as JCF 104 (21a) and
JCF 105 (21b, Fig. 14), were disclosed in patents by Synaptic Pharma and Eli
Lilly & Co. (Gerald et al. 1997; Fritz et al. 1998). Moreover, diarylalkanediamines
structurally similar to benextramine, which has some affinity to the hYs recep
tor (KjS uM; Islam et al. 2002), were prepared, for example 21c (Ys: Kil.7 flM,

21a (JCF 104)

~
~~jNH'
21b l)
(JCF 105)

Fig. 14 Examples of diarylalkanediamine-, diaminoquinazoline- and arylsulfonamide-type Ys antago
nists
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Islam et al. 2002), and optimized in subsequent work. Ys receptor affinity and
selectivity could be considerably improved by replacement of one amine center
with a (nonbasic) arylsulfonamide group and optimization of the connecting
chain. A trans-cyclohexane-1,4-diyldimethyl spacer was found to be the most fa
vorable linker between the two nitrogen centers (Islam et al. 2002). Examples of
the resulting arylsulfonamides are 22a OCF 109; hYs: KilO nM radioligand:
[12SI)PYY; Duhault et al. 2000) and 22b (hYs: Kill nM, radioligand: [12SI)PYY;

Du et al. 1997b). Based on homology modeling and ligand binding data ob
tained from studies with a set of receptor mutants, a ligand-receptor interaction
model was generated (Islam et al. 2002). According to this model a hydrogen
bond is possible between the sulfonamide NH and His398 in TM6, which is ab
sent in all other NPY receptor subtypes. Furthermore, the model suggests a salt
bridge between the basic amino function of the ligand and Glu2ll as well as hy
drophobic interactions of the terminal aromatic rings with the receptor protein.

The 2,4-diaminoquinazoline motif was the scaffold of some moderate Y5 lig
ands with slight Yl/Y5 selectivity (RUeger et al. 2000). Structural modifications
led to compounds with nanomolar affinity for Ys receptors (e.g., 23, hYs:
K, 10 nM, radioligand: [12SI)[Pro34)hPYY) (RUeger et al. 1997a). A crucial step
towards further increase in Ys receptor affinity and selectivity was the combina
tion of the diaminoquinazoline moiety with N-cyclohexylmethyl-arylsulfon
amide substructures like those present in compounds 22. This approach result
ed in the synthesis of the Ys receptor antagonist CGP 71683A (24a, Fig. 14) and

Table 5 Selected structures and binding data of substituted 2,4-diaminoquinazolines with Y5 affinity
(RUeger et al.2000)

1

Hw
R

cCN
I ~ NAN.X,s~R3

I I, \\

24a-h R2 0 0

No. R! R2 X RJ IC50 (nM)a

24ab H H CHr t-chx'-CH2NH l -Naphthyl 2.9
24b H CHJ CHrt-chx' -CH2N(CH1) l -Naphthyl 710
24c H H CHrP -C6H4-CH2NH l -Naphthyl 290
24d Phenyl H P-~H4-CH2 C2H 5 0.6
24e Phenyl H p-C6H4-CH2 N(CHJh 0.9
24f Phenyl H t-chx'-CH2NH CH1 2
249 H H t-chx'-CH2NH 4-Methylphenyl 4
24h H H (CH2)6 l -Naphthyl 28

aBinding affinities to human NPY Y5 receptors stably expressed in LM(tk-) cells.

b CGP 71683A.

cl!ans-yclo~e~ane-1,4-diyl.
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analogs at Novartis Pharma (Criscione et al. 1997; Rueger et al. 1997a, 1997b,
1997c). Substitution patterns and Ys receptor binding data of some diamino
quinazolines are given in Table 5.

JCF 104 (21a), JCF 109 (22a) and CGP 71683A (24a, Fig. 14 and Table 5) were
among the first Ys antagonistic tools available for the exploration of the occur
rence and the pharmacological role of Ys receptors-especially their influence
on feeding (e.g., Criscione et al. 1998; Feletou et al. 1998, 1999; Duhault et al.
2000; Dumont et al. 2000b; Polidori et al. 2000; Kask et al. 2001; Yokosuka et al.
2001; Lecklin et al. 2002). CGP 71683A binds to Ys receptors with >1,OOO-fold
higher affinity than to the Yl> Y2 and Y4 subtypes. It is probably the most inten
sively studied Ys antagonist so far. In fact, CGP 71683A (24a) is able to reduce
food intake in animals. However, application of the substance in vivo is limited
due to unfavorable properties (poor solubility, induction of local inflammatory
changes) and significant affinity to other neurotransmitter receptors (e.g., mus
carinic acetylcholine receptors) and to the serotonin transporter (5-HT reup
take) which may interfere with the regulation of food consumption (Della Zuana
et al. 2001). Reports on the peripheral effects of CGP 71683A and other Ys an
tagonists were contradictory. Inhibition of PP-induced relaxation of rabbit ile
um preparations was originally ascribed to Ys receptors (Pheng et al. 1997), but
further studies suggest that other NPY receptor subtypes (Y4) are involved in
this biological response (Feletou et al. 1999).

The combination of the aforementioned structural motifs proved to be very
successful. Neither a sulfonamide moiety nor a cyclic hydrocarbon or a quina
zoline ring is essential for Ys receptor affinity. Consequently, the substructures
of the Ys antagonists 22 and 24 were used as scaffolds by many groups to syn
thesize new potent and selective nonpeptide Ys antagonists. In the following,
sulfonamides related to 22 and 24 are subdivided into two chemical classes:

a. Analogs of 22, that is, compounds having a (partially hydrogenated) hydro
carbon system, for example tetraline or a homolog;

b. Analogs of 24a (CGP 71683), that is, compounds with other heterocyclic
rings in place of the quinazoline.

Similar structures with other groups in place of the sulfonamide are included
as analogs in Sect. 5.1, whereas the majority of structurally diverse heterocyclic
compounds is summarized in Sect. 5.2.

5.1.1
Sulfonamides with Tetraline orHomologous Cyclic Hydrocarbon Moieties

Recently, Itani et al. (2002b) described the synthesis of compounds in which , for
instance, the tetrahydronaphthalene moiety of 22b was expanded to a ben
zo[a]cycloheptene one. Additional exchange of the cyclohexane-l,4-diyl group
against a piperidine containing central spacer results in 25a (FR 226928, Fig. 15)
as the most potent compound (Y, ICso 16 nM). Further optimization led to the
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Fig. 15 Sulfonamide-type and related Ysantagonists with piperidine-containing spacer group
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Fig. 16 Structures of cis-configured l-substttuted 2-aminotetralines and hYs receptor binding data
(I(so values; displacement of [125I]PYY (80 pM), HEK 293 cells) of some Ysantagonists with aminotetra
line portion. (McNally et al. 2000b; Youngman et al. 2000)

structures 25b and the nonsulfonamide 25c with subnanomolar affinities (Itani
et al. 2002a).

NPY Ys antagonists with a common 2-aminotetraline motif were disclosed by
Ortho-McNeil/R. W. Johnson in patent applications (Dax et al. 2000, 2001; Dax
and McNally 2000). The structure-activity relationships of some a-substituted
N-(sulfonamido)alkyl-f3-aminotetralines have been the subject of subsequent
journal papers (McNally et al. 2000a, 2000b; Youngman et al. 2000). Some repre
sentative structures (26-29) are depicted in Fig. 16.

The substituted trans-cyclohexane-1,4-diyl scaffold is present in many of the
derivatives, though there are equipotent Ys antagonists with flexible alkyl chains
such as n-pentyl instead of cyclohexylmethyl as central spacer. Moreover, ana
logs of, for example, 28 with a carboxylic acid amide in place of the sulfonamide
group were also found to have high Ys receptor affinity (Dax et al. 2001; Dax
2002). Though not exactly matching the features of compounds 22a,b or 24a a
large series of sulfonamides and sulfinamides covered in a patent application by
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Shionogi (Kawanishi et al. 2000 may be subsumed in this group of Ys antago
nists due to their structural design. Highly potent representative examples are
30a and 30b (Fig. 17) with ICsovalues of 0.3 and 0.17 nM for binding affinity (Y5

receptor expressing CHO cells) and 8.4 and 2.6 nM for antagonistic activity in
the cAMP assay, respectively (Kawanishi et al. 2001).

5.1.2
Heterocyclic Analogs of CGP 71863

Numerous heterocyclic analogs of 24a (CGP 71683A), for instance, com
pounds with an aminothiazole or aminotriazine group or tricyclic ring systems
(Marzabadi et al. 2000a, 2000b, 2001; Schmidlin et al. 2001) in place of the
aminoquinazoline moiety, were disclosed as Y5 antagonists with high affinity
and selectivity for the human Y, receptor. Examples of such compounds (31
35) with Ys receptor binding data are given in Fig. 18. For some examples, e.g.
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31,32 and 35, hYs selectivity (vs. h'Y], hYz, and hY4 receptors) was demonstra
ted and the Ys antagonistic activity was confirmed in a cAMP assay.

Aminotriazoles such as compound 36 were claimed as Y5 antagonists in a pa
tent application by Adir (Fauchere et al. 2000). Substance 36 was reported to
displace radiolabeled [lzSI]PYY from Y, receptors with an ICso value of 7 nM
(assay not specified) and to lower food consumption and body weight in ob/ob
mice (5 mg/kg intraperitoneally twice a day for 3 days) (Fauchere et al. 2000).

5.2
Various Heterocyclic NPY Y5 Receptor Antagonists

5.2.1
Azoles, Pyridines and Diazines

Nitrogen-containing heterocycles are recurring structural elements in many
nonpeptide Y5 ligands . For instance, several series of aminopyrazoles (e.g.,
37a-d, Fig. 19) were presented by Banyu Pharm. (Fukami et al. 1998a, 1998b,
1998c, 1998d, 2001a). Compounds 37a (JCF 114) and 37c are reported to have
Ys receptor affinities in the low nanomolar range (ICso values, 37a: 8.3 nM; 37c:
2.5 nM). Very recently, the (-)-enantiomer of 37d was described as an orally
available and brain-penetrating Ys antagonist (Sato et al. 2003). The compound
displaces [lzSI]PYY from human recombinant Ys receptors in LM(tk-) cells with
a K, value of 3.5 nM. Though 37d can be detected in the brain of SD rats after

o
1~NHAryl ~ """N~RO,ROO ...

Aryl2 V

OCH3

(YYY~frOOCH3
~ 0 N-NH

37a

0I H
~N'[rQ-CI

o N-NH

~
37b

~ -
~ II H OCH3

NfrOOCH3

~
~ °37:-

NH

~ II • ~ _ r=rCH3

"f}--fvN
o N-NH

37d

Fig. 19 Pyrazoles and imidazoles described asYs antagonists
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Fig. 20 Spiro compounds, annelated azoles and pyridines described as Y5 antagonists

oral administration, its ability to suppress bovine pancreatic polypeptide (bPP)
induced food-uptake is only moderate (Sato et al. 2003).

Among some pyrazole-3-carboxamides claimed by Ortho McNeil compound
38 (le50 80 nM) was reported to produce a 39% reduction in food intake in fast
ed rats within the first 6 h after resumption of feeding, relative to control rats
(Kordik et al. 2000, 200l).

Imidazole derivatives (see examples 39a and 39b, Fig. 19) were described as
y 5 antagonists by Neurogen and Pfizer (Thurkauf et al. 1999; Elliott et al. 2000,
2003), and a large collection of 5,5-diaryl-substituted imidazolones of general
formul a 40 was disclosed by Bristol-Myers Squibb without specified pharmaco
logical data (Poindexter et al. 1999; Poindexter and Gillman 1999a, 1999b).
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The spiroindoline 41 (Fig. 20) from Merck and Banyu suppressed bPP-in
duced food intake in rats at an oral dosage of 3 mg/kg (Gao et al. 2000). Related
spirolactones were disclosed by Banyu; 42 inhibited binding of P2SI]PP with an
ICso value of 0.48 nM (Fukami et al. 2001b). Spiroisoquinolines such as 43 from
Bristol-Myers Squibb belong to the same type of scaffold (Poindexter et al.
2001). Pfizer introduced some 4-aminopyrrole[3,2-d]pyrimidines (e.g., 44a) as
Ys antagonists (Dow and Hammond 2001). Similar bicyclic pyridine and pyri
midine derivatives (e.g., 44b, furano - and thienopyrimidines) were reported by
Amgen (Norman et al. 1999). Within a series of pyrrolo[3,2-d]pyrimidines,
structure-activity relationships of Y5 receptor binding were analyzed and a
pharmacophore model was derived (Norman et al. 2000). Potent Ys antagonists
of this series have ICso values in the subnanomolar range (e.g., 44b, Ys: ICso
<0.1 nM).

Phenylacetamide derivatives (e.g., 45) are the subject of a further patent ap
plicat ion by Pfizer (Carpino et al. 2000), and a series of benzimidazole-based Ys
antagonists has been reported by the GlaxoSmithKline group (Akwabi-Ameyaw
et al. 2001; Fang et al. 2001; Heyer et al. 2001a, 2001b; Linn et al. 2001; Daniels et
al. 2002). The latter series covers orally available compounds such as 46 which
penetrate into the central nervous system (CNS) and reduce food intake in fast
ed rats (46: Ys ICso 7.5 nM). Diarylguanidines (e.g., 47: Ys ICso 6 nM) are report
ed to be active in Zucker rats (Ramanjulu et al. 2001). 4-Aminopyridines such
as 48 from Banyu are described as Y5 antagonists with affinity in the nanomolar
range (48: ICso4.1 nM, Fukami et al. 1998e).

Screening of an in-house library at Fujisawa Pharm. led to the discovery of
benzothiazolone derivatives (e.g., 49, FR 236478) with high Ys affinity but poor
bioavailability (Tabuchi et al. 2002) and of tetrahydrodiazabenzazulenes like 50a
and SOb which combine nanomolar affinity to the Y5 receptor with oral absorp
tion and penetration into brain (Satoh et al. 2002).

5.2.2
Carbazoles, Fluorenones and Phenylureas

AstraZeneca disclosed carbazole derivatives (Fig. 21) as NPY Y5 antagonists
(Block et al. 2001; Donald et al. 2002). Recently, the discovery of these com
pounds and the optimization of their pharmacokinetic and toxicological proper
ties were described (Block et al. 2002). 51a is reported to bind with high affinity
and selectivity to the human Ys receptor (ICso,Ys: 2 nM; Y" Y2, and Y4:

>10 11M). But poor phamacokinetic properties (half-life -15 min, oral bioavail
ability -1%) and potential mutagenicity and carcinogenicity disqualify the com
pound for the use in vivo. Replacement of the pyridylpropionamide side chain
by a morpholinocarboxamide (i.e., a urea group) as in 51b greatly improved the
oral bioavailability and increased the half-life to 3 h (Block et al. 2002). More
over, compound SIb is able to penetrate into the CNS. However, further modifi
cations were necessary to suppress the mutagenic potential. In this context an
isopropyl substituent at the carbazole-nitrogen turned out to be superior to eth-
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Fig. 21 Carbazole, fluorenone and phenylurea derivatives described as Ysantagonists

yl, and further improvement was achieved by an additional methyl group ortho
to the aniline function. The resulting optimized compound SIc is reported to
combine high Ys receptor affinity (ICso 3 nM) with high selectivity, good bio 
availability and central activity (Block et aI. 2002). SIc (3 mg/kg, dosed orally) is
able to completely block food uptake provoked by injection of Ys selective ago
nists into the third ventricle of the brain of rats. By contrast, the compound has
no or only little effect on fasting -induced feeding or on NPY-induced feeding.

Carbazole derivatives with inverted amide function were also described: the
carbazole carboxamide 52 (Meiji Seika Kaisha Ltd) was reported to completely
displace radiolabeled NPY from membranes prepared from insect cells in which
the human Ys receptor was expressed at a concentration of 10 11M (no detailed
data included) (Nishikawa et aI. 2000).
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Within a series of Ys selective amides some fluorenone derivatives resembling
the aforementioned carbazoles were presented by Bayer (Connell et al. 2000).
Compound 53 displaced 12sI-Iabeled pPP from human NPY Ys receptors with an
ICsovalue of 0.47 nM.

At Amgen, some tri -substituted phenylurea derivatives with subnanomolar
affinity were designed (Fotsch et al. 2001). The starting point was structure 54c,
which was identified as a hit by random screening. Lead optimization resulted
in highly potent Ys antagonists, for example 54b (ICso <0.1 nM) and 54a, a car
bazolylurea which resembles 51a-c.

Similar approaches combined a central urea group with many other sub
stituents to obtain Ys antagonists such as the ureidobenzothiazolone 55 (Meiji
Seika Kaisha Ltd; Aoki et al. 2001) or the ureas 56 and 57 which belong to a
large series of NPY Ys receptor antagonists recently claimed by Schering-Plough
(Stamford et al. 1999; 2001, 2002a, 2002b; McCombie et al. 2002). For instance
57 was found to have a K, value of 0.4 nM (Ys), and 56 inhibited [D-Trp34] NPY
stimulated food intake in a dose-dependent manner (IDso 0.5 mg/kg) (McCom
bie et al. 2002).

5.2.3
Tetrahydroxanthene-l-ones

The tetrahydroxanthene-l -one derivatives 58 (L-152,804) and 59 (Fukuroda et
al. 2001) were introduced by Banyu as new orally active and selective neuropep
tide Y Ys antagonists (Kanatani et al. 2000a) (Fig. 22). Compared to all the other
potent NPYantagonists the structures look rather exotic as nitrogen atoms are
completely lacking. No information on the binding mode of L-1S2,804 (58) or
the molecular ligand-receptor interactions has been published so far. Neverthe
less, ICso values of 52 and 14 nM for the inhibition of [12SI]PYY binding to a
NPY Ys receptor membrane preparation are reported for compounds 58 and 59,
respectively (Fukuroda et al. 2001), and a significant reduction of bPP-induced
food consumption was found both after intracerebroventricular (30 ug) and oral
(lO mg/kg) administration of L-1S2,804 (58) in Sprague-Dawley rats. Interest-

58 (L-152,804) 59

Fig. 22 Tetrahydroxanthene-l-one derivatives with Ys antagonistic activity
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ingly, enhanced feeding, evoked by NPY, could not be influenced by application
of L-152,804.

6
Conclusion

Since the discovery of the first nonpeptide NPY antagonists the number of
known highly potent and selective small molecular ligands and the structural
diversity has considerably increased, mainly due to strategies based on screen
ing of in-house libraries followed by rational lead optimization approaches
based on pharmacophore hypotheses. As for other G-protein-coupled receptors,
structure-based (receptor-based) design methods are not yet generally applica
ble. However, site-directed mutagenesis of NPY receptors and binding studies
supported by molecular modeling have led to insight into ligand-receptor inter
actions on the molecular level and to the construction of receptor models com
plexed with ligands. The potential market for Y1 and/or Y5 antagonists as anti 
obesity drugs has been the major stimulus of industrial NPY research. Consider
ing the effort which has been spent on the discovery of neuropeptide Y Y5 re
ceptor ligands by various research groups in the last few years, some disillusion
arises since no agent has entered human clinical trial, although many com
pounds with good bioavailability and reducing effects on food consumption in
animal experiments have been identified. Unfortunately, there is increasing evi
dence that blocking a single receptor, in particular the Y5 receptor (Kanatani et
al. 2000b; Turnbull et al. 2002), is not suitable for long term body weight control
as there are many redundant mechanisms in the regulation of food uptake and
energy expenditure (Kirkpatrick 2002; Parker et al. 2002). The role of NPY in
feeding is by far not the only interesting therapeutic implication. Selective an
tagonists and agonists for all known NPY receptors are required as pharmaco
logical tools to study the contribution of NPYand NPY receptor subtypes to dif
ferent central and peripheral effects. Obviously, for NPY receptor antagonists
(and agonists) as drug candidates the most interesting targets are located in the
CNS, that is, optimization of absorption, distribution, metabolism, elimination
(ADME) parameters affecting pharmacokinetics, in particular penetration
across the blood-brain barrier, is the bottle neck rather than further increasing
binding affinity, provided that sufficiently potent and selective ligands for the
respective NPY receptor subtypes are already available.
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Appetitive phase 290
Arcuate nucleus (ARC) 188,286,287,

339
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Arcuate nucleus-paraventricular
nucleus 222

Argininamides 511
Arpromidine 509
Arteries 332
Artiodactyls 79
Arylsulfonamide 527
Astrocyte 413
Atherosclerosis 338
ATP (adenosine-5'-triphosphate) 138
Atrial natriuretic peptide 373
Autoantibody 430
Autoimmune disorder 429, 433
Autoimmunity 429
Autonomic 150
Autoradiography 364
Autoreceptor 144
AXC011018 522
AXC01829 522

B cell 424
B cell receptor (BCR) 421
B lymphocyte 422
B-l-like B cell 423
Baboon 79
Bacterial fragment 435
Baroreceptor 339
Baroreflex 337
BCR(B cell receptor) 421
Behavior 252
Benextramine 509
Benzazepine 522
Benzimidazoles 518
Benzodiazepine 270, 522
Benzothiazolone derivatives 534
Benzothiopenes 518
6-Benzylsulfonyl-5-nitroquolines 521
Bereavement 416
BIBO3304 155,257,297,306,512-514
BIBP3226 256,306,367,370,373,375,

376,378,511-513,517
- binding site 514
Bidirectional 411
BIlE 0246 93,149,310,367,524,526
- binding site 514
Binge eating 292
Bis[diaminoI(phenyl)triazinesI 522
Blood-bra in barrier 460
Blood pressure 2, 335, 372, 466
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Blood vessel 146
Bone 472
Bone marrow 412
Bradykinin 374
Brain 362
Brain NPYlevels 292-294
Brain region 164
Brainstem 341
BU-E-76 509

C terminus 29
CAl region 456
Ca2+ channel 151,368
CA3 468
Caenorhabditis elegans 86
Calcitonin gene related peptide 160
Carbazole derivatives 534
Cardiac failure 344
Cardiomyocyte 338
Cardiovascular effects 328
Cardiovascular response 5, 6, 12
Cardiovascular system 465
CART 456, 458, 460-462
Cat spleen 411
Catecholamine 141,410
- synthesis 155
Cattle 79
CC2137 509
CCK-B receptor antagoni sts

benzodiazepine 522
CDE5/CD11b 435
eDNA 271
Cell membrane 33
Cellular localization 4
Central nervous system (CNS) 2,5,449
c-Fos 207
CGP 71683A 155,314,528
Chemical depletion 431
Chemotactic property 425
Chemotaxis 425
Chicken 77
Cholinergic 150
Cholinergic neuron 160
Chromaffin 30
Ciona intestinalis 78
Circadian rhythms 2, 6, 12
Citrated blood 31
Clonidine 157
Cloning 9
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Cluster 33
CNS (central nervous system) 2,5,449
Coelacanth 91
Collagen 31
Colon 33
Computer models 514
Conditional knockout 309
"'-conotoxin GVIA 154
Consumption phase 291
Coronary sinus 344
Coronary vessel 336
Corticosterone 199
Corticotropin-releasing hormone

(CRH) 189,199
Cotransmitter 139,188,191,339,428
CrelloxP 452
Cre-recombinase 455
CRH (corticotropin-releasing hormone)

189, 199
C-terminal fragment ofNPY 419
CyclicAMP 8
Cyclohexaladenosine 156
Cyclooxygenase 374
Cytokine 418
Cytosolic Ca2+ 194

DAneuron 161
DA neurotransmission 163
Danio rerio 79
Degranulation 419
Dentate gyrus 165
Depeptidyl peptidas IV see DP IV
Depression 2,7,13, 108-112, 122,252
Desensitization 55-58, 60, 63, 67
2,4-diaminoquinazoline 528
Diarylguanidines 534
Diet
- high-calory 296
- palatable high-calorie 296
Dihydropyrazines 524
Dihydropyridine 524
Dihydroxyphenylalanine (DOPA) 153
Dimerization 50, 51, 67
Dipeptidyl-peptidase IV-like enzyme 24
Distal ileum 33
Distribution (of the YI receptor) 413
Diuresis 370
DMN (dorsomedial nucleus) 286
DOPA(dihydroxyphenylalanine) 153
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Dopamine 189
Dorsal root ganglia 433
Dorsomedial nucleus (DMN) 188,286
DP IV (depeptidyl peptidase IV) 24,36
Drosophila melanogaster 78
D2 receptor antagonist 164
Drugs IS

Eating disorder 7
Electrical stimulation 412
Electron microscopic 165
Electrophysiological 162
Electrophysiological activity 272
Elevated plus-maze 469
Emotional behavior 252
Endocrine 167
Endogenous neuroimmune

transmitter 428
Endogenous peptide 292
Endopeptidase 24
Endopeptidase-24.18 35
Endoplasmatic reticulum 24
{:i-endorphin 193
Endothelin 3 157
End-stage renal failure 379
Energy balance 187,292,293
Energy expenditure 6, 12
Epilepsy 108, 120, 121, 123
Epilepsy IS
Epileptic seizures 467
Estrogen-primed OVX 465
Ethanol 270
- consumption 14
Exercise 344
Exocytotic release 24
Exogenous NPY 292
Extracellular concentrations of K+ 35
Extra-hypothalamic sites 289

Fatty acid acylation 27
Feeding disorder 2
Fine-tuning 429
Flinder's Sensitive Line 263
Fluorenone derivatives 536
Foodintake 2,6,12,37,285,288,293,

295,304,308
- spontaneous 305
Food, rewarding properties 291



550

FR 226928 529
Frontal cortex 161
Fugu rubripes 79

Yz antagonist 149
Yl receptor 166
GABA 152,467
GABAergic transmission 164
Garter snake 92
Gastric mucosa 32
Gastrointestinal function 398
Geller-Seifter 255
Gene array 474
Gene loss 83
Germline knockout 309
GHRH (growth hormone-releasing

hormone) 189,205
GI264879A 514
Glomerula filtration rate 366
Glucagons-like peptide I 33
Glucagons-like peptide II 33
Glucocorticoids 295
Glucose 288
- tolerance 38
Glutamate 152
Glutamatergic 165
Glycolysylation 27
Gly-Lys-Arg cleavage 28
Gnathostomes 75, 77
GnRH (gonadotropin relasing

hormone) 463,465
Goldblatt 377
- hypertension 377
Goldfish 92
Golgi apparatus 24
Gonadotropin 187
Gonadotropin relasing hormone

(GnRH) 463,465
GR231118 367
Growth hormone-releasing hormone

(GHRH) 189,205
Guanethidine 159
Guinea pig 85
Gut 309
GW438014A 314

H 394/84 524
Hzreceptor blocking 522
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H409/22 375, 376
Half-life 25
HE 90481 509
Heart 30, 336
- failure 378
Hemodialysis 379
Hemorrhage 340
Hermorrhagic hypotension 141
Heteroreceptor 144
Highly specific peptidase 35
Hindbrain 290
Hippocampus 150,290
Histamine 420
Homeobox 80
Homeostatic buffer 273
Homology modeling 528
Hormone secretion 2,6,7, 13
Hormones 287
HOXB 79
HPA (hypothalamo-pituitary-adrenal)

462
hPP 167
HPT (hypothalamic-pituitary-thyroid)

203
Hydroxycopamine 433
6-hydroxydopamine 163,363
Hyperinsulinemia 295, 304
Hyperphagia 196,304
Hypertension 2, 335, 377
Hypertensive rats, spontaneously

376
Hypertrophy 338
Hypothalamic 150
Hypothalamic circuitries 222
Hypothalamic NPYlevels 293
Hypothalamic-pituitary-adrenal (HPA)

axis 199,264,462
Hypothalamic-pituitary-gonadal axis

186,464
Hypothalamic-pituitary-thyroid (HPT)

203
Hypothalamus 161,222,223,235,237,

285,286,288

Idazoxan 157
IgG antibody response 423
IL-6 418
Iloprost 158
IgM 423



Subject Index

Imidazole derivatives 533
Imidazolone 533
Immune function 410
Immune system 410,411
Immunohistochemistry 145, 187,

362
In situ hybridization 5, 187
In vitro 146
In vitro mutagenesis 514,523
In vitro studies 5
In vivo release 37
In vivo situation 428
Indoles 518
Inflammation 424
Influx ofCa++ 34
Inhibit DP IVactivity 36
Innate acquired immunity 414
Inositol phosphate/Ca"? messenger

system 194
Insulin 197,287
- resistance 295
Interaction (between NPYand the

immune system) 411
Interleukin (IL)-I,B 413
Internalization 58,60,61,63,67
Intestinal polypeptide see PYY
Intestinal PYY 36
Intracellular calcium 8
Intracellular signaling 8
Intracellular sorting mechanism 26
Intracerebroventricular 162
Ion channel 34
Ischemia 337
Isolation 2
Isoproterenol 156

J-104870 523
J-115914 (Banyu) 306,523
JCF 104 527
JCF 105 527
JCF 109 528
JCF 114 532
Joint inflammation 431
Juxtaglomerular region 363

K+ channel 151
Kaliuresis 370
Knockout mouse 298
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L channel 151
L-152,804 297,315,536
Lactation 192
LacZ reporter gene 449
Lampetra fluviatilis 81
Lamprey 81
Large dense core vesicle 24, 26
Large precursor molecule 24
Latimeria chalumnae 91
Learning and memory 107,108,117-119,

123,471
Leptin 187,287
[Leu31 Pro34jNPY 153,337
Leukocyte 410
- distribution 425
LH (luteinizing hormone) 463-465
- release 7
Ligand binding 145
Lipopolysacharides 435
Local action 24
Local microenvironment 428
Locomotor activity 459
Locus coeruleus 162
Lupus erythematosus 377
Luteinizing hormone (LH)

463-465
LY 357897 519
Lymnaea stagnalis 78
Lymphocyte 421
Lymphoid organ 411

Macrophage 418
Major depression 262
MAPK (mitogen-activated protein

kinase) 64,65,66
Mast cell 419
MC-4 receptor 196
Medial preoptic area-median

eminence 222
Median eminence 188
Medulla oblongata 161
Megakaryocate 31,433
Memory 471
Meprin 24
Mesenteric artery 140
Metabolic rate, decreased 304
Metabolism 37
Microtubuli 26
Migration 417,424
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Mitogen-activated protein kinase see
MAPK

MOG3s-ss 434
Monocyte 414,424
Morpholinopyridines 523
Morris Water Maze 471
Mosquito 78
Mossy fiber/C3 synapses 165
Motivation to eat 290
MS (multiple sclerosis) 429
- patient 430
a-MSH 196,458
Mucosa 420
Multiple sclerosis (MS) 429
Myenteric nerve 33
Myocardium 337

N channel 151
N6-substituted R-Argininamides 517
NA (noradrenaline) 138
Na+/K+-ATPase activity 365, 371
N-acetyl [Leu28Leu31]NPY(24-36)

149
N-acetyleted 22-36 fragment 36
Nascent peptide 27
Neprilysin-like enzyme 24
Nerve activity, sympathetic 345
Nerve stimulation 331
Neural circuity 222
Neuroendocrine 167
Neurohypophysis 188
Neuroimmune crosstalk 410
Neuron 144
Neuropeptide 3, 222, 223
Neuropeptide Y see NPY
Neurotransmitter 146,287
Neutrophil 414,417
NGF 163
Nifedipine 154
NK cell 416,424
Noradrenalin (NA) 140, 138,329,465
- release 371
A2 noradrenergic cell 189
A6 noradrenergic cell 189
NPFF receptors 511
NPR-1 86
NPY (Neuropeptide Y) 2,102-117-123,

138,223-237,239,252,285,287,328,
393-404,411,462
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- degradation 24
- exogenous 288, 292
- femtomolar dose 269
- infusion 295
- isolation 2
-mRNA 4
- overexpressing 297
- primary structures 2
- release 24, 363
- sedative effectiveness 253
- storage 24
- synthesis 24
NPY
- germline receptor knockout

mouse 297
- receptor 300
- receptor agonists 8, 11
- receptor antagonists 8, 11
- receptor number 294
- receptor subtypes 2, 12,332
NPYtransgenic rat model 261
NPY Y1 300
- agonists 301
- antagoni sts 305
- receptors 302
- subtype antagonists 305
NPY Y2 300
- knockout mice 309
- knockouts 309
- receptor knockouts 312
- subtype agonists 308
NPYY2 receptor
- agonists 309
- antagonists 310
NPYY4 300
NPY Ys 300,312
NPY Ys 313
- antagonists 314
NPY Y6 300
NPY(13-36) 147,337
Y1 NPYreceptor subtype 191
Ys NPY receptor subtype 195
NPY/AgRP 287
NPY5RA-972 315
NPY-likeimmunoreactivity 4
NTS (nucleus of the tractus solitarii)

339,467
N-type channel 140
Nucleus of the tractus solitarii

(NTS) 339, 467
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Ob/ob mice 298, 304
Obesity 15,285,295
Orexigenic peptide 196
OT (oxytocin) 188
Overexpression 450
Overflow 146, 344
Oxygenic activity 307
Oxytocin (OT) 188

P/Q channel 151
Pain 2,7,13
- disorder 2, 15
Pancreas 32, 33
Pancreatic polypeptide (PP) 2, 3
Paralogon 81
Paraventricular nucleus 188,339
PBMC (peripheral blood mononuclear

cell) 413
PC12 cell 151
PD160170 521
PD 9262 521
Peccary 92
Peptidase 24, 35
Peptide, endogenous 292
Peptide hormones 3
Peptide YY (PPY) 2, 3
Periaqueductal gray matter 258
Peripheral blood mononuclear cell

(PBMC) 413
Peripheral distribution of NK cell

417
Peripheral hormones 288
Peripheral metabolism 288
Peripheral nervous system 2, 4
Periventricular nucleus 205
PGE, 159
Phenylacetamide derivatives 534
Phenylpiperazine 521
Phenylurea derivatives 536
Pheochromocytoma 343
Phosphorylation 27
Pig 85
Pithed rat 146
PKC 154
PMY 81
Polymorphic variants 301
Polymorphism 266
POMC (proopiomelanocortin) 193,287,

456, 460-462
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Post-arginine hydrolysing
endoprotease 24

Postganglionic sympathetic nerve
fiber 29

Postjunction 139
Postnatal period 32
Postprandial satiety signal 459
Posttranslational step 24
Potentiation 369
PP (Pancreatic polypeptide) 2,397-400,

402-404
- containing cell 32
- metabolism 37
PPY (Peptide YY) 2, 3
Precursor 24,28
Prejunction 139
Pre-pro NPY 28, 187,266
Pre-pro-PP 28
PreproTRH mRNA 204
Pressor 334
Pressure natriuresis mechanism 372
Presynaptic 144
Prohormone convertases 29
Prolactin 188
Proopiomelanocortin (POMC) 193,287,

456, 460-462
Pro-ortholog 85
Prostaglandins 365
Prostanoid 158
Proteolytic cleavage 27
Pseudogene 77
Pufferfish 79
Purinergic 143
Pyrazole-3-carboxamide 533
Python 77
PYY (intestinal polypeptide) 147,

393-404
- expressing cell 32
PYY(l3-36) 147
PYY(3-36) 37,309

QTL (quantitative trait loci) 267

RA (rheumatoid arthritis) 429
Rabbit 85
Rat models 450
Rat platelet 31
Rat vas deferens 146
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Receptor agonists 2
Receptor antagonists 2
Receptor selectivity 25
Receptor subtypes 2
D2 receptor antagonist 164
Yl receptor 166
MC-4 receptor 196
Y1 receptor 10,33,334,364,368,372,

413
Y2 receptor 10,36,364,365
Y4 receptor 10,364
Y5 receptor 11, 364
Y6 receptor 11
YI receptor transcript 412
Y2(-1-)receptor knockout mouse 160
Re-innervation 412
Renal blood flow 366, 371
Renal hypertension 377
Renin 373
Renin-angiotensin system 373,374
Reproduction 2,7, 13,207
Reserpine 143
Respiratory burst 417
Resupply 413
Rewarding properties of food 291
Rheumatoid arthritis (RA) 429
rPP 167

Salmon 92
Sarcopterygian 91
SCN (supra chiasmatic nucleus) 164
Secretory granule 32
Secretory pathway 26
Seizures 2,8, 14, 166
Seminalplasmin 79
Septic shock 6, 436
3H-serotonin 166
Sexual behavior 7
Sexual development 208
Shaffer collaterallC1 synapses 165
Shark 75,77
Sheep 79
Skin 420
SLE(systemic lupus erythematodes)

429
Smooth muscle 33
SNAP-25 153
SNARE (soluble Nvethyl-maleimide

sensitive fusion protein) 34, 153
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Soluble N-ethyl-maleimide-sensitive
fusion protein (SNARE) 34

Somatostatin 189
Sparrow 92
Species 427
- differences 363
Specific assay 37
Spiny dogfish 85
Spiroindoline 534
Spiroisoquinolines 534
Spirolactone 534
Spleen 30
Splice variant, alternative 451
Spontaneously hypertensive rat 162, 376
Squalus acanthias 85
SR 120107A 517
SR 120819A 517
Strain difference 427
Stress 2, 7, 13, 252
Striatum 161
Subfunctionalization 78
Substance P 160
Suicide victims 265
Sulfinamide 530
Sulfonamide 530
Sulprostone 158
Supersensitivity to NPY 143
Supra chiasmatic nucleus (SCN) 164
Supraoptic nucleus 190
Sympathectomy 336
Sympathetic nerve 328, 466
- fiber 411
Sympathetic nervous system 410
Sympathetic neuroeffector junction 138,

139, 141
Sympathetic neuron 138
Synaptic vesicle 24, 27
Synaptobrevin 153
Synaptostagmin 34
Synovial lymphocyte 431
Syntaxin 1 153
Systemic lupus erythematodes (SLE) 429

T cell receptor (TCR) 421
T4[NPY(33-36)] 4 167,524
Tachyphylaxis 368
TCR (Tcell receptor) 421
Testosterone 463
Tetrahydrodiazabenzazulenes 534
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Tetrahydroxanthene-1-ones 536
Tetraploidization 79
Th1 cell 422
Thl/Th2 balance 421
Th2 cell 422
Th2 shift 434
Thymus 412
Thyroid hormone 204
Thyroid stimulating hormone 188
Thyrotropin-releasing hormone 189
Tissue distribution 2
TN (trans Golgi network) 24
Toll-like receptor or CD14 435
Tractus solitarii, nucleus 339
Trafficking 424
- ofleukocytes 417
Trans Golgi network (ZGN) 24
a- Trinositol 508
True hunger state 291
Tuberoinfundibular dopamine 189
Tubular structure 27
Tumor necrosis factor (TNF)-a 414

UCP (uncoupling protein) 460
UCP2 460
Ureidobenzothiazolone 536

Vagaleffect 159
Vagal inhibition 337
Vagotomy 467
Vascular response 524
Vascular smooth muscle 338
Vasoconstriction 5, 142,329,366-368,

375
Vasoconstrictor 330
Vasodilator 160,330
Vasopressin (VP) 188,373
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Vasospasm 337
Veins 332
Velocity 26
Ventricle 290
Vesicle 157
Vesiclerelease complex 151
Vesicular transport 27
Vogelpunishing drinking conflict 254

Withdrawal responses 271

Xenopus laevis 79

Y receptor 46-58,61,62,64-67
Y receptor knockout mice, conditional

454
Y1mediat ion 255
Y1receptor 10,333,334,364,368,372,

413
- antagonists 511
- knockout mice 269
- suppression 260
- transcript 412
Yzreceptor 10,36,364,365
- antagonists 524
Yz(-/- )receptor knockout mouse 160
Y4receptor 10,364
Y5 antagonists
- benzimidazole-based 534
Ysreceptor 11,364
- antagonists 526
Y6 receptor 11
Yohimbine 157

Zebrafish 79
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