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Introduction



“Nothing in biology makes sense except in the light of evolution” 
Theodosius Dobzhansky

In light of this motto by a famous evolutionist, NPY and its related peptides, pep-
tide YY and pancreatic polypeptide, are a highly conserved family of genes and pro-
teins. Evolutionarily ancient and structurally conserved, these peptides regulate fun-
damental cellular processes of growth, metabolism and cell-cell communication,
and orchestrate the body’s integrated responses to ensure survival and adaptation to
the changing demands of the internal and external environment.

In this two-volume set* on NPY biology in ‘Health and Disease’ the editors’ goal
is to provide a comprehensive state-of-the-art review of the field – to discuss the
frontiers of NPY peptides’ research and drug development, and lay the groundwork
for new directions and therapeutic opportunities in the next decade. This book
focuses on the novel role of NPY peptides in inflammation, immune disorders,
angiogenesis and proliferative diseases, which grew out of more ‘traditional’ fields
of research such as neuroscience, cardiovascular and endocrine biology. The latter
are covered in the EXS volume, which addresses the NPY family of peptides in the
cardiovascular, metabolic and central nervous system diseases. For completeness
and to grasp the full breath of the field, we strongly encourage the readers to famil-
iarize themselves with the complementary information contained in this second vol-
ume. Additional information and in-depth analysis of particularly neuroendocrine,
molecular and pharmacologic aspects of NPY research can also be found in such
previous texts as Neuropeptide Y and Related Peptides, edited by M.C. Michel, and
many excellent recently published reviews on NPY. 
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Originally described as an ancillary, sympathetic cotransmitter that modulates
the release and action of the primary neurotransmitter, norepinephrine, NPY and its
family members, have recently emerged as pleiotropic regulators of biological func-
tions such as: 
1. energy and metabolism
2. neural and endocrine modulation 
3. immune surveillance and inflammatory reactions
4. tissue growth, regeneration and remodeling 
5. integrated responses to stress

Such diverse functions may serve a multitude of survival and adaptive behaviors
such as hibernation (surviving in hostile cold conditions), defense and aggression
(integrated neuroendocrine, cardiovascular and skeletomuscular responses), repro-
duction and foraging resources. The authors present key elements of recent scientif-
ic explorations to support the notion that peptides from the NPY family act not only
as neurotransmitters and neuroendocrine modulators but also as immune and
inflammatory modulators, cytokines and growth factors. 

Setting the tone of this volume, Larhammar and Salaneck present a comprehen-
sive review of the evolution of the NPY, PYY and PP, and their receptors (Section I).
The readers will learn how these genes evolved and how their functions changed, or,
in some remarkable examples such as food intake, appeared to have stayed the same
in non-vertebrates and vertebrates. The authors also address redundancies inherent
in this family of peptides and receptors, discuss their functional implications, and
point to possibilities of new activities, such as control of cell growth and inflamma-
tion, based on the evolutionary history and chromosomal location of these genes.

The following chapter (Section II) focuses on the molecular pharmacology of the
NPY family of peptides’ receptor systems. This section provides a foundation for
understanding the diversity of receptor function, signaling and regulation, and their
spatial distribution in the central and peripheral nervous system and gut. The com-
prehensive review of NPY/PYY/PP receptor biology is supplemented by a thorough
discussion of present and future therapeutic perspectives. 

The next two chapters in this section contain more discrete elaborations on
NPY/PYY peptide processing and metabolism, illustrating the richness of function-
al diversification in this family of peptides. Unlike in the case of classical neuro-
transmitters, such as acetylcholine, which is enzymatically inactivated proteolytic
cleavage of the NPY peptide family, both the precursors and the mature peptides,
NPY1-36 and PYY 1-36, yield fragments that exercise novel biological functions.
How this feature of the system offers possibilities of new therapeutics by manipula-
tion of specific peptidases is discussed here.

Section III of the book highlights the newly discovered role of the NPY system
in immune surveillance and inflammatory reactions. This section illuminates the
potential for this family of peptides to link numerous stress responses to host
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defense mechanisms, which may lead to resolution of diseases or their exacerbation.
In particular, the role of NPY and its receptors in neurogenic inflammation, pain,
and stress-dependent immune diseases are reviewed, and innovative opportunities to
treat host-defense pathological reactions via selective NPY receptor and enzyme
processing drugs are discussed. 

Section IV deals with the most recent information regarding the potential role of
the NPY family of peptides in regulation of vascular growth and angiogenesis. This
new area of NPY research offers great potential in ischemic re-vascularization, stem
cell biology and organ remodeling and regeneration. Its therapeutic implications
span from the treatment of ischemic diseases, wound healing and retinopathy to ath-
erosclerosis and hypertension. 

Section V extends this theme and completes the book with highlights on potent
growth factor activities of the NPY family members in nerve regeneration and plas-
ticity, and in tumors. Remarkable progress has been made in these fields and new
therapeutics have emerged for the treatment of certain malignant tumors as well as
neurodegenerative diseases.

xv
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Evolutionary perspective on the NPY-PYY-PP peptides 
and their receptors

Dan Larhammar and Erik Salaneck

Department of Neuroscience, Unit of Pharmacology, Uppsala University, Box 593
75124 Uppsala, Sweden

The NPY Family of Peptides in Immune Disorders, Inflammation, Angiogenesis and Cancer, 
edited by Zofia Zukowska and Giora Z. Feuerstein
© 2005 Birkhäuser Verlag Basel/Switzerland

Introduction

The information available in the scientific literature on the neuropeptide Y (NPY)
system is primarily focused on mammals for obvious reasons. Both NPY and the
related peptide YY (PYY) were initially discovered in the pig in 1982 [1, 2] and
purification of the peptides soon followed in many other mammals. In parallel, NPY
and PYY were also purified from the brain and other tissues of several more dis-
tantly related vertebrates including many species of fish as well as frogs and birds.
Studies in these non-mammals revealed not only that the peptides of the NPY fam-
ily arose before the origin of gnathostomes (jawed vertebrates), but also that the
peptides had remained highly conserved over more than 450 million years of evolu-
tion. The strong conservative selection pressure suggested that the peptides were
involved in important functions [3–5].

Which functions had kept the peptides so well conserved? Physiological studies
in mammals have provided an extremely long list of effects of NPY and PYY. NPY
occurs predominantly in the central nervous system and in peripheral nerves, pri-
marily in blood vessels. Among the most prominent effects of NPY in mammals are
vasoconstriction, stimulation of appetite, and influence on circadian rhythm, pain,
anxiolysis and the release of pituitary hormones [6]. PYY is primarily produced in
gut endocrine cells and is released after meals contributing to inhibition of gut
motility [7] and pancreatic secretion [8]. More recently PYY has been found to
reach the hypothalamus and reduce appetite [9].

The third member of the family, pancreatic polypeptide (PP), is found in
tetrapods (mammals, birds, reptiles and amphibians) and is much more variable
across species, although reasonably well conserved among mammals. PP was ini-
tially discovered in the chicken in 1975 [10] and is now known to have arisen
through duplication of the PYY gene [11] in an early tetrapod ancestor [5]. In mam-
mals, PP is released from pancreatic F cells after meals and shares the effects of PYY
by reducing pancreatic secretion and gut motility [12] as well as appetite [13]. Thus,
within the same peptide family, there are two peptides that evolve very slowly (NPY
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and PYY) whereas the third (PP) has had an unusually high rate of evolutionary
change, and one peptide has a prominent appetite-stimulating effect (NPY), while
the other two (PYY and PP) have the opposite effect. Such opposing effects among
members of a family of evolutionarily related genes constitute intriguing challenges
for evolutionary biologists to resolve. Comparative studies among different extant
animal groups are probably the best way to deduce how such functional differences
may have arisen during evolution.

In order to trace the origin and the primordial functions of the common ances-
tor of NPY, PYY and PP, our laboratory began several years ago to clone the pep-
tide precursors in a variety of vertebrate species, not only to deduce the peptide
sequences but also to generate tools for mapping of mRNA distribution. In addition,
the DNA sequences would allow the synthesis of endogenous peptides for physio-
logical experiments in various species. We started by cloning the peptide precursors
in species which are common experimental animals and for which DNA libraries
were available, namely chicken, goldfish and torpedo ray [14], then zebrafish and
river lamprey [15, 16]. Subsequently, several other labs have added information for
additional species (see [17]). We mapped the anatomical distribution of peptide
mRNA by in situ hybridisation which showed that not only NPY but also PYY was
expressed in the nervous system, in addition to the PYY expression observed in gut
endocrine cells [15, 16]. This neuronal localisation of PYY had previously been
equivocal using immunohistochemical techniques due to the cross-reactivity of
many antisera. Our sequence comparisons across species explained why antisera
tended to cross-react, namely due to the high sequence identity between NPY and
PYY in many species [18, 17].

Our results indicated that the ancestral NPY/PYY peptide might have been
expressed in both neurons and gut endocrine cells. This suggested that studies in the
more distantly related lineages would perhaps not reveal one or a few ancestral
functions, but rather an ancestral peptide with a broader functional repertoire.
More recent comparisons of duplicated genes with species that still have a single
gene have shown that new gene duplicates may not necessarily evolve new func-
tions, but may instead subspecialise on some of the functions of mother gene’s reper-
toire. This process has been termed subfunctionalisation [19]. 

Another major approach to investigate the evolution of NPY-family functions is
to study the peptide receptors, the Y receptors. The first mammalian NPY receptor,
corresponding to the pharmacologically defined Y1 subtype, was cloned in the rat
[20, 21] and human [22, 23]. As expected, this Y receptor like all other more recent-
ly cloned Y receptors belong to the superfamily of rhodopsin-like G-protein-coupled
receptors and seem to function primarily by inhibiting cAMP accumulation. The
second pharmacologically defined Y receptor, Y2, was soon to be cloned as were the
more unanticipated subtypes Y4, a PP-binding receptor, Y5 and Y6 (see [24] for ref-
erences). Our lab proceeded to clone these and novel subtypes (Y7 and Y8) in a
large number of non-mammalian vertebrates (see below).



The results have revealed a much more complicated evolutionary history than we
had ever imagined. Most surprising was the conclusion that the receptor repertoire
was already quite complex in the common ancestor of tetrapods (including
humans), bony fishes and cartilaginous fishes some 450 million years ago with no
less than seven distinct receptor subtypes. After this burst of additional gene copies,
the trend has been to lose receptors, and the losses differ between evolutionary lin-
eages. Humans have retained only four of the ancestral seven receptors.

In this review we will describe some of the major events in the evolution of the
NPY system. After a brief overview of invertebrate NPY-like peptides, we will review
the many gene duplications and gene losses that have taken place among vertebrates
and discuss the implications for the functions of the NPY system during evolution.

Invertebrate NPY and receptors

A true orthologue of the vertebrate NPY system has been difficult to identify in
invertebrates. This is because of the great difficulties to compare sequences for short
peptides over great evolutionary distances [25], as similarity may also arise through
convergent evolution. For instance, numerous peptides in distantly related phyla
contain the carboxyterminal sequence Arg–Tyr-amide (or Arg–Phe-amide), or with
the single-letter codes, RY-amide or RF-amide, like the vertebrate NPY-family pep-
tides do. It would seem unlikely that all such peptides share a common ancestor.
Rather, many of them have probably arisen independently and found G-protein-
coupled receptors to which they can bind. However, if an invertebrate species has
an NPY-like peptide that binds to a receptor that resembles the vertebrate Y recep-
tors this strongly suggests that the peptide-receptor pair shares a common ancestry
with the vertebrate NPY system.

A ligand-receptor pair with similarity to vertebrate NPY-like peptides and Y
receptors was first described for the pond snail Lymnaea stagnalis [26]. The peptide
is 39 amino acids long and shares 11 of the 36 amino acids (31%) with the pro-
posed ancestral gnathostome NPY [3]. The Lymnaea stagnalis Y receptors is
approximately 30% identical to the different mammalian Y receptor subtypes.
Intriguingly, a pond snail parasite, the schistosome Trichobilharzia ocellata, can
upregulate NPY production in the snail which may lead to increased host body
growth and thereby benefit the parasite [27].

In insects the search for NPY and Y receptor orthologues has been more prob-
lematic. However, recently a Drosophila melanogaster receptor was described [28]
that bound with high affinity to an endogenous peptide called NPF with sequence
similarity to vertebrate NPY [29]. Accordingly, the receptor is called the NPF recep-
tor (NPFR). It has been reported that larval NPF expression drops coincident with
reduction of feeding, and that larvae engineered to overexpress NPF display pro-
longed foraging behaviour [30], thereby probably confirming orthology with the
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mammalian NPY system. The orthologous NPF peptide has been identified in the
yellow fever mosquito, Aedes aegypti [31], the African malaria mosquito, Anophe-
les gambiae [32] and the silk worm Bombyx mori [33] and NPFR has been report-
ed in Anopheles gambiae [34]. Other Drosophila melanogaster receptors with some
sequence similarity to the vertebrate Y receptors have been reported, but their rela-
tionships to the vertebrate NPY system nevertheless appear questionable, namely
PRF [35] and sNPFR [36, 37].

The nematode Caenorhabditis elegans has been reported to have a Y-like recep-
tor called NPR-1 involved in feeding behaviour as shown by influence of feeding by
allelic variation in the receptor sequence [38]. However, this receptor has subse-
quently been found to bind a peptide called AF9 with no similarity to NPY [39].

Vertebrate NPY-family peptides

The NPY-family peptides consist in vertebrates of 36 amino acids, with some rare
exceptions [17]. All peptides have a carboxyterminal amide group. Due to the great
differences in evolutionary rate between NPY, PYY and PP it was not possible to
deduce their evolutionary relationships until sequences had been determined from a
large number of species [3, 18]. The picture still remains somewhat unclear due to
the presence of additional peptides in some species [5, 40, 41], but overall the analy-
ses point to a single gene in the chordate ancestor followed by duplication at an
early stage in a vertebrate ancestor, because what seems to be NPY and PYY exist
as separate gene products even in lampreys which belong to the class cyclostomes
[15]. The origin of the second lamprey PYY gene [16, 42–44] has not yet been
resolved, except that it seems to have appeared early in the lamprey lineage.

The mechanism for the initial peptide gene duplication seems to be a chromo-
some duplication, because NPY and PYY (+PP) are located in gene regions that
share members of a large number of gene families (Fig. 1). The two genes are locat-
ed close to the HOXA and HOXB clusters on chromosomes 7 and 17, respectively,
in the human genome [11, 45] as well as in zebrafish [16]. This suggests that this
whole block, or the entire chromosome, was duplicated before the radiation of the
vertebrate species [16, 18]. A detailed examination of these chromosomal regions in
the human genome database provides further support for this hypothesis, as sever-
al additional genes have been discovered that belong to the same duplicated block
(Fig. 1). However, numerous local rearrangements have subsequently changed the
gene order and orientation.

The location of NPY and PYY close to two HOX clusters suggests that two addi-
tional peptide genes probably existed adjacent to HOXC and chromosome 12 and
HOXD on chromosome 2, but that these postulated peptide genes may have been
lost (Fig. 1). Such a set of paralogous chromosome regions with members from the
same gene families has been named a paralogon [46]. The human genome contains
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Figure 1 
Schematic representation of the two chromosomal regions containing the NPY and PYY-PP genes and the homeobox gene clusters
HOXA and HOXB, as well as the two related chromosomal regions harbouring the HOXC and HOXD clusters. The chromosomes are
shown as dashed lines to indicate that they are not drawn to scale and that the physical gene order has been altered to highlight sim-
ilarities between the four related chromosomes forming this paralogon. Abbreviations are those used in the Ensembl database.



several such paralogons [47, 48] which support the suggestion that the entire verte-
brate genome underwent at least one and probably two tetraploidisations at an early
stage [49–51].

The gene duplication that generated NPY and PYY apparently allowed speciali-
sation or subfunctionalisation, as has been observed for other daughter genes after
duplication [19, 52]. The specialisation of NPY on neuronal and PYY on endocrine
functions may be most extreme in mammals, while some overlap still seems to exist
in other vertebrates such as fishes, because zebrafish PYY was found to have exten-
sive neuronal expression [16]. It remains virtually unexplored exactly which func-
tions are carried out by NPY and which are performed by PYY (or both) in non-
mammals due to the high sequence identity of the peptides.

Extensive genetic evidence now exists supporting an additional tetraploidisation
in teleost fish evolution [53, 54]. Among the many gene families that provide evi-
dence for this third tetraploidisation are again the HOX clusters which exist in 7–8
copies in the teleost fish that have been thoroughly investigated [55, 56]. This addi-
tional tetraploidisation and preservation of the extra HOX clusters would be expect-
ed to have generated additional copies of NPY and PYY. This is indeed the case: the
pufferfish Takifugu rubripes and Tetraodon nigriviridis both possess two NPY genes
and two PYY genes, whereas the zebrafish Danio rerio may have lost the NPYb gene
[57]. All four genes in Takifugu rubripes are expressed as mRNA (B. Venkatesh and
S. Brenner, personal communication) and appear to be functional. PYY is expressed
in both endocrine cells and neurons [15, 58, 59], as is the NPY-related peptide NPF
in fly and mosquito (see above), which supports the hypothesis that the ancestral ver-
tebrate NPY/PYY-like peptide had broad expression.

The PP gene, as mentioned in the introduction, arose through tandem duplica-
tion of the PYY gene [11] early in the tetrapod lineage [5] before it split into
amphibians and amniotes (reptiles, birds and mammals). The tetrapod origin is sup-
ported by the absence of PP in the fish genomes that have been sequenced. The
duplication of PYY to generate PP may have led to functional specialisation with PP
becoming the predominant peptide in the pancreas while PYY is expressed in
endocrine in the intestine and colon [60]. It will be interesting to see whether the
pattern is the same in all classes of tetrapods.

A few additional gene duplications have taken place for PYY and PP in various
species and lineages, as reviewed previously [5, 40, 41]. Some of these duplicates
have degenerated into pseudogenes whereas others are expressed. It still remains to
be investigated whether the expressed PYY duplicates have acquired novel functions
or become more specialised.

Vertebrate Y receptors

Five receptor subtypes exist in most mammals and are numbered from Y1 to Y6 in
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the chronological order of their discoveries. The Y family comprises one of the
largest families of G-protein-coupled peptide receptors. During the early stages of Y
receptor characterisation, pharmacological evidence was presented for a unique
subtype and the postulated receptor was named Y3 [61]. Later it became evident
that this receptor is not encoded by a separate gene, but by this time the nomencla-
ture of the remaining subtypes had already been defined. The cloned receptor pro-
posed to be a Y3 subtype [62] was found not to respond to NPY-family peptides
[63, 64]. The Y3 binding and response profiles observed in vivo and ex vivo still
remain to be accounted for in molecular terms. Also the Y6 gene is missing from the
rat genome and is a pseudogene in several other mammals [65]. As will be discussed
below, the redundancy of the Y6 subtype appears to be confined to the mammalian
lineage.

The cloning of the various mammalian receptor subtypes has been described in
several reviews [24]. Phylogenetic analyses of receptor sequences (Fig. 2) show that
the Y1, Y4 and Y6 sequences are about 50% identical to each other and form a sub-
family within the Y receptor family, called the Y1 subfamily. Y2 and Y5 exhibit
about 30% identity to each other and to all members of the Y1 subfamily which
indicates that the duplications that generated Y1–Y2–Y5 must be more ancient than
the duplications that produced the members of the Y1 subfamily [41, 66, 67] (see
Figs 2 and 3).

The Y1, Y2 and Y5 genes are located within a relatively short segment of chro-
mosome 4 in the human genome, while Y4 and Y6 are located on two separate
chromosomes, chromosome 10 and 5, respectively [67, 68] (Fig. 3). Based on these
two types of information, i.e., phylogenetic analyses and chromosomal location, a
likely scenario for the expansion of the gene family would be that two local dupli-
cations of an ancestral Y receptor gene resulted in a chromosomal segment har-
bouring three Y genes, the ancestors of Y1, Y2 and Y5 (Fig. 4). Later, this entire seg-
ment would have been duplicated twice resulting in the more closely related mem-
bers of the Y1 subfamily. As will be discussed below, gene losses have occurred for
both the Y1-subfamily and the novel subtype Y7 and the losses differ among the
vertebrate lineages. This scenario is in agreement with the so-called 2R hypothesis
that proposes that two large-scale or total genome duplications (tetraploidisations)
occurred during early vertebrate evolution, some time prior to the appearance of
jawed vertebrates some 450–500 million year ago [47, 48, 50, 69]. In the case of the
Y family, the fourth chromosomal segment harbouring Y receptor genes seems to
have been completely lost in mammals (cf the loss of the presumed extra duplicates
of NPY and PYY discussed above), but not in other vertebrate classes.

All mammals have the genes for the Y1, Y2, Y4 and Y5 subtypes [41, 67], while
the Y6 gene has been lost or has been rendered non-functional due to mutation in
certain mammalian species [65]. The species in which a functional Y6 subtype is
missing are spread throughout the mammalian clade. Surprisingly, the loss of func-
tion seems to be due to distinct mutations in primates [70–72], pig [68], and guinea
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Figure 2
A phylogenetic tree showing the relationships of Y receptor sequences generated with the
Neighbor–Joining method. Three major branches are formed by the Y1 subfamily, the Y2
subfamily, and the Y5 sequences, respectively. The subfamilies and subtypes are indicated
on the right. The distantly related snail NPY receptor (Lymnaea stagnalis) and fly NPFR
(Drosophila melanogaster) sequences appear in this tree together with the Y2 subfamily, but
their position depends on the phylogenetic method and the outgroup used to root the tree.
In this case, the human bradykinin B1 sequence was used as outgroup.
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Figure 3 
Schematic representation of the three chromosomal regions containing the Y genes as well as a fourth chromosome (Hsa8) that also
belongs to this paralogon. The Y1 receptor gene is called NPY1R, Y2 is NPY2R, etc. The hypothetical position for the Y7 gene thought
to once have existed is shown and crossed-out on Hsa5. The chromosomes are shown as dashed lines to indicate that they are not
drawn to scale and that the physical gene order has been altered to highlight similarities. Abbreviations are those used in the Ensem-
bl database.



pig [65] while the rat lacks the gene altogether [73]. This suggests that the gene most
likely lost importance in the mammalian ancestor and because of this redundancy
became prone to mutation. In rabbit and mouse the Y6 gene appears to be func-
tional [74, 75]. In the collared peccary, a relative of the domestic pig (separated by
approximately 30 million years of evolution), the Y6 gene also appears to code for
a functional transcript [76], although its possible function is not known.

The functions of each of the receptor subtypes has been mostly studied in mam-
mals (primarily rodents) and have been recently reviewed [77]. In the periphery, Y1
mediates vasoconstriction [78] and in the hypothalamus, along with Y5, it stimu-
lates food intake. Y1 also participates in many other contexts such as regulation of
circadian rhythm, hippocampal activity, anxiolysis, pituitary function, pain, etc [6,
77]. The distribution of the Y1 and Y5 subtypes differs considerably, with Y5 being
expressed only in the central nervous system [79, 80], and Y1 exhibiting a much
more widespread distribution [81, 82]. Interestingly, Y5 seems to be expressed only
in cells that also express Y5 [83], suggesting coordinated regulation of expression
through their overlapping promoter regions [84]. In contrast to Y1 and Y5, the sub-
types Y2 and Y4 inhibit food intake [9, 13, 85]. Subtype Y2 is also involved in many
other functions, primarily as a presynaptic receptor mediating auto-feedback and
thereby having opposite effects of Y1, for instance on vasoconstriction and anxiety.
Y2 also stimulates angiogenesis [86] and influences circadian rhythm [87, 88].

The repertoire of Y receptors in the avian lineage is the same as that of mam-
mals, with one interesting difference. Orthologues of all of the mammalian subtypes
have been identified in the domestic chicken [89–91] (Fredriksson and Larhammar,
unpublished). The exciting difference is that chicken has retained the ancient dupli-
cate of Y2, namely the Y7 gene (Bromée, Sjödin and Larhammar, unpublished),
which has been lost in mammals. Its properties are presently being investigated. The
chicken orthologues of the functional mammalian subtypes are quite well conserved
and have similar pharmacological binding profiles. The major difference is that the
Y4 receptor is not as PP-selective in mammals, but responds to both PYY and PP.
As the Y4 receptor existed before PP was formed, the chicken Y4 receptor presum-
ably maintains more of the ancestral PYY-binding properties. In contrast to the
observation that the Y6 subtype is non-functional in several mammals, it appears to
be functional in chicken which is supported by a slower rate of evolution than its
mammalian orthologue (Fredriksson and Larhammar, unpublished). The chicken
Y6 mRNA is expressed in the hypothalamus but its function and pharmacological
properties are still unknown.

Amphibians have all of the mammalian subtypes and in addition Y7, as in chick-
en, and also the Y1-subfamily receptor previously described in fish, namely Y8, pre-
viously called Yb [92]. Only the Y1, Y2 and Y7 sequences have yet been published
[93, 94] and work is in progress to characterise all receptors. The large amphibian
Y receptor repertoire obviously strengthens the 2R hypothesis and supports the
early origin of the Y genes lost in mammals.
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Figure 4
Proposed gene duplication scheme for the Y receptor family. The crossed-out genes were
probably lost after each duplication event



In addition to the two proposed early vertebrate tetraploidisations, a subsequent
third tetraploidisation has occurred in a teleost, or ray-finned fish, ancestor.
Genome sequencing projects of several teleost fishes such as zebrafish, fugu and
medaka have confirmed this theory [53, 54]. In accordance with this, mammalian
(tetrapod) genes often have two orthologues in fish. Prior to the initiation of these
genome sequencing projects three Y1-like receptors had been cloned from zebrafish,
but did not seem to represent orthologues to any of the mammalian Y1, Y4 or Y6
genes. These fish sequences were therefore tentatively regarded as novel genes and
given distinct gene names, namely Ya, Yb and Yc [92, 95, 96]. As additional Y
receptor sequences were reported, the relationships of these genes have become
clearer. First, it seems that Ya actually is a rapidly evolving orthologue of Y4 [97].
As described above, PP, which is the preferred ligand for mammalian Y4, had not
appeared at the time of the teleost split from the tetrapod lineage, but arose due to
a local duplication of the PYY gene in early tetrapod evolution. Subsequent co-evo-
lution with PP in tetrapods has endowed different evolutionary constraints upon
tetrapod Y4 compared to teleost Ya, which must obviously have quite different
pharmacological and physiological characteristics. Furthermore, the genes sur-
rounding Y4 on human chromosome 10 and Ya in zebrafish seem to be ortholo-
gous.

The relationships of zebrafish Yb and Yc also became clearer with the sequence
information from teleost genomes. According to the 2R theory, the early vertebrate
genome was duplicated twice within a relatively short time span. This should have
then resulted in four chromosome segments harbouring Y receptors. However, the
fourth candidate chromosome region in the human genome, chromosome 8, har-
bours no Y genes [41, 67], but other genes in this chromosome segment have ortho-
logues adjacent to or near both Yb and Yc in zebrafish (Larsson, Sundström, Ols-
son and Larhammar, unpublished). This suggests that Yb and Yc are descendants of
the fourth Y1 subfamily member, Y8, lost in mammals. As mentioned above, an
orthologue of Y8 is indeed found in the frog. The fish Y8 gene was likely duplicat-
ed in the teleost tetraploidisation, resulting in the two daughter genes Yb and Yc.
Preliminary results from some basal teleost species that diverged prior to the teleost
radiation (such as sturgeon, gar and bowfin) show that a single Yb/Yc gene may
exist in these (Salaneck et al., unpublished). Given the ancient age of Yb, the name
Y8 for this gene is now justified, and the two zebrafish receptors have been renamed
Y8a (formerly Yc) and Y8b (formerly Yb).

As in amphibians and chicken, both Y2 and the related Y7 sequence have been
identified in teleosts. The zebrafish receptors have been characterised pharmacolog-
ically and display some differences [94] (Fredriksson et al., submitted). The Y5 gene
seems to be missing in teleosts, like Y1 [98], but has been identified in basal ray-
finned fish [99]. Thus, both Y1 and Y5 seem to have been lost in teleosts.

The first branching in the gnathostome tree was the split of cartilaginous fishes
(sharks, rays, and chimaeras) from the lineage leading to bony fishes and tetrapods.
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One of the most studied species among the cartilaginous fishes is a shark, the spiny
dogfish. The Y2 and Y7 genes, as well as Y5 and the three Y1-subfamily genes Y1,
Y4, Y6, have been cloned from this species [97] (Larson, Salaneck and Larhammar,
unpublished). So far no Y8 gene has been found in the dogfish. If indeed this gene
is missing, it must have been lost twice; once in the shark lineage and once in the
lineage leading to amniotes (birds, reptiles and mammals). The shark sequences
have proven extremely valuable for phylogenetic analyses. However, no full-length
clones exist so no functional data have been obtained regarding their ligand prefer-
ences. Some information exists regarding the anatomical distribution of mRNA for
the three shark Y1-subfamily genes, which seem to differ considerably from the
mammalian orthologues (see below).

Lampreys and hagfish comprise the two living groups of jawless fishes or
agnathans. These two lineages are thought to have branched off from the chor-
date tree between the two pre-gnathostome tetraploidisations, thereby being
affected by only one of two major duplication events. Two Y receptor genes have
been cloned from the European river lamprey, Lampetra fluviatilis. One gene
shows high sequence identity to Y4 and Yb [100] and the other shows identity to
Y2 and Y7 sequences (unpublished). The phylogenetic analyses support the dupli-
cation scenario (Fig. 4), suggesting that the lamprey genes are descendants of a
common ancestor of two separate genes in gnathostomes. Further cloning will be
necessary to see if an expected Y1/Y6 orthologue and a Y5 orthologue exist in
agnathans.

The closest vertebrate relatives are the lancelet Amphioxus and the sea squirt
Ciona intestinalis. As orthologues of NPY and Y receptors exist in snails and insects
(see above), it was expected to find orthologues also in the recently published Ciona
genome. The absence suggests gene loss. Cloning efforts in Amphioxus have not yet
revealed any orthologues and the complete genome sequence is eagerly awaited. The
animal groups represented by Amphioxus and Ciona intestinalis are particularly
important as they diverged prior to the vertebrate tetraploidisations and thus have
a simpler gene repertoire, for instance for the Hox cluster [49].

Discussion

Taken together, the Y receptor sequences described above for a wide range of species
show that a basic repertoire of Y receptors with at least six and presumably seven
(including Y8) genes was already established prior to the appearance of jawed ver-
tebrates, the gnathostomes, somewhere between 450 and 500 million years ago
(Fig. 4). The duplication scenario with an ancestral triplet that was quadrupled by
chromosome duplications leaves open the possibility that additional Y receptor
genes may have been part of the ancestral repertoire and may have survived in some
vertebrate lineages, but the increasing number of complete or almost complete
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genome sequences make it unlikely that additional Y receptors exist. Separate dupli-
cations may have taken place in some lineages, as discussed below for fish, but it
seems improbable that any Y receptors remain to be discovered in mammals. The
reported deviating pharmacological profiles seen in some mammals in vivo or in ex
vivo preparations might be due to species differences, combinations of receptor sub-
types (heterodimers) or accessory proteins [77]. On the other hand, given the large
number of species it is not unlikely that additional duplications may have occurred
in some.

After the burst of new receptor genes in the vertebrate ancestor, the trend has
been to lose genes, with Y8 disappearing in the amniote lineage and Y7 having been
lost in mammals. In the mammalian class, Y6 has been lost in some species, e.g.,
Homo sapiens and other primates, but still lingers in other (mouse and rabbit),
albeit with unknown function. Intriguingly, the two appetite-stimulating receptors
Y1 and Y5 have been lost in teleost fishes [98, 99]. This was unexpected for two
reasons. First, teleost fishes have undergone an additional genome duplication, why
one should expect additional gene copies, not fewer. It seems like only one duplicate
has survived the teleost tetraploidisation, namely the duplicate of Y8 (Fig. 4). Sec-
ondly, there is evidence that teleost fish respond to NPY with increased feeding
[101], and that starvation upregulates NPY [102] and Y receptors (E. T. Larson et
al., unpublished). If both Y1 and Y5 are missing, the appetite-stimulating effect of
NPY must be mediated by one of the other Y subtypes, perhaps Y8. 

Another interesting line of research will be to explore the role of Y2 and Y4 (Ya)
in fishes, as these receptors inhibit appetite in mammals. Important aspects to con-
sider are that PP (the preferred Y4 ligand in mammals) does not exist in fish, and
whether PYY can be processed to PYY3-36 as in mammals to become more selec-
tive for Y2. Sequence analyses of fish PYY suggest that it may perhaps not be
processed. If so, Y2 and Y4 may have other roles in fish that remain to be identi-
fied. The importance of PYY and PP in appetite inhibition will also be interesting to
explore in the chicken where the Y4 receptor binds to both of these ligands [91]. It
is possible that appetite inhibition by PYY and PP through Y2 and Y4, respective-
ly, is a more recent function, perhaps evolved in mammals.

The mechanism of duplication for NPY and PYY from their common ancestor,
as well as the Y receptors from the original receptor triplet, was through duplica-
tion of a large chromosome block (or entire chromosomes through tetraploidisa-
tion). This means that the gene duplicates initially had identical promotor regions
and thus also identical gene regulation, before differences began to accumulate that
caused differential expression. An interesting question concerning the block dupli-
cations is whether the different gene families that were duplicated simultaneously
have some type of functional interaction. For instance, do NPY and PYY have func-
tional connections to the Hox genes or the EGF (epidermal growth factor) receptor
genes that are located in the same chromosome regions? Functional constraints that
conserve linkage seem unlikely because the distances between genes of the same two
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families often differ from one chromosome to another in a paralogon, and also
between species as shown for the Y receptor genes in human, pig and mouse [68].
However, a few functional connections do seem possible, but remain to be demon-
strated, for instance concerning NPY/PYY or Y receptors and other genes that are
involved in growth, such as EGFR and PDGF. Also it is intriguing that CRH recep-
tors and NPY/PYY are on the same chromosomes [5, 40, 41] as these genes have
opposing effects on both metabolism and anxiety. Another connection with the
CRH–ACTH system is that the genes for the glucocorticoid receptor and the min-
eralocorticoid receptor are on the same chromosomes as the Y6 and the Y1–Y2–Y5
receptors, respectively. But as pointed out above, functional connections and selec-
tive constraints remain to be demonstrated. It is possible that these linkages are sim-
ply due to common ancestry for the chromosomal regions and lack of gross
rearrangements such as translocations.

Stimulation of appetite as an ancestral function of the NPY system is supported
by the observations in the snail Lymnaea stagnalis as well as in Drosophila
melanogaster described above. Also, NPY seems to stimulate food intake in almost
all vertebrates that have been investigated in addition to the predominating rat and
mouse: rhesus monkey [103], pig [104], sheep [105], rabbit [106], golden hamster
[107], guinea pig [108, 109], golden-mantled ground squirrel Spermophilus satura-
tus [110], chicken [111], white-crowned sparrow [112], red-sided garter snake
Thamnophis sirtalis parietalis [113], South African clawed frog Xenopus laevis
[114], and goldfish [115]. Indeed, NPY has been reported to be the most potent
orexigenic factor in goldfish [116], as in rat. Furthermore, NPY is upregulated in
fasting salmon of two species, chinook salmon Oncorhynchus tshawytscha and
coho salmon Oncorhynchus kisutch [102]. One species where NPY did not induce
feeding is the dog (mongrel dog) [117]. Thus, overall, there is massive evidence for
an appetite-stimulating role of NPY in both tetrapods and fish suggesting that this
is an ancestral function.

With regard to functions of NPY and PYY in other contexts than feeding, the
information from non-mammalian vertebrates is still quite limited. Vascular and
cardiac effects of NPY have only been studied in a few species. In the longnose
skate, Raja rhina, NPY was found to potentiate the contractile response of the coro-
nary artery to norepinephrine [118]. NPY contracts the afferent branchial artery in
the common dogfish Scyliorhinus canicula [119]. In dogfish hearts, NPY increases
cardiac output by increasing heart rate and, in combination with norepinephrine,
there was increased pressure [120]. Both NPY and PYY contracted isolated gut
arteries in three species of elasmobranchs [121]. In eel, NPY enhanced the contrac-
tile force of the isolated atrium [122, 123]. In contrast, NPY produced vasorelax-
ation of celiac arteries of the Atlantic cod, Gadus morhua [123]. Thus, the most
common effect of NPY on blood vessels is contraction, as in mammals. However, it
is still unknown which Y receptor subtypes mediate these effects (and which Y sub-
types exist in these species).

17

Evolutionary perspective on the NPY-PYY-PP peptides and their receptors



In frogs, NPY reduces pigmentation and was in fact discovered as a melano-
tropin(α-MSH)-release-inhibiting factor in the European green frog, Rana ridibun-
da [124]. Therefore, NPY was initially named melanostatin. The same response
could be produced with PYY [125]. This effect has subsequently been proposed to
be mediated by the Y5 receptor whereas the TRH-induced release of α-MSH is sup-
pressed via Y1 [126].

A largely unexplored area in the evolutionary perspective is expression of
NPY/PYY and Y receptors in the immune system. Several reports have been pub-
lished for mammals [127, 128], but as for so many other immune system compo-
nents, there are extensive differences even among mammals such as human, rat and
mouse [129]. The immune system is one of the most rapidly evolving systems why
evolutionary studies over larger distances will be particularly challenging. Now that
molecular tools are available for many species, it should at least be possible to
search for the presence of mRNA in immune system cells.

In the absence of extensive comparative functional studies in vivo or ex vivo,
and as a first step to determine functional specialisation of the various Y recep-
tor subtypes, it is interesting to consider their anatomical distribution. We have
investigated the presence of Y receptor mRNA in different organs by reverse tran-
scriptase-PCR in chicken, the shark spiny dogfish (Squalus acanthias), and the
river lamprey (Lampetra fluviatilis). The overall impression is that extensive dif-
ferences exist across species for individual receptor subtypes. Among the most
conspicuous differences to mammals it is worth noting that chicken Y4 mRNA
[91] is expressed in liver and spleen, in addition to adipose tissue like in mam-
mals which otherwise have expression mostly in the gastrointestinal tract [130,
131]. The shark Y4 receptor mRNA is expressed in brain, retina, kidney and
muscle [97] (see Fig. 5). Surprisingly, the shark Y1 receptor mRNA is not
detectable in brain or heart, but is prominent in liver and kidney, while the Y6
receptor mRNA is present in retina, kidney and gastrointestinal tract. The lam-
prey Y1-subfamily receptor, which is thought to be a Y1/Y6 pro-orthologue
[100], is expressed in CNS, liver and gonads. The detection method is not quan-
titative and conclusions should be cautious, but there is little doubt that promi-
nent differences in mRNA distribution have evolved for orthologous receptors
across vertebrate classes.

In summary, the repertoire of vertebrate Y receptors expanded prior to the
gnathostome radiation, at least some 400 million years ago, whereupon differential
gene loss has occurred in various vertebrate lineages. Despite these events, the NPY
system seems to have retained its appetite-stimulating properties in the vertebrates
that have been studied. More detailed studies are greatly needed in non-mammalian
vertebrates regarding the roles of the NPY system in feeding, cardiovascular regula-
tion, circadian rhythm and many other physiological functions. With the clarified
picture of receptor and peptide evolution, as well as access to molecular tools in
many species, such studies should now be possible.
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Figure 5 
Reverse transcriptase-PCR autoradiograms showing tissue distribution of the three Y1-sub-
family receptor genes in a shark, the spiny dogfish (Squalus acanthias), and the single Y1-
subfamily gene (proposed Y1/Y6 pro-orthologue) so far found in an agnathan, the river lam-
prey (Lampetra fluviatilis). GI stands for gastrointestinal tract. The expression patterns of the
shark genes differ considerably from their mammalian orthologues. Note that the assay is not
quantitative.
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Introduction

Pancreatic polypeptide (PP) was the first member of the Neuropeptide Y (NPY) pep-
tide family to be discovered. It was originally isolated as a contaminant observed
during the preparation of insulin [1, 2]. NPY was first isolated by Tatemoto and
Mutt using a method to identify peptides from pig brain with an amidated carboxy-
terminus [3, 4]. In a similar manner, the final member of the peptide family was iso-
lated from preparations of pig intestine and called peptide YY (PYY). While NPY is
primarily localized to neurons and PP is found mainly in endocrine pancreas, PYY
is found in both endocrine cells and neurons and, therefore, may exhibit neuro-
transmitter functions as well. The general structure of these peptides was first estab-
lished using X-ray crystallography of avian PP [5]. In this structural conformation,
amino acid residues 1–8 form a type II proline helix followed by a loop. Residues
15–32 form an a-helix, and the four most carboxy-terminal residues are in a flexi-
ble loop conformation. This hairpin-like three-dimensional structure has been called
the PP-fold [6] and is present in all three peptides. There is remarkable evolutionary
divergence in the peptide sequence conservation within this family. When compar-
ing the amino acid sequences from a variety of mammals, only two of the 36 amino
acids of NPY are variable. As such, NPY is one of the most evolutionary conserved
peptides known. On the other hand, the PYY sequence exhibits eight variable amino
acids between different orders of mammals. PP is one of the least conserved peptides
known and appears to have undergone rapid and recent evolution. Despite the lim-
ited conservation observed in the PP and PYY amino acid sequences, the general
three-dimensional structure is maintained across a wide variety of species indicating
its potential importance in function.

The NPY gene is composed of four exons and results in the synthesis of a 97
amino acid pre-pro NPY and is located on human chromosome 7 at the locus
7p15.1 [7]. PreproNPY is proteolytically processed into the C-terminal peptide of
NPY (CPON) and NPY. The C-terminal amidation of NPY is essential for its bio-
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logical activity. NPY is further processed to NPY3-36 and NPY2-36 by two enzymes,
dipeptidyl peptidase IV and aminopeptidase P, respectively. While the functional sig-
nificance of CPON is unknown, the C-terminal fragments of NPY have some selec-
tivity for the Y2 receptor subtype (for review see [8]). In the rat brain, NPY is found
in numerous brain regions including the hypothalamus, amygdala, hippocampus,
nucleus of the solitary tract, locus coeruleus, nucleus accumbens and cerebral cor-
tex [9]. In the rat brain, NPY is colocalized with norepinephrine, GABA, somato-
statin in agouti-related protein (AGRP) containing neurons (for review see [10]).
The adrenal medulla is the primary source of circulating NPY [11] though it is also
expressed in liver, heart, spleen and in endothelial cells of blood vessels [12]. NPY
is abundant in peripheral neurons including sympathetic neurons where it is co-
stored and co-released with norepinephrine [13]. It is also expressed in a subpopu-
lation of parasympathetic neurons.

The human PYY and PP genes are found 10 kb apart on chromosome 17q21.1
[14]. Like NPY, the PYY and PP genes are organized with four exons and three
introns. The rat preproPYY sequence is 98 amino acids consisting of a preceding
signal peptide sequence and followed by a 31 amino acid C-terminal extension pep-
tide called CPOP [15]. PYY is found primarily in the L cells of the gastrointestinal
tract with the highest concentrations found in the rectum followed by the ileum and
the colon [16, 17]. Like NPY, PYY is cleaved by dipeptidyl peptidase to the 3–36
fragment that is thought to be the principal active circulating peptide. PYY and
PYY3-36 are stored in the gut mucosal endocrine cells and both are found in the cir-
culation [18]. Rat preproPP has a signal peptide sequence and a 30 residue C-ter-
minal extension peptide [19]. PP is found in the pancreas and is localized to the islets
of Langerhans [20].

NPY function

NPY is one of the most potent orexigenic peptides known and this aspect of its
biological activity has been studied extensively. NPY has been found to induce
food intake with a preference for carbohydrate-rich food when injected ICV in
many species ranging from fish [21, 22] to rhesus monkey [23]. When adminis-
tered centrally to rats, antisense oligonucleotides that reduce NPY translation
decrease feeding [24, 25]. Centrally administered NPY also regulates metabolism
by decreasing energy expenditure [26]. NPY levels are changed in all conditions
involving a disturbed energy balance such as anorexia, bulimia nervosa, and dia-
betes [27].

Other centrally mediated effects of NPY include decreased thermogenesis [28],
anti-convulsant activity [29, 30], modulation of arousal [31], anxiolysis [32] and
modulation of cognition [33]. NPY deficient mice were found to have an impaired
development of neurons in the olfactory epithelium [34] suggesting a role in neu-



ronal development. Furthermore, central NPY is involved in regulation of repro-
duction [35] and the regulation of circadian rhythms [36]. NPY is frequently colo-
calized with noradrenaline (NA) in sympathetic nerves and enhances NA-mediated
vasoconstriction, especially upon strong stimulation (see [37] for review on vascu-
lar effects). In addition, NPY appears to stimulate smooth muscle proliferation [38].
Contrary to this, centrally administered NPY reduces arterial blood pressure and
heart tone in both rats and dogs [39]. In addition, NPY can act as an antinocicep-
tive peptide [40], probably through inhibition of substance P release in the dorsal
horn of the spinal cord.

Several cardiovascular dysfunctions as well as some tumor diseases [41] are asso-
ciated with increased plasma levels of NPY. One of the most important recent devel-
opments in NPY research is the finding that NPY regulates ethanol consumption. In
transgenic mice [42], an inverse correlation between NPY levels and drinking has
been shown. Furthermore, a point mutation (leucine7 to proline) in the pre-pro NPY
gene has been associated with higher alcohol consumption in humans [43] and link-
age analysis suggesting that dysfunction in the NPY gene locus contributes to
ethanol preference in rats [44]. NPY appears to be involved in regulation of neu-
ronal excitability as mice lacking NPY are more susceptible to seizures [29] and peo-
ple with temporal lobe epilepsy have increased NPY expression in CA3 regions as
well as prominent rearrangements in receptor distribution [45]. 

PYY and PYY3-36 function

PYY is released in the gastrointestinal (GI) tract in response to meals. Many of the
GI effects described for PP including inhibition of gall bladder secretion, gut motil-
ity and pancreatic secretion can also be produced by PYY [46]. Other peripheral
effects produced by PYY include the inhibition of fluid and electrolyte secretion in
the intestinal tract [47] and vasoconstriction [48]. Similar to NPY, PYY when
administered centrally, results in increased food intake. Through dipeptidyl pepti-
dase IV, PYY is post-translationally processed to PYY3-36, a peptide selective for the
Y2 receptor. Selective Y2 agonism has been found to decrease food intake and
peripherally administered PYY3-36 produces a potent and decrease in food intake in
both human [49, 50] and rodents [51–55]. 

PP function

PP is almost exclusively expressed in endocrine pancreas and is released in response
to meals [56]. PP produces its biological effects mainly in the gastrointestinal tract
where it inhibits pancreatic secretion, gall bladder activity, intestinal motility [46],
ileum contractions [57], gastric emptying [58] and stimulates colon contractions
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[59]. In addition, PP affects metabolic functions including glycogenolysis and
decreases fatty acid levels [27]. However, binding sites for PP have been found in
several rat brain regions including the interpeduncular nucleus, hypothalamus, and
brainstem [60–62] suggesting that PP may also have direct effects on brain function.
This may explain why intracerebroventricular (ICV) injection of PP has been found
to stimulate feeding in several different species of experimental animals [63–65]. In
contrast, peripherally administered PP inhibits food intake in a similar fashion to
PYY3-36 in humans [66, 67] and reduces food intake and increases energy expendi-
ture in rodents [58].

Receptors for the NPY family of peptides

The human NPY-family peptides bind to a family of four receptors, namely Y1, Y2,
Y4 and Y5, all belonging to the G-protein coupled receptor (GPCR) superfamily.
Some species including mouse have an additional receptor (y6) that is non-func-
tional in humans and absent in rats. Y1, Y2 and Y5 bind NPY and PYY with sim-
ilar high affinities. PP binds to Y4 with higher affinity than NPY and PYY and has
moderate affinity for Y5. Pharmacologically, the NPY-family receptors can be dis-
tinguished by various synthetic peptides such as Pro34 substituted versions of NPY
and PYY that have decreased Y2 potency. On the other hand, Y2 binds truncated
versions of NPY and PYY such as PYY3-36 and NPY13-36 with similar affinity as the
native peptides (see Tab. 1).

The Y1 receptor

The Y1 receptor was the first NPY receptor to be cloned [68, 69]. Full length NPY
and PYY are potent agonists at Y1 whereas PP and C-terminally truncated
NPY/PYY fragments display lower affinity. The gene for Y1 is located in a clus-
ter together with Y2 and Y5 on human chromosome 4q31. Based on several lines
of evidence, the Y1 receptor is involved in the feeding response of NPY [23,
70–75]. In addition, hypothalamic Y1 mRNA levels decrease during fasting [76].
While ICV injection of Y1 selective agonists increase feeding [77], Y1 antagonists
can inhibit NPY-induced feeding [23, 78, 79]. The Y1 receptor is also involved in
the cross-talk between NPY and another orexigenic peptide in the hypothalamus
as the feeding response produced by central administration of melanin concen-
trating hormone (MCH) is attenuated by administration of Y1 receptor antago-
nists [80].

Most of the vascular effects of NPY and PYY are transduced via the Y1 recep-
tor [38, 81–83] as shown by the inhibitory affects of various Y1-selective antago-
nists [83–86] on NPY induced vasoconstriction. Interestingly, the centrally regu-
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lated effects of NPY, i.e., reduction of blood pressure and heart rate are also sig-
naled mainly through Y1 [39] as are many of the behavioral effects of NPY such
as anxiolysis and antidepressant activity [87–90]. Recent reports described an
emerging role for NPY in the regulation of ethanol consumption (for review see
[91]). Injections of NPY into the paraventricular nucleus increase ethanol intake
in rats [92]. The importance of Y1 in the regulation of ethanol consumption has
been confirmed using both Y1 specific antagonists [92, 93] and knockout animals
[94]. In addition, knockout studies of the Y1 receptor have shown that the ability
of NPY to regulate arousal [31, 95], neurogenic inflammation and antinociception
through inhibition of substance P release in the dorsal horn [96] are mediated by
Y1.

The Y2 receptor

Originally, the Y2 receptor was identified using vascular preparations and defined
by the activity of amino-terminally truncated fragments of NPY and PYY such as
NPY3-36 and NPY13-36 that are full agonists with similar potency as the native pep-
tides [97] (Tab. 1). When position 34 of NPY or PYY (Gln) is replaced by the cor-
responding amino acid in PP (Pro), the resulting peptides do not bind to Y2 [98, 99].
When homology screening failed to identify Y2 clones, several research groups
turned to various expression cloning approaches and found cDNA clones coding for
proteins with PYY-binding abilities [100–102]. The Y2 receptor gene codes for a
381 amino acid protein that is located close to the Y1 gene on chromosome 4 [103].
Like Y1, the Y2 receptor is highly conserved between species with more than 90 %
identity between orders of mammals [82, 100–102, 104, 105]. Surprisingly, the Y2
receptor was only about 30% identical to the Y1 and Y4 receptors explaining the
failure of homology screening approaches. 

The Y2 receptor is mainly located presynaptically where it acts as an autorecep-
tor inhibiting further release of neurotransmitter [97, 106, 107]. This may explain
why agonists specific for the Y1 receptor are anxiolytic [87, 88] while Y2 agonists
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Table 1 - Cloned NPY receptors with ligand binding profiles

Receptor Ligand binding profile

Y1 NPY≈PYY≈[Leu31,Pro34]NPY>NPY2-36>NPY3-36≥PP>NPY13-36

Y2 NPY≥NPY2-36≈NPY3-36≈NPY13-36>> [Leu31,Pro34]NPY
Y4 PP>PYY≥NPY>NPY2-36

Y5 NPY≈PYY≈NPY2-36>hPP>[D-Trp32]NPY>NPY13-36>rPP



like NPY13-36 and C2-NPY appear to be anxiogenic [87, 108]. The same opposing
relationship between Y1 and Y2 is evident for the central effects of NPY on blood
pressure as Y2 specific agonists increase blood pressure while activation of central
Y1 receptors decrease it [39]. The Y2 receptor is also directly involved in some of
the vascular effects of NPY [109]. For instance, in pig spleen, a Y2 specific agonist
evoked potent vasoconstriction [82] that could be inhibited by a Y2-selective antag-
onist, BIIE0246, [48]. In addition, Y2 is involved in NPY-induced angiogenesis [38,
110] and NPY-induced effects on circadian rhythms [36, 111–113]. Using Y2 recep-
tor deficient mice, the importance of Y2 in the feeding response to NPY [114] as
well as in bone formation [115] were demonstrated. 

Whereas centrally administered NPY and PYY stimulate food intake, the Y2
selective agonist PYY3-36 administered peripherally to humans, rhesus monkey and
rodents as well as centrally to rodents inhibits food intake and weight gain [49, 50,
116, 117]. Mice lacking the Y2 receptor are insensitive to the anorexic effects of
PYY3-36 [49]. Based on these findings, clinical trials were initiated at Amylin and
Nastech to develop PYY3-36 as an anti-obesity medication.

The Y4 receptor

The third Y receptor to be identified by cloning had high affinity for PP. The most
interesting feature of the Y4 receptor may be the low degree of sequence identity
between species. When comparing the rat and human sequences, only 75% of the
amino acids are identical, making Y4 one of the most rapidly evolving GPCRs
known [118, 119]. Considerable differences in peptide pharmacology between the
rat and human receptors have been noted. For instance, when position 34 of NPY
or PYY is replaced by proline [119–121] there is an increase in rat affinity while the
human receptor is unaffected by this change [118, 122]. 

Since PP is the preferred endogenous ligand for the Y4 receptor, it is likely that
this receptor mediates many of the GI effects produced by PP like rabbit ileum con-
tractions [57]. Centrally located Y4 receptors may be involved in the regulation of
reproduction as the Y1 antagonist/Y4 agonist 1229U91 [123, 124] induced release
of luteinizing hormone when injected intracerebroventricularly [125].

Similar to the Y2 receptor, Y4 agonism may serve as a potential inhibitory sig-
nal on food intake. PP injected i.v. to human subjects reduced food intake [67] con-
firming several earlier studies suggesting PPs role as an anorexic peptide. 

The Y5 receptor

NPY and NPY2-36 are equally potent in producing large increases in feeding after
ICV administration [126] suggesting the receptor mediating the feeding response to
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NPY differed from Y1, Y2, and Y4. In addition, NPY with position 32 replaced
with D-tryptophan ([D-Trp32]NPY) selectively inhibited NPY-induced feeding [127]
though it had relatively low affinity for Y1 and Y2. Thus, a feeding receptor was
proposed with the pharmacological profile NPY=PYY=NPY2-36>NPY3-36≥[D-
Trp32]NPY (Tab. 1). Expression cloning from a hypothalamic rat cDNA library
resulted in a gene encoding a 446 amino acid protein [128, 129]. [D-Trp32]NPY
was found to be a modestly selective Y5 agonist that inhibited cAMP synthesis but
with a lower potency than NPY, PYY and NPY2-36 [128]. Although the Y5 recep-
tor is highly conserved (88–90% overall amino acid identity and 95–98% when the
third intracellular loop is not accounted for) [130, 131] between orders of mam-
mals, there may be species differences in the endogenous ligand for the Y5 receptor.
For instance, rat PP binds with very low affinity to the Y5 receptor from various
species whereas PP from human and other species has much higher affinity [130].
Thus, it is possible that PP is involved in Y5 signaling in humans but not in rats.
This may indicate a difference of potential importance when extrapolating effects
produced by PP-fold peptides in rodents to physiological and behavioral effects in
humans.

The role of the Y5 receptor in NPY-induced feeding has been confirmed by stud-
ies involving antisense knockdown [132–135], knockout animals [136], and Y5-
selective agonists [26, 128, 137–139]. The selective Y5 antagonist CGP71683A
[140] was reported to antagonize NPY induced feeding; however, recent findings
suggest that it inhibited feeding by a non-Y5 mechanism [141, 142]. Other effects
of NPY that are mediated by the Y5 receptor are reproduction through inhibition
of luteinizing hormone release [143] and regulation of brain excitability and seizures
[144, 145]. Furthermore, it has been shown that the Y5 selective agonist [D-
Trp32]NPY inhibited neuronal activity in the suprachiasmatic nucleus without gen-
erating a phase-shift [36] indicating that Y5 may also be indirectly involved in reg-
ulation of circadian rhythms [36, 146].

Signaling pathways of NPY family receptors

Cloned Y1, Y2, Y4, and Y5 receptors have all been shown to couple to Gi and thus
mediate inhibition of cAMP synthesis [68, 69, 118, 128]. Signaling involves pertus-
sis toxin-sensitive phosphorylation of extracellular signal regulated protein kinase
(ERK) 1 and 2 in CHO cells confirming that these receptors couple to Gi/Go. The
Y1 receptor has also been shown to activate mitogen-activated protein kinase in gut
epithelial cells (IEC-6) [147]. Furthermore, whereas protein kinase C (PKC) medi-
ates the phosphorylation of the Y5 receptor, a PKC independent pathway may also
be involved in Y1, Y2, and Y4 signaling [148]. Y1, Y2, Y4, and Y5 receptors can
also couple to phospholipase C to provoke release of Ca2+ from intracellular stores
[68, 69, 122, 128]. 
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Internalization and desensitization of NPY-family receptors

Agonist driven internalization has been reported for all NPY receptors but the kinet-
ics and the degree of internalization varies. Internalization was found using fluores-
cent ligands allowing detection of sub-cellular distribution of receptors by confocal
microscopy [149]. About 20–30% of Y1 receptors expressed in the neuroblastoma
cell line SK-N-MC were internalized after stimulation [149]. Internalization of the
Y1 receptor expressed in CHO cells has been found to follow the endosome path-
way followed by rapid recycling to the cell surface [150–152]. Agonist driven inter-
nalization was also found for the Y4 receptor whereas the Y2 receptor did not dis-
play detectable internalization [150–152]. An elegant method to study receptor fate
in real time is to link the receptor to a fluorescent marker such as green fluorescent
protein (GFP). When expressed in HEK293 cells, the Y1 receptor fused to GFP was
found to rapidly internalize after agonist (PYY) stimulation into endosomes and
recycled to the surface within 60 min [151]. 

Bioluminescence energy transfer (BRET) is a method that uses the transfer of
light from one luminescent molecule to a fluorophore enabling the measurement
of distance between two closely located proteins. When all four NPY-receptors in
rhesus monkey (Y1, Y2, Y4 and Y5) was fused to Renilla luciferase (Rluc) and
cotransfected, one at a time, into HEK293 cells stably expressing the β-arrestin 2
fused to GFP, it was found that Y1 displayed a strong and rapid agonist driven
interaction with β-arrestin 2 [153]. Y5 also displayed a rapid recruitment of β-
arrestin 2 but with a lower maximal signal. Y2 showed very weak and slow
increase in BRET signal suggesting a limited interaction with β-arrestin 2. As β-
arrestin recruitment is a key part in the internalization, these data suggest that the
Y1 and probably Y5 receptors internalize rapidly upon agonist stimulation where-
as the Y2 receptor does not. The Y4 receptor may display an intermediate behav-
ior. One obvious drawback of fusing luciferase or GFP to a receptor is the massive
addition to the receptor protein as GFP and Rluc are only about 100 amino acids
smaller than the entire receptor protein. Addition of the large GFP or Rluc mole-
cules to the C-terminus of a receptor appears to interfere surprisingly little with
function as binding and internalization seem to be intact [154]. However, in that
study, G-protein coupling was impaired when GFP was coupled to the Y4 recep-
tor [154]. Thus, it is possible that the binding pocket and the internalization
machinery are less sensitive for carboxy-terminal modifications than the G-protein
interaction is. Addition of GFP at the very amino-terminus of the Y1 receptor did
produce a receptor that was able to functionally couple to G-proteins in HEK293
cells [151] upon agonist binding. Also, the Y1 receptor has been successfully
expressed carrying GFP in the carboxy-terminus [155]. Very recently, using vari-
ous C-terminally truncated Y1 receptors, the C-terminal region between Ser352

and Thr361 was identified as an important site for desensitization and β-arrestin 2
interaction of the Y1 receptor [156] as truncation after Ser352 abolished desensi-
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tization and β-arrestin 2 recruitment whereas truncation after Thr361 behaved as
the WT receptor. Curiously however, both truncations resulted in receptors with a
high level of ligand-independent internalization [156].

Dimerization among NPY-family receptors

An emerging concept for GPCRs is that the receptors form homo- and het-
erodimers and these complexes have functional implications [157]. These dimers
can be covalently linked as described for the metabotropic glutamate receptors or
held together by non-covalent forces as for many of the rhodopsin like receptors
(family A). All four Y receptors have been found to homodimerize when
expressed in HEK293 cells [154, 158]. This was shown using biochemical meth-
ods (i.e., Western blot) and biophysical methods such as photo-bleach FRET
together with confocal microscopy or BRET. Y1, Y2 and Y5 homodimers were
not affected by agonist treatment [158] whereas Y4 appears to be assembled as a
dimer that is dissociated upon agonist stimulation. Interestingly, in a BRET study,
the Y1 and Y5 receptors were found to heterodimerize when co-expressed in
HEK293 cells [159]. Similar to the Y4 homodimer, Y1-Y5 heterodimerization was
affected by ligand occupancy. Contrary to what was observed with Y4 homod-
imerization, Y1-Y5 heterodimerization was increased selectively by the agonists
NPY2-36 and NPY(19-23)-PP [139]. Non-selective agonists such as NPY failed to
affect the BRET ratio. Moreover, co-expression of Y1 and Y5 increased the effi-
cacy of another Y5 selective agonist, PP(1-17)-NPY(18-36) [139], to inhibit
forskolin stimulated cAMP synthesis whereas the efficacy of non-selective pep-
tides was unaffected by co-expression of the two receptors. It was also found that
antagonists selective for either the Y1 or Y5 receptor decreased the BRET ratio
suggesting that the heterodimer is either dissociated by antagonists or that a con-
formational-shift further separated the BRET counterparts (GFP and Renilla
luciferase).

Distribution of NPY-family receptors

A number of approaches have been taken to localize NPY receptor subtypes. In gen-
eral, Northern blot or PCR analysis of mRNA encoding the receptors has been used
to evaluate general organ distribution while in situ hybridization was used to look
at distributions within organs, especially within the brain. Distribution of the recep-
tor protein has been evaluated using quantitative receptor autoradiography and,
when specific antisera have been available, immunohistochemistry has also been uti-
lized. Immunohistochemistry has the advantage of cellular resolution but provides
only a qualitative representation of the receptor distribution. 
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Y1 receptors are primarily localized to the central nervous system and in periph-
eral blood vessels. Within the central nervous system, high levels of Y1 receptors
were localized to regions such as the anterior thalamus, cerebral cortex, medial
geniculate and the amygdala [160–163]. This distribution generally correlates with
the distribution of Y1 mRNA using in situ hybridization [164]. In the peripheral
nervous system, Y1 mRNA was found in the superior cervical and dorsal root gan-
glion [165]. Y1 mRNA has been detected in a number of peripheral tissues includ-
ing the colon, kidney, adrenal gland, heart and placenta [166]. Within the kidney,
Y1 mRNA was detected in the renal collecting ducts, loop of Henle and the juxta-
glomerular apparatus. Within the other organs, Y1 mRNA was localized to
intramyocardial, colonic and renal blood vessels with the expression being localized
to the intima as well as the media. 

Using a variety of techniques, the Y2 receptor was found in the central and
peripheral nervous system, the intestine and certain blood vessels. Using receptor
autoradiography, brain Y2 receptors are found in the hypothalamus, lateral septum
and hippocampus and amygdala [160–163]. In the peripheral nervous system, Y2
receptors are found in the superior cervical ganglion and dorsal root ganglia [165].
Using PCR detection, mRNA encoding the Y2 receptor has been found in a variety
of regions of the gastrointestinal tract including the crypt, villus, colonic epithelium,
and non-epithelial jejunum [167]. 

In contrast to the Y1 and Y2 receptors, the Y4 receptor exhibits a rather
restricted distribution within the brain. While mRNA encoding this receptor
exhibits a rather broad distribution [164], studies using radiolabeled PP indicate a
high level expression in the interpeduncular nucleus, locus coeruleus in the nucle-
us of the solitary tract [62]. A lower-level of expression is seen within the hypo-
thalamus, thalamus as well as a number of other brain regions. Interestingly, the
binding site labeled by 125I-PP in the interpeduncular nucleus does not pharmaco-
logically match the Y4 receptor indicating this may be an additional PP binding
site [168]. Using Northern blot analysis, Y4 mRNA was found to be abundant in
the human colon with somewhat lower levels in the prostate and pancreas [118].
In addition, mRNA encoding Y4 has been found in skeletal muscle, thyroid gland,
heart, stomach, small intestine, adrenal medulla, cerebral cortex and the nasal
mucosa [122]. 

The Y5 receptor was originally isolated from hypothalamus where it was
believed to mediate orexigenic effects of NPY. The mRNA encoding the Y5 recep-
tor been found have a broad distribution in the central nervous system [129, 164,
169], however, only low levels of Y5 receptor protein have been detected in the
brain using receptor autoradiography [170, 171] and immunohistochemistry [172].
In the periphery, Y5 mRNA is been reported to be present in the intestine, ovary,
testes, prostate, spleen, pancreas, kidney, skeletal muscle, liver, placenta and heart
[128].
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Agonists and antagonists for NPY-family receptors

Peptide ligands

Over the past four years there’s been considerable progress in the development of
novel selective analogs of NPY. A number of these analogs have been directed
toward discovering tools to understand the role of the Y1 and Y5 receptors in the
feeding produced by central administration of NPY. For instance, several novel
analogs of NPY have been found to be highly selective for the Y1 receptor [77].
Three of these analogs are included in Table 2. These all produce an increase in feed-
ing after intracerebroventricular administration. Over 4 h, [D-Arg25]-NPY produced
a similar increase in feeding compared to NPY. This increase in feeding was blocked
by the peptidic Y1 antagonist 1229U91. However, it was found that 1229U91,
besides being a Y1 antagonist, also is a potent agonist at the Y4 receptor [123, 124].
Soll and co-workers [173] have reported a very potent and Y1 selective peptide
[Phe7, Pro34]-NPY, though no work has been reported on its effects in vivo. In addi-
tion to novel Y1 receptor agonists, an analog of the Y1 selective peptide antagonist
1229U91 was recently reported [174]. This analog consisted of an OMe replace-
ment for the amide in 1229U91 (GR231118). This peptide retained high affinity for
the Y1 receptor but had much reduced affinity for the Y4 receptor when compared
to 1229U91. In functional assays, this peptide analog potently antagonized the NPY
inhibition of forskolin-stimulated adenylate cyclase in Y1 receptor containing cells
while having no effect (agonist or antagonist) in Y4 receptor containing cells. When
administered intrahypothalamically, this Y1 antagonist inhibited both NPY stimu-
lated feeding as well as feeding in schedule fed rats.

More limited work has been performed to obtain Y2 selective peptide analogs.
One of the more promising peptide analogs was recently published by Soll et al.
[173]. This peptide (Cyclo S-S [Cys20, Cys24]pNPY) exhibits subnanomolar affinity
for the Y2 receptor with low micromolar affinity at Y1 and Y5. No additional infor-
mation is available in the scientific literature that further describes the properties of
this compound. On the other hand, considerable progress has been made for devel-
oping Y5 selective agonists. However, several of these peptide analogs have consid-
erable affinity for both the Y4 and Y5 receptors (Tab. 2). One of these analogs, 2-
36[K4, RYYSA19-23]-PP, produced a dose-dependent increase in food consumption
after intracerebroventricular administration [138]. The magnitude of this increase in
food intake exceeded that produced by identical doses of NPY. More selective Y5
agonist peptides have also been reported that have little affinity for the Y4 receptor.
One of these, [Ala31, Aib32]-NPY was found to produce a small increase in food
intake when compared to control animals [139]. Another analog, [cPP1-7, NPY19-23,
Ala31, Aib32, Gln34]-hPP, which exhibited an approximately 20-fold higher affinity
for the Y5 receptor when compared to analog [Ala31, Aib32]-NPY, produced increas-
es in food intake that exceeded NPY at similar doses [139]. Finally, the relatively
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low affinity analog, p[D-Trp34]-NPY, was reported to be a selective Y5 agonist
[175]. This peptide produced a similar inhibition of forskolin-stimulated adenylate
cyclase to that seen for NPY and was found to increase food intake after intracere-
broventricular administration. However, the increase was not as substantial is that
observed with similar doses of NPY. The putative Y5 selective antagonist,
CGP71683A, antagonized the increase in food intake produced by this peptide,
however, the specificity of CGP71683A has recently been called into question [141].

Small molecule NPY medicinal chemistry

This portion of the review will concentrate on the primary, small molecule NPY
medicinal chemistry literature appearing over the last 2 years. Although an effort
was made to catalog all ligands that appeared in journal publications, a particular
emphasis has been placed on those series that have reported in vivo biological data.
The structures of all compounds discussed below are presented in Figures 1–3.

NPY Y1 ligands

Bristol-Myers-Squibb (BMS) continues to be active in the Y1 arena with molecules
that improve upon the properties of their first entry into the field, BMS 193885
(compound 1). In 2002 they had reported a 52% reduction in spontaneous noctur-
nal food intake by the intraperitoneal route with 1 [176]. As this route of adminis-
tration can be fraught with complicated interpretations in food consumption assays,
they sought an orally available agent. Unfortunately poor bioavailability (<0.1%)
was observed with compound 1, and, as the team rationalized that an improvement
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Table 2 - Summary of in vivo feeding effects for compounds 9-14 

Compound Y5-driven NPY-driven Fasted or ad lib Refs.
feeding feeding feeding

9 100 (3, PO) NA (3, PO) NA (30, PO) [192]
10 – – NA (40, PO) [193]
11 53 (30, PO) – NA (30, PO) [195]
12 active – NA [198]
13 100 (30, PO) – NA (30, PO) [196]
14 65 (100, ug icv) 24 (100, ug icv) – [197]

(xx (mg/Kg); xx = % inhib; NA, not active; MA, minimally active)



in permeability was required, the urea functionality was replaced. Cyanoquanidine
2 was discovered as a selective and potent (Y1 IC50 = 5.1 nM), analog with im-
proved CACO-2 permeability [177]. Unfortunately no feeding data with compound
2 was disclosed.

BMS also reported on the preparation of a combinatorial library based on NPY
Y1 ligands disclosed first in 1997 by Lilly [178–181]. Unfortunately the highest
potency achieved with their 1,2,4-triazole analogs was 248 nM (compound 3)
[182].

Neurogen recently disclosed a series of bicyclic NPY Y1 ligands likely derived
from CRF1 active molecules [183–185]. A multitude of various core structures
adorned with amine substituents were claimed in this series of three extensive
patents. Compound 4 was a prominent example.

NPY Y2 ligands

Over the last two years, there has been only two additional reports (beyond the
original disclosures of 5 by Karl Thomae [186, 187] describing selective NPY Y2

41

Function, distribution and molecular pharmacology of NPY-family receptors

Figure 1 
Novel non-peptide analogs with selectivity for the Y1 receptor



receptor ligands in the primary medicinal chemistry literature. Beginning with an
HTS hit and again using a combinatorial approach, workers at BMS were able to
find a modestly potent 450 nM ligand (compound 6) [188]. Unfortunately, they
were unable to further optimize this series as no further work is evident in the lit-
erature. More recently workers at Johnson & Johnson reported on a series of cin-
namide analogs exemplified by JNJ5207787 (compound 7). This analog exhibit-
ed an IC50 of approximately 100 nM in a radioligand binding assay and inhibit-
ed PYY stimulated [35S]GTPgS binding with a pIC50 of 7.2. Additional details
including in vivo activity were recently reported [189]. NPY Y2 binding sites
([125I]PYY) sensitive to 7 were found in rat brain regions known to express Y2
receptors (versus the converse with respect to Y1 sites), and in addition, 7 was
shown to occupy Y2 receptor binding sites as revealed by ex vivo receptor occu-
pancy (45% at 1 h, 30 mg/Kg IP). It should be noted that while 6 and 7 are of
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Figure 2 
Novel non-peptide analogs with selectivity for the Y2 receptor



modest potency, they represent considerable advancements versus compound 5
with respect to molecular weight.

NPY Y5 ligands 

Over the last two years, several groups have been quite active in the field of small
molecule NPY Y5 ligands. Yielding one of the more diverse arrays of ligand struc-
ture types, most pharmaceutical companies found it straightforward to at least iden-
tify a starting NPY Y5 small molecule structure for in vitro potency optimization.
For example, compound 8 (CGP71683A) was reported to reduce food consumption
in a variety of NPY and non-NPY driven models [140, 190]. Unfortunately these
results were clouded by similar activity observed in NPY Y5 knockout animals [141,
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Figure 3 
Novel non-peptide analogs with selectivity for the Y5 receptor



191]. This has spurred a number of other groups to investigate alternative structure
types. For example, compounds 9–14 are representative of the various platforms
that have some type of in vivo food consumption data reported in the literature.
AstraZeneca developed compound 9, and it was reported to completely block NPY
Y5 agonist induced feeding at 3 mg/Kg. Unfortunately 9 did not block NPY-driven
feeding (3 mg/Kg) and also had no effect on free or fast-induced feeding (30 mg/Kg)
in rats (see Tab. 3) [192]. Starting from a similar hit structure, the Pfizer group
developed compound 10 [193]. A highly potent NPY Y5 antagonist in vitro, com-
pound 10 did not block fasted feeding in rats at 40 mg/Kg, PO.

A group of companies identified 1,3-disubstituted, five-membered ring heterocy-
cles as NPY Y5 screening hits. Compounds 11–14 and 17 are examples [194–198].
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Table 3 - Novel peptide analogs with selectivity for PP-fold peptide receptor subtypes

Ki (nM) or IC50 (nM)
Peptides Y1 Y2 Y4 Y5 Ref.

Y1 agonist
[D-Arg25]-NPY* 0.9 11.6 74.6 43.4 [77]
[D-His26]-NPY* 2.0 29.0 20.1 34.6 [77]
Des-AA11-18[Cys7,21, D-Lys9(Ac), D-His26, 1.2 801 31.4 2363 [77]

Pro34]-NPY*
[Phe7, Pro34]-pNPY* 0.009 32.1 ND 34 [173]

Y1 antagonist
1229U91 (GR231118) –OMe substituted* 0.46 624 65.5 7890 [174]

Y2 agonist
Cyclo S-S [Cys20, Cys24]pNPY* 1525 0.38 ND 6296 [173]

Y4/Y5 agonist
[cPP1-7, pNPY19-23, His34]-hPP 5.7 22.2 0.06 0.04 [213]
2-36[K4, RYYSA19-23]-PP* 0.87 1.95 0.004 0.029 [138]

Y5 agonist
[Ala31, Aib32]-NPY >700 >500 >1000 6.0 [139]
[cPP1-7, NPY19-23, Ala31, Aib32, Gln34]-hPP 530 >500 51 0.24 [139]
[hPP1–17,Ala31,Aib32]hNPY >1000 >500 170 0.92 [139]
p[D-Trp34]-NPY** >10,000 631 1905 41.7 [175]

*Ki values; **converted to Ki values from pKi values; ND, not done



In vivo data for the first group 11–14 is also summarized in Table 3. As one can see,
a number of researchers have been able to develop potent compounds capable of
blocking NPY Y5-driven feeding in vivo, however it has been a struggle to observe
a robust block of an endogenous or a general NPY driven food effect. This has lead
many of these authors to conclude that NPY Y5 is likely not a major mediator of
feeding in rodents.

Three other investigators have reported additional structures without additional
in vivo feeding data. The University of Navarra reported on compound 15, a sim-
plification of 8 (CGP71683A) [199]. Glaxo disclosed a series of metabolically sta-
ble, brain permeable guanidine analogs represented by 16 [200]. Finally, starting
from a potent, low molecular weight hit with minimal oral bioavailability, com-
pound 17 was engineered with markedly improved bioavailability and low hERG
potential [194]. 

Mutagenesis studies of NPY-family receptors

Several mutagenesis studies have been conducted to identify the key amino acids in
receptor-ligand interaction at the Y1 receptor [201–207]. All in all, 68 positions out
of the 384 of the Y1 receptor have been mutated and the some key findings are sum-
marized in Table 4. Initially, the significance of acidic amino acids in the extracellu-
lar regions of the Y1 receptor [201] were proposed to interact with basic amino
acids of NPY and PYY. Furthermore, the amino terminal amide of the ligands was
found to interact with amino acids in the TM regions forming a hydrophobic pock-
et between TM4, TM6 and TM7 [202]. There are numerous positions that have
been mutated by different labs with contradictory results (see [8] for a more exten-
sive discussion on Y1 mutagenesis). In some cases, this can be explained by the dif-
ferences in expression systems used. These include a vaccinia virus vector to express
the human Y1 receptor in HeLa cells [201, 202], E. coli [203] and mammalian cell
lines [205–207]. The wild type Y1 receptor has also successfully been expressed in
insect (Sf21) cells [208]. Considering the differences between studies, it is apparent
that the initial model of the Y1 receptor with the acidic amino acids in the loops
needs to be re-evaluated. As far as we know, only one study has been published
regarding mutagenesis of a non-Y1 NPY-family receptor. This study of the human
and chicken Y2 receptors employed species differences in the protein sequences and
correlated it with pharmacological differences with respect to antagonist BIIE0246
binding [209]. Three amino acids in TM regions 3 (Gln135), 5 (Leu227) and 6
(Leu284) were replaced for His, Gln and Phe in the chicken Y2 receptor preventing
BIIE0246 binding. Reciprocal mutations of these amino acids could swap the func-
tions (human–chicken and vice versa). Several additional mutagenesis studies of the
Y1, Y2 and Y5 receptors have been presented as posters at meetings but remain to
be published in manuscript form [210].
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Table 4 Summary of mutagenesis and other structural studies of the Y1 receptor

Mutated amino acid(s) Major findings Refs.

∆2-20, [N2Q, N11Q, N17Q], No detection of surface expression [201, 206]
Y100R

N-term FLAG,[L35R, D200A], No binding of 3H-NPY or 125I-PYY [205, 206]
D104G, W106A, E110G, C113S, 
Q120Y, F221A, H306G

D86A, D86N, D86E, Q120E, No binding of 3H-BIBP3226 [204]
N283D

W163A, N283A, D287A No binding of agonists and [201, 203, 204,
antagonists 206, 207]

[N2Q, N17Q], E10A, N17Q E20A, Bind 3H-NPY with the same 
E29A, [D31A,D32A],L35R, P36H, affinity as WT [201, 202, 206,
L43A, F96A, ∆333-384, His-FLAG 207]
in C-term

L174A, Y176A, V178A, H207A, Bind NPY and BIBP3226 with [203–205]
S210A, T212A, L279A, T280A, the same affinity as WT
N289A, Q291A

F41A, V89A, E110A, S123A, Bind NPY and antagonists [202, 207]
L171A, Y176A, Q177A, D181A, 1229U91 and J-104870 as WT
E182A, L216A, N297A, T308A

Y100A, D104A, Binds antagonists but not [201, 202, 204,
peptidic agonists 206, 207]

H105A, S170A, D205A Binds BIBP3226 as WT but de- [201, 202, 207]
creased affinity for peptide agonists

Y47A, Y211A, W276A, H298G Bind peptide agonists as WT but [204, 205]
decreased affinity for BIBP3226

C-terminal GFP Binds NPY as WT [151, 155, 158]

C-terminal deletion at S352 No desensitization and no [156]
β-arrestin2 recruitment. 
Binding of agonists is un-altered



Conclusions and future perspectives

The more we study the NPY family of receptors, the more functions are assigned to
them. Developments of knockout animals and receptor selective antagonists have
revealed several novel functions of the NPY-family receptors. However, the com-
plete picture of what receptor is responsible for a particular function is still illusive,
perhaps due to the large degree of redundancy in the NPY peptides and receptors.
Double or conditional knockout animals will no doubt become valuable tools here
[211, 212]. In addition, developmental compensation to the loss of NPY or Y recep-
tors is poorly understood and this may account for some of the phenotypes or lack
thereof observed in behavioral studies.

Successful attempts to develop clinically useful Y1 or Y5 selective antagonists
have failed due to lack of efficacy in preclinical models of food intake. The vast co-
expression of the Y1 and Y5 receptors in the brain along with the evidence for a
Y1/Y5 hetrodimer suggests that the alleged “feeding receptor” responsible for the
centrally regulated orexigenic effects of NPY and PYY may be via a heterodimer.
However, the recently re-discovered anorectic effects of peripheral agonism at the
Y2 and Y4 receptors may, in fact, constitute more appealing treatment strategies for
obesity and the metabolic syndrome. Other interesting areas where drugs acting at
NPY receptor have prospects as novel therapeutics include alcoholism and various
mood disorders. Finally, several findings suggest that the NPY family peptides and
receptors are involved in nociception and inflammation, aspects that have been
somewhat neglected compared to the predominant interest in the metabolic func-
tions of this fascinating peptide family.
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Introduction

Since its discovery in 1982, several reports had established that NPY is an impor-
tant regulator of whole body homeostasis (see the other chapters of this book [1,
2]). NPY is widely expressed in the central and peripheral nervous system and has
been recognized to be one of the most abundant peptides in the brain [3]. It is not
only found in the peripheral nervous system in nerve endings [4] but also in the
adrenal medulla, the endocrine pancreas [5], platelets [6], the kidney [7] and the
pituitary gland [8] and even in endothelial cells [9]. However, NPY immunoreactiv-
ity is relatively complex, including a precursor, several intermediate products result-
ing from the proteolysis of proNPY and even post-translational modification of the
biologically active 36 amino acid by selective aminopeptidase which may switch the
selectivity of NPY toward specific receptors. This chapter will review the nature of
the enzymes involved in the processing of proNPY. In addition, the tissue-specific
localization of these enzymes and how they affect the generation of NPY products
will be addressed and the consequences on NPY functions discussed.

ProNPY proteolysis

The biochemical steps for the processing of proNPY and NPY are described in Fig-
ure 1. NPY is a 36 amino acid peptide derived from a 97 amino acid precursor, the
pre-pro-neuropeptide Y [10]. After removal of the 28 amino acid signal sequence,
the 69-amino acid pro-NPY undergoes cleavage at a single paired basic site (Lys38-
Arg39) due to a specific family of prohormone converting enzymes called procon-
vertases. The resulting NPY1-39 is further processed by a ubiquitary carboxypepti-
dase-like enzyme (CPE) to yield NPY1-37, a glycine extended form of the peptide,
which in turn is used as a substrate by an amidating enzyme (peptidyl-glycine-alpha-
amidating monooxygenase; PAM) localized in neuroendocrine cells to yield the ami-
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dated NPY1-36. A 30-amino acid carboxyl terminal peptide, the C-flanking peptide
of NPY (CPON) is generated during the first step of processing [11]. The CPON is
co-localized with NPY in the same tissues, but has no recognized biological func-
tions identified so far. All these processing steps generate several NPY fragments
(proNPY, NPY1-39, NPY1-37, and NPY1-36) called NPY immunoreactivity, of
which only NPY1-36 is biologically active [12]. Unfortunately, the radioimmunoas-
say used to determine concentrations of the peptide in tissues or fluids often do not
distinguish between the immunoreactive products of NPY. Carboxypeptidase and
peptidyl-glycine-alpha-amidating monooxygenase are found in the whole body. The
limiting step for proNPY processing in a given tissue is therefore dependent on the
presence of the corresponding proconvertase at the proper location (subcellular
compartment) and its capability to cleave this precursor.

Figure 1 
Synthesis and processing of neuropeptide Y



Structure of convertases

The limited proteolysis at basic residues of peptides and proteins represents an
important processing step to render them biologically active. A large number of
researchers sought for at least three decades to identify prohormone and proprotein
convertases. This is due to the fact that different endopeptidases having similar
specificity are found in large amounts in lysosomes. These endopeptidases are diffi-
cult to separate from a given processing enzyme of interest during the preparation
of secretory granules.

The first characterized prohormone-specific endoprotease was the product of the
KEX2 gene isolated from yeast and responsible for cleavage at dibasic sites within
the alpha-mating factor and killer toxin precursors [13]. This enzyme is a glycopro-
tein of 100 kDa belonging to the calcium-dependent serine-protease family. It has a
high amino acid sequence homology with the bacterial subtilisin enzymes [14].
KEX2 is an integral membrane protein made up of a signal peptide followed by a
pro-region, an extended subtilisin-like catalytic domain, a Ser/Thr rich sequence, a
transmembrane hydrophobic domain and a short cytosolic tail [15]. The first mam-
malian homologue of KEX2, called furin, was found by computer homology and
isolated as a gene upstream of the fes/fps proto-oncogenes. It has 50% amino acid
identity with KEX2 in a 300-amino acid catalytic domain [16]. Furin exhibits a
structure comparable to that of KEX2, including a signal sequence, a glycosylated
and hydrophobic amino terminal domain, a transmembrane domain for anchoring
in the membrane, and a highly charged carboxy-terminal region. Mutational stud-
ies have shown that the cleavage site of furin is Arg-X-Lys/Arg-Arg with Arg in the
first and the fourth position being crucial for cleavage [17]. However, furin being
localized in the Golgi apparatus is ubiquitously expressed in tissues and may there-
fore not be specific for prohormone processing. Using the conservated sequence
around the subtilisin catalytic domain, several convertases were identified. These
include PC1/3, PC2 PACE4, PC4, PC5/6 and PC7/8 [18–23]. In general, it was
found that the catalytic segment of each convertase contains the sequence most con-
served between all members of the family, with PC2 showing the least sequence sim-
ilarity. 

What is known about the localization of these enzymes?

Of all these convertases, only furin is ubiquitously expressed, while PACE4, PC5/6
and PC7/8 exhibit a widespread distribution in both regulated and constitutive cells.
In contrast, PC1/3 and PC2 seem to be predominantly expressed in endocrine and
neuronal cells and PC4 is exclusively synthesized within germ cells of testis [24].

Proteolytic cleavages can occur in a tissue-specific way; for instance, the proop-
iomelanocortin precursor is cleaved at the basic residue flanking ACTH to yield
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ACTH and β-LPH in the anterior lobe of pituitary, whereas these two peptides are
further processed in the intermediate lobe of pituitary in α-MSH and β-endorphin,
respectively [25]. The specific localization of these proteolytic enzymes in neuroen-
docrine and non-endocrine tissue is not yet fully established.

This has been mainly addressed by in situ hybridization, or immunocytochem-
istry, looking for proconvertases and hormone precursor’s co-localization. Day et al.
have observed by in situ hybridization that PC1 and PC5 mRNAs were localized in
paraventricular nucleus (PVN) and supraoptic nucleus (SON) magnocellular neu-
rons, while PC2 mRNA was observed in both magnocellular and parvocellular PVN
neurons as well as magnocellular SON neurons. On the other hand, PC5 is present
in the PVN only in ocytocin producing cells [26]. These results support the hypoth-
esis that processing enzymes are localized in tissues to perform the selective local
production of selective bioactive peptides.

To identify which convertase is involved in proNPY cleavage several studies have
been done based on heterologous expression of proNPY, co-expression of proNPY
with prohormone convertases and in vitro proteolytic processing of proNPY.

Heterologous expression of proNPY

One of the most widely used methods for studying protein post-translational mod-
ification is heterologous expression in different kind of cells. In the present applica-
tion mostly endocrine and neuronal cells are used. Cell transfection combined with
systematic site-directed mutagenesis has been used to characterize the sequence
dependency of the dibasic nature and its recognition by the endoproteases. Johansen
et al. have shown that CHO cells are able to amidate NPY from a transfected C-
peptide deleted form of the precursor, having as the terminal sequence Gly-Lys-Arg
(i.e., NPY1-39), a sequence that does not require a dibasic endoprotease to be
cleaved [27]. Dickerson et al. have shown that the proNPY processing is dependent
on the sequence of the basic amino acids at the cleavage site, as well as on the cell
type used [28, 29]. Indeed, GH3 somatomammotrope cells that express PC2 when
transfected with vectors encoding proNPY containing four different pairs of basic
residues at the single endoproteolytic cleavage [Lys-Arg (wild type), Arg-Arg, Arg-
Lys, and Lys-Lys] were able to process equally the four propeptides. In contrast, the
corticotrope AtT-20 cells that express PC1/3, exhibit a strong hierarchy of cleavage
pattern since native proNPY with a Lys-Arg pair and its Arg-Arg mutant are well
cleaved, whereas a mutant with Arg-Lys is poorly cleaved and a Lys-Lys mutant is
cleaved to a very small extent. Cell-type specificity was also observed in the removal
patterns of the amino-terminal basic residue from the proNPY carboxylic-terminal
peptide. Thus, GH3 cells remove the NH2-terminal basic residue less efficiently than
AtT-20 cells, when processing the Arg-Arg mutants. In contrast, GH3 cells remove
about half the NH2-terminal Lys from the COOH-terminal peptide produced from
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proNPY-Arg-Lys cleavage, while AtT-20 cells remove none of the NH2-terminal Lys.
However, these results are specific to proNPY since the Arg-Lys sites that are
cleaved by At T-20 cells in proNPY remained unchanged with a proACTH/endor-
phin construction. The authors hypothesized that the lack of cleavage of
proACTH/endorphin may be due to conformation differences, rather than the lack
of appropriate enzyme. It is interesting to note that on proNPY cleavage site Arg
residues are located at positions -1, -5, -7; this is completely different from the rules
determined by Nakayama et al. for cleavage by furin. This author proposed rules
for sequences that may govern the processing of NPY and particularly that the
Arg33XArg35XXArg38 sequence serves as a signal for the cleavage of the Arg38-Lys39

mutant of proNPY by a KEX2-like endoprotease in AtT-20 cells [30]. Wulff et al.
have studied the processing of proNPY and proPP in four neuroendocrine trans-
fected cell lines expressing different precursor convertases [31]. They showed that
proNPY is almost completely converted to NPY and that, in contrast, only 50% of
proPP is converted to PP. Mutagenesis studies showed that on the N-terminal side
of the dibasic processing site, the important difference in structure between PP and
NPY, i.e., a proline in position 34 instead of a glutamine, is not responsible for the
difference in processing efficiency. This suggests that the structural element essential
for the efficient processing of proNPY is not located on the N-terminal side of the
dibasic processing site. Paquet al. used time manipulation, temperature and intra-
granular pH to distinguish the action of PC1/3 and PC2. They found that PC1/3
mediated rapid processing of proNPY, this cleavage was characterized to be insen-
sitive at 20°C, a temperature that blocked secretory pathway transport at the trans-
golgi network. In contrast, PC2 mediated slower proNPY processing and was
blocked at 20°C. These data clearly indicate that PC1/3 and PC2 do not perform
their catalytic activity in the same local environment [32].

Coexpression of proNPY with prohormone convertases

In order to investigate whether other prohormone convertases were involved in
proteolytic processing of proNPY our group had used a vaccinia virus derived
expression system to co-express recombinant proNPY with each of the prohor-
mone convertases PC1/3, PC2, furin and PACE4 in Neuro2A and NIH 3T3 cell
lines as regulated neuroendocrine and constitutive prototype cell lines, respective-
ly. The analysis of processed products (after separation by HPLC of NPY1-39,
CPON and proNPY followed by a radioimmunoassay with NPY02, an anti-NPY
monoclonal antibody that cross-reacts with proNPY and NPY1-39) shows that
only PC1/3 generates NPY in NIH 3T3 cells, while in Neuro2A cells, both PC1/3
and PC2 are able to generate NPY. The convertases furin and PACE4 are unable
to process proNPY in either cell line [33]. However, our conclusions were tem-
pered by transfection experiments on neurons with antisense sequences coding for
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PC1/3 or PC2 concluding that PC2 was the endoprotease responsible for proNPY
in superior cervical ganglion [34].

In vitro proteolytic processing of proNPY 

We have done in vitro processing assays with PC1/3 and PC2 using natural precur-
sor [33]. proNPY was expressed in E. coli. The expressed fusion protein was puri-
fied by gel permeation and submitted to BrCN cleavage. The cleaved proNPY was
purified by HPLC and identity of purified peptide was confirmed by electrospray
mass spectrometry and Edman degradation. The enzyme activities of the proteases
used were controlled with the fluorogenic substrate specific for these proteases,
pGlu-Arg-Thr-Lys-Arg-MCA. The reaction mixture after digestion was separated by
C18 HPLC and a sample of each fraction was assayed for NPY by RIA with
NPY02. Under these conditions we were able to show that proNPY was complete-
ly cleaved by PC1/3, partially by PC2 but not by furin. As control reaction with
chelating calcium with EDTA abolished the activities of both PC1/3 and PC2. The
same amount of enzymatic activities was used, suggesting that the difference in
activity is most probably due to substrate recognition. The significance of the dif-
ference in proNPY recognition between PC1/3 and PC2 was evaluated by deter-
mining kinetic parameters. PC1/3 and PC2 recognize proNPY with same range of
Km (95 versus 69 µM), but with a great difference in Vmax (47 versus 3 pmol/min).

To determine if structural conformation located in the NH2- and COOH-terminal
portion of the precursor are involved in recognition short peptide proNPY namely
proNPY20-49 and proNPY 28-43 have been used. The shortened sequences of proN-
PY are cleaved more efficiently than proNPY itself in the order proNPY 28-43 >
(proNPY 20-49 > proNPY for PC1/3 and proNPY 20-49 > proNPY for PC2. In addi-
tion, the shortest peptide proNPY 28-43 is not cleaved by PC2 at all, while it is still
cleaved by PC1/3. This confirms that PC1/3 and PC2 require different structural
recognition elements for the cleavage of proNPY, as assessed by the Vmax/Km ratio. 

Based upon these observations it is proposed, first, that the constitutive secreted
NPY does not result from cleavage carried out by ubiquitously expressed enzymes
furin and PACE4. Second, that PC1/3 and PC2 are not equipotent in the cleavage of
proNPY. Third, substrate peptide length might influence PC1/3 and PC2 processing
activity. This could be a starting point to build molecules that could serve as specif-
ic proNPY processing inhibitors [33].

However, another enzyme, prohormone thiol protease (PTP) has been proposed
to be more potent than PC1/3 and PC2 to cleave proNPY [35]. These authors have
compared the cleavage of proNPY by PC1/3, PC2 and PTP. They used recombinant
form of the three prohormones converting enzymes and a slightly modified proNPY
sequence. The experiments were carried out in order to process 50% of the differ-
ent precursors with the different enzymes. Interestingly, they found that compared
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to PC1/3 and PC2, PTP was the most potent enzyme to cleave proNPY. Therefore,
at the present time we cannot exclude the existence of highly specific proNPY pro-
cessing enzymes [35].

NPY and ProNPY presence in tumors, endocrine and non endocrine tissues

O’Hare and Schwartz reported the expression of NPY and its precursor in 16
human pheochromocytoma and three neuroblastoma tumors. An almost complete
proteolytic processing of proNPY to mature NPY was observed in the tumors
(median, 93%; range, 72–100%). A positive correlation between the processing effi-
ciency and the NPY content was also observed. They also demonstrated, by both
the elution position of the peptide in isoelectric focusing and its cross-reaction with
an antiserum that recognizes the amidated C terminal region of NPY, that the pep-
tide produced by the tumors is correctly processed and amidated [36]. The same
authors studied the expression and precursor processing of NPY in 13 human and
murine neuroblastoma and pheochromocytoma cell lines [37]. Among the 13 cell
lines tested, eight produced a detectable immunoreactivity for NPY. In contrast with
the results observed with the tumors, the cell content had a substantial amount of
unprocessed proNPY (median, 57%; range, 33–72%). They concluded that many
of these neuroendocrine cells express the NPY gene. The cells displayed, however, a
partly impaired dibasic processing capacity while they generally amidated the prod-
ucts efficiently. Another study by Bjellerup et al. found that the degree of processing
of proNPY to NPY in tumor tissue was lower in advanced neuroblastomas with
regional or metastatic spread (stage 3 and 4) compared to the less aggressive stages
1, 2 and 4S tumors [38]. ProNPY processing of less than 50% was correlated with
poor clinical outcome. N-Myc oncogene amplification was also correlated with a
low degree of proNPY processing. Finally, it appears that a low degree of proNPY
processing correlates with advanced clinical stage and poor outcome in neuroblas-
tomas. Interestingly, Wulff et al. has shown that proNPY can be partially processed
by non-endocrine cells such as Chinese hamster ovary (CHO) cells transfected with
human NPY cDNA [39]. Although the majority of the immunoreactive NPY was
found in the form of proNPY, as controlled by gel-filtration followed by specific
radioimmunoassays, some processing occurred in the cells till the amidation
(between 5 and 45% of the propeptide). However, the same authors showed that
when proNPY, purified from a human neuroblastoma cell line, was incubated for
24 h with unconditioned tissue culture medium, it was cleaved to a molecular form
of immunoreactive NPY eluting on a G50 column right before NPY indicating that
the cleavage of proNPY can occur extracellularly [39]. Only a minor part of this
material was amidated, indicating different kinds of proteolytic degradation. No
attempt was made to further characterize these immunoreactive non-amidated
forms of NPY. The authors postulated that the media could contain trypsin-like
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enzymes capable of cleaving the precursor at the monobasic level, either at Lys38 or
the Arg39, the natural processing site of proNPY, or at the Arg33 or the Arg35 in the
NPY molecule itself. Dickerson et al. rule out cleavage of proNPY after secretion by
incubating Tyr-labeled proNPY with protease inhibitors and in the absence of serum
in the medium [40].

We have determined proNPY and NPY concentrations in the arcuate nucleus
and the paraventricular nucleus of rats after 12 h of food deprivation using two-site
specific enzyme immunoassays with monoclonal antibodies specific for NPY and
proNPY. Although NPY mRNA has been shown to be elevated in these areas dur-
ing starvation, amidated NPY content was unchanged, but proNPY concentrations
significantly increased, reflecting the activation of the transcription of NPY mRNA.
The discrepancies with already published data on an increase in NPY content in the
arcuate nucleus and the paraventricular nucleus during starvation could be due to
the fact that common RIA for NPY cross-react with proNPY, related fragments or
apparented peptides of NPY. Therefore, we speculate that food starvation rather
than increasing NPY synthesis induces its release (or those of proNPY) [41]. We
have further investigated the content of proNPY and amidated NPY by ELISA and
total NPY immunoreactivity (NPYir) by RIA in the hypothalamus and adrenal of
mice. The hypothalamus contains 0.9 fmoles/mg of NPY, 0.1 fmoles/mg of proNPY
and 14.8 fmoles/mg of NPYir; in contrast, the adrenal contains 1.1 fmoles/mg of
NPY, 23.4 fmoles/mg of proNPY and 153.5 fmoles/mg of NPYir. Given that ami-
dated NPY/amidated NPY + proNPY ratio may vary from 4 to 90%, depending on
the tissue, we postulate that tissue-specific processing of proNPY in NPY could
occur and that the biologically active amidated NPY in any case represents a minor
portion of the total immunoreactive NPY content in these tissues [42]. More recent-
ly, NPY was also reported to increase endothelial cell stickiness for leukocytes [43].
Therefore, we examined the possibility that human umbilical venous endothelial
cells (HUVECs) could also express NPY and that NPY could act as a modulator of
inflammatory response. We found that a cytokine cocktail containing LPS, TNF-α,
IFN-γ cause a biphasic increase in NPY and proNPY contents. We observed a first
peak at 6–9 h and a second at 16 h with a proNPY and NPY cell contents elevated
by six- and two-fold, respectively. The cytokine-induced increase in proNPY content
strongly suggests a new synthesis of NPY and also the fact that non-neuronal cells
are also able to not only produce a propeptide such as proNPY but also to process
it into a biologically active form. ProNPY concentrations may follow mRNA
expression of the peptide [44].

Processing of ProNPY in PC2 deficient mice

The involvement of PC1/3 and PC2 in neuropeptide proteolytic processing has been
first established by using proconvertases antisense expression [45]. The availability
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of PC1/3 and PC2 null mice will allow us to confirm the association of a procon-
vertase to the proteolysis of a given prohormone. Ruthellen et al. have evaluated the
cellular levels of several neuropeptides. Using selective NPY antibodies, which do
not recognize proNPY, the authors have reported that NPY in the ileum was par-
tially decreased (50%) in the PC2 deficient mice compared to control mice. This
underlines the role of PC2 in ileum. In contrast, in the adrenal NPY was found to
be increased by 2.5-fold. It was suggested that the increase in NPY may reflect com-
pensatory mechanisms for general NPY production in the absence of PC2 activity.
In the hypothalamus no change was observed which constitutes an interesting obser-
vation since the hypothalamus is rich in NPY. Also, NPY was not altered in the cor-
tex or brain of PC2 deficient mice. These data show that the absence of PC2 only
results in some tissue-selective changes in NPY levels [46]. 

Conclusion

The bioactivity of NPY depends on the correct processing by specific convertases of
proNPY. This proteolysis is tissue-specific and can be regulated by various factors.
Many conclusions are drawn on NPY regulation based on measurements by radioim-
munoassay with antibodies that are not specific for the bioactive form. Since the NPY
immunoreactivity is complex, it is essential to use well characterized assays to distin-
guish proNPY and its glycine-extended forms from the amidated form of NPY. The
primary sequence of this precursor is simple but its processing toward the generation
of biologically active ligand is rather complex. Several enzymes can be involved for
its processing PC1/3, PC2, PTP and likely other not yet discovered enzymes. Its trim-
ming also involves several enzymes, namely carboxypeptidase, PAM, DPPIV and
Amp. In addition, there are many difficulties encountered in its measurement. These
together permit only experienced researchers to address questions regarding the phys-
iological, physiopathological and biosynthesis of this precursor. However, it remains
to be established if genetic diseases could be associated to a defect in a proconvertase
that would result in NPY abnormal concentrations in man. 
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Introduction

Like other signal-transmitting substances, neuropeptides and hormones have to be
inactivated after their release and interaction with their receptors. Otherwise, a con-
stant stimulus results that permits no regulated information transfers. For neu-
ropeptides, proteolytic degradation by cell-surface peptidases is the major inactiva-
tion route; other processes like diffusion and receptor-mediated endocytosis fol-
lowed by lysosomal degradation appear to be minor processes [1–3]. For circulating
small peptide hormones, degradation by endothelial cell-surface or soluble pepti-
dases in the blood as well as renal elimination are both important inactivation
routes. The relative contributions of the one or other mechanism depend on the
anatomical site as well as at the time scale.

Cell-surface peptidases as peptide-inactivation system

Degradation of bioactive peptides can be accomplished by a variety of proteases.
However, a special group of oligopeptidases acts preferentially on small neuropep-
tides or hormones [1, 3]. These oligopeptidases or peptidases are specialized pro-
teases cleaving 3–100 residue oligopeptides (the former term ‘peptidase’ is now also
used synonymously to protease or proteinase that cleave also larger peptides/pro-
teins). These above-defined oligopeptidases are mainly cell-surface peptidases
(Table 1 gives important examples mentioned further in the text), but often soluble
forms exist in body fluids that are mostly generated by shedding of the membrane-
anchored forms. Cell-surface peptidases are exo- or endo-peptidases with a certain
specificity regarding the cleavage sites, but not with respect to a single regulatory
peptide (see Tab. 1; an exception is pyroglutamyl-peptidase II that is specific for thy-
rotropin-releasing hormone). They have a wide tissue distribution and are mostly
involved in the inactivation, but sometimes also in the activation of bioactive pep-
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tides that serve in cell communication. Some of them are in the focus of recent and
actual pharmacological research, since specific inhibitors are widely used or under
development as antidiabetic or antihypertensive drugs (see [3] for a recent review).

In contrast to neuropeptides/peptide hormone receptors, their affinity is not in
the physiological nano- or pico-molar range. Instead, their Km-values range from
1–50 µM. That means they do not cleave their substrates under saturated Vmax con-
ditions (respectively kcat = Vmax/mol enzyme). At concentrations lower than their
Km-values, there is a linear dependence of the reaction rate v from the substrate con-
centration [5], and the slope is given by the rate constant kcat/Km. High rate con-

Table 1 - Overview of the main cell surface peptidases involved in the inactivation of regu-
latory peptides

Peptidase EC Catalytic type Specificity Localization
(examples)

Aminopeptidase N 3.4.11.2 Metallo Xaa-↓-Xaa-… Endothelial cells, epithe-
APN (CD13) lial cells, macrophages
Aminopeptidase A 3.4.11.7 Metallo Glu/Asp-↓-Xaa… B cells
APA 
Aminopeptidase P 3.4.11.9 Metallo Xaa-↓-Pro-… Endothelial cells
APP
Pyroglutamyl- 3.4.19.6 Metallo Glp-↓-His-Pro-NH2 Neurons, pituitary cells
peptidase II
Dipeptidyl- 3.4.14.5 Serine Xaa-Pro/Ala-↓-Yaa… Endothelial cells,
peptidase IV epithelial cells, T cells,
DPP IV (CD26) hepatocytes
Carboxypeptidase M 3.4.17.12 Metallo …Xaa-↓-Arg/Lys Epithelial cells, neurons,
CPM smooth muscle cells
Angiotensin- 3.4.15.1 Metallo …Xaa-↓-Yaa-Zaa Endothelial cells,
converting enzyme epithelial cells, neurons,
ACE (CD143) fibroblasts, monocytes
Neprilysin 3.4.24.11 Metallo ...Xaa-↓-Yaa... Epithelial cells, neurons,
Neutral endopeptidase Schwann cells, lympho- 
NEP (CD10) cytes, smooth muscle

cells

For more details and further cell-surface peptidases see [3] or consult http://merops.
sanger.ac.uk/ or http://brenda.bc.uni-koeln.de/ (or further internet resources). Methods to
monitor the degradation of bioactive peptides by these cell-surface peptidases or other pro-
teases are reviewed in [2].



stants correspond to high cleavage rates under physiological concentrations and,
e.g., doubling of peptide concentration results in doubled reaction rates [3, 4].

Peptidases involved in the degradation of neuropeptide Y (NPY) and 
peptide YY (PYY)

By their structure, neuropeptide Y (NPY), peptide YY (PYY) and pancreatic
polypeptide (PP) are protected against degradation by many non-specialized pro-
teases: carboxypeptidase attack is hindered by the amidation at the C-terminus, and
non-specialized aminopeptidases do not degrade sequences with proline residues as
found in positions 2, 5 and 8 of the N-terminal structure. Furthermore, the attack
of endopeptidases is restricted by the PP-fold secondary structure. In fact, non-spe-
cialized amino- and carboxypeptidases including aminopeptidase N, aminopepti-
dase W, leucyl aminopeptidase (EC 3.4.11.1, soluble), carboxypeptidase M and
angiotensin-converting enzyme do not cleave NPY and PYY [5–7]. On the other
hand some specialized peptidases attack NPY and PYY and generate either new
forms or degrade them to inactive fragments (Fig. 1).

Aminopeptidases as NPY/PYY convertases

Two specialized aminopeptidases are able to remove the first or the first two amino
acids from the N-terminus of NPY and PYY: Dipeptidyl-peptidase IV (DPP IV;
CD26; Xaa-Pro-dipeptidylaminopeptidase; adenosine deaminase binding protein-2;
EC 3.4.14.5) and aminopeptidase P (APP; X-Pro aminopeptidase; EC 3.4.11.9).
Both are selective for the second N-terminal amino acid, either cleaving after (DPP
IV) or in front (APP) of a penultimate proline (or alanine) residue. Purified DPP IV
liberates the ultimate Tyr-Pro-dipeptides to yield NPY(3-36) or PYY(3-36); purified
APP liberates only the terminal Tyr-residue to generate NPY(2-36) or PYY(2-36)
[5–8].

Human DPP IV is a dimeric 240 kDa glycoprotein composed of two 120 kDa
subunits. Its mRNA codes for a type II integral transmembrane protein of 766
amino acids which is anchored by a 22 residue hydrophobic membrane-spanning
domain preceded by a short, 6-residue intracellular sequence at the N-terminus.
DPP IV belongs to the serine class of proteases, clan SC, family S9, with a Ser-630,
Asp-708, and His-740 catalytic triad, inversely arranged as compared to the trypsin-
like serine proteases (“nonclassical serine protease”). The enzyme has a wide tissue
distribution; it is found on the cell surface of many epithelial cells, endothelial cells,
activated T cells, thymocytes, hepatocytes and specialized fibroblasts [3, 4]. NPY
and PYY belong to the best peptide substrates for DPP IV in terms of kcat/Km. How-
ever, several other neuropeptides, peptide hormones and chemokines with N-termi-
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nal Xaa-Pro- or Xaa-Ala-sequence are also good substrates for DPP IV. So far, its
most important physiological function appears to be the destruction of the
insulinotropic hormone, glucagon-like peptide 1 (GLP-1) that is released after meals
by endocrine L cells of the gut and stimulates insulin secretion from pancreatic β
cells (incretin effect). DPP IV inhibitors have been shown to improve glucose toler-
ance in normal and diabetic animals and in human diabetic patients [9]. DPP IV-
knockout mice show a normal phenotype, but are refractory to the development of
obesity and hyperinsulinemia [10]. However, inactivation of other hormones beside
GLP-1 might also contribute to these effects.

Human APP exists in two forms encoded by different genes: a membrane-bound
form (AP-P2) encoded by a gene of the human X chromosome and a cytosolic form
encoded by a gene on human chromosome 10 [11, 12], both with nearly identical
substrate specificities (also with respect to NPY and PYY [8, 13–16]). The mem-
brane-bound form is located as an ectoenzyme via a glycosyl-phosphatidylinositol
anchor on the plasma membrane of endothelial and epithelial cells whereas the sol-
uble form is a cytosolic enzyme found in leucocytes, platelets and astroglial cells of
the brain [13–15]. The cytosolic form displays 43% amino acid identity and 63%
similarity to the membrane-bound form [16]. Both forms are metalloproteases
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Figure 1
Cleavage of NPY and PYY by different proteases. The exopeptidases aminopeptidase P (APP)
and dipeptidyl-peptidase IV (DPP IV) release N-terminal Tyr or Tyr-Pro affecting the Y1
receptor binding affinities, whereas the endopeptidases neutral endopeptidase (neprilysin,
NEP) and urokinase-type plasminogen activator (urokinase, uPA) target intrapeptide
sequences and completely abolish the binding affinities.



(manganese-dependent) and belong to the peptidase clan MG [12, 17]. Beside NPY
and PYY, bradykinin (Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg) appears to be the
most important substrate for APP and is partially inactivated to desArg-bradykinin
[6, 15]. 

NPY and PYY are the best natural substrates for DPP IV and are moderate sub-
strates for APP [3–8]. N-terminal truncation by DPP IV or APP does not abolish the
biological activities of NPY and PYY to all Y-receptor subtypes: The truncated
forms still bind to Y2 and the Y5 receptors (Y5: dipeptide-truncated forms with less
activity), but they are inactive at Y1 receptors [18]. In particular, DPP IV-truncated
NPY and PYY have been shown to bind with equal potency in binding assays to Y2,
but not to Y1 receptors [19, 20]. In accordance, the DPP IV-truncated forms lack
Y1 biological potencies, e.g., Y1-mediated inhibition of vagally stimulated acid
secretion and exocrine pancreatic secretion by PYY [20–22]. 

The biological importance of peptidases involved in the proteolytic truncation of
NPY and PYY may be estimated from their occurrence in the body.

Occurrence of proteolytic NPY and PYY fragments

In fact, not only full-length NPY and PYY are found in tissues and body fluids, but
also in considerable amounts in their N-terminal-truncated forms. NPY(3-36) has
been isolated from porcine brain (35% of total NPY immunoreactivity) and human
pancreatic tumors [23, 24]. In human cerebrospinal fluid NPY(3-36) is the most
important immunoreactive component beside the intact peptide [25]. PYY(3-36)
accounts for 37% of total PYY immunoreactivity in human plasma samples col-
lected in the fasted state, and even 54% of that in the postprandial state [19, 26].
Furthermore, intact PYY and PYY(3-36) can be isolated from rabbit intestine in
nearly equal amounts [27].

These data suggest that DPP IV-cleavage of NPY and PYY are frequent modifi-
cations of both peptides in vivo. APP might act in more specialized locations. 

Biological importance of aminopeptidase-mediated NPY/PYY conversion 

Regarding the physiological role of this process, DPP IV and APP can be regarded
as NPY/PYY convertases switching their receptor selectivity by abolishing Y1 effects
and generating Y2 and partially Y5 agonists [28]. So far, the physiological impor-
tance has been investigated in a few examples for NPY-mediated effects.

NPY is a co-transmitter with noradrenaline in sympathetic perivascular nerves.
Here, NPY acts as a proliferative and contraction factor for smooth muscle cells via
Y1 receptors as well as an angiogenic factor on endothelial cells via non-Y1 recep-
tors (Fig. 2). Truncation of NPY by APP on smooth muscle cells [6] or DPP IV on
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endothelial cells [5] abolishes all Y1, but not Y2 effects. Whereas blood pressure
effects or vasoconstriction by DPP IV-inhibitors have not yet been reported, a criti-
cal role of DPP IV has been demonstrated in angiogenesis, in particular in endothe-
lial cell migration in response to wound healing [28, 29]. The role of DPP IV in
angiogenesis is, however, not fully elucidated and involves probably other factors,
e.g., DPP IV adhesion to extracellular matrix components.

Peripheral NPY can potentate local inflammatory responses via Y1 and Y5
receptors. As a consequence, stabilization of full-length NPY by application of the
DPP IV inhibitor Ile-thiazolidide has been shown to enhance inflammatory paw
oedema in a rat model [30]. A further interesting aspect of peripheral NPY action is
its role in the regulation of malignant cells. NPY and NPY(3-36) can be isolated
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Figure 2 
Schematic examples of the roles of aminopeptidase P (APP) and dipeptidyl-peptidase IV
(DPP IV) in the switch of receptor affinities of neuropeptide Y (NPY) and peptide YY (PYY).
NPY and noradrenaline (NA) are transmitters of sympathetic nerves surrounding blood ves-
sels. NPY stimulates the proliferation and contraction of vascular smooth muscle cells via Y1
receptors, chemotaxis of endothelial cells and subsequent angiogenesis. The Y1 receptor-
mediated effects are abolished upon proteolytic truncation by APP (on smooth muscle cells)
or DPP IV on endothelial cells, whereas the Y2-mediated effects, e.g., presynaptic inhibition
of NPY and NA release, remain unchanged. PYY is converted in the blood to the Y2-agonist
PYY(3-36) that inhibits food intake.



from human pancreatic endocrine tumors [24]. Furthermore, breast carcinoma cells
express Y1 and Y2 receptors, highly metastatic ones in particular Y1 receptors [31].
In SK-N-MC cells NPY reduced tumor growth via Y1 receptors. Consequently, DPP
IV/APP regulation of NPY-regulated tumor growth and immune reactions should be
considered.

In the central nervous system, NPY is one of the most abundant neuropeptides.
NPY is involved in a variety of neurological functions such as memory, anxiety, anti-
convulsion, food intake and proliferation of neuronal precursor cells. In DPP IV
activity-deficient (not protein-deficient) Fischer 344 rat substrains a reduced basal
and NPY-evoked behavioural stress response was observed [32]. NPY administra-
tion induced higher anxiolytic-like effects (increased social interaction time in the
social interaction test) and sedative-like effects (decreased motor activity in the ele-
vated plus maze) in DPP IV activity-deficient rats [32]. 

DPP IV-deficient rats and mice show also a reduced body weight, especially after
a high-fat diet. However, for satiety effects observed after DPP IV-inhibitor applica-
tion or in DPP IV-deficient rats or mice not only the stabilization of central NPY,
but also of peripheral hormones like PYY, GLP-1 and others might be responsible.
PYY(3-36) has been claimed to be a physiological satiety factor which is low in
obese patients [33].

Thus, regulation of the biological potency of NPY and PYY appear to be impor-
tant switches of receptor and consequently biological activity. More experimental
data with DPP IV inhibitors and knockout animals should reveal the importance
under normal and pathological conditions.

Endopeptidases as inactivation enzymes

Apart from these exopeptidases, some endopeptidases are known to cleave NPY and
PYY (Fig. 1). Neprilysin (= neutral endopeptidase, NEP, CD10) cleaves NPY at the
Tyr20-Tyr21 and Leu30-Ile31 bonds and PYY preferentially at the Asn29-Leu30 bond
[7, 16]. Urokinase (urokinase-type plasminogen activator, uPA; a mainly soluble,
cell-secreted protease) and related trypsin-like enzymes cleave NPY after arginine
residues in positions 19, 25, 33 and 35 [34]. This fragmentation was also observed
with cultivated microglial cells and neurons, but not with astroglial cells [34]. In
binding studies with rabbit kidney membranes, a cleavage of NPY by endopepti-
dase-2 (meprin A; EC 3.4.24.18), a membrane-bound metalloproteinase, was
observed [35]. 

These cleavages of internal peptide-bonds (endopeptidase cleavage) result in the
complete inactivation of NPY and PYY at all receptor subtypes. For NPY, endopep-
tidase cleavage is probably the most important final inactivation route in the brain,
for peripheral NPY and circulating PYY diffusion and renal elimination might be of
similar relevance. 
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Conclusion and perspectives

Cell-surface and soluble peptidases regulate the biological potency of neuropeptides,
peptide hormones and chemokines by activation, partial inactivation and complete
inactivation. So far, the activation of angiotensin I to II is the best known example
for activation (conversion) of a peptide hormone and convenient drug-target. Stabi-
lization of natriuretic peptides against inactivation by neutral endopeptidase has
been thoroughly investigated as a target for the treatment of hypertension. Stabiliza-
tion of GLP-1 and other incretins (hormones increasing insulin secretion postpran-
dially) against inactivation by DPP IV is currently being evaluated as a target for the
treatment of type 2 diabetes (DPP IV inhibitors are now in clinical phase III studies).
The differential regulation of the receptor selectivity of NPY and PYY by DPP IV and
APP has not yet been fully investigated for side effects and new applications of
inhibitors. Of both ectopeptidases, DPP IV appears to be of higher importance in
humans. Presently, regulation of NPY-mediated angiogenesis and inflammation as
well as central NPY- and PYY-regulated food intake and anxiety are the most impor-
tant targets to be considered. Clearly, more experimental data with DPP IV knock-
out animals and DPP IV inhibitors, especially those entering the brain, are needed.
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Introduction

It is now well established that the immune system and the nervous system commu-
nicate functionally with each other [1]. A major pathway for the bidirectional inter-
action between the nervous and the immune system is provided by the sympathetic
nervous system (SNS) [2]. Though earlier studies focused mostly on the cate-
cholamines, more recent work has established that other sympathetic transmitters,
such as neuropeptide Y (NPY), also play a significant role within the neuroimmune
crosstalk (see Fig. 1) [3].

NPY containing nerves and NPY receptors in lymphoid organs

A physiological role for NPY in the neuroimmune crosstalk depends on specific
anatomical and functional prerequisites. One such prerequisite is the presence of
NPY containing nerve fibers in primary and secondary lymphoid organs from which
NPY can be released within the local immunological microenvironment. Impor-
tantly, cells of the immune system should also possess NPY receptors enabling a
direct communication between locally present NPY and immune cells. 

The presence of sympathetic fibers innervating lymphoid organs is well docu-
mented [1]. Several of these not only contain catecholamines, the prototypical
transmitter of the SNS, but also store NPY. Lundberg et al. [4] found several
NPY+ fibers innervating the cat spleen and Weihe et al. [5] investigated the pres-
ence of NPY+ sympathetic nerves supplying lymph nodes in a variety of mam-
malian species (guinea pig, rat, cat, pig, mouse and human). Both visceral and
somatic lymph nodes are richly innervated by NPY+ fibers and some fibers were
also found to branch off into the lymphoid parenchyma. Electron microscopy
studies revealed that NPY+ nerve terminals form close contacts with lymphocytes
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and macrophages in the marginal zone of the rat spleen [6]. NPY+ nerves also
innervate other important lymphoid organs, such as the thymus and the bone mar-
row. Though the majority of NPY+ fibers were found to surround blood vessels,
several fibers also ramified among immune cells within these organs [7, 8]. The
functional significance of these findings is further substantiated by studies demon-
strating that electrical stimulation of pig and murine spleens induces the release of
NPY from sympathetic nerves into the local immunological microenvironment [9,
10]. Thus, the presence of NPY containing fibers in lymphoid organs and the
release of NPY within the local microenvironment allows for a direct interaction
between NPY and immune cells.

Figure 1 
Overview on the effect of NPY on various immune cells



NPY receptors in the immune system

If NPY truly functions as a transmitter in the neuroimmune crosstalk, leukocytes
should be equipped with functional NPY receptors. Initial investigations have
revealed a high density of the Y1 receptor in the spleen of different species [11].
Even though much stronger signals were obtained in the red pulp and blood vessels,
moderate signals are also present in lymphocyte rich areas of the white pulp [4].
This first indication for the expression of the Y1 receptor on immune cells was fur-
ther substantiated by de la Fuente et al. [12], who demonstrated binding sites for
radiolabeled NPY on peritoneal murine macrophages. A more detailed investigation
on this matter was conducted by Petitto et al. [13]. They successfully cloned a Y1
receptor from human splenic lymphocytes, which displayed a 100% sequence
homology upon comparison to the Y1 receptor cloned from the frontal cortex.
Using RT-PCR and radioligand binding studies, they demonstrated the expression
of the Y1 receptor protein on the surface of splenic lymphocytes. Functional Y1
receptors are also expressed on murine T lymphocytes [14] and rat peripheral blood
mononuclear cells [15]. 

Dipeptidyl peptidase IV (DPPIV, EC 3.4.14.5, CD26): 
distribution in the immune system and relevance of the NPY-DPPIV-axis

DPPIV is an ectopeptidase with a triple functional role: CD26 is involved in cat-
alyzing the release of Xaa-Pro dipeptides from circulating hormones and
chemokines [16, 17], in T cell dependent immune responses [18, 19], and in cell
adhesion [17, 20]. The role of NPY in immune regulation cannot be fully under-
stood without a deeper understanding of its degradation and associated changes in
receptor specificity. Both are accomplished by DPPIV, an ubiquitous cell-surface or
soluble peptidase that is involved in the activation, partial or complete inactivation
of bioactive peptides. Together with aminopeptidase N (APP), DPPIV is involved in
the post-secretory regulation of the biological activity of peripheral and central NPY
and PYY via N-terminally truncation thereby generating metabolites of altered
receptor selectivity. N-terminally truncated NPY(3-36) as well as PYY(3-36) lose
their affinity and potency to Y1 and partially Y5 receptors, but not to Y2 receptors
and are both found in serum and many tissues. Most likely, therefore, NPY-conver-
sion plays a role in many NPY-modulated processes including angiogenesis, inflam-
mation, food intake and anxiolysis. Apart from its widespread distribution in
organs and body fluids, activated T lymphocytes also express high levels of
DPPIV/CD26. In these cells, the ectoenzyme DPPIV has been shown to play a cru-
cial role in T cell activation and specific inhibitors of DPPIV have been used to sup-
press DNA synthesis as well as cytokine production (IL-2, IFN-γ, etc.) of stimulat-
ed human and mouse T cells [18, 19]. 
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Innate immune function

Phagocytosis

Phagocytosis of extracellular particles and microorganisms represents a major func-
tion of monocytes and neutrophils. This complex phenomenon, involving engulf-
ment of the pathogen and subsequent enzymatic degradation within the phagocyte,
is mediated through surface molecules that are directed against highly conserved
microbial components, such as lipopolysaccharide (LPS) or formyl-methionyl-
leucylphenylalanine (fMLP). An alternative means initiating phagocytosis is
opsonization by antibodies or complement fragments bound to the surface of a
pathogen. There is convincing evidence that NPY profoundly interferes with phago-
cytosis of both monocytes and neutrophils. Notably, the effect of NPY on phagocy-
tosis by monocytes depends on the type of microorganism studied, as NPY increas-
es phagocytosis of Candida albicans [12], whereas the engulfment of Leishmania
major is inhibited [21]. The different results can probably be attributed to the vari-
ous pathophysiological mechanisms by which microbes interact with monocytes.
With phagocytosis of Leishmania representing a critical step for their replication
and proliferation intracellularly, one may argue that the inhibition of phagocytosis
of Leishmania may still be protective for the organism. NPY also potently modu-
lates the ability of neutrophils to phagocytoze gram-negative bacteria. Using fluo-
rescence-labeled Escherichia coli, we recently studied the effect of NPY and various
NPY specific agonists and antagonists on human neutrophil phagocytosis [22]. NPY
itself modulated phagocytosis in a bimodal manner. When stimulated with low con-
centrations, NPY significantly inhibited phagocytosis of E. coli. However, with
increasing concentrations of NPY this effect changed, eventually resulting in a sig-
nificant enhancement of phagocytosis. In order to assess which NPY receptor sub-
type is responsible for the modulation of phagocytosis, we also tested a panel of dif-
ferent receptor specific agonists and antagonists. The results demonstrated that
NPY-mediated modulation of phagocytosis is mediated via the Y5 receptor subtype.
In the light of these findings, new significance might be led to the demonstration
that DPPIV is upregulated on the surface of phagocytes following ingestion of latex
beats [23]. Accelerated cleavage of NPY and resulting higher concentrations of Y2/5
preferring fragments, might represent an endogenous mechanism by which phago-
cytosis is augmented in a NPY-dependent fashion. This possibility, however, needs
to be checked experimentally. 

From the studies discussed here it becomes evident that NPY profoundly modu-
lates the ability of both monocytes and neutrophils for phagocytosis. However, most
remains unclear regarding the underlying mechanisms. Which receptor subtypes
modulate monocyte-mediated phagocytosis? What intracellular events govern these
effects? Does phagocytosis involve a specific mechanism of NPY and DPPIV inter-
action?
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Production of highly reactive oxygen derivates

A remarkable feature of the host defense apparatus is its ability to deploy a group
of highly reactive oxidizing reagents, including oxidizing radicals and singlet oxy-
gen. The importance of this so called “respiratory burst (RB)” became obvious
when the syndrome chronic granulomatous disease, characterized by predisposition
to bacterial and fungal infections, was shown to be associated with decreased oxy-
gen consumption [24]. However, the capacity for bacterial killing carries with it an
implicit capacity for host tissue destruction and must therefore be tightly regulated.
In addition to numerous immunological and non-immunological mechanisms con-
trolling the RB, mediators of the SNS are also shown to be potent modulators of the
RB. 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 [12]. More recently we have extended these investigations
regarding the involvement of different NPY receptors and the role of DPPIV. The
RB of rat peritoneal macrophages induced by phorbol-12-myristate-13-acetate
(PMA) stimulation is potentiated not only by NPY, but also by NPY13-36, a selec-
tive Y2 receptor agonist. Supporting the role of Y2 receptors in PMA-induced RB,
the action of NPY can be abrogated by co-administration of a selective Y2 receptor
antagonist [25]. Interestingly, a functional involvement of DPPIV was observed as
well, since a DPPIV inhibitor attenuated the NPY-induced potentiation of the RB in
PMA-stimulated macrophages. This observation implies that under circumstances
of regular DPPIV activity, most of the NPY is cleaved and therefore predominantly
activates the Y2 receptor. Notably, NPY also modifies the RB when administered to
the central nervous system. Blood neutrophils immediately isolated from i.c.v NPY
treated rats exhibited a decrease in zymosan and PMA-induced oxygen radical for-
mation [26–28]. When the same assay was performed 24 h after i.c.v administration
of NPY an increase in oxygen radical formation was observed. Further studies
revealed that these effects are mediated via the Y1 receptor, since the results were
mimicked using an Y1 receptor agonist and were blocked by an Y1 receptor antag-
onist [29]. Thus, at this stage a very complex receptor interplay is involved in the
modulation of innate immune functions via NPY-DPPIV-axis in vivo (see Fig. 2).

Natural killer cell activity

Host response to viruses and tumors are controlled to a large extent by natural killer
(NK) cells. NK cell activity is also modulated, among several other mechanisms, by
physical and psychological stress, such as exercise or mood disorders [30]. Howev-
er the underlying mechanisms of this interaction are not fully understood. Most like-
ly these alterations are mediated via the SNS. This suggestion is underlined by sev-
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eral findings. Chemical sympathectomy is shown to increase NK cell activity [31],
whereas SNS activation inhibits NK cell activity [32]. Furthermore, bilateral lesions
in the hypothalamic preoptic nucleus result in suppressed NK cell activity [33] and
these effects can be abrogated by resection of sympathetic splenic nerves [34]. Inter-
estingly, a growing number of studies indicate that sympathetic control on NK cell
activity also involves NPY.

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 decrease in NK activity resulting from such events [35,
36] is inversely correlated with NPY plasma levels. Increased NPY levels result in
decreased NK cell activity, and vice versa [37]. These findings were further empha-
sized by in vitro experiments demonstrating a direct and dose-dependent inhibition
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Figure 2 
Interplay between nerve-derived NPY and neutrophil granulocytes. Neutrophils express the
NPY receptors Y1, Y2 and Y5. Activation of these receptors results in differential functional
consequences. Parallel activation of both the Y1 and the Y2 receptor modulates phagocyto-
sis of gram-negative in a complex manner (see text). Conversely, the production and secre-
tion of highly reactive oxygen species can be inhibited by activating the Y5 receptor.



of NK cell activity by NPY. This latter study clearly demonstrated the specificity of
the findings, since anti-NPY sera abrogated the effects and the impaired NK activi-
ty was not due to effects of NPY on the target cells themselves [38]. Interestingly,
these suppressive effects on NK activity can not only be induced by direct interac-
tion of NPY with these cells, also intracerebroventricular (i.c.v) application is able
to induce a similar depression in NK cell function. However, these indirect effects
seem to have a rebound effect, since NK activity increased after 24 h [26, 27]. The
peripheral distribution of NK cells is also modulated by NPY. This is of particular
importance since immune reactions and inflammations involve the migration and
trafficking of leukocytes to their site of action. Recently, we have shown that intra-
venous application of NPY dose-dependently alters NK cell distribution in the blood
[39]. The effects were bimodal: a low dose NPY injection resulted in decreased num-
bers of NK cells, whereas high dose NPY was able to mobilize these cells. Interest-
ingly, the distribution of blood NK cells can be also altered by i.c.v administration
of NPY. Shortly after injection of NPY a significant increase in NK cell numbers was
detected [26, 27]. The role of a differential expression of adhesion molecules
induced or suppressed by NPY or effects on chemokines and their receptors are still
unknown. However, considerable evidence is available for a further involvement of
DPPIV, the NPY degrading enzyme, on NK cell activity, suggesting a further loop in
the modulation of innate immunity via the DPPIV-NPY-axis.

Previous work on the role of DPPIV on NK cells has demonstrated that IL-2
stimulation increased DPPIV expression on a subpopulation of these cells [18, 40].
However, NK cytotoxicity of CD26 positive cells was not different in comparison
to DPPIV negative NK cells [40]. Since, in addition, DPPIV inhibitors had no effect
on NK cell function but instead suppressed DNA synthesis and cell cycle progres-
sion of NK cells, it was concluded that CD26 is involved in the regulation of NK
cell proliferation, whereas natural cytotoxicity seems to be regulated independently
[40]. In partial contrast, using classical chromium release NK cytotoxicity assays,
we have repeatedly observed a blunted cytotoxicity splenic NK cell (ex vivo) against
tumor cell targets co-cultured in vitro using NK cells from rats deficient in CD26
[20, 41].

Cytokine release

A major repository of cytokines released at inflammatory sites is provided by
macrophages. This cytokine release is modulated by the SNS, as the interaction of
catecholamines (CA) and NPY in the sympathetic nerve-macrophage interplay was
recently examined [42] using electrical stimulation of ex vivo spleen slices [10].
Administration of exogenous NPY inhibits IL-6 release from splenic macrophages.
This process is mediated via the Y1 receptor, because administration of the Y1
receptor antagonist BIBP 3226 abrogates this action. Interestingly, co-administra-

93

NPY, NPY receptors and DPPIV in innate immunity and autoimmune disorders



tion of NPY and norepinephrine (NE) resulted in an even stronger inhibition of the
IL-6 release, indicating a potentiation of NE-mediated effect. Because NE mainly
acts through α-ARs, but at higher concentrations also involves β-adrenergic signal-
ing, the effect of the β-AR agonist isoproterenol was also investigated. Isoproterenol
increases the release of IL-6 dose-dependently and thus operates in an opposite man-
ner to a α2-AR agonist. Surprisingly, the combined action of NPY and isoproterenol
intensifies the increased IL-6 release. One possible explanation for the potentiating
effects of NPY can be a modulation of intracellular cyclic adenosine monophos-
phate (cAMP) formation. Since NPY is shown to induce both an increase and an
inhibition of cAMP formation [43], we speculate that the NPY induced effects
depend on the catecholaminergic pathway that is activated. In case of β-adrenergic
stimulation NPY augments the increase of cAMP, whereas upon α2-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 [42]. This provides evidence for co-transmission between NPY
and CA during neuroimmune interactions.

Gut-derived human macrophages and lymphocytes proliferate in response to
NPY treatment [44]. IL-1β released from macrophages mediates this effect, since it
is abolished by depletion of adherent cells and restored by the addition of exogenous
IL-1β. This conclusion is supported by the in vitro capacity of NPY to increase IL-
1β production from whole blood [45] and murine monocytes_ [46]. The effects of
NPY on the release of cytokines, such as IL-1β and IL-6, and the interaction of NPY
with the release of oxidative reagents may be of major importance for the host
defense. Furthermore, after being secreted from monocytes these cytokines diffuse
throughout the body. Since systemically released cytokines can induce a wide spec-
trum of actions, it is of major importance to investigate to what extend locally NPY-
evoked cytokine release contributes to systemic levels of cytokines.

Histamine release by mast cells

Another innate branch of the immune system is formed by mast cells and their medi-
ators are crucial components in the first line defense of immune responses against
microbes. Murine connective tissue mast cells respond to NPY by releasing hista-
mine [47], whereas NPY has no effect on human mucosa mast cells [48]. 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-
terminal fragments of NPY, which, however, do not have proper affinities for NPY
receptors [49]. This receptor-independent effect is most likely due to positive
charges at the C-terminal end of centrally truncated NPY analogues [50], and may
represent a receptor-independent effect of NPY. 
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The findings on the interaction between NPY and mast cells suggest unspecific
effects on the release of histamine that are associated with structural components of
NPY receptor-specific analogues. Future development of drugs based on NPY ana-
logues should carefully consider this receptor-independent mechanism.

Autoimmunity

An important feature of T cells is their ability to develop into distinct subtypes that
are characterized by specific cytokine patterns. The Th1 phenotype predominantly
secretes cytokines, such as IL-2 and IFN-γ, whereas the production of IL-4 is an
important feature of T cells biased towards a Th2 subtype [51]. This Th1/Th2 bal-
ance is of critical significance for autoimmune disorders, such as multiple sclerosis
(MS), rheumatoid arthritis (RA), and systemic lupus erythematosus (SLE): in MS
and RA Th1 cells predominate and in SLE a Th2 bias is present. Though more
recent findings argue against a clear cut distinction towards either the Th1 or Th2
phenotype, this concept is still valuable in approaching general features of these dis-
orders.

Autoimmune models of multiple sclerosis (MS): Experimental allergic
encephalomyelitis (EAE) 

In MS, a disease characterized by the destruction of myelin sheaths, impaired sym-
pathetic functions are indicated both experimentally and clinically. The course of
EAE, an animal model for MS, is much more severe when sympathetic nerves are
chemically disrupted by the application of 6-hydroxydopamine (6-OHDA) [52].
Conversely, clinical signs and the pathology of EAE can be significantly reduced by
treating the animals with β-adrenergic agonists [53]. Clinical observations support
the concept of sympathetic dysfunction in MS as a variety of sympathetic dysfunc-
tions have been reported to occur in MS patients. For example pupillary distur-
bances [54], impaired sympathetic skin response [55] and cardiovascular abnor-
malities [56] have been described. An important indication that the sympathetic
defect is also relevant for the communication between the SNS and the immune sys-
tem during MS is the finding that the density of adrenergic receptors on lympho-
cytes from MS patients is altered. The upregulation of β-adrenoreceptors on T cells
from MS patients [57] is believed to reflect the loss of sympathetic influence, since
chemical sympathectomy results in a similar receptor upregulation [58]. Hence, a
sympathetic dysfunction is accompanied by altered responsiveness of lymphocytes.
This makes a solitary action of catecholamines as mediators for the sympathetic
influence unlikely. In support of the concept that the sympathetic influence on the
immune system is alleviated, decreased concentrations of NPY in the cerebrospinal
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fluid and plasma of MS patients have been documented [59]. These findings were
confirmed by others and it was additionally found that a more severe form of MS
is associated with even lower cerebrospinal fluid NPY levels than observed in milder
forms [60]. In an attempt to approach this concept more functionally, we recently
examined whether administration of exogenous NPY would have any impact on the
clinical course of EAE. The results demonstrate a dose-dependent suppression of
actively and also passively-induced EAE [14]. Pharmacological assessment of the
involved receptor revealed that the suppression is mediated via the Y1 receptor.
Comparing T cell responses and anti-MOG35-55 antibody titers from treated ver-
sus control animals we found that the suppression is due to a Y1 receptor-mediated
induction of a Th2 shift of autoreactive lymphocytes in vivo. This study proofs that
NPY, serving as a sympathetic transmitter, exerts a protective role in EAE. The
potential relevance of NPY for MS was very recently emphasized in a genetic study
revealing a vulnerability locus on human chromosome 7q15, a locus that actually
encodes NPY [61]. 

Notably, the interaction between NPY and DPPIV might also be of significant
importance. The result of N-terminal truncation of NPY by DPPIV is a peptide
fragment that has significantly altered receptor affinities, as the degradation prod-
uct NPY3-36 loses its ability to activate the Y1 receptor and becomes a selective
agonist to the Y2 and Y5 receptor [17]. Increased degradation of NPY by DPPIV
under autoimmune conditions may thus account for insufficient activation of Y1
receptors, which in turn favors the development of Th1 responses. Interestingly,
this possibility is consistent with the recent report that the pharmacological inhi-
bition of CD26 suppresses the clinical course of EAE via the induction of a Th2
shift [62]. It remains to be investigated whether the suppressive action of DPPIV
inhibition results from increased Y1 receptor activation and the corresponding
Th2 shift.

Rheumatoid arthritis

An interesting feature of rheumatoid arthritis, an autoimmune disorder character-
ized by joint inflammation and destruction, is the loss of sympathetic nerve fibers.
Despite the presence of sympathetic fibers in all layers of healthy joints, sympathet-
ic nerves are absent from the synovium of RA joints [63]. To study the significance
of such a loss of sympathetic nerves, chemical depletion of sympathetic transmitters
by 6-OHDA was performed in typical animal models of arthritis. Depleting sympa-
thetic nerves in lymph nodes draining the hind limb of rats was recently shown to
aggravate joint inflammation and increase paw diameter in a model of adjuvans-
induced arthritis [64]. Conversely, continued treatment using salbutamol, a β-adren-
ergic agonist, inhibits collagen-induced arthritis in mice [65]. These findings strong-
ly suggest a protective role for the SNS in RA that is probably mediated by cate-
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cholamines. A more detailed look into the involvement of catecholamines in RA and
experimental models reveals some interesting observations. Studies comparing the
density of adrenoreceptors on synovial lymphocytes from RA patients and healthy
controls revealed a significantly reduced expression of adrenergic receptors on the
surface of lymphocytes from RA patients [66]. Furthermore, the suppressive effect
of catecholamines on the proliferation of these cells is reduced in synovial lympho-
cytes of RA patients. Finally, there is a direct correlation between disease severity
and the number of adrenergic binding sites: patients with high systemic disease
activity have lower numbers of adrenoreceptors than patients with low disease
activity [67]. These findings indicate that in addition to the loss of sympathetic
innervation, the responsiveness towards catecholamines is also decreased in RA
joint tissues. 

Several lines of evidence suggest that NPY is also involved in the regulation of
RA. A specific loss of NPY+ containing fibers is found in the synovium from RA
patients [68, 69]. Investigations to determine the concentration of NPY in inflamed
arthritic joints have revealed some unexpected observation. Despite the lack of
NPY+ containing nerves, different studies reported elevated NPY levels in RA joints,
such as the knee, the ankle or the temporomandibular joint [70, 71]. One study also
found a correlation between NPY levels in the temporomandibular joint and plas-
ma NPY levels [72]. The question should be addressed how NPY levels can be ele-
vated when a dramatic reduction of sympathetic innervation is present. Ahmed et
al. [73] investigated possible mechanisms underlying elevated NPY levels in the
inflamed ankle joint of arthritic Lewis rats. If increased activity of NPY+ fibers
would account for this phenomenon, altered NPY levels in the dorsal root ganglia
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+ 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 suggestion is further supported
by a study seeking to determine the source of NE in RA synovial tissues. Miller et
al. [63] reported that despite the loss of sympathetic fibers the concentration of nor-
epinephrine is increased in synovial tissues from RA patients. The study revealed
that the additional NE amount is produced by CD163+ macrophages residing in the
synovium. Hence, in analogy to the possibility that megakaryocytes release NPY in
inflamed RA tissues, extraneuronal NE is released by local macrophages in the syn-
ovium of RA patients.

The endogenous regulation of DPPIV activity and expression levels on certain
immune cell types appears to be altered in RA as well. Muscat and colleagues ana-
lyzed the expression of DPPIV on T lymphocytes isolated from the synovial fluid of
patients with either active or inactive joint inflammation and found that T lympho-
cytes from patients with active inflammation express higher amounts of DPPIV on
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their surface [74]. Supporting the significance of DPPIV expression in RA, a recent
study has demonstrated that administration of a fungi-derived DPPIV inhibitor
improves clinical features, such as paw swelling, in adjuvans arthritis [75]. This
observation is associated with decreased T lymphocyte proliferation and decreased
IL-12 secretion. As inhibition of DPPIV results in increased levels of uncleaved,
native NPY, DPPIV inhibition can be regarded an indirect means to increase Y1
receptor stimulation. Accordingly, it may well be that the suppression of joint
inflammation and T lymphocyte suppression is at least partially a results of
increased Y1 receptor activation by endogenous NPY. So far, there is no experi-
mental evidence available regarding the interaction between DPPIV and NPY in
models of autoimmune arthritis. Clearly, experiments are needed to investigate such
a possibility.

Systemic lupus erythomatodes (SLE)

SLE is driven by autoreactive T cells that are biased towards the Th2 subtype. Th2
biased T helper cells activate B cells to produce autoantibodies, which in turn medi-
ate typical tissue destruction. Contrasting sympathetic dysfunctions in Th1 driven
autoimmune disorders, such as MS and RA, observations in SLE patients indicate
increased sympathetic activity. Prolonged pupillary reaction and increased maximal
pupillary areas, as well as increases in blood pressure and heart rate are found in
SLE patients [76, 77]. Comparing stress-induced alterations in the composition of
leukocytes in the peripheral blood of SLE patients and healthy controls, Jacobs et
al. [78] recently observed an interesting difference between SLE patients and healthy
subjects. Whereas in the control group the number of both IFN-γ (Th1) and IL-4
(Th2) producing cells increased upon stress, in SLE patients only IL-4 producing
cells increased, suggesting a selective inhibition of stress-induced Th1 responses in
SLE patients. Strikingly, alterations in NPY contents have been reported in models
of SLE. Ericsson et al. [79] 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 demon-
strated that the onset of glomerulonephritis in lupus-prone mice is accompanied by
increased quantities of NPY in the kidney [80]. In line with the association of Th1-
driven autoimmune disorders with increased DPPIV activity, several investigators
have documented that the serum activity of DPPIV is decreased in SLE [81], imply-
ing that Th2-driven autoimmunity is associated with decreased DPPIV activity. Sup-
pressed cleavage of native NPY shifts the balance between preferential binding of
DPPIV-cleaved fragments to Y2/Y5 receptors on the one hand, and activation of Y1
receptors by fully intact, uncleaved NPY one the other, towards latter. Such NPY-
mediated Th1 suppression may explain as to why Th2 predominate in SLE. This
possibility needs to be addressed in future studies.
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Concluding remarks

NPY is released in the central and the peripheral nervous system and acts via mul-
tiple pathways on immune cells, which express receptors for NPY. As also described
in this book, in the future, at least three potential avenues of research will utilize this
knowledge on the role of NPY in neuroimmunomodulation: (a) modulation of
autoimmune disease (see Tab. 1), (b) vascular pathology/repair, and (c) usage of
NPY receptors on tumors for labeling/therapy. However, this perspective becomes
challenging as the degradation of NPY by dipeptidyl-peptidase IV and associated
changes in receptor specificity will complicate the understanding on the role of NPY
at the local microenvironment during inflammation and/or host defense. 
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Table 1 - Involvement of NPY in various autoimmune disorders. The table is modified after
Bedoui et al. 2003

Disease Organ/Compartment NPY alteration Literature

Fibromyalgia Plasma NPY ↓ [82]
Inflammatory bowel disease Colon NPY+ nerves ↑ [83]

Myenteric plexus NPY+ nerves ↑ [84]
Platelets No differences [85]
Serum Loss of correlation [86]

with cortisol
Lichen planus Oral mucosa NPY+ nerves ↓ in [87]

inflamed areas
Multiple sclerosis Cerebrospinal fluid NPY ↓ [59]

Thymus NPY ↑ after IFN therapy [7]
Rheumatoid arthritis Synovium NPY+ nerves ↓ in [68]

superficial layer
Synovial fluid NPY ↑ [70, 71]
(Knee, ankle, TMJ) 
Synovial fluid (TMJ) NPY ↓ GC treatment [88]
Synovial fluid (Ankle) NPY ↑ [73]

Sjögren syndrome Saliva NPY ↑ [89]
Labial glands NPY+ nerves ↓ [90]
Labial glands NPY+ nerves ↓ in [91]

inflamed areas
Systemic lupus erythematosus Spleen, BM, blood NPY mRNA ↑ [79]

Inflamed kidneys NPY ↑ [80]
Type 1 diabetes Plasma NPY ↓ after exercise [92]
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General effects of NPY on macrophages

The phagocytic cell is one of the outstanding cells involved in the non-specific
immune response of the host faced with infectious and inflammatory processes. For
this function, phagocytic cells carry out the phagocytic process as their most char-
acteristic property. This process involves several functions such as adherence to tis-
sues, mobility to the infectious focus (chemotaxis), ingestion of the foreign materi-
al (phagocytosis) and digestion and destruction of this ingested material. These
mechanisms are one of the most effective means for the production of free radicals,
the first of which is the superoxide anion. The phagocytic function of these cells ini-
tiates many other biological activities that comprise the whole spectrum of the
immune response. Moreover, phagocytes, especially macrophages, play an impor-
tant regulatory and functional role in the immune system. Thus, these cells process
antigens that are presented to T lymphocytes, kill tumor cells, and serve as accesso-
ry cells for lymphocytes [1]. 

As regards to the functional connection between the two homeostatic systems,
namely the nervous and immune systems, that is carried out by molecular mediators
and receptors common to both systems, the presence of NPY receptors on immune
cells has been described. Presently, six types of NPY receptors are known, with only
five of them cloned in different physiological systems. Although little is known
about the presence of NPY receptors on phagocytic cells, it has been described that
the central NPY Y1 receptor subtype is involved in the modulation of granulocyte
function [2] and it has been identified on rat and guinea pig spleen cells [3]. In rela-
tion to this, our group has suggested the presence of high and low affinity NPY
receptors in murine peritoneal macrophages [4]. In a study using agonists or antag-
onists of Y1, Y2 and Y3 NPY receptor subtypes, the possible role of these receptor
subtypes mediating NPY effects on the different steps of the phagocytic process have
also been proposed [5]. Recently, it has been demonstrated that NPY Y1, Y2, and
Y5 receptors have different responses in rat peritoneal macrophage function during
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NPY stimulation [6]. The role of the Y2 receptor also has further effects on the
adhesion of rat monocytes [7]. Therefore, the immunomodulatory properties of
NPY are highly dependent on the subtype of NPY receptor that is expressed on the
immune cells and on the functional interaction between different subtypes of NPY
receptors.

Although NPY exerts critical effects on various immunological parameters,
including important actions on both innate and acquired immunity, the aim of this
chapter is to outline the involvement of NPY on phagocytic cells, especially on
macrophage functions.

It is important to point out that macrophages are distributed in different loca-
tions throughout the body and that the innervation by sympathetic nervous fibers,
which release NPY along with other neurotransmitters, is different in each of those
places. For this reason, the modulation exerted in vivo by NPY on macrophage
functions will be different depending on the source of them and it is possible, as
commented below, that the same occurs in the in vitro studies with macrophages.
Among the different sources of macrophages, we have chosen in our laboratory
those from the peritoneum because they can be obtained easily and without sacri-
ficing the animals.

The knowledge at this moment about the influence of NPY on the different steps
of the phagocytic process of peritoneal macrophages, as well as its way of action at
the intracellular level is analyzed and summarized in Figure 1.

Adherence

The first step of the phagocytic process involves the adherence of phagocytic cells to
tissue substrate before migration to the site of inflammation. Thus, adherence is a
crucial event in the entire immune response shared by lymphocytes and phagocytes
[8]. NPY affects the abilities of leukocytes to adhere to the endothelium, enhancing
the adhesiveness to extracellular molecules in vitro, which is due to an increased
overall affinity of the adhesion molecule receptors on leukocytes [9, 10]. Recently,
Nave et al. [7] have found that NPY enhances the adherence of rat peritoneal
macrophages activated with lipopolysaccharides (LPS) in vitro and in vivo, with
NPY Y2 receptor mediating this effect. Our group has described an increase or no
effect of this neuropeptide on the adhesion of murine peritoneal macrophages,
depending on the time of incubation of macrophages with NPY [4, 5]. It has been
reported that NPY increased the adhesion of lymphocytes to fibronectin through the
activation of integrin B1 [10], but to our knowledge no studies on macrophages
have been performed in relation to the possible activation of adhesion molecules by
NPY. For a better understanding of the underlying mechanisms of this phenomenon,
future investigations should carefully examine the involvement of adhesion mole-
cules in NPY-induced leukocyte adhesion.



Chemotaxis

Phagocytes show great mobility, both spontaneous and directed towards a chemical
gradient (chemotaxis) produced from an infectious focus. This property, extensive-
ly studied in leukocytes, in addition to adherence is also shared by lymphocytes and
phagocytic cells. We have observed an increase of spontaneous mobility and chemo-
taxis of peritoneal murine macrophages in response to NPY [4, 5, 11]. However, an
inhibitory effect of NPY on macrophage chemotaxis induced by Leishmania major
has also been reported [12]. These opposite results could be explained because of
the different cells employed, that is, murine peritoneal macrophages in our studies
and a murine monocyte/macrophage cell line Raw 264.7 in the studies performed
by Ahmed et al. [12].

NPY profoundly alters chemotaxis, a critical step of phagocytic cells, directly,
and additionally modulates the outcome of other chemotactic stimuli. Thus, in an
in vitro assay with human monocytes, NPY increased the chemotaxis of these
phagocytic cells, but the fMLP, a strong chemoattractant agent obtained from bac-
terial walls, exerted a two- to three-fold stronger effect in comparison to NPY [13];
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Figure 1 
Effects of NPY on several functions of macrophages. ↑ Increase, ↓ decrease, = no effect



however, the combined action of fMLP and NPY did not result in synergistic effects,
since NPY inhibited the fMLP-induced chemotaxis of human monocytes [14]. 

Phagocytosis

The phagocytic capacity of macrophages is the most representative and relevant
function of these cells. Not much is known about the effect of NPY on this func-
tion, but we have found that the ingestion capacity of foreign cells (Candida albi-
cans) of inert particles (latex beads) was increased by NPY [4, 5, 11]. Moreover, we
have confirmed that the action of NPY on macrophage phagocytosis depends on the
presence of other cells such as lymphocytes [5], a fact that will be extensively
explained below. However, contradictory effects have also been reported. Thus, an
inhibitory effect of NPY on phagocytosis of the Leishmania major parasites by a
monocyte/macrophage cell line has been described [15]. In rat peritoneal
macrophages stimulated with zymosan, NPY seems to inhibit phagocytosis [6]. As
commented before and will be discussed in more detail, any change in the experi-
mental design leads to different results of NPY’s effects on immune cell functions.

Digestion

The digestion capacity is needed for the destruction of the ingested material and, in
macrophages, for the antigenic presentation to lymphocytes. This activity is carried
out in different ways, but the most relevant is known as the respiratory burst. In this
process the presence of a phagocytic stimulus activates the enzyme NADPH oxidase,
which catalyzes a reaction that produces superoxide anion (O2

–), an oxygen free
radical which is a precursor of the active microbiocidal oxidants [16]. With regard
to this activity, several in vitro studies on NPY and peritoneal macrophages have
shown that this neuropeptide increases the superoxide anion levels of these cells in
response to latex beads as a phagocytic stimulus [4, 5, 11]. It has also been report-
ed that NPY increased hydrogen peroxide production in PMA-stimulated rat peri-
toneal macrophages with Y1 and Y2 receptor subtypes mediating the stimulation,
while the Y5 receptor subtype showed suppression of that peroxide production [6].
In the same study, it has been reported that NPY inhibits superoxide anion release
when macrophages are stimulated with zymosan [6]. 

Cytokine release and pro- and anti-inflammatory functions

The immunomodulatory activity of neuropeptides and NPY is mediated, at least in
part, through their effects on the production of cytokines. Thus, the modulatory
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effect of NPY on macrophage functions could be interpreted in the context of the
effect of this neuropeptide on the levels of inflammatory/anti-inflammatory
cytokines that it produces. Moreover, the macrophages are a major source of sever-
al cytokines released at inflammatory sites. It has been reported that NPY inhibits
IL-6 release from spleen macrophages via the Y1 receptor [17]. NPY has also been
shown to decrease TNF-α production, a clearly proinflammatory cytokine [5] which
can be interpreted as a positive modulation since this cytokine is involved in many
diseases and inflammatory processes. With respect to IL-1β, a proinflammatory
cytokine necessary for immune functions such as the proliferative response of lym-
phocytes, NPY seems to play a homeostatic role to keep the amount of this cytokine
at optimal levels depending on the age of the animal studied [5].

Moreover, NPY shows other anti-inflammatory actions such as the above men-
tioned, i.e., it decreases leukocyte infiltration to tissues during experimental endo-
toxemia, which could reduce the damage of those tissues [7], and decreases oxygen
free radical levels in rat peritoneal macrophages, preventing a possible
oxidative/inflammatory state [6]. However, we have observed that NPY did not
exert any effect on the levels of nitric oxide or prostaglandin E2 (PGE2) in
lipopolysaccharide-stimulated peritoneal leukocytes. However, when NPY was co-
administered with norepinephrine, an inhibition of both PGE2 and nitric oxide
(NO) levels was observed, giving these neurotransmitters an anti-inflammatory role
(unpublished data). 

Since systemically released cytokines are involved in many actions, some anti-
and others proinflammatory in nature, it is of major importance that the extent to
which local NPY-evoked cytokine release contributes to the systemic effects of
cytokines will be further investigated.

Action mechanisms

The final effect of a peptide, such as NPY on a cell, depends on the intracellular
pathway that it activates. With respect to the two most relevant intracellular signals,
several studies suggest that agents that increase intracellular levels of cAMP and
decrease diacylglycerol and inositol triphosphate levels, with subsequent lower pro-
tein kinase C (PKC) activation, inhibit the functions of a variety of immune cells
[18, 19]. Nevertheless, low levels of cAMP and high protein kinase C (PKC) levels
accompany an increase of these functions [18]. NPY has been shown to induce both
an increase and an inhibition of cAMP formation [20]. We have described that NPY
decreases cAMP levels, stimulates PKC and increases phagocytosis [4, 5, 18]. The
study of PKC activity in murine macrophages showed that NPY produced a signif-
icant increase in the membrane fraction activity of PKC and a loss of activity in the
cytosolic fraction, which seems to indicate an activation of the enzyme by translo-
cation from the cytosol to the membranes [4]. In this way, it has been proposed
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recently that NPY increases the oxidative burst in phorbol myristate acetate-stimu-
lated rat peritoneal macrophages involving the activation of PKC [6]. 

The current knowledge of the effect of NPY on phagocytic cell function is very
limited and more research is needed for extending and clarifying its role on these
immune cells. The data are also, in many cases, contradictory and with respect to
this fact it is useful in each experimental design to consider the involvement of a
great number of factors which could exert a relevant influence on the effects that
NPY shows on the immune cell functions, especially on macrophage functions such
as those that have been dealt with in this section. Next, we will discuss several of
these factors.

Factors that could be involved in the effect of NPY on macrophage functions

The results shown until now on the modulation capacity of NPY on phagocytic cells
have been obtained in vitro. However, in vivo, NPY is released together with other
neuropeptides and hormones. Furthermore, other factors that must be considered
are the interactions among the different immune cellular types that are found in
each immune location. Thus, a determined effect of NPY could be different if the
study were performed with an isolated cellular population or when other cells were
present (total populations). Likewise, since there are changes with aging in the neu-
ropeptide modulation of immune cells, the age of the subject from which the
immune cells are obtained is an important factor to take into account when these
kinds of studies are carried out. In addition to the above, the cellular activation
state, the magnitude and duration of the NPY stimulus, as well as the biological
rhythms, are also important factors, hardly considered in these types of studies,
which affect the results of NPY effects on immune cell functions. Next, some of
these factors will be analyzed, but others could be equally important.

Presence of other neurotransmitters

In vivo, the sympathetic nervous system (SNS) activation results not only in the
release of catecholamines such as norepinephrine and epinephrine, but also in the
release of NPY and other neuropeptides [21]. This pattern of releasing cate-
cholamines and NPY also occurs in sympathetic nerve fibers terminating in lym-
phoid tissues [22]. Since NPY is found in sympathetic nerves in the periphery, where
it is stored either alone in small vesicles or in large vesicles in combination with cat-
echolamines [23]. Thus, in vivo, when the SNS is activated, the immune cells will
receive NPY together with other neurotransmitters. Moreover, in the blood a great
number of different hormonal factors reach the immune cells, further affecting the
immunomodulation of NPY [24]. Our group has performed several investigations
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in order to study if the co-administration of NPY with norepinephrine (NE) mimic-
ked the naturally occurring co-release of both SNS neurotransmitters. The effects
were different when compared to those obtained with either NE or NPY alone on
several leukocyte functions [25]. As regards the modulation of NPY and NE, sepa-
rately and jointly, on different functions of phagocytic cells, as well as their effects
on several cytokine levels (unpublished data); the results are summarized in Table 1.
In reference to the NO and PGE2 release, an inhibitory effect was observed only
with the combination of both neurotransmitters. However, with respect to the assay
of phagocytosis, the coadministration promoted the effect observed with each of
them alone. This effect is not observed on chemotaxis, a macrophage function in
which NPY alone exerted the highest effect. With respect to the adhesion to
fibronectin, inhibitory effects were seen when NPY was administered alone and co-
administered with NE. With regard to the co-administration of NPY and NE on IL-
6 release by spleen macrophages, a stronger inhibition has been shown when com-
pared to the effect of NPY alone [17].

According to all these results, the idea that we want to emphasize is that it is very
important to carry out the in vitro experiments reproducing as much as possible the
in vivo conditions, since different effects can be found on immune cells, as seen in
macrophages, depending on the presence of one or more chemical mediators. Thus,
the study of specific combinations of neurotransmitters mimicking the in vivo events
could contribute to a better understanding of that situation.

Presence of other cells

The communication among the different cellular types is an important factor to take
into consideration when analyzing the influence of a neurotransmitter on any cellu-
lar function such as macrophage functions. Addressing this aspect, our group has
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Table 1 - Effects of co-administration on NPY and norepinephrine on several macrophage
functions

PGE2 NO IL-6 Phagocytosis Chemotaxis Adhesion

NPY = = ↓ ↑ ↑↑ ↓
NE = = ↓ ↑ ↑ =
NPY+NE ↓ ↓ ↓↓ ↑↑ ↑ ↓

NE, norepinephrine; NPY, neuropeptide Y; PGE2, prostaglandin E2; NO, nitric oxide; IL-6,
interleukin 6; = no effect; ↑ increase; ↓ decrease



demonstrated that when leukocyte populations were depleted of adherent cells, the
effect of NPY on leukocyte chemotaxis disappeared. Thus, adherent cells seem to be
directly involved with NPY’s effects [26]. With respect to macrophage phagocyto-
sis, different NPY effects on this function were observed depending on whether NPY
was added to macrophages in the presence or absence of B lymphocytes [5]. Accord-
ing to these data, in recent experiments (unpublished data), our group has studied
the influence of different cell types of the mouse peritoneal suspension on the phago-
cytosis of macrophages. Figure 2 (A) shows the phagocytosis index (number of latex
beads ingested by 100 macrophages) of peritoneal macrophages from mice, from: a
total peritoneal cell suspension, isolated macrophages, macrophages plus T lym-
phocyte, and macrophages plus B lymphocytes. The highest phagocytic index was
found when both macrophages and B lymphocytes were present. On the contrary,
the lowest index was observed when macrophages and T lymphocytes were togeth-
er. The presence of the total peritoneal population (TP), similar to “in vivo” situa-
tions, showed a higher phagocytosis index than that found in isolated macrophages
and in macrophages plus T lymphocytes. When supernatants obtained from B lym-
phocytes, T lymphocytes and either B lymphocytes plus T lymphocytes cultures
were added to macrophages, no differences on the phagocytosis indexes were found,
indicating that cellular interactions are necessary. Therefore, these data seem to indi-
cate that the presence of T and B lymphocytes is necessary for macrophage function,
as seen here in phagocytic function. With this basis we evaluated the NPY effects on
the four situations named above. The results obtained are represented in Figure 2
(B). No NPY effects on phagocytosis were observed with isolated macrophages, nei-
ther with macrophages and T lymphocytes. Nevertheless, NPY increased the phago-
cytosis index when macrophages plus B lymphocytes were present, while this neu-
ropeptide decreased the phagocytic index when the assay was performed with a
total peritoneal population. These results (unpublished data) suggest that B lym-
phocytes have a stimulatory role on phagocytosis (Fig. 2A), as well as on the effects
exerted by NPY on this function (Fig. 2B). However, T lymphocytes need the pres-
ence of B lymphocytes to exert their action. Thus, it is possible that in the total pop-
ulations, more similar to “in vivo” situations, the NPY effects observed on that
phagocytosis could be due to interactions between T and B lymphocytes. Thus, dif-
ferent results on the effect of NPY on macrophage function, even in apparently iden-
tical experiments, could be explained by the presence or absence of other immune
cells.

Aging

Aging may be defined as a progressive, endogenous and irreversible accumulation
of adverse changes that increases vulnerability to disease and finally to death. It is
well known that aging is accompanied by a decline of physiological systems and
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A

B

Figure 2 
(A) Phagocytic index (number of latex beads phagocytozed by 100 peritoneal macrophages)
with or without the presence of T and B lymphocytes. M: macrophages; M+TL: macrophages
plus T lymphocytes. M+BL: macrophages plus B lymphocytes. TP: total population. Each
value is the mean±standard error of eight experiments, each value being the mean of dupli-
cate assays. **p > 0.001 with respect to the corresponding value in total population.
(B) Effect of NPY on peritoneal macrophage phagocytosis in assays with or without other
types of cells from murine peritoneal suspension. TL, T lymphocyte; BL, B lymphocyte; M,
macrophage. +, increase, –, decrease, = no NPY effects on phagocytic index.



impairment of nervous and immune functions [27, 28]. Moreover, the changes with
aging in the communication between the immune and nervous system have been
reported as a possible cause of physiological senescence [29]. To our knowledge, the
age-depending changes in the effect of neuropeptides on the immune function, a
subject scarcely studied, is not considered in this kind of work. Therefore, it is of
great importance to consider the age of the subjects in the experimental studies
since, even without any stimulus, there are differences in the immune functions
depending on the age, and the modulation exerted by nervous mediators on immune
cell functions will depend on the age of the animals which were the source of these
cells. According to this, we have found, firstly, that macrophage functions, and the
above commented different step of the phagocytic process, change with aging and,
secondly, that the NPY regulation of those macrophage functions depend on the ani-
mal’s age. Moreover, we have suggested that NPY could exert a regulatory role by
maintaining the function of phagocytes at physiologically optimal levels [5]. Table 2
summarizes the changes with age of the regulatory action of NPY on several func-
tions of the phagocytic process of peritoneal macrophages from mice. It can be
observed that in cells from adult mice, NPY stimulated all the steps of the phago-
cytic process. On the contrary, NPY decreased chemotaxis and phagocytosis,
increased adherence and did not show any effects on the superoxide anion produc-
tion (digestion capacity) when the cells were from old animals. In relation to TNF-
α NPY decreased the levels of this cytokine at both ages. With respect to IL-1β level,
NPY increased the levels of this cytokine in adult mice, but decreased them in the
old. As regards to the action pathways related to phagocytosis capacity in
macrophages from adult mice, NPY increased PKC activity and, at the same time,
decreased the cAMP levels, and consequently stimulated the ingestion capacity of
macrophages. Nevertheless, the action pathway of NPY was the opposite in these
same cells from old mice, in which NPY decreased PKC activity and increased
cAMP levels, inhibiting the phagocytosis capacity [5].

In view of the above results, we could propose that, in the future, the age of the
animals should be taken into consideration when analyzing the effects of any ner-
vous mediators on immune cell functions.

State of cell activation and length of time of the stimulus

The state of activation of the cells and the duration of the applied stimulus are rel-
evant when the effects of NPY on phagocytic cell functions are evaluated. Moreover,
we must bear in mind that depending on the duration of sympathetic nerve activa-
tion and the magnitude of this activation, thus is the composition of the nervous
fiber transmitter output, being dominated by either catecholamines or NPY. It is
known that NPY is preferentially released under conditions of elevated SNS activi-
ty, whereas the release of catecholamines dominates under moderate stimulation
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[30]. Thus, it has been shown that blood polymorphonuclear cells recently isolated
from intracerebroventricular (i.c.v) NPY-treated rats exhibit a decrease in zymosan-
and PMA-induced oxygen radical formation. However, when the same assay was
performed 24 h after i.c.v administration of NPY, an increase in oxygen radical for-
mation was observed [31, 32]. Therefore, the duration of the stimulus produces
important changes in the effect analyzed. Our group has also observed that the time
of incubation of NPY with macrophages is relevant when analyzing the NPY effect
on adhesion capacity. Thus, no effects were observed in the macrophage adhesion
of adult animals with 5 and 10 min of incubation [4, 5], but NPY increased this
parameter [4] with longer times (20 or 30 min) of incubation. Besides, regarding
macrophage phagocytosis assays with peritoneal adherent population of mice, we
were able to observe (Fig. 3) that incubation of NPY together with the phagocytic
stimulus (latex beads) for 30 min, resulted in an increase of the phagocytosis index.
However, pre-incubation of macrophages with NPY for 30 min, before adding the
phagocytic stimulus, resulted in a decrease of phagocytosis. Moreover, when carry-
ing out this last experiment by performing a wash between the addition of NPY and
the phagocytosis stimulus, the results were similar to the first case (i.e., NPY and
phagocytosis stimulus at the same time). Thus, the incubation conditions are of a
great importance when analyzing NPY effects on any immune activity and more
concretely on macrophage functions.

Although the concentration of NPY used in the different experiments is an
important factor to regard, in general, a broad range of concentrations are used.
Thus, we have studied a range between 10–14 M to 10–6 M of NPY, with the major-
ity of effects shown in the range of 10–11 M to 10–9 M [4, 5, 18]. 

Biological rhythms

Other important factors influencing the effect of nervous mediators, such as NPY,
on the immune parameters are biological rhythms, namely circadian and circannu-
al rhythms, given that all cells and biological systems show rhythms of different fre-

117

NPY and phagocytic cell functions

Table 2 - Effect of age on NPY actions on macrophage functions

Adhesion Chemotaxis Phagocytosis Digestion IL-1β TNF-α cAMP PKC

Adult ↑ ↑ ↑ ↑ ↑ ↓ ↓ ↑
Old ↑↑↑ ↓ ↓ = ↓ ↓ ↑ ↓

IL-1β, interleukin-1β; TNF-α, tumor necrosis factor-α; cAMP, cyclic adenosine monophos-
phate; PKC, protein kinase C. = no effect; ↑ increase; ↓ decrease



quencies which can be observed in single cells, in networks of tissues and organs, as
well as in whole organisms and even in populations. Basically, it is necessary to dis-
tinguish between the exogenous rhythms, which only reflect the biological response
to the environmental input, and the endogenous one, which is inborn in the organ-
ism, persists in a milieu deprived of all external influences, and is self-sustained. It
is known that there are important physiological variations, as regard to the number
and proportion of leukocytes with the circadian rhythm. Thus, granulocytes and
macrophages, as well as natural killer cells, extra-thymic T cells, γδ T cells, and
CD8+ subset show an increase in the light period of day, whereas other immune cells
show an increase at night. Humans are active and show sympathetic nerve domi-
nance in the daytime, a period in which their leukocytes may be under the regula-
tion of the autonomic nervous system. Interestingly, granulocyte and lymphocyte
subsets, with the daytime rhythm, were found to carry a high density of adrenergic
receptors [33]. It has also been described that in BALB/c mice, the maximum inert-
particle ingestion capacity of the peritoneal macrophages occurred during the night.
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Figure 3 
NPY effects on phagocytic index of peritoneal macrophages. Assay performed in adherent
population with different conditions. 1. NPY + latex (30 min); 2. NPY (30 min) + latex (30
min); 3. NPY (30 min) + washing + latex (30 min). Each column represents the media ± stan-
dard error of eight experiments performed in duplicate. *p < 0.05; ***p < 0.001 with respect
to the corresponding control value.



However, when animals are subjected to stress, they present a loss of the rhythm and
the macrophage phagocytic capacity was greater at all hours of the day [34]. Anoth-
er leukocyte property that changes with circadian rhythm is the expression of adhe-
sion molecules [35]. Moreover, the time of sleep or the disruption of sleep, influence
the activity of immune cells [36], as well as the expression of adhesion molecules
and the immune cell migration, with the nocturnal changes in the levels of circulat-
ing norepinephrine being one of the factors that mediates these effects [36, 37]. NPY
has also been involved in circadian rhythms [38], showing changes in its blood lev-
els, depending on the time of day that it is analyzed. Moreover, it has been suggest-
ed that the NPY rhythm is dependent on the environmental light:dark cycle [39].
Thus, time of day, or more correctly, stage of rhythm, needs to be taken into account
for understanding the effect of NPY on immune cells, in particular, phagocytic cells.
The findings to date suggest that “when” something is done should be considered,
just as importantly as “what” and “how much”, for interpretation and treatment of
many conditions and illnesses, thereby adding a fourth dimension (time) to our
understanding of the physiological effects of a nervous mediator on immune func-
tions [40].
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Introduction

The respiratory tract can be divided into upper airway including the nasal cavities,
the pharynx and larynx, and the lower airway comprising the tracheobronchial tract
and the respiratory portion of the lungs. The main function of the nose includes con-
ditioning (warming and humidifying) of inhaled air and protection (filtering, trigem-
inal function and olfaction) of the respiratory part of the lower airway against
inhalation of exogenous particles and airborne irritants [1–4]. The submucosal
blood vessels, the muco-ciliary transport system and the local immune mechanisms
are the main tissue components involved in these functions. The function of these
elements is influenced, at least in part, by biologically active agents released from
both sensory and efferent sympathetic and parasympathetic autonomic nerves [5,
6]. A very dense sympathetic innervation is present around both resistance and
capacitance vessels of the nasal mucosa [7, 8]. In contrast, parasympathetic fibres
are very dense around nasal mucus glands [9, 10]. Noradrenaline (NA) is consid-
ered as the classical transmitter released from postganglionic sympathetic nerves
[11]. Neuropeptide Y (NPY) is a 36 amino acid peptide first discovered in the
porcine brain [12]. The co-localization of NPY with NA has been observed in many
peripheral sympathetic nerve fibres. In the nasal mucosa, co-existence of NA and
NPY immunoreactivity was observed in sympathetic nerves present around both
resistance and capacitance vessels of most species including mankind [13–15]. Pres-
ence of NPY was also demonstrated in adrenergic nerves found in both lower air-
way and vascular smooth muscle of the respiratory tract in several different species
[16, 17]. Somatostatin was also observed in association with NA and NPY in nasal
sympathetic nerves [18]. Further, NPY has also been found in parasympathetic
nerves in the airways in association with vasoactive intestinal polypeptide (VIP) and
peptide histidine isoleucine (PHI) in humans as well as in various other species [14,
19–21].
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Functional studies

The first studies regarding the physiological and pharmacological role of NPY in the
upper airway mucosa were performed in animals. In the pig nasal mucosa, local
intra-arterial injections of NPY as well as sympathetic nerve stimulation (SNS) were
shown to produce long lasting vasoconstriction resistant to adrenergic blockers of
both resistance and capacitance vessels [22]. The vasoconstrictive effect of NPY was
also observed in the rabbit maxillary sinus mucosa [23]. In humans, exogenous NPY
is a powerful vasoconstrictor of the nasal mucosa vascular bed in both control sub-
jects and patients with perennial rhinitis [24–26]. A decrease in nasal nitric oxide
production was also observed after endonasal application of exogenous NPY [25].
Several studies have shown that exogenous NPY as well as endogenous NPY, which
is released after SNS, both elicit an increase in tracheobronchial vascular resistance
which is slow in onset but long lasting [17, 27–31].

NPY effect on airway mucus secretions

Exogenous NPY does not reduce glandular secretions in the human nasal mucus
[26, 32]. However, a randomized double-blind, three way, crossover placebo-con-
trolled study has shown that pretreatment with exogenous NPY significantly
reduces both nasal obstruction and mucus secretion induced by allergen challenge
[33].

NPY receptors

The multiple biological effects of NPY are exerted through G-protein-coupled
receptors. The NPY receptor family includes the Y1 receptor first characterized as
a post-synaptic receptor, the Y2 receptor, known as a presynaptic receptor and the
Y3 receptor considered as the NPY-preferring receptor. The Y4 receptor was char-
acterized as a pancreatic polypeptide receptor. The Y5 is involved in feeding behav-
ior and the Y6 receptor was recently cloned but its function remains unknown [34].
The predominant NPY receptor type in nasal mucosa blood vessels is of the Y1 type
[25]. However, the presence of Y2 receptors is strongly suggested by in vivo studies
with Y2 agonists (see below) [35, 36].

Endogenous release of NPY

After SNS, NPY was detectable in the nasal venous effluent only after high fre-
quency stimulation whereas NA was secreted already upon low frequency stimula-



tion [13]. Co-release of NPY and catecholamines has been demonstrated in man
during intense physical exercise [37]. Interestingly, physical exercise has been
shown to induce significant reduction of subjective and objective nasal airway
resistance, most likely secondary to vasoconstriction of nasal capacitance vessels,
in both control and rhinitis patients [38, 39]. Variations of plasma NPY concen-
trations over time correlated better with post-exercise nasal vasoconstriction than
NA levels [40].

Modulator effects of NPY

There is evidence suggesting that NPY released from adrenergic nerves modulates
the effector response to transmitters originating from several neuronal pathways
(Fig. 1). In the lower airways, parasympathetic nerve activity can be inhibited by
NPY [41, 42]. In anaesthetized cats, sympathetic nerve stimulation induced signifi-
cant and prolonged attenuation of the vasodilator response to subsequent parasym-
pathetic stimulation. Exogenous NPY mimicked the effect of sympathetic stimula-
tion in attenuating subsequent parasympathetic evoked vasodilation [43]. Similar
observations were made in anaesthetized dogs. Attenuation of parasympathetic-
evoked vasodilation and mucus secretion could be mimicked by the NPY analog N-
acetyl (Leu28, Leu31) NPY 24–36 [44], a Y2-receptor agonist [45]. In contrast, the
NPY analog (Leu31, Pro34), a potent Y1 receptor agonist [46] did not have any effect
on subsequent vasodilation and mucus secretion induced by parasympathetic stim-
ulation [47]. All together, these observations suggest that nasal sympathetic nerve
stimulation attenuate parasympathetic vasodilation via NPY release acting on pre-
junctional Y2 receptors. Observations obtained from in vitro experiments using
electrical field stimulation on guinea pig tracheal smooth muscle strongly suggest
that NPY modulates cholinergic neurotransmission via prejunctional mechanisms
[41]. Further studies have shown that NPY has an inhibitory action on tachykinin
release such as substance P (SP) from peripheral endings of capsaicin-sensitive air-
way sensory nerves [48].

In vitro, exogenous NPY modulates the contractile response of guinea pig tra-
cheal smooth muscle induced by VIP, NA, SP and 5-hydroxytryptamine at both the
pre- and postjunctional level [49].

Intranasal or intrabronchial pretreatment with TASP-V, a potent NPY Y2 recep-
tor agonist [50], reduces both nasal obstruction and bronchoconstriction produced
by histamine challenge in the pig. In healthy human volunteers TASP-V significant-
ly lessens the nasal airway resistance increase induced by local application of hista-
mine [51]. In the airways, blood flow, tracheal and bronchial smooth muscle tone,
mucus and fluid production can be influenced by NPY. These functional effects can
be direct or indirect via modulation of other neurotransmitters. The neuromodula-
tory role of NPY has been well documented on both parasympathetic activity and
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neurogenic inflammation, i.e., plasma extravasation elicited by sensory C-fibres
stimulation. Most experiments suggest that NPY modulates neurotransmitter
release by prejunctional mechanisms [48, 52].

NPY metabolism

Some proteases have been shown to be involved in the metabolism of biologically
active peptides in various tissues [53]. The enzymes neutral endopeptidase (NEP)
and dipeptidylpeptidase IV (DPPIV) are involved in NPY degradation. The activity
of NEP can be inhibited by phosphoramidon. The inhibitory effect of NPY on the
contraction of human bronchial segments in vitro could be enhanced in the presence

126

Basile N. Landis et al.

Figure 1
NPY released from sympathetic nerves, modulates airway homeostasis via several targets
including parasympathetic and sensory nerves, mucus production, tracheobronchial smooth
muscles, blood vessels and inflammatory cells such as mast cells, T lymphocytes, neutrophils
and NK cells.



of phosphoramidon. This observation suggests that NEP modulates the effect of
NPY in the human airway by an inactivation mechanism [54]. Similar observations
were made regarding DPPIV. In patients suffering from chronic rhinosinusitis or
bronchitis [36], the activity of both NEP and DPPIV is significantly reduced. This
suggests that the catabolism of NPY and other neuropeptides could also be involved
in upper airway homeostasis [55]. Neutral endopeptidase activity and concentration
of sensory neuropeptides in the human nasal mucosa varies proportionally to
patient symptoms [55, 56]. These observations could explain the significant increase
of NPY as well as SP and VIP in airway diseases.

NPY and the immune system

Both cellular and humoral functions of the immune system are modulated directly
or indirectly by NPY. In this respect, NPY was shown to influence differentiation of
T helper cells, activation of NK cells, and release of inflammatory mediators. 

One important mechanism in the development of allergic rhinitis and asthma is
the differentiation of Th1 and Th2 cells [57, 58]. NPY can induce IL-4 synthesis and
reduce interferon-γ (IFN-γ) production [58]. By suppressing Th1 cell differentiation
by IFN-γ and stimulating Th2 cell production via IL4, NPY induces in vitro a Th2
shift and an inhibition of the synthesis of anti-gene specific IgG2a [59]. At the same
time, the production of IL-4 by Th1 cells and IFN-γ by Th2 cell are increased in the
presence of NPY [60, 61]. The role of mast cells in allergic reactions is well docu-
mented [62, 63]. Rat peritoneal and human skin mast cell release of histamine can
be induced by NPY as well as its C-terminal fragments [64–68]. These observations
probably indicate direct activation of G proteins [64, 65].

Airway inflammation is associated with the presence of cytokine and oxygen
radicals [69–72]. In the presence of NPY, the release of oxygen radicals from murine
monocytes is increased (in vitro) [73]. Further evidence suggests that NPY is
involved in the modulation of airway inflammatory response both in the periphery
and when applied intracerebrally [74–78]. Indeed, NPY has important modulator
effects on the release of both cytokine and oxidative agents [79].

NPY in airway diseases

No difference in the density of NPY-immunoreactivity has been found in bronchial
mucosal nerve of asthmatic patients compared to healthy controls [80]. In contrast,
NPY-immunoreactivity was found to be significantly reduced in bronchial smooth
muscle nerves from both asthmatic and patients suffering from chronic bronchitis
[81]. Elevation of NPY and NA in plasma has also been observed during acute
asthma [82].
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Conclusion

There is an abundant literature available regarding the involvement of NPY in air-
way homeostasis. However, there is no NPY-related therapeutic agent yet available
or under clinical development for the treatment of airway diseases. Several aspects
regarding the role of NPY in the physiological control of airway function and
immunological mechanisms suggest that the development of selective agonists and
antagonist should have potential therapeutic applications.

Acknowledgements
This work was supported by a grant from the Swiss National Fund for Scientific
Research FNSRS (n° 3100A0-100621-1) to JSL.

References

1 Proetz AW (1953) Respiratory air currents and their clinical aspects. J Laryngol Otol
67(1): 1–27

2 Cole P (1954) Respiratory mucosal vascular responses, air conditioning and thermo reg-
ulation. J Laryngol Otol 68(9): 613–622

3 Cole P (1954) Recordings of respiratory air temperature. J Laryngol Otol 68(5):
295–307

4 Williams HL (1973) Nasal physiology. In: WB Saunders (ed): Otolaryngology. Philadel-
phia, p. 330

5 Barnes PJ, Baraniuk JN, Belvisi MG (1991) Neuropeptides in the respiratory tract. Part
I. Am Rev Respir Dis 144: 1187–1198

6 Barnes PJ, Baraniuk JN, Belvisi MG (1991) Neuropeptides in the respiratory tract. Part
II. Am Rev Respir Dis 144(6): 1391–1399

7 Dahlström A, Fuxe K (1965) The adrenergic innervation of the nasal mucosa in certain
mammals. Acta Otolaryngol 59: 65–72

8 Anggard A, Densert O (1974) Adrenergic innervation of the nasal mucosa in cat. A his-
tological and physiological study. Acta Otolaryngol 78(3–4): 232–241

9 Cauna N (1970) The fine structure of the arteriovenous anastomosis and its nerve sup-
ply in the human nasal respiratory mucosa. Anat Rec 168(1): 9–21

10 Cauna N (1970) Electron microscopy of the nasal vascular bed and its nerve supply. Ann
Otol Rhinol Laryngol 79(3): 443–450

11 von Euler US (1948) Identification of the sympathomimetic ergone in adrenergic nerves
of cattle (Sympathetin N) with laevonoradrenaline. Acta Physiol Scand 16: 63–74

12 Tatemoto K, Carlquist M, Mutt V (1982) Neuropeptide Y – a novel brain peptide with
structural similarities to peptide YY and pancreatic polypeptide. Nature 296(5858):
659–660

128

Basile N. Landis et al.



13 Lacroix JS, Stjarne P, Anggard A, Lundberg JM (1989) Sympathetic vascular control of
the pig nasal mucosa (III): Co-release of noradrenaline and neuropeptide Y. Acta Phys-
iol Scand 135(1): 17–28

14 Lacroix JS, Anggard A, Hokfelt T, O'Hare MM, Fahrenkrug J, Lundberg JM (1990)
Neuropeptide Y: presence in sympathetic and parasympathetic innervation of the nasal
mucosa. Cell Tissue Res 259(1): 119–128

15 Baraniuk JN, Castellino S, Lundgren JD, Goff J, Mullol J, Merida M, Shelhamer JH,
Kaliner MA (1990) Neuropeptide Y (NPY) in human nasal mucosa. Am J Respir Cell
Mol Biol 3(2): 165–173

16 Sheppard MN, Polak JM, Allen JM, Bloom SR (1984) Neuropeptide tyrosine (NPY): a
newly discovered peptide is present in the mammalian respiratory tract. Thorax 39(5):
326–330

17 Widdicombe JG (1991) Neural control of airway vasculature and edema. Am Rev
Respir Dis 143(3 Pt 2): S18–S21

18 Lacroix JS, Auberson S, Morel DR, Theodorsson E, Hokfelt T, Lundberg JM (1992)
Vascular control of the pig nasal mucosa: distribution and effect of somatostatin in rela-
tion to noradrenaline and neuropeptide Y. Regul Pept 40(3): 373–387

19 Heppt W, Peiser C, Cryer A, Dinh QT, Zweng M, Witt C, Fischer A, Groneberg DA
(2002) Innervation of human nasal mucosa in environmentally triggered hyperreflec-
toric rhinitis. J Occup Environ Med 44(10): 924–929

20 Groneberg DA, Heppt W, Cryer A, Wussow A, Peiser C, Zweng M, Dinh QT, Witt C,
Fischer A (2003) Toxic rhinitis-induced changes of human nasal mucosa innervation.
Toxicol Pathol 31(3): 326–331

21 Groneberg DA, Heppt W, Welker P, Peiser C, Dinh QT, Cryer A, Zweng M, Witt C, Fis-
cher A (2003) Aspirin-sensitive rhinitis-associated changes in upper airway innervation.
Eur Respir J 22(6): 986–991

22 Lacroix JS, Stjarne P, Anggard A, Lundberg JM (1988) Sympathetic vascular control of
the pig nasal mucosa (2): Reserpine-resistant, non-adrenergic nervous responses in rela-
tion to neuropeptide Y and ATP. Acta Physiol Scand 133(2): 183–197

23 Cervin A (1992) Neuropeptide Y 16–36 inhibits mucociliary activity but does not affect
blood flow in the rabbit maxillary sinus in vivo. Regul Pept 39(2–3): 237–246

24 Lacroix JS, Ricchetti AP, Morel D, Mossimann B, Waeber B, Grouzmann E (1996)
Intranasal administration of neuropeptide Y in man: systemic absorption and function-
al effects. Br J Pharmacol 118(8): 2079–2084

25 Cervin A, Onnerfalt J, Edvinsson L, Grundemar L (1999) Functional effects of neu-
ropeptide Y receptors on blood flow and nitric oxide levels in the human nose. Am J
Respir Crit Care Med 160(5 Pt 1): 1724–1728

26 Baraniuk JN, Silver PB, Kaliner MA, Barnes PJ (1992) Neuropeptide Y is a vasocon-
strictor in human nasal mucosa. J Appl Physiol 73(5): 1867–1872

27 Widdicombe JG (1990) The NANC system and airway vasculature. Arch Int Pharma-
codyn Ther 303: 83–99

129

NPY in allergic and respiratory disorders



28 Laitinen LA, Laitinen A, Salonen RO, Widdicombe JG (1987) Vascular actions of air-
way neuropeptides. Am Rev Respir Dis 136(6 Pt 2): S59–S64

29 Salonen RO, Webber SE, Widdicombe JG (1988) Effects of neuropeptides and capsaicin
on the canine tracheal vasculature in vivo. Br J Pharmacol 95(4): 1262–1270

30 Matran R (1991) Neural control of lower airway vasculature. Involvement of classical
transmitters and neuropeptides. Acta Physiol Scand (Suppl) 601: 1–54

31 Franco-Cereceda A, Matran R, Alving K, Lundberg JM (1995) Sympathetic vascular
control of the laryngeo-tracheal, bronchial and pulmonary circulation in the pig: evi-
dence for non-adrenergic mechanisms involving neuropeptide Y. Acta Physiol Scand
155(2): 193–204

32 Mullol J, Rieves RD, Baraniuk JN, Lundgren JD, Merida M, Hausfeld JH, Shelhamer
JH, Kaliner MA (1992) The effects of neuropeptides on mucous glycoprotein secretion
from human nasal mucosa in vitro. Neuropeptides 21(4): 231–238

33 Lacroix JS, Mosimann BL (1996) Attenuation of allergen-evoked nasal responses by
local pretreatment with exogenous neuropeptide Y in atopic patients. J Allergy Clin
Immunol 98(3): 611–616

34 Michel MC, Beck-Sickinger A, Cox H, Doods HN, Herzog H, Larhammar D, Quirion
R, Schwartz T, Westfall T (1998) XVI. International Union of Pharmacology recom-
mendations for the nomenclature of neuropeptide Y, peptide YY, and pancreatic
polypeptide receptors. Pharmacol Rev 50(1): 143–150

35 Grundemar L (1997) Characterization of the receptor response for the neuropeptide Y-
evoked suppression of parasympathetically-mediated contractions in the guinea pig tra-
chea. Regul Pept 71(2): 97–101

36 Landis BN, Grouzman E, Lacroix JS (2005) Modulation of histamine induced bron-
choconstriction after DPP IV pretreatment. Regul Pept; in press

37 Pernow J, Lundberg JM, Kaijser L, Hjemdahl P, Theodorsson-Norheim E, Martinsson
A, Pernow B (1986) Plasma neuropeptide Y-like immunoreactivity and catecholamines
during various degrees of sympathetic activation in man. Clin Physiol 6(6): 561–578

38 Richerson HB, Seebohm PM (1968) Nasal airway response to exercise. J Allergy 41(5):
269–284

39 Dallimore NS, Eccles R (1977) Changes in human nasal resistance associated with exer-
cise, hyperventilation and rebreathing. Acta Otolaryngol 84(5–6): 416–421

40 Lacroix JS, Correia F, Fathi M, Grouzmann E (1997) Post-exercise nasal vasoconstric-
tion and hyporeactivity: possible involvement of neuropeptide Y. Acta Otolaryngol
117(4): 609–613

41 Stretton CD, Barnes PJ (1988) Modulation of cholinergic neurotransmission in guinea-
pig trachea by neuropeptide Y. Br J Pharmacol 93(3): 672–678

42 Matran R, Martling CR, Lundberg JM (1989) Inhibition of cholinergic and non-adren-
ergic, non-cholinergic bronchoconstriction in the guinea pig mediated by neuropeptide
Y and alpha 2-adrenoceptors and opiate receptors. Eur J Pharmacol 163(1): 15–23

43 Lacroix JS, Ulman LG, Potter EK (1994) Sympathetic and parasympathetic interaction

130

Basile N. Landis et al.



in vascular control of the nasal mucosa in anaesthetized cats. J Physiol 480(Pt 2):
325–331

44 Potter EK, Barden JA, McCloskey MJ, Selbie LA, Tseng A, Herzog H, Shine J (1994) A
novel neuropeptide Y analog, N-acetyl [Leu28,Leu31]neuropeptide Y-(24-36), with
functional specificity for the presynaptic (Y2) receptor. Eur J Pharmacol 267(3):
253–262

45 Lacroix JS, Ulman LG, Potter EK (1994) Modulation by neuropeptide Y of parasympa-
thetic nerve-evoked nasal vasodilatation via Y2 prejunctional receptor. Br J Pharmacol
113(2): 479–484

46 Herzog H, Hort YJ, Ball HJ, Hayes G, Shine J, Selbie LA (1992) Cloned human neu-
ropeptide Y receptor couples to two different second messenger systems. Proc Natl Acad
Sci USA 89(13): 5794–5798

47 Revington M, Lacroix JS, Potter EK (1997) Sympathetic and parasympathetic interac-
tion in vascular and secretory control of the nasal mucosa in anaesthetized dogs. J Phys-
iol 505(Pt 3): 823–831

48 Stretton CD, Belvisi MG, Barnes PJ (1990) Neuropeptide Y modulates non-adrenergic,
non-cholinergic neural bronchoconstriction in vivo and in vitro. Neuropeptides 17(4):
163–170

49 Benchekroun TM, Fournier A, St-Pierre S, Cadieux A (1992) Inhibitory action of neu-
ropeptide Y on agonist-induced responses in isolated guinea pig trachea. Eur J Pharma-
col 216(3): 421–428

50 Grouzmann E, Buclin T, Martire M, Cannizzaro C, Dorner B, Razaname A, Mutter M
(1997) Characterization of a selective antagonist of neuropeptide Y at the Y2 receptor.
Synthesis and pharmacological evaluation of a Y2 antagonist. J Biol Chem 272(12):
7699–7706

51 Malis DD, Grouzmann E, Morel DR, Mutter M, Lacroix LS (1999) Influence of TASP-
V, a novel neuropeptide Y (NPY) Y2 agonist, on nasal and bronchial responses evoked
by histamine in anaesthetized pigs and in humans. Br J Pharmacol 126(4): 989–996

52 Takahashi T, Ichinose M, Yamauchi H, Miura M, Nakajima N, Ishikawa J, Inoue H,
Takishima T, Shirato K (1993) Neuropeptide Y inhibits neurogenic inflammation in
guinea pig airways. J Appl Physiol 75(1): 103–107

53 Nadelhaft I, Vera PL (1991) Neurons labelled after the application of tracer to the dis-
tal stump of the transected hypogastric nerve in the rat. J Auton Nerv Syst 36(2): 87–96

54 Fujiwara H, Kurihara N, Hirata K, Ohta K, Kanazawa H, Takeda T (1993) Effect of
neuropeptide Y on human bronchus and its modulation of neutral endopeptidase. J
Allergy Clin Immunol 92(1 Pt 1): 89–94

55 Lacroix JS, Kurt AM, Pochon N, Bretton C, Lundberg JM, Deshusses J (1995) Neutral
endopeptidase activity and concentration of sensory neuropeptide in the human nasal
mucosa. Eur Arch Otorhinolaryngol 252(8): 465–468

56 Grouzmann E, Monod M, Landis B, Wilk S, Brakch N, Nicoucar K, Giger R, Malis D,
Szalay-Quinodoz I, Cavadas C, et al. (2002) Loss of dipeptidylpeptidase IV activity in

131

NPY in allergic and respiratory disorders



chronic rhinosinusitis contributes to the neurogenic inflammation induced by substance
P in the nasal mucosa. FASEB J 16(9): 1132–1134

57 Chung F (2001) Anti-inflammatory cytokines in asthma and allergy: interleukin-10,
interleukin-12, interferon-gamma. Mediators Inflamm 10(2): 51–59

58 Kawamura N, Tamura H, Obana S, Wenner M, Ishikawa T, Nakata M, Yamamoto H
(1998) Differential effects of neuropeptides on cytokine production by mouse helper T
cell subsets. Neuroimmunomodulation 5(1–2): 9–15

59 Bedoui S, Kawamura N, Straub RH, Pabst R, Yamamura T, von Horsten S (2003) Rel-
evance of neuropeptide Y for the neuroimmune crosstalk. J Neuroimmunol 134(1–2):
1–11

60 Levite M (1998) Neuropeptides, by direct interaction with T cells, induce cytokine secre-
tion and break the commitment to a distinct T helper phenotype. Proc Natl Acad Sci
USA 95(21): 12544–12549

61 Levite M (2000) Nerve-driven immunity. The direct effects of neurotransmitters on T-
cell function. Ann NY Acad Sci 917: 307–321

62 Bradding P (2003) The role of the mast cell in asthma: a reassessment. Curr Opin Aller-
gy Clin Immunol 3(1): 45–50

63 Groneberg DA, Welker P, Fischer TC, Dinh QT, Grutzkau A, Peiser C, Wahn U, Henz
BM, Fischer A (2003) Down-regulation of vasoactive intestinal polypeptide receptor
expression in atopic dermatitis. J Allergy Clin Immunol 111(5): 1099–1105

64 Mousli M, Trifilieff A, Pelton JT, Gies JP, Landry Y (1995) Structural requirements for
neuropeptide Y in mast cell and G protein activation. Eur J Pharmacol 289(1): 125–133

65 Emadi-Khiav B, Mousli M, Bronner C, Landry Y (1995) Human and rat cutaneous mast
cells: involvement of a G protein in the response to peptidergic stimuli. Eur J Pharma-
col 272(1): 97–102

66 Shen GH, Grundemar L, Zukowska-Grojec Z, Hakanson R, Wahlestedt C (1991) C-ter-
minal neuropeptide Y fragments are mast cell-dependent vasodepressor agents. Eur J
Pharmacol 204(3): 249–256

67 Cross LJ, Beck-Sickinger AG, Bienert M, Gaida W, Jung G, Krause E, Ennis M (1996)
Structure activity studies of mast cell activation and hypotension induced by neuropep-
tide Y (NPY), centrally truncated and C-terminal NPY analogues. Br J Pharmacol
117(2): 325–332

68 Grundemar L, Krstenansky JL, Hakanson R (1994) Neuropeptide Y and truncated neu-
ropeptide Y analogs evoke histamine release from rat peritoneal mast cells. A direct
effect on G proteins? Eur J Pharmacol 258(1–2): 163–166

69 Barnes PJ (2001) Cytokine modulators as novel therapies for airway disease. Eur Respir
J Suppl 34: 67s–77s

70 Barnes PJ (2001) Cytokine modulators for allergic diseases. Curr Opin Allergy Clin
Immunol 1(6): 555–560

71 Bowler RP, Crapo JD (2002) Oxidative stress in airways: is there a role for extracellu-
lar superoxide dismutase? Am J Respir Crit Care Med 166(12 Pt 2): S38–S43

132

Basile N. Landis et al.



72 Henricks PA, Nijkamp FP (2001) Reactive oxygen species as mediators in asthma. Pulm
Pharmacol Ther 14(6): 409–420

73 De la Fuente M, Del Rio M, Medina S (2001) Changes with aging in the modulation by
neuropeptide Y of murine peritoneal macrophage functions. J Neuroimmunol 116(2):
156–167

74 Dimitrijevic M, Stanojevic S, Vujic V, Kovacevic-Jovanovic V, Beck-Sickinger A, Demuth
H, von Horsten S (2002) Effect of neuropeptide Y on inflammatory paw edema in the
rat: involvement of peripheral NPY Y1 and Y5 receptors and interaction with dipep-
tidyl-peptidase IV (CD26). J Neuroimmunol 129(1–2): 35–42

75 von Horsten S, Ballof J, Helfritz F, Nave H, Meyer D, Schmidt RE, Stalp M, Klemm A,
Tschernig T, Pabst R (1998) Modulation of innate immune functions by intracere-
broventricularly applied neuropeptide Y: dose and time dependent effects. Life Sci
63(11): 909–922

76 von Horsten S, Exton NG, Exton MS, Helfritz F, Nave H, Ballof J, Stalp M, Pabst R
(1998) Brain NPY Y1 receptors rapidly mediate the behavioral response to novelty and
a compartment-specific modulation of granulocyte function in blood and spleen. Brain
Res 806(2): 282–286

77 von Horsten S, Nave H, Ballof J, Helfritz F, Meyer D, Schmidt RE, Stalp M, Exton NG,
Exton MS, Straub RH, et al. (1998) Centrally applied NPY mimics immunoactivation
induced by non-analgesic doses of met-enkephalin. Neuroreport 9(17): 3881–3885

78 Song C, Leonard BE (1998) Comparison between the effects of sigma receptor ligand JO
1784 and neuropeptide Y on immune functions. Eur J Pharmacol 345(1): 79–87

79 Straub RH, Schaller T, Miller LE, von Horsten S, Jessop DS, Falk W, Scholmerich J
(2000) Neuropeptide Y cotransmission with norepinephrine in the sympathetic nerve-
macrophage interplay. J Neurochem 75(6): 2464–2471

80 Howarth PH, Springall DR, Redington AE, Djukanovic R, Holgate ST, Polak JM (1995)
Neuropeptide-containing nerves in endobronchial biopsies from asthmatic and nonasth-
matic subjects. Am J Respir Cell Mol Biol 13(3): 288–296

81 Chanez P, Springall D, Vignola AM, Moradoghi-Hattvani A, Polak JM, Godard P, Bous-
quet J (1998) Bronchial mucosal immunoreactivity of sensory neuropeptides in severe
airway diseases. Am J Respir Crit Care Med 158(3): 985–990

82 Dahlof C, Dahlof P, Lundberg JM, Strombom U (1988) Elevated plasma concentration
of neuropeptide Y and low level of circulating adrenaline in elderly asthmatics during
rest and acute severe asthma. Pulm Pharmacol 1(1): 3–6

133

NPY in allergic and respiratory disorders



135

NPY analgesia: moving from acute to chronic pain

Bradley K. Taylor

Department of Pharmacology, SL83, Tulane University Health Sciences Center, New Orleans,
LA 70112, USA

The NPY Family of Peptides in Immune Disorders, Inflammation, Angiogenesis and Cancer, 
edited by Zofia Zukowska and Giora Z. Feuerstein
© 2005 Birkhäuser Verlag Basel/Switzerland

Previous reviews have described the behavioral effects of NPY in models of acute
pain [1], as well as changes in NPY and NPY receptor gene expression in pain path-
ways following tissue or nerve injury [2]. Particularly striking is the massive upreg-
ulation of NPY in the cell bodies and central terminals of sensory neurons. This
chapter focuses on the functional relevance of the NPY system to the development
and modulation of chronic pain. Emphasis is given to recent studies demonstrating
that agonists and antagonists at NPY receptors modulate the behavioral, biochem-
ical, and molecular markers of inflammatory and neuropathic pain. The results indi-
cate that the development of novel NPY agonists should yield a powerful new phar-
macotherapy for the treatment of chronic pain.

Introduction

Normal physiological pain is an early warning system that helps to prevent or min-
imize tissue damage in the face of potential bodily harm. Also referred to as acute
or transient pain, this signaling system elicits a coordinated response constellation,
including behavioral withdrawal from the threatening stimulus [3]. An arsenal of
analgesic drugs for the treatment of this type of pain is readily available, and
includes aspirin, acetaminophen, anti-inflammatory drugs such as ibuprofen, and
opioids such as morphine. Much more difficult, however, is the treatment of patho-
logical (chronic) pain. Thus, severe pain that is chronic (lasting more than 6 months)
represents a major complication associated with tissue or neuronal injury, and
affects an enormous percentage of our population. Clinical examples include
migraine (~10% of the population), severe back pain (~10%), chronic widespread
pain (~13%), fibromyalgia (~15%), and neuropathic pain (~3%) [4]. Chronic pain
reduces the patient’s ability to work, walk, or sleep [5], and is associated with many
deleterious physiological effects. Over the past two decades, the development of ani-
mal models of arthritic and neuropathic pain that closely mimic their respective
human conditions has led to an explosion of research on the pathophysiological
neural changes underlying chronic pain [6]. Thus, it has become clear that tissue or
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nerve injury produce dramatic alterations in the gene expression of peptidergic neu-
rotransmitters and receptors at the level of the primary afferent neuron, spinal cord
dorsal horn, and brain. Such plastic changes are thought to take the subject from a
state of acute pain to one of chronic pain [27]. As reviewed previously, a profound
example of plasticity involves neuropeptide Y and the NPY Y1 receptor [2, 7]. Both
are highly expressed at key sites of pain transmission, including lamina II of the
spinal cord dorsal horn [8–10], and tissue or nerve injury dramatically alters their
expression profiles. These anatomical findings position the NPY system as a key
player in the development of pathological pain. This chapter begins with a review
of the behavioral pharmacology of NPY in models of acute pain, and then discuss-
es more recent findings in models of inflammatory and neuropathic pain.

NPY in animal models of acute pain

Intrathecal NPY receptor agonists inhibit acute nociception

The primary afferent neuron relays information from the periphery to the CNS.
Noxious somatosensory stimuli activate such neurons, leading to the synaptic release
of pronociceptive neurotransmitters such as glutamate, substance P (SP) and calci-
tonin gene-related peptide (CGRP), in the outer layers (laminae I and II) of the dor-
sal horn of the spinal cord. To target this site in awake behaving rodents, pharma-
cological studies typically use the intrathecal route of administration [11]. In recent
years, we and others have repeatedly shown that intrathecal administration of NPY
receptor agonists reduces behavioral responsiveness to noxious heat (antinocicep-
tion), an effect that is attenuated in Y1 deletion mutant mice [12–14]. A single injec-
tion can produce antinociceptive actions for 3 h, suggesting that NPY is either resis-
tant to peptidase cleavage in the cerebrospinal fluid, is cleaved into smaller fragments
that also inhibit spinal nociceptive transmission, or that NPY itself induces long-last-
ing neuronal effects [12, 14]. These effects of NPY are not likely secondary to non-
specific behavioral effects or to changes in local thermal regulation, since even the
highest dose of NPY (30 µg) affects neither motor coordination nor paw skin tem-
perature in the rat [14]. In anesthetized rats, intrathecal NPY decreases nociception
as assessed with a flexor reflex, but only at higher doses [15, 16]. The paradoxical
observation that lower doses of NPY increase the flexor reflex requires further study.
Albeit, the majority of behavioral studies in awake rodents indicate that agonists at
Y1 and/or Y2 receptors inhibit the spinal processing of noxious stimuli.

The formalin test is a key model system of acute ongoing pain that is frequently
used to initially validate novel analgesic systems. This is because it evokes a con-
stellation of very robust behavioral, neural and physiological responses that are easy
to detect and quantify [17, 18]. Our laboratory determined that intrathecal admin-
istration of NPY dose-dependently inhibited the flinching, licking, pressor, and



tachycardia responses associated with the intraplantar injection of dilute formalin
[19]. This is accompanied by a reduction in formalin-evoked expression of Fos
immunoreactivity in the dorsal horn [20]. Furthermore, Y1 deletion mutant mice
exhibit exaggerated behavioral signs of nociception following the administration of
noxious formalin, acetic acid, or magnesium sulfate [13]. Taken together, these stud-
ies suggest that NPY acts at Y1 receptors to inhibit spinal nociceptive neurons, lead-
ing to analgesic actions.

Supraspinal NPY produces mixed effects on acute nociception

NPY and the NPY Y1 receptor are expressed in multiple brain regions thought to
modulate pain [21–23]. Early studies using intracerebroventricular administration
of NPY reported contradictory findings: some described antinociception, while oth-
ers described pronociception or no effect [1]. More recent studies have begun to
resolve these findings with the use of intracranial injection into discreet brain
regions. For example, microinjection of NPY into the rostral ventral medulla, peri-
aqueductal gray, or nucleus accumbens decreases withdrawal reflexes to noxious
heat or mechanical stimuli [24–26]. Conversely, NPY into the nucleus gracilis
increases behavioral responsiveness to low-intensity mechanical stimulation, possi-
bly reflective of a pronociceptive action [27]. Such opposing actions of NPY at dif-
ferent brain regions provide one explanation as to why intracerebroventricular
administration, which delivers NPY to multiple brain regions, exerts inconsistent
actions. Further studies using selective antagonists are required to address an alter-
native explanation based on receptor subtype.

NPY in animal models of chronic inflammatory pain

Newer pain models include the intraplantar administration of inflammogens such as
carrageenan or complete Freund’s adjuvant (CFA). These injections lead not only to
tissue injury and inflammation, but also to the development of allodynia (hypersen-
sitivity to non-noxious stimuli) and hyperalgesia (increased response to noxious
stimuli) that lasts days to weeks [3]. Such hypersensitivity is typically manifested as
an increase in responsiveness to thermal or mechanical stimuli, and is also observed
in the setting of clinical pain.

NPY inhibits behavioral signs of inflammatory pain

To test the hypothesis that intrathecal administration of NPY inhibits inflammato-
ry hyperalgesia, our laboratory evaluated the effects of NPY on thermal and
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mechanical hypersensitivity in the carrageenan and CFA models. We found that
intrathecal NPY but not saline produced a long-lasting and dose-dependent inhibi-
tion of thermal and mechanical hypersensitivity [14, 28]. This data supports the idea
that inflammation enhances sensitivity to the inhibitory effects of NPY [14]. Fur-
thermore, because BIBO 3304, a Y1 receptor antagonist, almost completely
reversed the inhibitory effect of NPY in the complete Freund’s adjuvant model, we
concluded that spinal Y1 receptors contribute to the inhibitory effects of NPY. Sim-
ilarly, intraplantar administration of the Y1 agonist, Leu31-Pro36-NPY, inhibited the
mechanical hypersensitivity evoked by locally-administered capsaicin, the pungent
substance of hot chili peppers [Gibbs and Hargreaves, in preparation]. Thus, exoge-
nous administration of NPY, either peripherally or spinally, reduces behavioral signs
of inflammatory pain.

We also tested the hypothesis that endogenous activation of the Y1 receptor ton-
ically inhibits inflammatory hyperalgesia, and reported that intrathecal administra-
tion of BIBO 3304 (in the absence of NPY) increased thermal hypersensitivity to
CFA [14]. Furthermore, Y1 deletion mutant mice displayed exaggerated behavioral
responses to the intraplantar administration of carrageenan [13]. Taken together,
these data indicate that endogenous Y1 receptor activation contributes to inflam-
matory hyperalgesia. The primary afferent neuron is not a plausible source of
endogenously-released NPY, because immunoreactivity and mRNA is virtually
absent in DRG neurons, even during inflammation [8, 9, 29, 30]. Furthermore, the
spontaneous release of NPY is not significantly altered by electrical stimulation of
peripheral nerves [10]. A more likely source is the NPY-containing cell bodies of
interneurons in lamina I–III [8, 31]. Indeed, many of these interneurons also express
GABA and form synaptic contacts with pain-related neurons in the dorsal horn [32].
With respect to a possible source of NPY from supraspinal sites, it is not known
whether the sparse NPY-containing projection from bulbospinal neurons might
increase and become more predominant following injury [33]. But irrespective of
the source of spinal NPY, an important overall hypothesis is that injury-induced
upregulation of NPY in the spinal cord serves a vital purpose: to inhibit pronoci-
ceptive neurotransmission, and therefore limit the progression of chronic pain.

Inflammation upregulates NPY and the Y1 receptor

Groundbreaking studies by Hokfelt and colleagues have clearly demonstrated that
inflammation is associated with increased NPY and Y1 receptor expression in the
dorsal horn (Fig. 1). First, using in situ hybridization and immunohistochemistry,
they demonstrated strong expression of Y1 mRNA and protein in deep lamina II
neurons, indicating the presence of Y1 receptors in areas of the spinal cord related
to nociceptive transmission [34]. Second, they found that unilateral injection of CFA
markedly increased Y1 mRNA in the ipsilateral spinal dorsal horn laminae II and
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III, indicating a greater number of targets for NPY in the presence of inflammation
[9]. Third, they found that CFA increased NPY mRNA and NPY immunoreactivity
in lamina II of ipsilateral dorsal horn neurons [9, 34, but see 29]. The greater num-
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Figure 1
Expression of NPY and Y1 receptors in the somatosensory system after inflammation or
nerve injury. Inflammation increases the intensity of NPY and Y1 immunostaining in the dor-
sal horn. Because spinal NPY-Y1 transmission is predominantly inhibitory, these changes
likely lead to feedback inhibition of inflammatory pain (analgesia). Similarly, peripheral
nerve injury robustly increases NPY staining in the primary afferent neurons in the dorsal
root ganglia (DRG), their central terminals within the dorsal horn, and probably in spinal
interneurons as well. These changes likely lead to feedback inhibition of neuropathic pain.
The loss of Y1 staining in the dorsal horn may represent loss of feedback inhibition, and ulti-
mately exaggerated neuropathic pain. Nerve injury-induced up-regulation of NPY in the
DRG is associated with the axon terminal de novo expression of NPY in the nucleus gracilis,
which, opposite to the dorsal horn, likely facilitates the behavioral signs of neuropathic pain.
The functional relevance of Y1 receptor plasticity in the dorsal root ganglia to pain control
is not at all clear.



ber of Y1 receptor targets on the inflamed side could result in the enhanced behav-
ioral sensitivity to the inhibitory effects of NPY [9]. Taken together, behavioral and
immunohistochemical studies support the idea that inflammation strengthens
inhibitory NPY tone. Further studies are necessary to determine whether enhanced
release of NPY and Y1-mediated inhibition of spinal nociceptive transmission ulti-
mately results in a compensatory, adaptive inhibition of pain in the setting of inflam-
mation [14].

NPY in animal models of neuropathic pain

The quality and pattern of altered sensitivity in neuropathic pain clearly differs from
transient or inflammatory pain. For example, a cold stimulus such as ice may reduce
inflammatory pain in the normal person, but produce excruciating pain in the neu-
ropathic pain patient. These qualitative differences in sensation suggest that nerve
injury leads to a reorganization of sensory transmission pathways that persist long
after the normal healing period. Recent data indicates that alterations in the neural
NPY systems contribute to such reorganization. These alterations include biochem-
ical, anatomical, and physiological changes in the somatosensory system at the level
of the primary afferent neuron, spinal cord dorsal horn, and brain. Intense research
is determining the relative contributions of these reactive changes to neuropathic
pain.

Mixed effects of NPY on behavioral signs of neuropathic pain

Y1 receptor deletion mutant mice display exaggerated behavioral signs of allodynia
after nerve injury, suggesting that endogenous NPY acts at Y1 receptors to prevent
the development of neuropathic pain [13]. Although these conclusions should be
viewed with caution because the differences were small and possibly confounded by
altered baseline sensitivity to thermal stimuli, they are supported by our findings
that intrathecal administration of NPY dose-dependently inhibited allodynia and
hyperalgesia [35]. Furthermore, microinjection of NPY to pain modulatory centers
such as the rostral ventral medulla (RVM) reduces signs of allodynia and hyperal-
gesia following nerve injury [36]. On the other hand, NPY appears to mediate the
development of pro-nociceptive actions at the dorsal column nuclei of the
somatosensory system [27]. Thus, lumbar peripheral nerve injury massively upreg-
ulates the expression of NPY in the nucleus gracilis (Fig. 1). Importantly, intracra-
nial administration of anti-NPY antiserum or BIBO 3304 into the nucleus gracilis
reverses nerve injury-induced mechanical allodynia. Whether these opposing actions
of NPY can be overcome as NPY agonists are developed for the treatment of chron-
ic pain is an important consideration.
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Nerve injury dramatically alters the expression of NPY and NPY receptors

The dorsal column/medial lemniscus pathway normally mediates the transmission
of non-noxious stimuli, but this system undergoes profound plasticity after periph-
eral nerve injury. As illustrated in Figure 1, most striking is the massive upregula-
tion of NPY in the cell bodies of large primary afferent neurons of the DRG and
trigeminal ganglion [37–42]. These changes are accompanied by increased NPY
expression in the central terminals of these neurons, at laminae III–IV [9, 41–43]
and dorsal column nuclei [27, 44]. Because NPY levels at these sites are very low or
absent in the normal animal (or in animals with inflammation), such plasticity is
viewed as a switch in “neurochemical signature” [3]. A key unresolved question
relates to the significance of this plasticity to pain modulation: is there a temporal
relationship between these changes in gene expression and the magnitude of allody-
nia or hyperalgesia? Some studies support such a correlation [45–47], while others
do not [48, 49]. 

Similar questions with regards to plasticity of NPY receptors after nerve injury
also remain unanswered. Early competition studies with Y1 and Y2 agonists sug-
gested that both receptors contribute binding sites to lamina I–IV of the dorsal
horn, and the number of these sites increase after axotomy [50]. More definitive
studies using immunohistochemical techniques, however, indicate that the dorsal
horn expression of Y1 protein actually decreases after partial or complete sciatic
nerve injury [47]. The functional significance of NPY upregulation in the face of
decreased Y1 receptor immunoreactivity requires a greater understanding of the
effect of nerve injury on Y1 receptor transport, downregulation and internaliza-
tion.

In contrast to the spinal cord, the function of nerve-injury induced upregula-
tion of NPY in the dorsal column nuclei is less ambiguous. A particularly intrigu-
ing idea is that upregulation of NPY in the nucleus gracilis after lumbar spinal
nerve damage selectively mediates tactile allodynia [27]. After nerve injury,
intracranial administration of NPY antiserum or the Y1 receptor antagonist
BIBO3304 reversed behavioral signs of tactile allodynia. While future studies are
needed to demonstrate NPY release and the presence of Y1 receptors in the nucle-
us gracilis, these results raise the possibility that a Y1 receptor antagonist will
reduce clinical neuropathic pain. This contrasts with the bulk of the data in the
spinal cord indicating that receptor agonists will reduce clinical inflammatory pain
(but see [36]).

Presynaptic mechanisms of the spinal analgesic actions of NPY

Intrathecal administration of NPY inhibits the activity of spinal nociresponsive
neurons, but by what neurochemical mechanism? One possibility is that NPY acts
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postsynaptically to inhibit the activity of spinal pain transmission neurons. In sup-
port of this, dorsal horn neurons expressing a key marker of nociceptive neurons,
the neurokinin 1 receptor (“SP receptor”), receive synaptic contacts from terminals
containing NPY [51]. However, as illustrated in Figure 2, a more substantial liter-
ature indicates that NPY acts presynaptically to inhibit the release of nociceptive
transmitters from primary afferent neurons. First, NPY binding sites decorate the
cell bodies of small diameter primary afferent neurons that contain nociceptive neu-
ropeptides such as SP and CGRP [52, 53]. These binding sites appear to be trans-
ported centrifugally from the dorsal root ganglia to the central terminals of prima-
ry afferent neurons, since isolation of these terminals from the DRG by dorsal rhi-
zotomy decreases the number of dorsal horn binding sites [53, 54]. Second, in
dorsal root ganglion neurons, NPY reduces an essential requirement for neuro-
transmitter release: Ca2+ conductance [55]. Third, NPY acts via presynaptic Y2
receptors to attenuate excitatory postsynaptic currents (EPSC) in spinal cord slices
[56]. Fourth, NPY inhibits the potassium- or capsaicin-evoked release of
immunoreactive SP and CGRP from primary afferent neurons [55, 57, 58]. Impor-
tantly, NPY inhibits the in vivo release of immunoreactive SP in anesthetized rats
[59]. Our laboratory has recently confirmed these results with in vivo microdialy-
sis of spinal substance P and functional anatomical studies assessing internalization
of the NK1 receptor [28]. 

At which receptor subtype does NPY exert its presynaptic effects in the dorsal
horn? Of the four NPY receptors cloned in the rat, Y1, Y2, Y4, and Y5 [2, 60], most
attention has been paid to those expressed in ascending pain pathways: Y1 and Y2.
These receptors have been generally regarded to serve postsynaptic and presynaptic
functions, respectively [61], and therefore one would expect the presynaptic Y2
receptor to be the primary target of NPY in the dorsal horn. In support of this idea,
Y2 mRNA is found on the cell bodies of DRG neurons [62], and therefore might be
transported to the central terminals of primary afferents. Furthermore, electrophys-
iological studies indicate that Y2 but not Y1 receptor agonists inhibit EPSCs in
spinal cord slices, indicating a predominant role for the Y2 receptor in mediating
the analgesic effects of NPY [56]. 

At the spinal cord, however, the current dogma indicating an exclusive role for
the Y2 receptor in the presynaptic effects of NPY must be reconsidered. In particu-
lar, the majority of the behavioral studies described above indicate that it is the Y1
receptor that mediates the antiallodynic and antihyperalgesic actions of NPY, likely
by inhibiting neurotransmitter release [13, 14, 28, 59]. Furthermore, the Y1 recep-
tor is largely co-localized with selective markers of primary afferent neurons, CGRP
and TRPV1, and so is poised to modulate the release of pronociceptive neurotrans-
mitters [53, 58]. Indeed, the Y1 antagonist, BIBP3226, reverses the inhibitory effect
of NPY on CGRP release in spinal cord slices [58]. Similar experiments with newly-
developed Y2 receptor antibodies, siRNA, deletion mutant mice, and receptor
antagonists will undoubtedly contribute to a better understanding of the contribu-
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tion of the Y2 receptor to the antinociceptive and antiallodynic effects of NPY.
These and other studies will test the important overall hypothesis that injury-
induced downregulation of NPY receptors in the spinal cord represent a loss of
spinal nociceptive inhibition, and therefore contribute to the progression of chron-
ic pain. Exogenous administration of NPY receptor agonists may overcome these
deficiencies, and thus become an important class of pharmacotherapeutics for the
management of chronic pain. 
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Figure 2 
Proposed mechanism for the analgesic actions of NPY. A noxious somatosensory stimulus
(wavy line) depolarizes the presynaptic axon terminal of unmyelinated or thinly myelinated
primary afferent neurons. This evokes the release of pronociceptive peptides (e.g., substance
P and calcitonin gene related peptide, dashed lines) and amino acids (e.g., glutamate, dot-
ted lines) into the synaptic cleft. Upon reaching their binding sites (e.g., neurokinin-1 and
CGRP receptors and NMDA channels) on nociresponsive neurons in the superficial lamina of
the dorsal horn, various intracellular events lead to activation and depolarization, ultimate-
ly triggering the transmission of nociceptive signals to the brain. As illustrated by the bold
arrow and bold line, recent data indicates that exogenously applied NPY acts at presynaptic
NPY Y1 receptors to inhibit peptide release, decrease the activation of dorsal horn neurons,
and thus reduce the behavioral signs of allodynia and hyperalgesia.
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Introduction

Tissue development, growth and regeneration all require adequate nourishment and
blood supply. During embryogenesis, vessels are formed from precursor cells (vas-
culogenesis) and subsequently expanded by sprouting from arteries (arteriogenesis)
or venules/capillaries (capillary angiogenesis) [1]; the latter is often referred to as
simply, “angiogenesis”. In the adult organism, the tissues’ angiogenic activity is nor-
mally low, involves primarily (although not exclusively) capillary angiogenesis, and
is limited to certain organs, such as the uterus during the menstrual cycle [2] or
skeletal muscle undergoing remodeling during training [3]. It can be reactivated,
however, in some diseases, for example retinopathies and cancer, where it con-
tributes to pathological changes (see chapters by Bjorndahl et al., and Kitlinska).
Angiogenesis/arteriogenesis is also activated in ischemic tissues as the body’s com-
pensatory mechanism to restore impaired organ blood flow. In recent years, interest
and research in this area have exploded, triggered by the therapeutic potential of
using angiogenic growth factors as a new way to revascularize ischemic tissues by
stimulating the formation of collateral vessels [4, 5]. However, despite many new
angiogenic factors being discovered, and some of them already being tested in clin-
ical trials in patients with ischemic vascular disease of the limbs [6–8] and the heart
[9–12], we are still far from understanding how to make normal, fully functional
collateral arteries. While factors such as vascular endothelial growth factor (VEGF)
which has been studied the most are clearly effective in producing capillary angio-
genesis, they are insufficient or unable to reconstruct normal arteriogenesis. Hence,
the quest for new mediators and an understanding of how multiple factors interplay
in the regulation of angiogenesis versus arteriogenesis still continues. Many excel-
lent state-of-the-art reviews have been written on this subject [13, 14], therefore
here, we will only briefly present the basics of angio/arteriogenesis, and focus our
overview on a new angiogenic factor which our group has discovered – neuropep-
tide Y (NPY), a neurotransmitter derived from the sympathetic nerves [15]. We will
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discuss its role as a mediator of neurogenic angiogenesis in the growth of many
organs, from skeletal muscles to tumors and adipose tissue, focusing on the peptide’s
contribution to the revascularization of ischemic limbs. An in-depth review of NPY-
mediated angiogenesis in tumors, retinopathy and wound healing can be found in
chapters by Kitlinska and Bjorndahl et al, respectively.

Complexity of angiogenesis and arteriogenesis: Can a single growth 
factor do it?

Angio- and arterio-genesis are complex multi-step processes. They start with the
discontinuation and/or dysfunction of the endothelium, followed by the adhesion
of endothelial cells to the basement membrane, release of proteases, degradation
of matrix, and subsequent cell migration, proliferation and differentiation into a
capillary network [14]. To form arteries and veins, vascular smooth muscle cells
(VSMC) migrate, proliferate, join newly formed capillary tubes, and lay down
new extracellular matrix. Numerous angiogenic growth factors have been identi-
fied, most notably basic fibroblast growth factor (bFGF) and VEGF [1, 13, 14].
Most of these factors are derived from mesenchymal cells, residing in the vascu-
lar wall or blood-borne, or released by endothelial progenitor cells in the bone
marrow and locally in the target tissues [14]. Their role in ischemic angiogenesis
and therapeutic potential for treatment of ischemic vascular diseases has been
suggested by many studies [11, 13, 14]. However, the therapy with these angio-
genic factors have also revealed their side effects, such as the stimulation of tumor
angiogenesis and growth for fibroblast growth factors (FGFs) [14], and new ves-
sels of poor quality and increased permeability, leading to the formation of
hemangiomas for VEGF [16]. A recent study using the combination of an angio-
genic factor, VEGF, with angiopoetin, which stabilizes the vessel wall, appears to
have overcome the vessel permeability problem [17] – indicating that multiple
growth factors may be necessary to recapitulate normal physiological angio/arte-
riogenesis.

The alternative approach has been proposed by the Epstein’s group [18], who
suggested the use of bone marrow-derived endothelial progenitor cells as “factories”
of angiogenic growth factors, alone or transfected with a “master switch” gene,
which would upregulate the expression of many factors activated by tissue ischemia.
Such a gene is hypoxia-inducible factor-1α (HIF-1α) [19], a transcription factor
induced in target hypoxic cells, where it upregulates the expression of multiple fac-
tors, whose genes carry a HIF-1α-binding domain [19]. These include VEGF, PlGF
and angiopoetin-2 [20]. Theoretically, transfection of human endothelial progenitor
cells with a HIF-1α adenoviral vector may upregulate expression of these growth
factors and enhance the angiogenic response in ischemic tissues. This approach
could provide a promising new way for the treatment with a combination of angio-



genic factors that are collectively upregulated by HIF-1α. Such a therapy, however,
would require genetic manipulation of endothelial progenitor cells which in humans
is still in its infancy.

Sympathetic nerves are activated at angiogenic sites 

Yet another approach for an integrated revascularization therapy would be to find
a small molecular mediator as the primary responder to tissue ischemia. Therefore,
we asked these questions: What starts the tissue response to hypoxia? Which vas-
cular components are activated first? Which molecules are released first and what
do they do in terms of angio/arteriogenesis? These questions led us to suspect that
peripheral vascular nerves and their small molecular neurotransmitters may be the
answer.

All vessels of the body, except the thoracic aorta, are innervated by sensory and
sympathetic nerves. These nerves are the first line of defense, alerting the body of
vascular injury or tissue ischemia. Sympathetic nerves are continuously active, but
their activity increases in conditions of ischemia [21, 22]. They release norepi-
nephrine (NE) and its co-transmitters, NPY and purines [15, 23], which cooper-
ate in providing normal vasoconstrictor tone. Due to their vasoconstrictive effects,
the sympathetic nerves were believed to be deleterious for ischemic tissues and fur-
ther impair tissue perfusion. For these reasons, local sympathectomy was used to
alleviate ischemic pain in peripheral vascular insufficiency [24]. While this proce-
dure is moderately effective in relieving short-term ischemic pain [24], chronical-
ly, it produces mixed results [24, 25], and therefore has become less frequently
used in recent years. This raises the possibility that, in addition to detrimental
vasoconstrictive activities, the sympathetic nerves possess other, beneficial effects
for tissues they innervate. It has been often forgotten that the sympathetic nerves
used to be referred to as trophic, i.e., nourishing the growth of the innervated tis-
sues [26]. 

NPY is an angiogenic neurotransmitter

Sympathetic trophic activity was believed to be of the adrenergic origin. However,
neither NE nor epinephrine is known to exert any direct or potent vascular growth-
promoting or angiogenic actions [27]. We therefore hypothesized that it is NPY that
is the sympathetic trophic and angiogenic factor. Several lines of evidence led us to
this hypothesis.

NPY is a 36 amino acid amidated peptide [28] and a neurotransmitter in all sym-
pathetic nerves innervating blood vessels. Human coronary [29] and cerebral [30]
arteries are richly innervated by NPY-positive fibers. Blood vessels also possess NPY
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receptors, of which the Y1 receptor is the predominant type, mediating vasocon-
striction [15, 31] (see chapters by Edvinsson et al., Toro et al., and Westfall) and
proliferation of vascular smooth muscle cells [32]. NPY is released from the nerves
during their activation. Some of the strongest stimuli for NPY release are exposure
to cold [31], strenuous exercise [33], particularly when combined with hypoxia [34]
and myocardial infarction [35]; but NPY responsiveness declines with age [36]. The
same conditions are also known to affect angiogenesis. Capillary growth is aug-
mented in exercising skeletal muscles [3] and ischemic myocardium [11], and this
angiogenic activity also decreases with age [37]. Moreover, both angiogenesis and
NPY levels are known to be the highest early in development [38], coinciding with
organogenesis and growth. 

NPY stimulates angiogenesis in vitro and in vivo

In addition to being a potent mitogen for VSMC [32, 39], NPY stimulates endothe-
lial cell adhesion [40, 41], migration and proliferation [40]. In both cell types, NPY-
induced growth is bimodal ranging from sub-pM to nM concentrations (see chap-
ter by Kitlinska for details). In VSMCs, NPY-induced mitogenesis is mediated by Y1
and Y5 receptors [32], in the endothelial cells, this effect appears to be due to the
activation of Y2 and Y5 receptors [42].

Human endothelium constitutively expresses a complete NPY autocrine system:
Y1 and Y2 receptors, the peptide itself and its processing enzyme, dipeptidyl pepti-
dase IV (DPPIV) which converts NPY1-36 to NPY3-36 [40]. This conversion
reduces NPY’s affinity for the Y1 receptor, but forms a Y2/Y5-selective agonist,
NPY3-36 [43]. All NPY receptors [40] and DPPIV [44] are markedly upregulated
during endothelial cell migration and differentiation. NPY itself, bFGF and nitric
oxide (NO) are also positive regulators, and in addition, induce Y5 receptor expres-
sion [45]. DPPIV activity and the conversion of NPY1-36 to NPY3-36 appears to
be a prerequisite for NPY’s angiogenic activity, as the neutralization of the enzyme
by an antibody markedly impairs endothelial cell migration in response to NPY1-
36, but not NPY3-36, in the wound healing assay [44].

The potency and efficacy of NPY in stimulating angiogenesis in vitro is similar
to that of bFGF and VEGF [40], and is in part mediated via the release of these fac-
tors [42]. Also, as with VEGF activity, NPY-mediated angiogenesis (aortic sprout-
ing) is dependent on NO [42], which by itself is angiogenic [46]. The NO-dependent
pathway in NPY’s actions was also observed by others [47] in cerebral vessels,
which respond with vasodilation following the activation of Y2 receptors. Impor-
tantly, mice deficient in endothelial nitric oxide synthase (eNOS) are completely
unresponsive to NPY-induced aortic sprouting in a manner that is similar to that of
VEGF [42]. Thus, it appears that endothelial NO is essential for NPY’s angiogenic
signaling.
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Which NPY receptor is the major angiogenic receptor has been a subject of many
investigations (also see chapters by Bjorndal et al and Kitlinska). Studies of NPY-
induced angiogenesis in wound healing [48] and retinopathy [48, 49] all suggest the
importance of the Y2 receptor. In aging, Kitlinska et al. [50] have found that NPY’s
angiogenic activity is reduced in parallel with the loss of the Y2 receptor and DPPIV
expression. The role of this receptor as NPY’s main angiogenic receptor has been
recently confirmed in Y2 knockout mice, in which NPY-induced aortic sprouting,
capillary formation on Matrigel [51], retinal angiogenesis [48] and oxygen-induced
retinopathy [49] were all markedly reduced.

Hindlimb ischemia activates NPY-Y2 receptor system

Given NPY’s angiogenic and vascular growth-promoting activity, we hypothesized
that the peptide contributes to revascularization of the ischemic tissues. To test this
hypothesis, we used rat/murine hindlimb models where femoral artery occlusion
produces calf muscle ischemia (capillary angiogenesis zone), which in turn stimu-
lates ischemic angiogenesis. In contrast, shear stress in the large arteries above the
occlusion activates arteriogenesis in an attempt to develop collaterals (collateraliza-
tion zone) (Fig. 1).

In the ischemic leg, as compared to the contralateral non-ischemic one, venous
plasma NPY levels increased while femoral arterial content of the peptide decreased,
suggesting the peptide’s release from vascular stores [42]. This response was, at least
in part, neurogenic since ipsilateral lumbar sympathectomy reduced it [42]. The
remaining sympathectomy-resistant NPY component could be either due to the
incompleteness of the one-sided denervation, or to the NPY released from non-neu-
rogenic stores such as platelets [52], or immune [53] and endothelial cells [40]; due
to both de novo peptide synthesis, as well as uptake of sympathetically-derived NPY
[40].

Limb ischemia also induced changes in NPY receptor expression. As in other
ischemic tissue models, congestive heart failure [54] and retinopathy [49], during leg
ischemia, a major shift occurred in the NPY receptor system towards the induc-
tion/upregulation of Y2 receptors and DPPIV. The Y2 receptor and DPPIV mRNA
became upregulated rapidly within the first 48 h and remained elevated throughout
the next 2–4 weeks [55]. Interestingly, the upregulation of the Y2 receptor and
DPPIV expression occurred only in the ischemic gastrocnemius muscle, i.e., in the
capillary angiogenesis zone (Fig. 1B). In contrast, in the adductor muscle, corre-
sponding to the area of the femoral artery occlusion and collateralization zone, the
Y2 receptor was only slightly elevated, while the Y1 receptor and NPY mRNA were
markedly upregulated (Fig. 1A).

The differential patterns of NPY receptor upregulation suggest that different
receptors and intermediary factors may be involved in capillary angiogenesis in the
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ischemic tissues (Y2/DPPIV), as opposed to arteriogenesis/collateralization in the
area of shear stress (Y1/NPY) [55]. These receptor changes may correspond to
NPY’s growth promoting activity on endothelial cells, which require Y2/Y5/DPPIV,
and on VSMCs, which require Y1/Y5. Since arteriogenesis includes all processes:
endothelial and VSMC proliferation and differentiation, it is likely that all NPY
receptors would participate in it. Interestingly, spontaneous collateralization of the
rat ischemic limb does not fully restore its blood flow and, at the same time, it is
also rare that the Y5 receptor is induced by ischemia or shear stress alone [42].
However, its expression is markedly upregulated by NPY and other angiogenic fac-
tors such as bFGF (see chapter by Kitlinska). Whether or not the Y5 receptor acts
as an amplifier of angiogenesis and collateralization, and could potentially be a ther-
apeutic target, is an intriguing possibility.
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Figure 1
NPY and revascularization of rat ischemic hindlimb (A) In the collateralization zone (adduc-
tor muscle) NPY and Y1 receptor expression (based on Real Time RT-PCR data) is rapidly
upregulated. Two weeks later, formation of collateral artery is observed, further augmented
by NPY (1 µg/pellet/14 days, into the popliteal fossa). NPY’s arteriogenic activity is corrob-
orated by peptide’s ability to stimulate VSMC proliferation via Y1 receptors. (B) In the
ischemic angiogenesis zone (gastrocnemius muscle), ischemia rapidly upregulates mostly Y2
receptor, and to a lesser degree NPY mRNAs, and this is associated with increase in density
of cd31-positive capillaries. The latter reflects peptide’s ability to stimulate endothelial cell
(EC) proliferation by activating Y2 and Y5 receptors.



NPY stimulates revascularization of ischemic hindlimb

To further test the hypothesis that NPY is a mediator of ischemic tissue revascular-
ization, the peptide was administered as a slow-release pellet (1 µg/14 days) into the
popliteal fossa below the femoral artery occlusion in the rat hindlimb ischemia
model. NPY stimulated formation of large muscular arteries in the adductor muscle
at the level of arterial occlusion, and induced capillary angiogenesis in the gastroc-
nemius muscle and the footpad (Fig. 1) [42]. These actions led to almost complete
restoration of blood flow, as well as a marked improvement in contractile perfor-
mance of ischemic muscles [42]. This occurred at physiological plasma NPY con-
centrations (<10 nM) similar to those induced by stress or exercise in rats [15, 31].
Although these NPY levels may be vasoconstrictive, a Y1-selective receptor antago-
nist did not alter any of the aspects of the NPY-mediated ischemic angiogenesis or
improvements of blood flow. NPY’s ability to revascularize ischemic tissue was,
however, markedly impaired in Y2 knockout mice, suggesting that the Y2 receptor
is critical for this process [51] (Fig. 2B).

Such a powerful effect of restoring ischemic tissue blood flow and function is
probably related to NPY’s ability to stimulate growth of not only capillaries in the
area of ischemia, but also the formation of collaterals [32, 56]. In this respect, NPY
resembles bFGF rather than VEGF, which was particularly striking when these
growth factors were compared in the aortic sprouting assay [40]. While vessel
sprouting stimulated by VEGF resembled abnormal, leaky, and engorged vessels
characteristic of pathological angiogenesis, for example in tumors [14] or
retinopathies [57], NPY stimulated the formation of long, normal-looking aortic
sprouts [58].

The notion that NPY is a mediator of physiological angiogenesis, as occurring in
ischemic or exercising muscles [59] was further supported in NPY transgenic rats,
over-expressing the peptide under its natural promoter [60]. These rats have elevat-
ed plasma and tissue NPY levels, but have no apparent pathologies [60]. However,
their gastrocnemius muscles were hyper-vascularized, with a two- to three-fold
increase in capillary per fiber ratio, and a greater muscle fiber area than their wild
type counterparts [42] – suggesting that NPY plays a role in angiogenesis during
normal development (Fig. 2A). Again, vascularization of the non-ischemic and
ischemic tissues was markedly reduced in Y2–/– mice (Fig. 2B) [51]. In addition,
spontaneous sprouting of the aortic rings was greatly delayed and impaired in mice
null for the NPY gene (Fig. 2C) [42].

Taken together, these observations indicate that NPY is an important media-
tor of physiological angio- and arteriogenesis in ischemic, as well as non-
ischemic tissues. The primary angiogenic receptors are Y2 and Y5, but Y1 or Y5
receptor activation may be necessary for arteriogenesis. Given the angiogenic
potency of NPY and its ability to form normal looking, smooth muscle contain-
ing vessels – Y2/Y5 agonists may be very attractive targets for drugs aimed at the
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Figure 2
Elevated tissue levels of NPY in the skeletal muscles of NPY over-expressing rats are associ-
ated with increased capillary density per muscle fiber (A). Elimination or blockade of NPY-
Y2 receptor signaling markedly reduces capillary density per skeletal muscle fiber of NPY
Y2–/– mice (B), aorting sprouting in NPY–/– mice (C) and capillary density per adipose tissue
in obese mice (D)



revascularization of ischemic limbs and hearts, in peripheral vascular and heart
diseases.

NPY-mediated angiogenesis in tissue growth and regeneration

Ischemic angiogenesis not only occurs in pathological conditions such as follow-
ing arterial occlusion, but is a general phenomenon that underlies the growth of
any tissue. Under-perfusion of a developing tumor leads to its ischemia, which in
turn stimulates angiogenesis, restores blood flow, and promotes further cancer
expansion. The relationship between tumor ischemia, angiogenesis and growth
became clearer when anti-angiogenic therapies for cancer did not necessarily result
in tumor suppression [61]. In one such study, inhibition of VEGF-mediated angio-
genesis was shown, quite unsuspectedly, to promote tumor growth by inducing its
ischemia, which led to a greater expansion of malignant cells on one hand and the
development of more normal looking vessels which improved cancer blood flow
on the other [62]. Studies by Kitlinska [63], from our laboratory, indicated that
the benefits of antagonizing NPY-mediated angiogenesis for cancer may be due to
such therapy being bi-directional: it inhibits the peptide’s ability to form normal
vessels, as well as its proliferative actions on tumor cells (see chapter by Kitlinska).

Similar mechanisms of ischemia-driven angiogenesis may play a role in the devel-
opment of a highly vascularized organ such as adipose tissue [64]. It is also a tissue
that is well innervated by sympathetic nerves; hence, NPY may potentially play an
angiogenic and growth-promoting role. Using Lepob/ob mice, which are genetically
obese, we have recently shown that a NPY slow release pellet (1 µg/14 days, the
same as those used in the ischemia studies), placed subcutaneously in the abdomi-
nal area, stimulates adipose tissue growth and vascularization [65]. In contrast,
daily injections of a specific NPY-Y2 receptor antagonist (which, in vitro, inhibits
endothelial cell differentiation into capillary tubes [66]) reduced adipose tissue vas-
cularization and fat deposits of Lepob/ob mice by 40% within 2 weeks [65] (Fig. 2D).
Similar, albeit smaller, changes were also observed in the wild type non-obese mice
[65]. Thus, NPY and its Y2 receptors are an endogenous angiogenic system active
in the adipose tissue, where it may contribute to the development of obesity. Hence,
Y2 receptor antagonists, by virtue of their anti-angiogenic properties, could be a
new treatment against excessive adiposity.

Since sympathetic nerves innervate all of the tissues of the body, its neurotrans-
mitter, NPY can potentially exert angiogenic activity and promote growth and
regeneration of any tissue. One example yet to be explored is the liver, which is high-
ly vascularized, innervated and receives splanchnic blood flow rich in NPY-like pep-
tides (such as peptide YY and pancreatic polypeptide) from the gut. What role these
peptides play in liver angiogenesis and regeneration is an interesting question to be
studied.
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Last, but not least, there is the central and peripheral nervous system itself,
which is critically dependent on blood supply and is also highly abundant in NPY
[67]. In neuroblastomas, which are cancers derived from the sympathetic neurons,
NPY is released and acts as an autocrine tumor growth factor, but it also stimulates
angiogenesis by activating Y2/Y5 receptors [63]. In the hippocampal neurons, as
shown by Howell et al. [68] (see chapter by Gray and Scharfman in this book), NPY
increases neurogenesis by activating Y1 receptors, but its indirect actions via the
stimulation of angiogenesis have not been studied yet.

We propose that NPY is a universal mediator of neurogenic angiogenesis, acti-
vated by tissue ischemia and/or injury, and contributes to tissue growth and regen-
eration. It is a part of a larger trophic cycle, by which nerves communicate with vas-
cular cells and target tissues, involving a multiplicity of mediators released from
these cells. Some of the potential upstream regulators of NPY expression are neu-
rotrophins, and its downstream mediators include VEGF and bFGF. The central role
of NPY would rely on its function as a neurotransmitter, thus possibly being the
molecule that starts the cascade of events leading to the coordinated activation of
multiple pathways and tissue response to ischemia (Fig. 3).

Summary and conclusions

NPY is a sympathetic neurotransmitter and a mediator of neurogenic angiogenesis
in many tissues, such as skeletal muscles, tumors, retina, skin, adipose tissue and
possibly the nervous system itself. It stimulates endothelial cell adhesion, migration,
proliferation and differentiation leading to the formation of capillaries by activating
the Y2 and Y5 receptors. NPY also stimulates vascular smooth muscle cell prolifer-
ation via the Y1 and Y5 receptors, and thus is able to form collateral arteries.
Ischemia upregulates the NPY-Y2 receptor system and the peptide improves revas-
cularization and ischemic skeletal muscle function. We propose that NPY is a medi-
ator of a sympathetic trophic cycle, acting to adjust vessel development to that of
nerves and vice versa, and thus promoting tissue growth. As a neurotransmitter,
NPY is positioned at the beginning of the cascade that activates downstream medi-
ators leading to angiogenesis, arteriogenesis and neurogenesis in a tissue-specific
manner. These potent and multi-faceted activities of NPY make the peptide’s Y2/Y5
receptor agonists valuable new targets for revascularization therapy, and its Y2/Y5
antagonists potential drugs to inhibit excessive growth of organs such as adipose tis-
sue or tumors.
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Figure 3 
Proposed model of NPY’s role in neurogenic angiogenesis and a cross talk with neurogene-
sis. Sympathetic nerve-released NPY stimulates growth of VSMC (Y1R) and endothelial cells
(EC) and leads to angio- and arteriogenesis via Y2 and Y5 receptors. NPY also stimulates
release of secondary mediators from VSMCs, ECs and target tissue, which are angiogenic and
also upregulate neuronal expression of NPY. The reciprocal cross talk also exists between
vascular cells and target tissue which release their own NPY and/or NPY’s downstream
angiogenic mediators (listed in inserts) and stimulate neurogenesis, adjusting vessels-to-
nerve ratios.
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Angiogenic activity of NPY

Neuropeptide Y (NPY) is a member of a large family that includes additional
polypeptides; peptide YY, gut-derived peptide, and pancreatic polypeptides [1].
NPY, one of the most abundant peptides in the brain and heart, has pleiotropic
activities ranging from stimulation of food intake and obesity, regulation of cardio-
vascular function, and neuroendocrine function [1–3]. The first clue that NPY might
stimulate angiogenesis came from in vitro studies, in which NPY stimulated human
endothelial cell migration, attachment, and DNA synthesis [4–6]. In a Matrigel
assay using human umbilical vein endothelial cells, NPY induces capillary tube for-
mation. It also induces sprouting from aorta rings and formation of new blood ves-
sels in an in vivo model [4, 6].

The in vivo angiogenic activity of NPY has been further validated using a mouse
corneal micropocket assay. When various doses of NYP together with a slow-release
polymer were implanted into the mouse cornea, NYP induced corneal neovascular-
ization in a dose dependent manner [7]. Because of the avascular nature of the
cornea tissue, the NPY-induced neovascularization can be compared with vascular
structures induced by other angiogenic factors, such as vascular endothelial growth
factor A (VEGF-A) and fibroblast growth factor-2 (FGF-2). Interestingly, the angio-
genic response induced by NPY is structurally similar to the FGF-2-induced vascu-
lar networks, in which the microvessels are well separated from each other and
grow toward the implanted pellets [7, 8]. This type of vasculature is completely dif-
ferent from VEGF-A-induced vessels, which appeared as vascular plexuses due to
fusion of microvessels/capillaries into large luminal networks. These results indicate
that NPY is a direct angiogenic stimulator that induces vascular “tree”-like struc-
tures. In the chick chorioallantoic membrane model, NPY stimulates vascular
sprouting from pre-existing blood vessels in developing embryos [7]. This sprouting
effect of NPY appears in a dose-dependent manner.
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NPY receptors and angiogenesis

NPY binds and activates six receptors, Y1–Y6, all of which belong to a family of
Gi/o-heptahelical receptors [1, 9]. Several of these receptors predominantly act on
the vascular system [1, 5–7, 10, 11]. For example, the Y1 receptor mediates vaso-
constriction via regulation of contraction and proliferation of vascular smooth mus-
cle cells (VSMCs) [5, 12–15]. The Y2 receptor is constitutively expressed on vascu-
lar endothelial cells [6]. Similar to Y1 receptor, Y5 is also expressed on VSMCs and
transduces mitotic signals [11, 15]. The distribution of NPY receptors on vascular
cells suggests that NPY is an important neurotransmitter controlling blood flow and
vessel growth. 

In addition to tissue-specific regulation of expression of receptor subtypes, enzy-
matic processing may further regulate the biological activity of NPY and influence
its affinity for different receptor subtypes. Intact N- and C-terminal sequences are
required for interaction with the Y1 receptor [16–20]. In HUVECs, NPY is co-local-
ized with dipeptidyl peptidase IV (DPPIV), an endothelial serine protease which
cleaves Tyr(1)-Pro(2) from NPY1-36 to form NPY3-36 [21]. This cleavage results in
the formation of a potent angiogenic C-terminal fragment, NPY3–36, which is unable
to activate the Y1 receptor but activates non-Y1 receptors, such as Y2, Y3, and Y5
in the central and peripheral nervous system. Thus, DPPIV terminates the Y1 activ-
ity of NPY and converts it to a potent Y2 agonist [22].

The Y2 receptor is not expressed, or expressed at very low levels, in intact ves-
sels or non-growing endothelial cells and VSMC [6, 11]. However, injury of these
cells or ischemia upregulates the expression of Y2, as well as Y1 and Y5 [4, 23].
Localization of the Y2 receptor on endothelial cells suggests that this receptor might
be directly involved in mediating NPY-induced angiogenesis [6, 7]. The fact that
NPY3-36 was as competent as native NPY in promoting capillary tube formation in
vitro suggests that the Y2 receptor, possibly in cooperation with the Y5 receptor,
mediates endothelial cell activity [6]. Similarly in the mouse corneal model, NPY3-36
also exhibits an angiogenic activity indistinguishable from the unprocessed NPY [7].
In contrast, [LeuPro]NPY, a potent activator for Y1 and Y5 receptors lacking affin-
ity for the Y2 receptor, is unable to induce endothelial cell activity in vitro and
angiogenesis in vivo [5–7]. These studies further suggest that the Y2 receptor is
responsible for mediation of NPY-induced angiogenesis.

The conclusion that the Y2 receptor is an angiogenic receptor for NPY was
obtained from studies using Y2 receptor deficient mice. Two independent studies
show that elimination of the Y2 receptor in mice impairs NPY-induced neovascu-
larization [7, 10]. In the aortic ring assay, NPY-induced endothelial cell sprouting is
almost completely abolished in Y2–/– mice. A significant reduction of in vivo
Matrigel capillary formation is also observed in Y2–/– mice [10]. In a hindlimb
ischemia model, NPY induces collateral growth in the ischemic region of skeletal
muscle [23]. In Y2–/– mice, NPY-induced neovascularization in the ischemic



hindlimb model is significantly decreased [10]. In the mouse corneal assay, NPY is
unable to induce corneal neovascularization in Y2–/– mice although other angiogenic
factors including FGF-2 and VEGF-A-induced angiogenesis is not affected in the Y2
knockout mice [7].

NPY and wound healing

The angiogenic activity of NPY suggests that this neurotransmitter may play a phys-
iological role in regulation of angiogenesis-dependent processes, such as wound
healing [7]. It has been shown that wounding of endothelial cells results in upregu-
lated expression of DPPIV in migrating cells, and that it causes the enzyme to be dis-
tributed to the edge of the wound. The proteolytic activity of DPPIV has been found
be essential for the ability of NPY to promote cell migration and wound closure
through generation of NPY3-36 [21]. In mice, NPY significantly accelerates the heal-
ing of excisional full skin wounds. In contrast, a significantly delayed wound repair
is found in Y2–/– mice, suggesting a physiological role of NPY in skin wound heal-
ing. FGF-2, a known potent wound healing factor, can correct the delayed wound
healing phenotype in the Y2–/– mice [7]. However, exogenous NPY is unable to cor-
rect the wound healing defect in Y2–/– mice. These data further validate the finding
that Y2 is the critical receptor for NPY-induced angiogenesis and wound healing.
Consistent with these findings, NPY-treated wounds in wild type mice contain a
high density of capillaries/microvessels whereas this wound promoting activity is
impaired in Y2–/– mice, which demonstrate a reduced vascularity in the wound. It
seems that inflammation may not play a role in NPY-induced wound healing as a
similar numbers of inflammatory cells, such as macrophages, are present in both
wild type and Y2–/– mice.

NPY and diabetic retinopathy

Diabetic retinopathy is one of the most common causes of blindness. This patho-
logical condition is characterized by increased proliferation of blood vessels, vascu-
lar occlusion, angiogenesis, microaneurysms, hemorrhages, and infarction affecting
the retina of the eye. In diabetic patients, hyperglycemia is a primary factor that
causes diabetic retinopathy [24, 25]. However, there appear to be a difference in
incidences of retinopathy between patients with type I or type II diabetes, suggest-
ing that additional factors are involved [24]. The development of retinopathy is
associated with progressing ischemia in the retina. Due to the ischemic and hypox-
ic environment in the retina, VEGF is produced at high levels by retinal pigment
epithelial cells, as well as other cell types, in order to compensate the low levels of
oxygen. This overexpression of VEGF stimulates new blood vessel growth [24, 26,
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27]. However, VEGF-induced blood vessels usually have functional defects in their
structures, which contain disorganized and leaky vessels [7]. As a result, neovascu-
larization in the diabetic retina lead to tissue edema [27].

A common polymorphism in the human NPY gene was recently identified with
the Leucine7 to Proline7 substitution (Leu7Pro7) in the signal peptide part of the
NPY. The Leu7Pro7 polymorphism in the prepro-NPY gene exists in 6–13% of Cau-
casian populations [28]. The biological consequences of the Leu7Pro7 polymor-
phism include increased levels of blood lipids, decreased levels of insulin, accelerat-
ed atherosclerosis, and diabetitc retinopathy [28–31]. The underlying cellular mech-
anisms by which the Leu7Pro7 polymorphism causes these changes is not fully
understood, but may involve an altered processing and secretion of NPY [32]. Low
levels of insulin and high levels of lipids in the blood often lead to the development
of type II diabetes among Leu7Pro7 polymorphism individuals. Most type II diabet-
ic patients will develop certain degrees of retinopathy during their life spans, and
diabetic retinopathy is considered the number one cause of blindness in diabetic
patients. Positive correlations in clinical patients have been reported between the
presence of the Leu7Pro7 polymorphism and development of diabetic retinopathy in
patients with type II diabetes [30].

The angiogenic activity of NPY may contribute to the development of diabetes
and retinopathy via two mechanisms: (1) Obesity is a prevalent factor leading to
development of type 2 diabetes [33]. Although stimulation of food intake by the
central nervous system is involved in NPY-induced obesity [3], elevated levels of cir-
culating NPY in Leu7Pro7 polymorphism individuals may also play peripheral roles
in development of obesity. Like any other healthy or pathological tissue growth,
expansion of adipose tissue is also dependent on angiogenesis [34–36]. The high lev-
els of plasma NPY in Leu7Pro7 polymorphism individuals may switch on the angio-
genic phenotype in the adipose tissue and thus directly promote adipose tissue
growth. The development and progression of obesity could further lead to severity
of diabetes. (2) Direct role of NPY on retinal neovascularization. Deletion of the Y2
receptor, a critical receptor for NPY-mediated angiogenesis, results in prevention of
retinal neovascularization in a hyperoxia mouse model. Further, Y2 receptor antag-
onists also inhibit hyproxia-induced neovascularization in a rat model [30]. These
findings demonstrate that NPY is a critical factor for development of new blood ves-
sels in the retina and that the Y2 receptor is responsible for transducing the angio-
genic signals.

Conclusions

Accumulating evidence shows that NPY is a direct pro-angiogenic factor that pro-
motes blood vessel growth in several tissues and organs. The mechanisms underly-
ing its angiogenic effect requires activation of the Y2 receptor, which is expressed
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on endothelial cells, although other receptors including Y1 and Y5 may also be
involved. Due to its angiogenic activity, NPY exhibits a broader spectrum of physi-
ological and pathological functions including wound healing, revascularization of
ischemic tissue, development of diabetic retinopathy, progression of tumor growth
and obesity (Fig. 1). Like most other pro-angiogenic factors, NPY may have para-
doxical implications in the treatment of angiogenesis-related disorders. Due to its
angiogenic effect, NPY might be potential as a therapeutic agent in the treatment of
ischemic diseases, such as ischemic myocardium and skeletal muscle tissues. Block-
age of the angiogenic function of NPY, on the other hand, may be used in the treat-
ment and prevention of diabetic retinopathy. Thus, understanding the angiogenic
functions and underlying molecular mechanisms of NPY may become an important
target for disease therapy.
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Figure 1
Schematic diagram of roles of NPY-induced angiogenesis in contribution to both physiolog-
ical and pathological angiogenesis-related processes. The pro-angiogenic activity of NPY
may be used in the treatment of disorders such as ischemic skeletal and cardiac muscles and
wound healing. Paradoxically, NYP antagonists may instead be used for the treatment of
cancer, diabetic retinopathy, and obesity.
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Introduction

Previous chapters have described in details how neuropeptide Y (NPY) and related
peptides modulate function of immune, inflammatory, vascular smooth muscle and
endothelial cells, as well as sensory neurons. The accumulated evidence suggests that
NPY is a potent vascular smooth muscle mitogen and angiogenic factor, which can
also be pro- or anti-inflammatory, anti- or pro-nociceptive – in a receptor- and tis-
sue-specific manner. For example, NPY stimulation of Y1 receptors in macrophages
and leukocytes increases their adhesion, migration and release of proinflammatory
cytokines such as IL-6 and IL-1β (see chapter by Bedoui and von Hoersten). In con-
trast, NPY’s effect on lymphocytes may vary: in arthritic joints, peptide suppresses
inflammation via Y1 receptors but in systemic lupus erythematosus (SLE), elevated
peptide levels are associated with development of the disease (Bedoui and von Hoer-
sten).

Recent experimental and clinical data suggests that atherosclerosis is also an
inflammatory disease [1]. Monocyte transmigration into the intima and formation
of activated macrophages, uptake of oxidized lipids and formation of foam cells are
considered the hallmark and an initial step of the atherosclerotic process [1–3]. Mice
deficient in macrophage scavenger receptor, cd36, have attenuated plaque formation
[4] and monocyte deficiency per se is also protective against atherosclerosis in ApoE
knockout mice [4], an animal model of the disease [5]. The role of T lymphocytes
in development of atherosclerotic lesions has been less recognized but also gained
attention in recent years [6]. A particularly pronounced immune component is seen
in vascular remodeling that occurs after transplantation [7].

While immune cells are known to be regulated by cytokines and the endocrine
system, and whether or not nerves, sympathetic or sensory, play any role in trigger-
ing or modulating immune responses in the vascular wall remains poorly under-
stood. We hypothesized that neuroimmunomodulation occurs within the vessel wall
following surgical interventions such as balloon angioplasty – and that NPY is a
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major mediator of this cross talk. Using rodent models of vascular injury, we have
shown that neuroinflammation, which is elicited following carotid artery angio-
plasty by local perivascular administration of NPY, is mimicked by chronic stress,
and both are completely prevented by specific Y1 receptor antagonist [8]. In addi-
tion, strains of mice which have elevated plasma NPY levels, due to stress or over-
expression in platelets, have exaggerated angioplasty-induced vascular neointimal
and inflammatory responses, while these lesions are markedly attenuated in NPY–/–

mice (Abe et al., unpublished).

NPY is a vascular mitogen

All arteries of the body, except the thoracic aorta, in humans and rodents, are rich-
ly innervated by the sympathetic nerves, which contain both neurotransmitters nor-
epinephrine (NE) and NPY. While NE is released with the slightest sympathetic acti-
vation, the release of NPY is usually delayed and occurs following more prolonged
and intense nerve stimulation [9] (see [35]). Once released, NPY acts on its vascu-
lar Y1 receptors, which are the predominant type of NPY receptors in blood vessels,
and causes vasoconstriction [10]. NPY also potentiates contractile effects of NE [11]
and both actions are responsible for a major role that the peptide plays in control
of vascular tone during stress [10]. 

The same Y1 receptors mediate NPY’s proliferative effects on vascular smooth
muscle cells (VSMC) [12, 13] (see chapter by Kitlinska et al.). However, during
VSMC growth, another NPY’s receptor, the Y5, is induced, and also contributes to
peptide’s mitogenic action. Interactions between Y1 and Y5, possibly involving their
heterodimerization (see chapters by Kitlinska and [36]), amplify NPY’s proliferative
activity and are responsible for bimodality of the NPY-growth response curve. As a
result, the peptide exerts high affinity mitogenic effects already at sub-picomolar
concentrations, in addition to having activity of lower affinity, at nanomolar con-
centrations [12]. Both growth responses are inhibited by Y1 or Y5 receptor antag-
onist, but their complete blockade requires a combination of both inhibitors [12].

NPY induces medial hypertrophy and stimulates neointima formation 

To determine if NPY plays a role in vascular remodeling in vivo, we used an estab-
lished model of balloon angioplasty of the rat carotid artery. Normally, the balloon
injury-induced denudation of the endothelium stimulates VSMC proliferation and
migration from the advential-medial layer into the space of former intima, where
they form neointima. This process does not appear to lead to any significant inflam-
matory reactions or thrombus formation unless vascular integrity is damaged, and
vessels remain patent, albeit narrowed. Many growth factors such as angiotensin II,



endothelin and basic fibroblast growth factors have been shown to augment neoin-
tima formation in this model [14].

Angioplasty of the rat carotid artery activated vascular NPY system. Two weeks
after surgery, NPY and its receptors, Y1 and Y5, were markedly upregulated (at
mRNA and protein levels) in VSMCs of the neointima, while in the media, primar-
ily Y1 receptor immunostaining was increased [8]. Administration of NPY as a slow
release pellet at low physiological concentration (1–10 µg/pellet/14 days) caused
even greater, massive, upregulation of Y1 and Y5 receptor immunostaining in neoin-
timal cells as well as in macrophages, which normally, after angioplasty alone, are
very sparse in the vessel wall (Li et al., unpublished). Similar upregulation of its own
receptor expression by NPY was observed in vitro in VSMC [12].

Fourteen days after NPY (1–10 µg/14 days) was placed at the side of the balloon-
injured rat carotid artery, media thickness increased by up to 50% (Pons, 2003
#8357). Remarkably, this increase was completely prevented by continuous infusion
of a Y1 receptor antagonist (H409/22 acetate, 0.02 µmol/kg/min/14 days i.v.) but
not by the Y5 receptor antagonist [12]. Since NPY had no effect when placed by the
side of the intact carotid artery, the ability of the peptide to induce medial hyper-
trophy appears to require other mediators, present only in the injured vessel. This
observation suggests that NPY-Y1 receptors may contribute to medial hypertrophy
in conditions when blood vessels are “activated” by other stimuli, for example, by
endothelial denudation. Since endothelial damage is postulated to be involved in
many cardiovascular diseases, including hypertension, amplification of VSMC
growth provided by NPY and its Y1 receptors may be a mediator of vascular medi-
al hypertrophy in these states. The contribution of this pathway might be particu-
larly important in certain forms of essential hypertension, where sympathetic activ-
ity is increased. Since Y1 antagonist was effective in blocking NPY’s effect on medi-
al hypertrophy, drugs inhibiting Y1 receptors could be useful in therapy of
hypertension, similarly to how angiotensin converting enzyme inhibitors have been,
reducing vascular tone not only by antagonizing vasoconstrictive but also growth-
promoting activities of these peptides.

NPY stimulates thrombosis, vascular inflammation and atherosclerosis 

In placebo-treated rats, angioplasty stimulated formation of a concentric neointima,
with no inflammatory reaction [8]. In contrast, neointima which formed in the NPY-
treated vessels was highly and dose-dependently augmented, and in addition, was
non-laminar and, at the highest dose (10 µg/14 days), occlusive [8]. Also, the NPY-
induced neointimal lesion, unlike the one produced by angioplasty alone, contained
numerous microvessels, thrombus and deposits of matrix, macrophages and lipids
(Fig. 1). Co-localization of macrophages and lipids suggested that these cells may
have become foam cells, the cells that are the hallmark of atherosclerosis. Thus, the
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Figure 1 
NPY- and stress-induced changes in the rat carotid arteries following balloon angioplasty, both prevented by Y1 receptor antagonist.
The NPY-Y1-mediated vascular remodeling involves inflammation, thrombosis, neointima formation, neovascularization and lipid
deposition, leading to vessel occlusion within 2 weeks.



NPY-induced lesion resembled an advanced atherosclerotic plaque, although it had
formed within only 2 weeks and in rats which were devoid of any genetic or diet-
induced alteration in lipid metabolism.

How NPY could elicit such pronounced pro-atherosclerotic effects in such a
short period of time is puzzling. Perhaps one hypothesis that could explain this is
that NPY, being a neurogenic mediator, is positioned at the top of the cascade of
events, which then leads to activation of multiple pathways. NPY has indeed
pleiotropic activities, some of which are direct and other via activation of other
mediators. NPY, in addition to being a VSMC mitogen, stimulates chemotaxis and
proliferation of endothelial cells [15] and monocytes [16] – and this activity may be
pivotal in its ability to cause macrophage transmigration into the neointima and
angiogenesis of the lesion. In addition, the peptide is known for its metabolic activ-
ity to stimulate appetite, activate lipoprotein lipase, promote lipid storage and
increase plasma lipids [17]. While these activities have been believed to be only of
central origin, where NPY is a potent orexigenic peptide, recent studies from our lab
suggest that NPY is adipogenic and lipogenic by peripheral actions on the adipose
tissue itself. Furthermore, NPY may stimulate vascular inflammation and shift the
profile of T-lymphocytes from anti-inflammatory Th1 to proinflammatory Th2
[18], similarly to what occurs during formation of atheroma. Finally, the peptide is
potently angiogenic [15] and can stimulate formation of new vasa vasorum, feeding
the neointimal lesion and promoting its growth. This action is in part indirect and
involves release of vascular endothelial growth factor and nitric oxide [19].

Interestingly, NPY signal peptide gene polymorphism, Leu7Pro7, is associated
with similar derangements as those evoked by NPY in rats subjected to angioplas-
ty. The mutation, which is rather frequent in Finns and other Northern Europeans
(6–8%) [20], is functional and leads to higher stress-induced plasma NPY levels
[21], and associates with hyperlipidemia and accelerated atherosclerosis of human
carotid arteries [22] (see chapter by Pesonen). Thus, it appears that high NPY may
be a risk factor for atherosclerosis. What conditions predispose to a “high NPY
state”? First and foremost, stress, as NPY is a neurotransmitter released during sym-
pathetic nerve activation. 

Stress mimics NPY-induced lesions by activating Y1 receptors

To determine if endogenous NPY, released during stress, exerts similar pro-athero-
sclerotic effects after angioplasty, the experiment was repeated in stressed versus
non-stressed rats. Stress consisted of rats standing in 1 cm of ice-cold water for 2 h,
starting with the period just before angioplasty, and continued daily for 2 weeks (Li
et al., unpublished). We have shown previously that such a stress is a powerful neu-
rogenic stimulus for NPY release [23], which then activates Y1 receptors and caus-
es vasoconstriction [10]. NPY-immunoreactivity increased in the platelet-poor- and
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platelet-rich-plasmas, and in the latter, it attained the levels similar to those induced
by angioplasty alone [8].

Two weeks after angioplasty, balloon-injured carotid arteries of stressed rats
resembled the NPY-treated vessels (Fig. 1). While in unstressed rats, a concentric
laminar neointima with sparse monocytes was formed, in the stressed animals, ves-
sels were occluded with a lesion containing neointima, thrombus, microvessels and
a massive invasion of the neointima with immune cells, such as macrophages, which
co-localized with deposition of lipids (Fig. 1). Unlike NPY-treated vessels [8], how-
ever, stress induced greater adventitial thickening and invasion of immune and
smooth muscle cells from the adventitia into the media and neointima, sometimes
with dissolution of the external lamina. These changes suggested a development of
a neurogenic-type inflammation, with concentration of the immune infiltrate at the
adventitial-medial border, the place of entry of the sympathetic and sensory nerves
into the vessel wall. 

Remarkably, all of the stress-induced changes were prevented by a continuous
administration of Y1 receptor antagonist (H409/22, 0.02 mmol/kg/min/14 days,
i.v.), at the dose which blocked the effects of the exogenous NPY (Fig. 1). Thus,
stress, by releasing NPY, stimulated, via activation of Y1 receptors, a cascade of
inflammatory events leading to vessel remodeling with an occlusive atherosclerotic-
like lesion. Which cells expressing these Y1 receptors are primary responders
remains to be determined but the likely candidates are monocytes/macrophages. As
others have shown, macrophages are attracted to adrenergic nerves, and inflamma-
tion or injury upregulates their Y1 receptors [24]. Exogenous NPY, when combined
with β-adrenergic agonists, increases monocyte release of cytokines such as IL-1β
and IL-6 and also stimulates macrophage proliferation and migration [25]. Interest-
ingly, these effects are also inhibited by the same type of the Y1 receptor antagonist
as used in our study (see chapter by Bedoui and von Hoersten). Taken together, these
observations suggest that triggering nerve-macrophage interplay by stress-induced
sympathetic nerve activation upregulates their NPY-Y1 system, which then acceler-
ates neurogenic inflammation and vascular remodeling after angioplasty. Hence, Y1
receptor antagonists may be useful as therapy against restenosis.

Platelet NPY as a risk factor for exaggerated vascular remodeling

In addition to exerting local actions in the vascular wall, including upregulation of
the NPY system, balloon angioplasty per se had significant systemic effects. In rats
2 weeks after angioplasty, platelet NPY levels doubled, although plasma NPY levels
remained unchanged [8]. Rat megakaryocytes, like those of some mice (see below),
synthesize NPY, which is then packaged into platelet vesicles and released during
aggregation [26]. Thus, it appears that vessel injury by angioplasty activated some
humoral or neurogenic mechanism by which either platelet uptake, or more likely
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megakaryocyte synthesis of NPY, increased. This increase was prevented by the Y1
receptor antagonist suggesting that it’s not due to blockade of peptide uptake by
platelets since Y1 receptors are known to participate in peptide’s internalization [27]
and opposite effects would have been expected from their blockade.

The role of platelet NPY in angioplasty-induced vascular lesions is completely
unknown. Few previous studies which dealt with the platelet NPY, including that of
Ericsson et al. [28], Ogawa et al. [29] and ours [30], have established that some
strains of mice (like rats but not normal humans or pigs) synthesize authentic NPY
in megakaryocytes and package it into platelets, and these mice often have some
autoimmune abnormalities, such as SLE-like. Since NPY appears to contribute to
pathogenesis of this disease, which involves many vascular abnormalities such as
perivasculitis nodosa, we speculated that similar association may occur with neoin-
timal lesions, which develop after angioplasty. The mechanism(s) of this process is
poorly understood but recent data suggest that platelet aggregation may be critical
for generation of proinflammatory cytokines and triggering leukocyte/monocyte
activation, which then activates inflammatory cascade [31]. What effects NPY has
on platelet aggregation is controversial as both stimulatory effect in rat platelets and
inhibitory in human platelets have been reported [30].

The hypothesis that platelet NPY provides an additional source of the peptide,
which is activated by angioplasty and amplifies vascular responses to injury, was
then tested in two murine strains known to genetically vary in their megakary-
ocyte/platelet NPY content (Abe et al., unpublished). In two models, the ligation of
the carotid artery and wire-induced angioplasty of the femoral artery, C57/BL mice,
which do not express platelet NPY, were resistant, while Sv129/J, which synthesize
NPY in megakaryocytes, were sensitive to vascular injury and formed significant
neointima (Abe et al., unpublished) (Fig. 2). Of interest is that C57/BL mice, which
were completely unable to produce any neointima in response to vascular interven-
tions, are often used in atherosclerosis studies, as a strain prone to metabolic abnor-
malities and a wild type control for ApoE–/–, a standard model of the disease. This
implies that mechanisms of angioplasty-induced vascular remodeling and athero-
sclerosis differ, as ample evidence indicates [32], but also suggests that platelet NPY
plays an amplifying role in formation of neointimal lesions following vascular inter-
ventions.

Neuronal-megakaryocyte interaction contributes to vascular remodeling

The remarkable association of the ability of the mouse strain to respond to vascu-
lar injury with the expression of platelet NPY and its upregulation following angio-
plasty, suggested a possibility of neuronal or humoral control of megakaryocyte
NPY production (since platelets lack ability for synthesis and peptide uptake is
unlike, see above). C57/BL mice, which are devoid of platelet NPY, had low level of
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Figure 2 
Postulated interplay between an injured vascular wall, sympathetic nerves, bone marrow-derived megakaryocytes and platelets in the
development of vascular remodeling after angioplasty and stress



expression of NPY mRNA in the bone marrow and none in megakaryocytes, while
Sv129/J expressed it abundantly in both (Fig. 2). In SV129/J but not C57/BL mice,
stress markedly upregulated bone marrow NPY mRNA, while increasing platelet
NPY levels. In the former, this was associated with marked increase in neointima
formation and an induction of a thrombotic and inflammatory lesion in the femoral
artery injured by wire angioplasty (Fig. 2). Latest studies on NPY-/-/Sv129/J mice
suggest that angioplasty- and stress-induced vascular lesions are visibly inhibited in
these animals. These observations indicate that endogenous NPY, platelet- and
nerve-derived, is necessary for formation of neointima, thrombus and inflammato-
ry vascular reactions after angioplasty, at least in rodents. While rats and mice obvi-
ously are not humans, whether or not some men are like rats in terms of their
platelet NPY remains to be determined. Interestingly, Nilsson et al. [33] have recent-
ly reported higher platelet but not plasma NPY levels in patients with depression.

Summary and conclusions

There are no acceptable rodent models of restenosis which would develop vascular
lesions similar to human. Models of atherosclerosis in rats and mice exist but they
require genetic modification of lipid handling systems, for example ApoE knock-
outs, which are rarely the sole basis of human disease. Moreover, vascular remodel-
ing developing in those models lacks resemblance to human lesions since they are
not thrombotic or inflammatory. While stress has been implicated in pathogenesis
of cardiovascular diseases, its role in atherosclerosis has been thought to be indirect
and poorly defined. Our studies have shown for the first time that repeated stress is
a potent amplifier of vascular inflammation, and thrombus and neointima forma-
tion after angioplasty in both rats and mice. NPY, the sympathetic vasoconstrictor
neurotransmitter and a vascular growth factor, elicits similar effects via its Y1 recep-
tors. Stress releases NPY from the sympathetic nerves and upregulates megakary-
ocyte/platelet NPY system, and both appear to play a role in development of an
occlusive vascular lesion. In stressed rodents or NPY-treated rats, post-angioplasty
vascular lesions resemble atherosclerotic-like plaques by containing thrombus,
matrix, microvessels, macrophages and lipid deposition. Platelet NPY appears to be
an additional amplifier of these lesions, as mice which express it are susceptible,
while those that do not are resistant, to angioplasty- and stress-induced vascular
effects. Thus, stress and NPY are mediators of an inflammatory, lipid-rich and
thrombotic vascular remodeling, which can lead to rapid vessel occlusion after
angioplasty. Since both effects were completely prevented by a specific Y1 receptor
antagonist, drugs directed at inhibiting these receptors may become a useful thera-
py against restenosis in humans. At particular risk would be patients with NPY-
Leu7Pro7 signal peptide polymorphism, which has been associated with accelerated
atherosclerosis and higher stress-induced NPY levels, men (as opposed to women),
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whose NPY system is upregulated by androgens [34], and population under severe
or chronic stress, which increases NPY release.
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Introduction

Neuropeptide Y (NPY) is a pleiotropic peptide with activities ranging from the inhi-
bition of neurotransmitter release and vasoconstriction, to regulation of appetite
and anxiety [1]. NPY release is increased during sympathetic hyperactivity, thus its
actions are augmented in response to stress [2, 3]. The peptide has been implicated
in many clinical disorders, from hypertension to depression [3–5]. Recently, new
functions for NPY have emerged with the discovery of its growth-regulatory
actions. In CHO-K1 cells transfected with Y1 or Y2 receptors, NPY stimulation
leads to the activation of p42/44 mitogen-activated protein kinase (MAPK) [6] and
an increase in proliferation [7]. The peptide exerts proliferative effects in a variety
of cells, including neuronal precursors [8] and neural crest-derived tumor cells [9],
vascular smooth muscle cells (VSMC) [10–13] and endothelial cells (EC) [14],
preadipocytes [15], lymphocytes [16–18], retinal glial cells [19], beta cells of pan-
creatic islets [20] and prostate cells [21]. Its mitogenic actions are tissue and recep-
tor specific. NPY receptor signaling involves activation of PI3K and PKC kinases,
leading to phosphorylation of p42/44 and p38 MAPKs [8, 9, 19]. Thus far, the pro-
liferative actions of the peptide have been the most extensively studied in neuronal,
vascular and immune cells. Therefore, in this chapter we will focus on NPY growth-
regulatory effects in these cells and their clinical implications. 

NPY as a vascular growth factor

Mitogenic effect of NPY on vascular smooth muscle cells

The first interest in the role of NPY in the cardiovascular system was associated
with its Y1 receptor-mediated vasoconstrictive activity. However, recent discoveries
indicated that the peptide can also stimulate the proliferation of VSMCs via its Y1
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and Y5 receptors [10–13]. NPY actions in these cells are mediated by Gi/o-proteins
and involve the inhibition of adenylyl cyclase, inositol 1,4,5-triphosphate (IP3)-
dependent increase in intracellular Ca2+ and the activation of p44/42 MAPK
[22–24]. The mitogenic effect of the peptide in VSMCs is observed at sub-picomo-
lar and sub-nanomolar concentrations significantly lower than those necessary for
vasoconstriction. Interestingly, NPY stimulates proliferation of VSMCs in bimodal
fashion, with two peaks – a high affinity peak at picomolar concentrations and a
low affinity peak at nanomolar concentrations [11]. The same bimodal mitogenic
effect of NPY has been also observed in other cells, such as neuroblastomas and
ECs, which indicates that this phenomenon is a universal feature of the peptide’s
proliferative actions [9, 25]. The exact mechanism of this bimodal effect has not
been fully elucidated yet. However, our recent studies indicate that it may involve
interactions of the multiple NPY receptors. In CHO-K1 cells stably transfected with
a single Y1 or Y2 receptor, NPY stimulates proliferation only at high concentra-
tions, corresponding to the low affinity peak observed in VSMCs [7, 26]. Thus, the
high affinity peak seems to be dependent on the presence of the multiple NPY recep-
tors. This hypothesis is further supported by the recent discovery of the NPY recep-
tor homo- and heterodimerization [27, 28]. The presence of NPY receptor com-
plexes may also be associated with differential coupling to the signaling pathways.
We have found that both growth peaks are associated with a bimodal, Gi/o-protein-
dependent decrease in cAMP as well as PKC and MAPK activation. However, the
intracellular calcium mobilization is dose-dependent, without bimodality, which dif-
ferentiates the two mitogenic peaks [29]. Our recent study using proteomics [30]
suggests that different isoforms of CAMK may be involved in NPY’s low and high
affinity mitogenic peaks in VSMCs. However, further studies are necessary to eluci-
date the mechanisms of NPY’s bimodal effect in VSMC and other cells and its phys-
iological significance.

Due to its mitogenic effect in VSMCs, NPY is an important factor contributing
to vascular remodeling. In a rat carotid angioplasty model, the vessel injury stimu-
lates proliferation of VSMCs and neointima formation. NPY administrated after
angioplasty as a slow release pellet dramatically augments the growth of neointima
leading to the formation of vascularized, lipid-filled, atherosclerotic-like plaques
and often to the occlusion of the vessel [31] (see chapter by Li et al.). The effects of
both angioplasty alone and exogenous NPY are dependent on the Y1 and Y5 recep-
tors, which further support the role of these receptors in VSMC proliferation. Inter-
estingly, chronic stress, known to increase NPY plasma levels, mimics the effect of
the exogenous peptide and leads to the complete occlusion of the injured vessel,
which is also Y1 receptor-dependent. Therefore, sympathetic nerve-derived NPY is
a crucial factor in vascular remodeling (see chapter by Li et al.).

The growth-promoting effect of NPY on VSMCs observed in vitro and in vivo
suggests its important role in the development of atherosclerosis-related diseases,
such as heart and peripheral vascular diseases, restenosis following vascular inter-



vention and hypertension. Indeed, a leucine7 to proline7 (Leu7Pro7) polymorphism
in NPY signal peptide, known to facilitate release of the peptide, has been associat-
ed with increased rate of atherosclerosis in Finnish and Dutch population [32] (see
chapter by Pesonnen et al.). Thus, utilizing the Y1 and Y5 receptor antagonists may
be an attractive strategy in treatment of these disorders.

Trophic effect of NPY on cardiac myocytes

Like in VSMCs, NPY also exerts a growth-promoting effect on cardiomyocytes,
albeit by different mechanisms. The peptide stimulates hypertrophy of cardiac cells,
which is associated with an increase in the total cell protein caused by the inhibition
of their degradation and augmented de novo synthesis [33, 34]. This effect is medi-
ated by Gi/o-proteins and the PI3K/p70s6k pathway and is accompanied by increased
activity of cytosolic creatine kinase [33, 35, 36]. Elevated NPY has been found in
patients with cardiac hypertrophy and heart failure (see chapter by Feuerstein).
Moreover, in patients with pheochromocytoma, a sympathetic tumor developing in
the adrenal gland, the increased levels of plasma NPY correlate with left ventricular
hypertrophy [37]. Therefore, chronic exposure to the elevated NPY levels, due to
stress or other pathological conditions, may contribute to the development of hyper-
trophic heart diseases.

Angiogenic activity of NPY

In addition to its growth-promoting effect on VSMCs, NPY has been recently found
to be a potent angiogenic factor. Endothelial cells (ECs) express both NPY and its
receptors. The peptide stimulates proliferation, migration and capillary tube forma-
tion of ECs [14]. Like in VSMCs, the proliferative effect of NPY is bimodal [25],
which indicates involvement of multiple receptors. However, as opposed to the
Y1/Y5 receptor-mediated proliferation of VSMCs, the angiogenic activities of NPY
seem to be Y2/Y5 receptor-dependent. The angiogenic properties of the peptide have
been established using a variety of models, such as aortic sprouting, rodent hindlimb
ischemia, retinopathy and wound healing [25, 38–41] (see chapters by Björndahl et
al.). In all these models, the angiogenic activities of NPY are significantly impaired
in Y2 knockout mice or blocked by Y2 receptor antisense oligonucleotides [40–42].
The role of the peptide in physiological angiogenesis has been further supported by
reduced angiogenesis in NPY knockout mice, which can be restored by the exoge-
nous peptide [38]. In addition, expression of NPY and its Y2 receptors is stimulat-
ed in ischemic tissues, which is also associated with increased plasma levels of the
peptide [38]. The angiogenic activities of NPY are mediated by nitric oxide, vascu-
lar endothelial growth factor (VEGF) [38] and, according to our recent study, also
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basic fibroblast growth factor (bFGF). However, further studies are necessary to
establish the exact mechanisms of NPY actions and its interactions with other
angiogenic factors (see chapter by Lee et al.). 

Clinically, the angiogenic activities of NPY may be beneficial for the organism,
for instance in revascularization of ischemic tissues and wound healing. However,
its elevated levels may also lead to the excessive angiogenesis observed for example
in retinopathy. In the rat and mouse models of newborn retinopathy, the progres-
sion of angiogenesis is accompanied by an upregulation of NPY and Y2 receptor
expression [43], while the vascularization of the retina is blocked in Y2 knockout
mice or by Y2 receptor antisense [40, 41]. Moreover, the frequency of the Leu7Pro7

polymorphism is increased in patients with type II diabetes associated with retinopa-
thy [40], which further supports the role of NPY in the development of this disease.
NPY has been also implicated in other angiogenesis-related disorders. For example,
the peptide released from sympathetic nerve-derived tumors, such as pheochromo-
cytoma and neuroblastoma may increase tumor vascularization and in this way
facilitate their own growth and spread [9]. Moreover, recent data from our labora-
tory indicate that the angiogenic activity of NPY, along with its proliferative effect
on preadipocytes, may contribute to the development of stress-induced obesity [15].
Thus, depending on the type of the disease, NPY and its Y2 receptors may be tar-
geted to augment or inhibit vascularization. In the future, both Y2 receptor agonists
and antagonists may become useful therapeutics in the treatment of angiogenesis-
related disorders.

As described above, NPY is a potent growth-promoting factor for both VSMC
and ECs. However, the actions of the peptide in these cells are mediated by differ-
ent receptors – Y1/Y5 in VSMCs and Y2/Y5 in ECs. Additionally, Y1 receptors pre-
sent on VSMCs are also responsible for NPY’s vasoconstrictive effect. These recep-
tor-specific actions of NPY in vascular cells suggest a regulatory role for dipeptidyl
peptidase IV (DPPIV). DPPIV is a serine protease abundantly present on ECs [39].
The enzyme cleaves the full length NPY1-36 to NPY3-36 [44]. This shorter form of the
peptide is no longer able to bind to the Y1 receptors, but retains its affinity to the
Y2 and Y5 receptors. Thus, DPPIV shifts activity of NPY from Y1-mediated actions
in VSMCs to Y2-dependent angiogenesis. Therefore, this protease is an integral part
of the NPY angiogenic system. DPPIV is upregulated with NPY and Y2 receptors in
ischemic tissues [38] and downregulated in aged animals with impaired angiogene-
sis [25]. Moreover, anti-DPPIV neutralizing antibodies completely block NPY-medi-
ated EC migration and wound closure [39]. The regulatory actions of DPPIV are
particularly important in revascularization of ischemic tissues, where the Y1 recep-
tor-mediated vasoconstriction could further decrease blood flow and contribute to
the progress of the disease. 

Taken together, NPY is a potent growth-promoting factor for vascular cells
involved in vascular remodeling and angiogenesis. Its actions are regulated by
DPPIV, which shifts activity of the peptide away from its Y1 receptor-mediated
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effects on VSMCs and enhances its Y2 receptor-dependent angiogenic activities.
Thus, NPY receptors and DPPIV may be attractive targets for treatment of athero-
sclerosis- and angiogenesis-related diseases. 

NPY as a neuroproliferative factor

Although NPY can be expressed in a variety of cells, such as platelets and ECs [14,
45], both the peptide and its receptors are the most abundant in neuronal tissues,
particularly those of the sympathetic origin [2]. Thus, discovery of growth-promot-
ing activities of NPY in vascular cells raised the question of its effect on neuronal
proliferation. The neuroproliferative activities of NPY have been reported for the
first time by Hansel et al. in neuronal precursors derived from olfactory epithelium
[8]. Postnatal olfactory epithelium is, along with hippocampus, retina and rostral
migratory stream, one of the few known locations of stem cells in the central ner-
vous system (CNS) and is used as a model of adult neuronal regeneration [46] (see
chapter by Gray and Scharfman). NPY, expressed here by sustentacular cells, stim-
ulates the proliferation of basal cells, which are olfactory neuronal precursors [8].
This effect is mediated by Y1 receptors and involves PKC-dependent activation of
p42/44 MAPK. NPY-deficient mice contain significantly fewer proliferating neu-
ronal precursors and olfactory neurons by adulthood, which further supports the
crucial role of NPY in neuronal development. Recently, NPY has been also shown
to stimulate proliferation of retinal glial (Muller) cells via Y1 receptors and PI3K-
mediated MAPK activation [19]. Interestingly, the growth-regulatory effect of the
peptide in these cells is biphasic. NPY exerts a mitogenic effect at higher concentra-
tions, whereas at lower concentrations NPY inhibits Muller cell proliferation. Since
both Y1 and Y2 receptors are expressed in these cells, the biphasic effect may be
associated with interactions of both receptors, as suggested by bimodal mitogenic
effect of NPY in VSMCs and ECs. The heterodimerization of the receptors could
lead to change of their affinity and possibly signaling pathways. The excessive pro-
liferation of retinal glial cells in proliferative vitreoretinopathy is associated with
increased Y1 receptor expression [19]. Thus, it is possible that an increase in Y1
receptors shifts activity of NPY towards the homodimer- or monomer-mediated
proliferation.

The discovery of this neuroproliferative effect of NPY, particularly in combina-
tion with its angiogenic activities, provides new perspectives on the treatment of
degenerative disease and injuries of the nervous system. However, the same actions
of the peptide can also contribute to various pathologies, for instance growth of
neural crest-derived tumors. NPY is abundantly present in tumors originating from
sympathetic neurons, such as neuroblastoma [47–49] (see chapter by Kitlinska).
These childhood tumors are often associated with elevated NPY plasma levels,
which correlates with poor outcome of the disease [50, 51]. Our results indicate that
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growth of neuroblastoma is highly dependent on NPY [9]. The neuroblastoma cells
express both NPY and its Y2 receptors, which creates a growth-promoting
autocrine loop. NPY stimulates proliferation of neuroblastoma cells via activation
of p42/44 MAPK, while the Y2 receptor antagonist dramatically inhibits their pro-
liferation. In vivo, NPY stimulates growth of neuroblastoma xenografts, which is
also associated with increase of tumor vascularization. Thus, NPY released from
neuroblastoma tumors facilitates their growth by both direct autocrine effect on
neuroblastoma cell proliferation and angiogenesis. Interestingly, both processes are
Y2 receptor-dependent, which implicates the Y2 receptor as a new target in thera-
py of these childhood malignancies.

Although the growth-promoting activities of NPY in neuronal cells are the most
extensively studied, the peptide can also exert inhibitory effects, as seen in retinal
glial cells [19]. Moreover, we have found that in Ewing’s sarcoma tumors, which
unlike sympathetic neuroblastoma originate from parasympathetic neurons, NPY
stimulates apoptosis and inhibits tumor growth [9] (see chapter by Kitlinska). This
effect is mediated by the Y1 and Y5 receptors which are abundantly expressed in
Ewing’s sarcoma cells. However, despite its growth inhibitory effect, NPY also stim-
ulates angiogenesis, which in turn facilitates tumor growth [9]. Thus, the overall
effect of NPY depends on the balance between Y1/Y5-mediated apoptosis and Y2-
dependent angiogenesis. These receptor-specific actions of NPY suggest, like in vas-
cular cells, the important role for DPPIV in their regulation. The protease is
expressed by both Ewing’s sarcoma cells and ECs present in tumor vasculature. By
cleaving NPY to its shorter form, which does not activate Y1 receptors but retains
affinity to the Y2 receptors, DPPIV prevents NPY-induced apoptosis and enhances
the peptide’s angiogenic activity. Thus, inhibition of DPPIV may be an effective
strategy in Ewing’s sarcoma treatment.

Taken together, the effect of NPY on neural cell growth is cell- and receptor-spe-
cific and range from stimulation of proliferation to apoptosis. The elucidation of the
mechanisms of NPY actions can contribute to the development of new therapies
directed against both nerve degeneration and pathological growth of neural cells.

NPY in the immune cells

Apart from its role in the cardiovascular and nervous systems, NPY has been also
implicated in the regulation of immune responses. The peptide is constitutively
expressed in rat lymphocytes and human lymphoblasts and is inducible in human
lymphocytes and monocytes [52, 53]. The elevated plasma NPY levels have been
found in children with B-cell precursor leukemia and is associated with a favorable
clinical phenotype and better outcome of the disease [54]. Among many immuno-
logical functions regulated by NPY, such as cytokine release [55], macrophage
chemotaxis and phagocytosis [56], the peptide can also be a lymphoproliferative
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factor [16–18, 57] (see chapters by von Horsten and De la Fuente). NPY stimulates
spontaneous proliferation of lymphocytes derived from different origins, which is
mediated by Y1 and possibly Y2 receptors, and is partially dependent on IL1-beta
and IL-2 [16, 17, 57]. However, at the same time, the peptide inhibits the lympho-
proliferative effect of concanavalin A [17]. Interestingly, these effects are signifi-
cantly diminished with age [17, 18], which may be associated with decreased
expression of NPY receptors in aged animals [25] (see chapter by De la Fuente). 

The regulatory effect of NPY on different aspects of immune response is part of
the cross talk that occurs between the nervous and immune systems. For example,
it is known that stress modulates immune responses of the organism, which, in turn,
can lead to the development of other disorders, including cancer [58, 59]. Interest-
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Figure 1
Proliferative actions of NPY and their potential clinical implications.



ingly, the effects of stress strongly depend upon its intensity and duration. Acute
stress enhances immune functions of the organism, while chronic, exhausting stress
results in immunosuppression [60]. NPY, as a stress molecule released during sym-
pathetic hyperactivity, can be part of this regulatory mechanism. 

Summary

With the discovery of NPY’s growth-regulatory effects, emerges a new role for the
peptide in regulating cardiovascular, neuronal and immune functions. NPY is
involved in angiogenesis, vascular remodeling, proliferation of neuronal cells, and
regulation of immune responses. Its actions are cell- and receptor-specific and regu-
lated by the proteolytic activity of DPPIV. Thus, the elucidation of the mechanisms
underlying NPY actions can contribute to the development of new therapeutic
strategies in the treatment of various disorders, including angiogenesis-related dis-
eases, atherosclerosis, cancer and neuronal degeneration. The growing number of
selective receptor agonists and antagonists could potentially become excellent tools
to target the NPY system and clinically useful drugs. However, due to the pleiotrop-
ic activities of the peptide, the therapy would have to be carefully tailored to the
type of the disease, with careful consideration given to the possible side effects.
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Introduction

Neuropeptide Y (NPY) is a 36 amino acid polypeptide neurotransmitter widely dis-
tributed in the mammalian central nervous system (CNS). It has a very high
sequence homology spanning a large evolutionary spectrum from invertebrates to
humans [1] suggesting important functions for this peptide. Known physiological
functions within the CNS include the regulation of social and feeding behaviour
[2–5], circadian rhythm [6, 7] and central cardiovascular function [8]. NPY has a
number of cognitive and behavioural effects on alcohol intake [9], learning and
memory [10], the anxiety response to stress and the maintenance of normal mood
(for review see [11]). A recent addition to the many physiological roles for NPY is
as a proliferative factor for neural precursor cells, first demonstrated in the olfacto-
ry epithelium of adult mice [12]. Neuropeptides are synthesised as preprohormones,
which undergo a number of cleavage steps initially in the endoplasmic reticulum and
later in immature large core dense vesicles (LCDV) where they undergo proteolytic
cleavage and post-translational modification to the final bioactive neuropeptide.
The neuropeptide is released from LCDVs under specific firing conditions which are
distinct from those for classical neurotransmitter release [13]. NPY is one of the
many neuropeptides that undergoes post-translational amidation, and in mammals,
amidated peptides serve as growth factors mediating cell survival and neuronal pro-
liferation [14–16]. Recent studies have begun to identify a role for a number of ami-
dated neuropeptides in neural stem cell biology both in the developing and adult
mammalian brain and particularly in the olfactory epithelium (for review see [17]).
This review will focus on the emerging role for NPY in the regulation of neural stem
cells particularly in the hippocampus beginning with an overview of the develop-
ment of the dentate gyrus and neurogenesis in the adult hippocampus. This will be
followed by a review of relevant experimental studies and finally by a discussion of
the effect of NPY on neurogenesis as a possible mechanism for some of the cogni-
tive and behavioural effects of this intriguing neuropeptide molecule.



202

William P. Gray and Helen E. Scharfman

Development of the granule cell layer of the dentate gyrus

Unlike the rest of the hippocampus, which is generated from the hippocampal
anlage at embryonic day 16 (E16), the granule cell layer of the dentate is largely gen-
erated postnatally. Cells of the second dentate migration form the tertiary matrix in
the hilus of the developing dentate by postnatal day 3 (P3) from where precursor
cells migrate to the inner border of the granule cell layer to form the adult neuro-
genic subgranular zone by P20 (Fig. 1). The granule cell layer therefore develops as
an inside-out structure with the newer cells being added successively along the inner

Figure 1 
Schematic diagram (modified from [18]) of a cross section through the dentate gyrus (DG)
at post natal day 5 (P5) and P30 showing the tertiary matrix in the dentate hilus with arrows
indicating the migration of newly born neurons into the developing granule cell layer. The
tertiary dentate matrix has disappeared by P30 with migration of precursor cells to the hilar
border of the granule cell layer where they reside as a discontinuous layer (black dots), to
form the adult neurogenic sub granular zone (SGZ). Because of the hilar position of the ter-
tiary matrix and later SGZ, the granule cell layer is formed in an inside-out pattern with
newer cell being successively added from the hilar side.



margin [18, 19] (see Fig. 1). This neurogenic niche is unique in that it is the site of
ongoing neurogenesis throughout adult life in all mammals studied to date includ-
ing humans [20] and it has been estimated to generate 6% of the total granule cell
population every month [21].

Hippocampal neurogenesis

Neurogenesis in the hippocampus is found predominantly in the subgranular zone
(SGZ) of the dentate gyrus [22], although there is also evidence of ongoing hip-
pocampal neurogenesis in the cornu ammonis [23]. The production of new neurons
in the SGZ exceeds the number that survive and integrate into hippocampal circuit-
ry [24], net production depending on the number and proliferation rate of SGZ pre-
cursors as well as the survival of the newly generated neurons [25]. Dentate neuro-
genesis is highest in the postnatal period and decreases exponentially throughout life
in rodents [26, 27] and also probably in humans [20, 28]. The reasons for this age-
related decline are unclear, but appear to be related to suppression of precursor pro-
liferation by increasing levels of circulating adrenal corticosteroids with age [29].

The hippocampus has been repeatedly implicated in the modulation of cognition
in association with learning and memory, and the demonstration of functional inte-
gration of these newly born dentate granule cells into hippocampal circuitry [30, 31]
has lead to the hypothesis that neurogenesis may be important in learning and mem-
ory formation [32–34]. Hippocampal dependant associative learning tasks increase
dentate neurogenesis [34] and pharmacological reduction of newly born neurons in
the dentate impairs certain types of hippocampal dependant learning such as trace
conditioning [32]. Moreover, prenatal stress produces learning deficits associated
with inhibition of dentate neurogenesis [35] and the level of cell proliferation in the
SGZ predicts the spatial memory performance of rats in the water maze [36]. Expo-
sure to a novel or enriched environment increases neurogenesis largely by increas-
ing the proportion of cells that survive and integrate and also by increasing the pop-
ulation of proliferating SGZ cells, but in a strain dependant manner [37] (for a crit-
ical review see [25]). 

In addition, several avenues of research have suggested that decreased hip-
pocampal neurogenesis may be important in the pathogenesis of depression (for
review see [38]). Stress, which is often a requisite for depression, reduces hippocam-
pal neurogenesis [39], tricyclic antidepressants increase hippocampal neurogenesis
[40] and the antidepressant induced increase in dentate neurogenesis appear to be
necessary for their behavioural effects [41]. As newly born neurons functionally inte-
grate into hippocampal circuitry 2–3 weeks after birth [42, 43], this may explain the
puzzling 2–3 week delay in mood elevation after commencing antidepressants.

Our knowledge of the control mechanisms underlying hippocampal neurogene-
sis remains far from complete. The reader is referred to recent reviews for an in-
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depth analysis of factors controlling adult neurogenesis [44, 45]. Hippocampal neu-
rogenesis is also upregulated in response to brain injury, including seizures [46–48],
stroke [49] and traumatic brain injury [50] and there appears to be a proliferative
recruitment of radial glia-like precursor cells in the SGZ as part of this response
[51].

The dentate gyrus of kainic acid-treated rats shows particularly high NPY-like
immunoreactivity [52] and it’s expression after status epilepticus parallels the
time-course of the proliferative SGZ response [53]. We were therefore motivated
to examine the role of NPY as a possible proliferative factor for stem/precursor
cells in the hippocampus/dentate gyrus after Hansel et al.’s seminal paper
described a proliferative effect of NPY on neuroblasts in the olfactory epithelium
[12].

NPY and hippocampal neurogenesis

We began to investigate a possible role for NPY in neurogenesis in the hippocam-
pus using dissociated monolayer and neurosphere cultures harvested from the hip-
pocampi of postnatal rat pups when the level of neurogenesis is at its highest, in
order to optimise the number of stem/precursor cells in culture (for detailed meth-
ods see [54, 55]). Cell proliferation was measured by the incorporation of the thymi-
dine analogue Bromodeoxyuridine (BrdU) which is incorporated into the DNA of
dividing cells in immunohistochemically detectable quantities during the S phase of
cell division [21].

Proliferative effects of NPY on hippocampal cell cultures

We followed the progression of cell number, rates of division and phenotypic fate
(Class III β-tubulin (neuronal), glial fibrillary acid protein (GFAP) (glial) and nestin
(stem/precursor cell)) over 7 days in culture. Time points after 24 h in vitro revealed
significant increases in cell number, BrdU incorporation, nestin immunopositivity
and Class III β-tubulin immunopositivity relative to controls (Fig. 2A–D). Increases
in total cell number, BrdU incorporation and nestin immunopositivity all followed
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Figure 2 
NPY enhances the total number of cells, BrdU positive cells, β-tubulin positive cells and
nestin immuno-positive cells with time in culture.
Hippocampal cell cultures were grown for the indicated number of days in standard control
conditions, or in the presence of 1 µM NPY. BrdU was added for the final 24 h of each time-
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point. (A) Total cell counts increase under standard conditions, and are further significantly
increased in the presence of NPY. (B) The number of BrdU incorporating cells is increased
between day 1 and 7 in control conditions, and is increased relative to controls at each of
days 3, 5, 7 in the presence of NPY. (C) Nestin counts increase with days in vitro, and are
significantly different from controls at days 3, 5 and 7. (D) β-tubulin counts are maximal at
day 3, and in control and NPY conditions fall with time in culture. Values represent mean ±
SE based on a sample of 10 wells per condition, from three separate experiments. (E) Rep-
resentative phase contrast images of cells cultured in 1 µM NPY at 3, 5 and 7 div. Scale bar;
100 µm. (F) Cell death was assessed by quantifying chromatin condensation and was simi-
lar under control or NPY culturing conditions. NPY increases the proportion of mitotic nestin
(G) and β-tubulin positive cells (H). Values represent mean ± SE based on a sample of at least
12 wells per condition from three separate experiments analysed using Student’s t test *, p
< 0.05. BrdU, bromodeoxyuridine; ns, nestin. Reproduced with permission from [55].



a similar exponential curve over time. The cell type that showed the greatest
increase in number and BrdU incorporation were small unipolar or bipolar cells,
with phase bright cell bodies (Fig. 2E) and which immunostained for nestin – typi-
cal of hippocampal stem/precursor cells previously described by Palmer et al. [56].
The time course of increases relative to controls in β-tubulin expressing cells was dif-
ferent with a peak at 3 and 5 days in vitro (DIV) after which the numbers plateaued.
The number of GFAP positive cells was not increased at 5 days in vitro compared
to controls (34.7 ± 2.5 cells/mm2 in controls versus 33.6 ± 2.8 cells/mm2 in NPY).

NPY exerts a proliferative effect on nestin positive cells and neuroblasts 
in vitro

The NPY induced increase in cells with a neuronal phenotype could be a prolifera-
tive and or a neurotrophic effect. To address this question we quantified cell death,
identified by nuclear condensation, using DAPI staining in the same cultures. Cell
death was maximal on Day 1 in vitro but there was no difference in cell death
between control cultures and cultures exposed to NPY at any time point examined
(Fig. 2F). We confirmed a proliferative effect of NPY on neuroblasts (β-tubulin and
BrdU co-expressing cells) and putatively more primitive precursor cells (nestin and
BrdU co-expressing cells) by exposing three DIV cultures to both 1 µM NPY and
BrdU for 4 h showing a significant increase in the proportion of both β-tubulin cells
(Fig. 2G) and nestin cells (Fig. 2H) co-expressing BrdU.
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Figure 3 
The NPY proliferative effect is mediated via the Y1 receptor. 
(A) The Y1 selective compound, [F7, P34] NPY reproduced the action of 1 µM NPY on total
cell numbers, BrdU cell numbers and Class III β-tubulin positive cells. (B) BIBP3226, an NPY
Y1 selective antagonist blocks the proliferative and neurogenic effects of NPY. ANOVA with
Dunnett’s multiple comparison test: *, p < 0.05; **, p < 0.01; ***, p < 0.001. (C) Cultures
from Y1–/– mice show no response to NPY in contrast to Y1lox/lox controls. Values represent
mean ± SE based on a sample of at 6–12 wells per condition from 2–3 separate experiments.
Student’s t test *, p < 0.05. Y1 staining cells with a neuronal morphology (D) co-localised
with staining for the neuronal marker Class III β-tubulin (E and F – arrows). Y1 staining cells
with neuronal morphology did not stain for nestin (I – arrow). Y1 staining cells with a round
morphology and small short processes (G) stained for the stem cell marker nestin (H and I)
and not for Class III β-tubulin (F). Finally small bipolar cells immunostaining with Y1 anti-
body (J) also co-localised for nestin (K and L). Figures D–F are Z stacked 3D projections. Fig-
ures G–L are co-planar 0.3 µm optical sections. Scale bar = 20 µm. Reproduced with per-
mission from [55].
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The proliferative effects of NPY are mediated via the Y1 receptor subtype

To determine if the activity of NPY is mediated via a single receptor subtype or
through a mixed population we used Y1, Y2 and Y5 selective peptide agonists in an
effort to mimic the effects of NPY (Fig. 3A). The Y1-receptor selective [F7, P34]
NPY was uniquely able to mimic the effects of 1 µM NPY. The non-peptide, Y1
selective antagonist, BIBP3226 completely abolished NPY’s proliferative activity
and increase in Class III β-tubulin positive cells to basal levels (Fig. 3B). Incubation
with BIBP3226 alone had no effect. Cultures from NPY-Y1 receptor subunit knock-
out mice and age and generation matched lox-lox controls corroborated the prolif-
erative activity of NPY as a Y1 receptor mediated event (Fig. 3C). 

BrdU, β-tubulin and nestin positive cells immunostain for the Y1 receptor

Immunostaining 5 day old cultures grown in 1 µM NPY against the Y1 receptor
showed three patterns of Y1 antibody staining. One pattern of staining was clearly
neuronal (Fig. 3D) and cells with this morphology almost always stained positively
for the early neuronal marker Class III β-tubulin (Lee et al., 1990) (Fig. 3E and F).
The second pattern of Y1 antibody staining were flat rounded cells with short sim-
ple processes (Fig. 3D and G). These cells did not stain for Class III β-tubulin (Fig.
3F) but did stain for the stem/precursor cell marker nestin (Fig. 3H and I). These cells
were typically much smaller that GFAP staining astrocytes and had a different short-
er pattern of processes (Fig. 3D and G). Interestingly Y1 immunostaining cells with
a neuronal morphology were negative for nestin (Fig. 3G, H and I). The final pattern
of Y1 immunostaining was small uni- or bipolar cells which were nestin positive (Fig.
3J–L). 83.5 + 6.6% (n = 400 cells) of nestin immunopositive cells were positive for
Y1 receptor antibody staining at three DIV. 100% (n = 400 cells) of BrdU positive
cells after a single 4 h pulse were positive for Y1 receptor antibody staining.

The neuroproliferative effect of NPY is confined to neuroblasts from the
dentate gyrus

The hippocampus is not uniform in its neurogenic structure and stem/precursor cells
reside mainly in the SGZ of the dentate gyrus and the posterior periventricular layer
(PPL) of the subventricular zone (SVZ) from where progeny migrate forward in the
rostral migratory stream to the olfactory bulb supporting olfactory neurogenesis in
the rodent (Fig. 4). In order to ascertain which neurogenic population of precursor
cells responds to NPY we generated region-specific microcultures from the dentate
gyrus and the hippocampus proper (including the PPL) after Seaburg and van der
Kooy [57].
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Five days culture in 1 µM NPY significantly increased cell number and cells
incorporating BrdU on day 5 in cultures derived from both dentate gyrus and hip-
pocampus-only cultures (Tab. 1). Dentate cultures showed an increase in the num-
ber of neurons in response to 1 µM NPY whereas hippocampal cultures did not
(Tab. 1). This was not due to a neurotrophic effect as both control and NPY treat-
ed dentate cultures had similar proportions of cell death up to day 3 (Fig. 5). 4 h
exposure of BrdU and 1 µM NPY to day 3 cultures confirmed a proliferative effect
of NPY on class III β-tubulin expressing cells (Fig. 5). NPY had no effect on GFAP
cell numbers up to 3 days and no proliferative effect on GFAP-positive cells at 3
days in culture.
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Figure 4 
The posterior periventricular layer (black shaded area) lines the subventricular portion of the
hippocampus (arrowed) and contains proliferating stem cells that migrate forward in the ros-
tral migratory stream and the olfactory bulb. Cell cultures generated from whole hippocam-
pus preparations will contain these stem cells as well as precursor cells from the subgranu-
lar zone of the dentate gyrus (white shaded areas and arrows).



The neuroproliferative effect of NPY on dentate precursors is Y1 receptor
mediated and requires ERK 1/2 activation

The proliferative effect of NPY on dentate neuroblasts was abolished by the Y1
antagonist BIBP3226 and was mimicked by the selective agonist [F7, P34] NPY
(Fig. 6A–C). BIBP3226 alone had no effect. The ERK kinases (extracellular signal-
regulated kinases) are a group of mitogen-activated protein kinases (MAPK) impor-
tant in control of cellular proliferation [58] including neural progenitors [59]. Inhi-
bition of ERK 1/2 phosphorylation by UO126 abolished the neuroproliferative
effect of NPY on dentate neuroblasts (Fig. 6D, E). Confocal imaging confirmed co-
localisation of Y1 antibody staining with BrdU and β-tubulin positive cells (Fig. 6F,
G).

Y1–/– mice have reduced subgranular zone BrdU incorporation and 
doublecortin positive cells

As the Y1 receptor was strongly implicated in the mediation of the proliferative
effect of NPY on dentate derived neuroblasts we used constitutive Y1 receptor
knockout mice and age and generation matched controls to see if NPY was impor-
tant for dentate neurogenesis in vivo. Stereological estimation of subgranular zone
cells labelled with BrdU over five consecutive days in 35 day old Y1-/- mice revealed
an approximate 40% decrease in the number of BrdU positive cells in comparison
to age and generation matched Y1lox/lox controls (6685 + 729 versus 4176 + 217
cells per subgranular zone for control and Y1–/– groups, respectively; (Fig. 7a and
b). There was no difference in BrdU cell counts from the hilus or areas CA1-3
demonstrating no difference in BrdU bioavailability between the Y1–/– mice and con-
trols. The reduction in SGZ proliferation appeared to translate into a reduction in
neurogenesis as staining for the immature neuronal marker doublecortin showed a
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Table 1 - NPY increases the number of neurons only in dentate derived cultures. Data is
mean + SE of 8–12 wells per condition from a total of four experiments. Student’s t test. **,
p < 0.01; ***, p < 0.001. Reproduced with permission from Howell et al. J Neurochem 2005 

Dentate cultures (cells/mm2) Hippocampal cultures (cells/mm2)

Cell marker Control 1µM NPY Control 1µM NPY
Total cell count 432 ± 44 719 ± 42** 426 ± 53 696 ± 41**
BrdU 140 ± 23 277 ± 11*** 223 ± 22.3 359 ± 34**
β-tubulin 108 ± 10 181 ± 14** 27 ± 4.5 32 ± 4.1
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Figure 5 
A short pulse of NPY stimulates neuroblast proliferation while having no effect upon cell
survival. (A and B) Cells from dentate tissue grown in 1 µM NPY for 24, 48 and 72 h after
plating. Viable cell counts (A) were significantly increased after 48 and 72 h NPY compared
to the same time points under control conditions. Cell death was similar between control
and NPY groups (B). One-way ANOVA with Bonferroni’s post-test (**, p < 0.01). (A and
B) Values represent mean ± SE based on a sample of eight wells per condition from two sep-
arate experiments. (C) A representative field of DAPI stained cells at 72 h in culture. Solid
arrowheads indicate nuclei with a condensed morphology. Open arrow indicates a normal
healthy nucleus. Scalebar = 50 µm (D) Cells grown for 3 DIV in control conditions were
exposed to BrdU and/ or NPY for 4 h. The proportion of β-tubulin cells incorporating BrdU
over a 4 h period is increased with a 4 h exposure to NPY implying a proliferative effect.
Values are mean ± SE of 20–24 wells per condition from four separate experiments analysed
using Student’s t test (**, p < 0.01). Reproduced with permission from [54].



reduction of similar magnitude (Fig. 7c and d). Interestingly estimates of total num-
ber of cells in the granule cell layer of Y1–/– mice (375,800 ± 50,050 cells) did not
differ from Y1lox/lox controls (363,200 ± 33,270 cells).

Y1–/– mice have a reduced subgranular zone proliferation rate but an
increased survival of newly generated neurons

Adult 90 day old Y1–/– mice showed a lower cell proliferation rate in the subgranu-
lar zone (1086 ± 96.06 cells/SGZ) compared to age and generation matched Y1lox/lox

controls (1590 ± 141.0 cells/SGZ; P < 0.001) as judged by the number of cells incor-
porating BrdU two hours after a single IP injection (Fig. 7e). However, the number
of BrdU positive cells in Y1–/– mice sacrificed 21 days after a single BrdU injection
was not significantly different from that in the Y1lox/lox controls (Fig. 7e), indicating
a relatively greater survival of newly generated cells in the dentate gyrus of Y1–/– ani-
mals. There was no significant difference between the proportion of BrdU positive
cells that co-localised for the mature neuronal marker Neu-N at 21 days after a sin-
gle BrdU injection between Y1–/– mice (98%) and Y1lox/lox controls (96%). This
lack of difference in new neuron incorporation by 21 days was confirmed by the
absence of any significant difference in total granule cell layer cell counts between
90 day old constitutive Y1–/– mice (346,200 ± 11,690 N=6) and Y1lox/lox controls
(342,600 ± 13,700 N=5). 

Experimental summary

We have shown that NPY is a proliferative factor for nestin positive stem cells and
neuroblast precursor cells from the whole hippocampus and that the neuroprolif-
erative effect of NPY is confined to neuroblasts from the dentate gyrus, both in the
early postnatal dentate gyrus in vitro and the adult dentate gyrus in vivo. We have
also shown that the neuroproliferative effect is Y1 receptor mediated and requires
ERK1/2 activation (Fig. 6). Given the reduction in proliferation and neurogenesis
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Figure 6 
NPY mediates neuroproliferation via the NPY Y1 receptor and requires ERK 1/2 activation.
(A) NPY significantly increases the number of cells immunopositive for BrdU following a 4
h pulse of BrdU, which was blocked by the specific Y1 receptor antagonist BIBP3226 and
mimicked by the specific Y1 receptor agonist [F7, P34] NPY. This pattern was repeated for
β-tubulin positive cells (B) and neuroblasts (BrdU + β-tubulin positive cells) (C). Experiments
were performed on 12–16 wells per condition from four separate experiments. ANOVA with
Dunnett’s post-test, **, p < 0.01. (D) ERK1/2 activation is required for NPY neuroprolifera-
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tion. 1 µM U0126 (ERK kinase inhibitor) abolished the NPY increase in β-tubulin/ BrdU pos-
itive cells (ANOVA with Dunnett’s post test, **, p < 0.01). Values represent mean ± SE from
three separate experiments. (E) NPY phosphorylation of ERK1/2 was confirmed by increased
levels of activated ERK 1/2 upon the addition of NPY, while NPY plus U0126 had low lev-
els of activated protein. Total ERK levels in cell lysates were comparable. (F and G) Confo-
cal images showing BrdU and Y1 antibody staining (F) and β-tubulin, DAPI and Y1 antibody
co-localisation (G) in cells cultured from the dentate gyrus and exposed to BrdU for 4 h prior
to fixation. (Scale bar 20 µm). Reproduced with permission from [54].



seen in naive Y1–/– animals (Fig. 7), it is clear that NPY is important for the main-
tenance of baseline neurogenesis. It is also clear from the residual level of precur-
sor proliferation as well as the compensatory changes in constitutive Y1–/– mice
that many other factors dynamically influence dentate neurogenesis in vivo.

NPY control of dentate neurogenesis

The most likely origin of NPY for modulating dentate neurogenesis is from NPY
releasing interneurons in the dentate hilus, as granule cell production of NPY is only
induced after seizures [60] or perforant path stimulation [61]. The interneurons in
the dentate gyrus that express NPY are heterogeneous, receiving diverse inputs and
innervating a variety of dentate gyrus cell types, including axon projections to the
SGZ, where they could release NPY. The neurogenic SGZ and the molecular layer
of the dentate gyrus are rich in Y1 receptors [62], the functional significance of
which has heretofore been unclear. NPY interneurons are thus ideally positioned to
sample patterns of afferent and efferent activity and thus modulate neurogenesis via
NPY release on Y1 receptor positive subgranular zone precursors. Volume trans-
mission by released NPY acting via rapidly internalising Y1 receptors [63] is a well
recognised mechanism of action of NPY and is particularly attractive as a means of
orchestrating the proliferation of populations of precursors in the dentate SGZ. The
other possible origin of NPY that could modulate SGZ precursors is from the sym-
pathetic nervous system, which releases NPY into the circulation [64, 65] that cross-
es the blood brain barrier [66] to the vascular neurogenic SGZ. Indeed exercise
induced systemic NPY release [65] may also play a role in mediating the exercise
induced increase in dentate neurogenesis [67].
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Figure 7 
Y1 homozygous knockout animals have reduced subgranular zone cell proliferation and
lower numbers of immature doublecortin positive neurons. (A) Five Y1lox/lox controls and five
Y1–/– 35 day old mice were administered BrdU (50 mg/ kg) intra-peritoneally once per day
for 5 days and sacrificed 5 h after the final injection. Immunohistochemistry illustrates cells
that incorporated BrdU in the subgranular zone. (B) Y1–/– animals had a significant reduction
only in the number of BrdU positive cells counted in the SGZ (ANOVA with Student New-
man-Keuls post-test; **, p < 0.01). (C) Doublecortin immunoreactivity (brown DAB stain)
showing new neurons in the subgranular zone. (D) The number of doublecortin positive cells
is significantly reduced in the dentate of Y1–/– animals in comparison to Y1lox/lox controls (n
= 5 animals per group). Students t test, **, p < 0.01. (E) The number of BrdU positive cells
in the SGZ was significantly reduced in Y1–/– mice compared to Y1lox/lox controls 2 h after a
single IP injection of BrdU (50 mg/kg) (P < 0.001: ANOVA with Bonferronni’s post test, n =
4 animals per group and 5 sections sampled from each dentate). However, there was no sig-
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nificant difference in BrdU counts 21 days after BrdU injection (n= 6 animals per group and
5 sections sampled from each dentate). (F) Representative projection image of a 3D confo-
cal Z stack through the granule cell layer and subgranular zone (SGZ) of a Y1–/– KO animal
showing Neu-N positive nuclei and a single BrdU positive nucleus co-localising for Neu-N
(white arrow) in the SGZ. (Scale bar = 10 µm). Reproduced with permission from [54].



NPY, neurogenesis and cognitive function

Dentate neurogenesis also appears to be necessary for some forms of hippocampal-
dependant learning [68]. NPY appears to have a role in learning and memory, albeit
less established than in anxiety. Intracerebroventricular injections of NPY fragments
have been shown to enhance memory retention, recall and prevent scopolamine
induced amnesia [69] especially when injected into the rostral hippocampus [70].
NPY attenuates learning impairments induced by MK-801 [71] and the Y2 receptor
also appears to be important in learning and memory processing [72]. Although we
found no evidence for a direct Y2 receptor mediated effect on neurogenesis, Redrobe
et al.’s Y2 knockout study is consistent with our data supporting a Y1 mediated
effect on SGZ proliferation since Y2 receptors are considered to be autoreceptors
that negatively feedback to NPY-ergic terminals to reduce NPY release [73] and so
Y2 receptor null mice are predicted to have increased endogenous NPY expression.
Studies in hippocampal NPY over-expressing rats have shown impaired spatial learn-
ing associated with decreased NPY- Y1 binding in young animals [74] but normal
spatial learning in old animals [75]. It is interesting to note that NPY levels are
reduced in the dentate gyrus of aged animals [76] as is neurogenesis (vide supra) and
so neurogenesis in aged animals may be resistant to changes in NPY expression.

Although Y1 receptors are found throughout the hippocampus and are not just
confined to the neurogenic dentate subgranular zone (Kopp et al., 2002), it is
intriguing to speculate that some of the cognitive and behavioural effects of NPY on
learning and memory may be mediated via the effect of NPY on dentate neurogen-
esis, although clearly this hypothesis is currently speculative and will need to be test-
ed by experiment.

NPY, behaviour and mood control

Both laboratory [77] and clinical studies [78, 79] have implicated NPY in the regu-
lation of anxiety-related behaviours and the central anxiolytic effect of NPY appears
to be Y1 receptor mediated [80, 81]. Clinical studies have also reported reduced
NPY in the cerebrospinal fluid and plasma from depressed patients [82]. Animal
models of depression [83, 84] have reduced hippocampal levels of NPY and altered
Y1 binding levels, antidepressants increase brain levels of NPY [85] and the antide-
pressant-like activity of NPY appears to be mediated via the Y1 receptor [86]. NPY
has been shown to be involved in the antidepressant actions of lithium, electrocon-
vulsive therapy (ECT) and Citalopram [87], all of which increase neurogenesis [40,
88, 89] and the NPY gene is one of the few genes whose expression is increased only
with chronic ECT [90]. For a comprehensive discussion of the role of the NPY sys-
tem in stress, anxiety and depression, the reader is referred to a recent review by
Marcus Heilig [11].

216

William P. Gray and Helen E. Scharfman



Conclusion

The chronic behavioural and cognitive effects of NPY may be partly mediated by
Y1 receptor effects on stem cell proliferation and neurogenesis in the dentate gyrus
of the adult hippocampus. Further investigation of this mechanism of NPY function
is likely to be helpful is dissociating the acute and chronic effects of NPY on cogni-
tion and behaviour and may help generate selective pharmacological strategies for
different NPY effects. 
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Introduction

Among many pleiotropic functions of neuropeptide Y (NPY), its activity as a
growth factor is one of the most recently discovered. The peptide stimulates prolif-
eration of a variety of cells, such as neuronal precursors and vascular smooth mus-
cle cells [1, 2]. Moreover, due to its stimulatory effect on endothelial cell (EC) pro-
liferation and migration, NPY is also a potent angiogenic factor [3–5]. The fact that
both cell proliferation and the formation of new blood vessels are important steps
in the growth of solid tumors, suggested the possible role of NPY in their develop-
ment. NPY, as a sympathetic neurotransmitter, is abundant in neural crest-derived
tumors, particularly those originating from the autonomic nervous system. The pep-
tide and its receptors are highly expressed in sympathetic neuroblastomas and
pheochromocytomas, as well as in Ewing’s sarcoma family of tumors (ESFT) of a
putative parasympathetic origin [6–12] (Fig. 1). Expression of NPY is significantly
lower in tumors of the central nervous system (CNS). Low levels of the peptide have
been found in pituitary adenomas and glioblastomas, whereas it was almost not
detectable in astrocytomas and prolactinomas [13]. Moreover, low levels of NPY
distinguish central primitive neuroectodermal tumors (cPNET) from their NPY-rich
peripheral counterparts (pPNET) belonging to the ESFT family [13]. Thus, in this
chapter, we will focus on the effect of NPY on the growth and vascularization of
tumors originating from the peripheral autonomic nervous system.

Neuroblastoma

Neuroblastoma is a tumor of the sympathetic origin, which, together with ESFT and
rhabdosarcoma, belongs to a family of aggressive, small blue round cell tumors of
childhood. It is the most common and, at the same time, the most enigmatic malig-
nant disease of infancy. The tumors develop in the postganglionic sympathetic neu-
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rons and are commonly localized to the adrenal gland or sympathetic ganglia
[14–16]. The clinical hallmark of neuroblastomas is their diversity. When diagnosed
before 1 year of age, they are usually curable and often spontaneously regress or dif-
ferentiate into benign ganglioneuroma, despite already present metastases. Howev-
er, when diagnosed in ages greater than 1 year, neuroblastomas are very aggressive,
highly vascularized and metastatic, usually leading to death in spite of aggressive
chemotherapy [14, 17–20]. Clinically, neuroblastomas are classified into four stages
(Fig. 1). At low stages (1 and 2), the disease is localized and has a good prognosis,
whereas at high stages (3 and 4), the disease is characterized by the presence of

Figure 1
NPY in tumors derived from autonomic nervous system.



metastases to bones, bone marrow and lymph nodes. Interestingly, no progression
from low to high stage neuroblastomas has been observed. Spontaneously regress-
ing neuroblastoma of newborns has been classified as a separate stage, 4S, and often
is considered a different type of tumor due to its specific biology and metastatic pat-
tern (mainly liver, skin and bone marrow) [14, 16, 21].

The variety of neuroblastoma phenotypes can be partially explained by differen-
tial effects of neurotrophins on their growth. Nerve growth factor (NGF), released
in neuroblastomas mostly by Schwann cells and fibroblasts, stimulates differentia-
tion and inhibits proliferation of neuroblastoma cells. Its receptor, TrkA, is prefer-
entially expressed in more favorable stage 1 and 2 neuroblastomas and is considered
a good prognostic factor. NGF is also present in 4S neuroblastomas and are impli-
cated in their spontaneous regression [14, 16, 19, 21–24]. On the other hand, brain-
derived neurotrophic factor (BDNF), via its TrkB receptor, promotes the survival
and invasiveness of neuroblastoma cells. In high stage neuroblastomas, BDNF and
TrkB are co-expressed, which forms an autocrine loop and is associated with a poor
prognosis and aggressive phenotype of the disease [14, 16, 23–25]. Another impor-
tant molecular prognostic factor in neuroblastoma is amplification of the MYCN
proto-oncogene, which is highly correlated with a more advanced stage, rapid pro-
gression and poor outcome of the disease. MYCN amplification is also associated
with increased vascularization of these highly angiogenesis-dependent tumors [14,
21, 26–28].

Due to their sympathetic origin, neuroblastomas synthesize and release nerve-
specific enzymes and peptides, such as catecholamines and NPY [10–12]. Neurob-
lastoma is often associated with elevated plasma levels of NPY, which normalizes
after treatment [10–12, 29]. However, the initial attempts to use it as a diagnostic
factor failed due to the variability of peptide levels between patients. Recently, NPY
plasma levels were found to be increased mainly in children over 1 year of age with
high stage (3 and 4) neuroblastomas, in association with a poor outcome and
MYCN amplification [10, 30, 31] (Fig. 1). Interestingly, high levels of the peptide
in plasma, as well as increased mRNA levels in tumors were also found in infants
with stage 4S neuroblastoma [10]. Thus, NPY synthesis and release seems to be
increased in highly vascularized, advanced tumors, which, unlike low stage neurob-
lastomas, are under the control of a BDNF/TrkB autocrine loop, as well as in spon-
taneously regressing neuroblastomas, which are controlled by NGF and its TrkA
receptor. Since both NGF and BDNF upregulate NPY expression [32–34], the above
associations suggest that NPY may be a mediator of neurotrophin actions.

Neuroblastoma cells express not only NPY, but also high levels of its receptors
– mainly Y2, in some cases accompanied by Y5 receptor expression [6, 35]. This
simultaneous expression of both ligand and its receptors suggests the possible role
for NPY in autocrine regulation of neuroblastoma growth. Indeed, studies per-
formed in our laboratory suggest that the peptide stimulates proliferation of neu-
roblastoma cells via both Y2 and Y5 receptors and these actions are mediated by
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activation of ERK1/2 MAPK (Fig. 2). Interestingly, NPY receptor antagonists not
only blocked the mitogenic effect of NPY, but also decreased the basal proliferation
level by 80% [6]. The latter indicates that NPY released from neuroblastoma cells
is an important factor stimulating their growth in an autocrine manner and that the
blockade of the NPY pathway leads to significant impairment of neuroblastoma cell
growth.

Due to its angiogenic activities, NPY released from the tumors not only exerts
direct effects on neuroblastoma cell proliferation, but also stimulates tumor vascu-
larization (Fig. 2). In vitro, neuroblastoma conditioned media stimulated prolifera-
tion of human microvascular endothelial cells in a dose dependent manner. This
effect was completely blocked by NPY receptor antagonists, which indicates that
NPY is a crucial factor responsible for angiogenesis in neuroblastoma tumors [6].
In vivo, NPY administrated as a slow release pellet significantly increased the
growth of neuroblastoma xenografts, which was associated with an increase in
tumor vascularization [6] (Fig. 2). 

Taken together, NPY released from neuroblastomas enhance their growth by
stimulation of both tumor cell proliferation and angiogenesis (Fig. 2). Interestingly,
BDNF which is an important growth-stimulatory factor for aggressive neuroblas-
tomas, enhances tumor cell survival, invasiveness and angiogenesis in an autocrine
fashion, while also stimulating NPY expression [14, 16, 23–25, 36, 37]. Thus, it is
possible that in aggressive neuroblastomas, NPY mediates BDNF’s growth-stimula-
tory actions. Moreover, both NPY-induced angiogenesis and its mitogenic effect in
neuroblastoma cells are mediated by the same Y2 receptor, which suggests that
blocking the Y2 pathway could be a potential, bi-directional treatment for this dis-
ease [6, 38, 39] (Fig. 2). Therapeutic strategies targeting both angiogenesis and
tumor cell growth by using low doses of cytostatics combined with angiostatic
agents have already been proven to be effective in neuroblastomas [40]. Targeting
NPY-mediated angiogenesis in childhood malignancies is further supported by the
fact that the peptide does not seem to be involved in developmental angiogenesis,
since both Y2 and NPY knockout mice have no defects in organogenesis, despite
severely impaired NPY-induced angiogenesis in ischemia and retinopathy [3, 38,
39].

Although the results of the studies described here provided significant insight
into understanding the role of NPY in the regulation of neuroblastoma growth,
many important questions still remain unanswered: For example, the role of NPY
in metastases. Aggressive neuroblastomas are highly vascularized and metastatic
[27, 38, 41]. Interestingly, high NPY expression correlates with an unfavorable
prognosis and poor outcome of the disease [10, 30]. Also, the concentration of the
peptide is significantly higher in bone marrow metastases than in the primary tumor
[42]. Do the angiogenic activities of NPY contribute to the metastatic properties of
the aggressive neuroblastomas? Does the peptide stimulate migration of neuroblas-
toma cells in the same way it affected ECs? Also, NPY processing is impaired in neu-
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roblastoma cell lines and increased levels of pro-NPY have been found in advanced
neuroblastoma tumors, which was associated with poor prognosis [11, 43]. Is pro-
NPY an active form of the peptide? Does it play a role in tumor progression? Does
it have specific receptors? Is pro-NPY like pro-NGF, which has recently been seen
as an active form of the neurotrophin, binding to p75 receptor with an affinity high-
er than the mature peptide [44]? 

Another interesting aspect of neuroblastoma biology is its spontaneous regres-
sion. All known available neuroblastoma cell lines are derived from aggressive
tumors. Thus, the data presented here relate only to the advanced disease. What
about those enigmatic, spontaneously regressing 4S neuroblastomas? As mentioned
before, these tumors, unlike aggressive BDNF-dependent neuroblastomas, are under
control of NGF, which stimulates their differentiation and is a favorable prognostic
factor [20, 22–24]. NGF is also known to stimulate NPY expression, which corre-
lates with high levels of NPY mRNA in the tumor tissues and its elevated plasma
levels in patients with 4S neuroblastomas [10, 30, 32–34]. Does NPY mediate NGF
actions in these tumors? Is the effect of NPY on the proliferation of 4S neuroblas-
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Figure 2
Effect of NPY on neuroblastoma tumor growth.



tomas different than in the aggressive neuroblastomas? Is this perhaps mediated by
different receptors? Answering these and other important questions may help to
understand the biology of neuroblastoma, the role of NPY in its development and
progression and contribute to the new therapeutic strategies in the treatment of this
devastating children’s disease.

Ewing’s sarcoma family of tumors

Ewing’s sarcoma family of tumors (ESFT) includes several phenotypic variants, such
as: arising in bones Ewing’s sarcomas, peripheral primitive neuroectodermal tumors
(pPNET) of soft tissues and Askin tumors of the thoracopulmonary region (Fig. 1).
The cells exhibit a variable degree of neural differentiation, which is especially
apparent in pPNETs. Although their origin is still uncertain, due to their choliner-
gic properties, ESFT are believed to develop from parasympathetic neurons [15,
45–47]. The tumors are most frequently found in children and young adults
between the ages of 10 and 20 years. They are usually aggressive, often leading to
death despite intensive chemo- and radiotherapy. The overall survival is 45–60%,
however for the patients with metastatic disease present at the time of diagnosis,
survival is less then 20% [48, 49]. 

The characteristic feature of ESFT tumors is a translocation resulting in the
fusion of the EWS gene located on chromosome 22 with an ETS transcription fac-
tor. The most frequent gene rearrangements include t(11;22)(q24;q12) found in
85% of ESFT, which forms the fusion protein EWS/FLI1 [15, 47, 50, 51]. The EWS-
ETS protein acts as an aberrant transcription factor and alters mRNA splicing. The
abnormal functions of this chimerical molecule are believed to be the major mech-
anism leading to the malignant transformation of the cells [47, 52, 53]. 

ESFT cells, due to their parasympathetic origin, express neuronal markers,
including NPY and its receptors [6]. High levels of Y1 receptors, detected by bind-
ing assay, have been described by van Valen et al. as a characteristic feature of ESFT
cells [54]. Due to the high Y1 receptor expression, the ESFT cell line SK-N-MC has
become one of the best known in NPY field, widely used as a model in studies of
NPY receptor signaling and trafficking. Since after NPY stimulation Y1 receptors
along with their ligand undergo rapid internalization, the Y1 receptor agonists have
been used for ligand-mediated delivery of cytotoxic agents to SK-N-MC cells [55].
Interestingly, this cell line has been initially defined as a neuroblastoma [46]. How-
ever, cytogenetic and molecular biology techniques allowed detection of the charac-
teristic translocations involving chromosomes 11 and 22, thereby classifying these
cells as ESFT [51].

Although Y1 receptors have been extensively studied in ESFT cell lines, sparse
and conflicting results have been reported on NPY’s role in their growth [54, 56,
57]. A study performed recently in our laboratory strongly supports a growth-
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inhibitory effect of NPY on ESFT cells [6]. We have found that the ESFT cells syn-
thesize both NPY and its receptors. However, in contrast to Y2 receptor-expressing
neuroblastomas, ESFT cells express high levels of both Y1 and Y5 receptors. The
different receptor patterns are associated with opposite effects of NPY on the
growth of these cells. In contrast to the proliferative effect observed in neuroblas-
tomas, in SK-N-MC cells NPY induced apoptosis via activation of both Y1 and Y5
receptors (Fig. 3). Selective Y1 and Y5 antagonists not only blocked apoptotic effect
of NPY, but also significantly increased basal cell growth and survival, which
strongly indicates the growth-inhibitory role of the endogenous peptide. Addition-
ally, exogenous NPY dramatically increased cell death and reduced growth of SK-
N-MC xenografts in vivo, which further confirms its apoptotic effect in ESFT cells
[6]. Interestingly, despite having this deadly autocrine loop, SK-N-MC cells retain a
high proliferation rate. Although ESFT cells may be protected from NPY-induced
cell death by several mechanisms, our data implicate DPPIV as a key player in this
process. This membrane protease accompanies Y1 receptors in ESFT cell lines [6].
The enzyme cleaves the full length NPY1-36 to its shorter form NPY3-36, which is
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Figure 3
Effect of NPY on Ewing’s sarcoma tumor growth.



inactive at Y1 receptors, but retains a high affinity to all other NPY receptors [58,
59]. Our data suggests that both Y1 and Y5 receptors need to be activated to inhib-
it the growth of ESFT cells. Thus, DPPIV, by converting NPY to a non-Y1 agonist,
may prevent its apoptotic actions (Fig. 3). Indeed, protease inhibitor augmented
NPY-induced caspase 3/7 activation [6].

Although ESFT cells synthesize and release less NPY than sympathetic neurob-
lastomas, the SK-N-MC conditioned media still stimulated proliferation of ECs and
this effect was significantly reduced by NPY receptor antagonists [6]. The above
results suggested that NPY plays an important role in vascularization of ESFT
tumors. Indeed, NPY-treated SK-N-MC xenografts were better vascularized than
the control, despite a dramatic inhibition of tumor growth rate [6] (Fig. 3). Thus, in
ESFT tumors NPY exerts two opposite effects – Y1/Y5 receptor-mediated apopto-
sis of tumor cells and Y2 receptor-dependent angiogenesis (Fig. 3). The overall
growth of the tumor depends on balance between these two processes. DPPIV,
which converts NPY to the non-Y1 receptor agonist, shifts its activity from Y1
receptor-mediated apoptosis to Y2 receptor-mediated angiogenesis. This may be an
important factor regulating the actions of NPY in ESFT tumors and is an attractive
target in their treatment (Fig. 3).

Pheochromocytoma

Pheochromocytoma, unlike neuroblastoma and ESFT, is a neoplasm that primarily
occurs in adults (Fig. 1). Similarly to neuroblastoma, pheochromocytomas originate
from the sympathetic tissue. The tumors arise from chromaffin cells and are most
often localized in the adrenal medulla or, sporadically, in extra-adrenal paraganglia.
Pheochromocytomas are usually benign; however, in approximately 10% of
patients they exhibit an aggressive clinical phenotype. Due to its sympathetic origin,
the tumors release high levels of catecholamines and NPY, which contributes to the
hypertension often observed in pheochromocytoma patients [7–9, 60–63]. The clin-
ical reports regarding NPY in pheochromocytoma are controversial. The mRNA
levels of NPY are higher in adrenal than extra-adrenal tumors [62]. Moreover, NPY
mRNA is significantly increased in benign tumors, whereas its plasma levels are ele-
vated in patients with malignant pheochromocytomas [8, 9] (Fig. 1). 

The best-known in vitro model of pheochromocytoma is the PC12 cell line
derived from a rat tumor. The cells express both NPY and its receptors – predomi-
nantly the Y1 receptor, accompanied by lower levels of Y2 and Y5 receptors [6, 64,
65]. Interestingly, this receptor expression pattern depends on the degree of cell dif-
ferentiation. NGF induces neuronal differentiation of PC12 cells, which is associat-
ed with an increase in Y2 receptor expression. In contrast, PC12 differentiated
toward chromaffin cells by dexamethasone treatment express only Y1 and Y5
receptors [64, 65]. 
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Despite high expression of NPY at the mRNA level, PC12 cells do not release
the peptide into the culture media. Instead, the synthesized peptide is accumulated
on the cell membrane, which can be due to the high levels of Y1 receptors [6]. In
spite of elevated receptor expression, the exogenous NPY does not exert a direct
effect on PC12 proliferation, which may be explained by the saturation of the recep-
tors with the endogenous peptide. However, the receptor antagonists significantly
increase the number of viable cells, suggesting that, like in SK-N-MC cells, NPY
may be a growth-inhibitory factor for PC12 cells [6] (Fig. 4).

Since PC12 is the only commonly available pheochromocytoma cell line, in vitro
studies on the biology of these tumors are very limited. Thus, the role of NPY in the
regulation of pheochromocytoma growth requires further investigation. Moreover,
the fact that NPY plasma levels are elevated in patients with malignant tumors rais-
es the possibility that, even if NPY does not promote cell proliferation directly, it
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Figure 4
Putative actions of NPY in pheochromocytoma tumors.



may facilitate tumor growth and metastases indirectly by stimulating angiogenesis
[8] (Fig.4). This hypothesis is supported by the fact that NGF, known to stimulate
NPY expression in PC12 cells, increases vascularization of PC12 xenografts via a
VEGF pathway, which is also a mediator of NPY-induced angiogenesis [3, 66]. 

Summary

NPY is an important factor in the regulation of growth of neural crest-derived
tumors. The peptide both regulates proliferation of neuroendocrine tumor cells in
an autocrine manner and induces tumor vascularization via its Y2 receptor-mediat-
ed effect on ECs. The overall effect of NPY is critically dependent on the tumor type
and its receptor pattern. Thus, NPY and its receptors may become targets for novel,
bidirectional therapies in the treatment of neuroendocrine tumors, directed against
both tumor cell proliferation and angiogenesis.
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Introduction

The peptides belonging to the neuropeptide Y (NPY) family (pancreatic polypeptide
(PP), peptide YY (PYY) and NPY) have been involved in a wide range of physio-
logical actions, including the control of energy metabolism and food intake, repro-
duction, neuroendocrine functions, like the secretion of growth hormone, and the
regulation of cardiovascular and cognitive functions [1, 2]. Moreover, effects rele-
vant to tumor progression have also been demonstrated for these peptides, specifi-
cally on cell proliferation, matrix invasion and metastatization, and angiogenesis.
Proliferative or antiproliferative effects of NPY have been shown in different cell
systems and appear mediated mainly through the NPY Y1 receptor (Y1-R), which
has been involved in the control of the proliferation of vascular smooth muscle and
endothelial cells [3, 4] and injured glial cells [5]. NPY has also been shown to stim-
ulate the proliferation of hepatic stellate cells at physiological concentrations [6] and
neuroproliferation in rodent olfactory epithelium in a dose dependent manner [7].
NPY released from sympathetic nerves also stimulated endothelial cell adhesion to
matrix, migration, proliferation, capillary tube formation on matrigel, and aortic
sprouting [8]. Recent evidence has extended the oncological relevance of NPY and
related peptides to endocrine-related cancer, and namely to endocrine/neuroen-
docrine tumors and breast and prostate cancer. To this regard, it should be observed
that, although NPY, PYY and PP are structurally closely related [9], most studies
focused on the expression and the effects of the NPY system in tumors. For this rea-
son, the information reported in this review mainly refers to NPY and the related
receptors (NPY-Rs). The involvement of NPY and NPY-Rs in the progression of
endocrine-related cancer may be related to the following conditions: a) expression
of NPY-Rs in the context of the tumor, which thus becomes a target of extratu-
morally-produced NPY, secreted by normal structures (nerve fibers, neuroendocrine
cells) proximal to the tumor. The presence of NPY-Rs may be targeted by specific
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drugs with either agonist or antagonist activity or by radiolabeled compounds with
diagnostic or therapeutical relevance; b) tumoral production of NPY, which may act
locally in a paracrine fashion and/or reach the bloodstream and generate systemic
effects (the tumor as a source of NPY and related peptides). In this case, the deter-
mination of NPY plasma levels may have the value of a diagnostic marker; c) com-
bination of expression of NPY-Rs and production of NPY by the tumor: in this case,
NPY may either promote or suppress cancer progression through paracrine mecha-
nisms.

NPY family of peptides in endocrine tumors

The group of endocrine tumors includes both neuroendocrine tumors and epithelial
tumors arising from endocrine structures. Neuroendocrine tumors are benign or
malignant lesions originating from neuroendocrine structures, like the pituitary and
the parafollicular cells of the thyroid, or from the so-called “diffuse neuroendocrine
system”, and therefore localized in different organs, such as the lung (small cell car-
cinoma) or the gastrointestinal tract (gastrinoma and other peptide-secreting
tumors). They produce several peptides related to their tissue of origin. Regarding
the possible role of the NPY family of peptides, it should be recalled that PP, togeth-
er with chromogranin A (CgA), remains one of the best histopathological markers
of gastroenteropancreatic tumors [10, 11]. Epithelial tumors of endocrine structures
(carcinomas) may acquire a neuroendocrine phenotype at some point of their pro-
gression and thus express NPY-Rs or produce bioactive peptides, including NPY,
PYY and PP. The available information on the role of the NPY family of peptides in
pituitary tumors, phaeochromocytoma and neuroblastoma, adrenal gland and
adrenal cortical lesions, ectopic ACTH-secreting tumors, and thymic carcinoid
tumors are reported in the following section.

Pituitary tumors

NPY exerts direct effects in the control of pituitary hormone release, since it poten-
tiates gonadotrophin, growth hormone and prolactin secretion [12]. NPY has also
been shown to directly inhibit the secretion of growth hormone in vitro by human
pituitary adenomas [13]. In a series of 135 cases, including pituitary adenoma, pitu-
itary hyperplasia and normal pituitary, adenomas exhibited a significant increase of
NPY immunoreactivity compared to nontumoral tissues (33% versus 12%). Inter-
estingly, in this series, five of 23 null cell adenomas exhibited NPY immunoreactiv-
ity suggesting that some of these adenomas may produce hormones and may be
more differentiated than expected. In this respect, NPY could be regarded as a
marker of some null cell adenomas [14].



Pheochromocytoma

Pheochromocytomas are tumors of neuroectodermal origin arising from adrenal
chromaffin cells. The tumor is usually unilateral, but about 10% of the tumors
occur bilaterally, as part of the multiple endocrine neoplasia IIa syndrome (MENI-
Ia). Malignant cases are often diagnosed only after the detection of metastatic
lesions [15]. Various peptides stored in chromaffin granules have been identified in
the adrenal medulla, including chromogranins, enkephalins and other opioid pep-
tides, neurotensin, somatostatin, substance P (SP), vasoactive intestinal peptide
(VIP), adrenomedullin, calcitonin gene-related peptide, vasopressin, and endothelin
[15], as well as NPY [16]. In pheochromocytomas, these substances are over-secret-
ed along with catecholamines [15]. The regulation of NPY secretion by these tumors
is still not fully clarified. Grouzmann et al. demonstrated the potential role of
angiotensin II in mediating noradrenaline (NA) and NPY release in a human
pheochromocytoma [17]. NPY is frequently reported to be co-localized and co-
released with NA in the symphathetic nervous system [18]. Bradykinin (BK) is well
known to increase NA release from the adrenal medulla and it has recently been
shown to regulate also NPY release by human pheochromocytoma tissue [19].

The estimation of urinary catecholamines and catecholamine metabolites is cur-
rently the principal method used in screening for pheochromocytoma, which is sus-
pected when the total amount of urinary adrenaline and NA exceeds 100 µg or that
of metanephrine and normetanephrine, 1 mg. In addition, the measurement of dif-
ferent neuroendocrine marker proteins like CgA, NPY and neuron-specific enolase
has recently been introduced as diagnostic tools [20, 21]. Elevated plasma concen-
trations of CgA have been found in about 80% of patients with pheochromocy-
toma, whereas NPY levels were found increased in about 43–87% of cases [22],
making these parameters useful markers for the diagnosis of pheochromocytoma
and paraganglioma, a related tumor arising from parasympathetic ganglia. In par-
allel with high concentrations of circulating NPY immunoreactivity, in these tumors,
especially in the malignant forms, there is also an increase in NPY mRNA levels
[23]. The extent of NPY expression, however, does not always correlate with malig-
nancy, and thus it is not a reliable marker for distinguishing malignant pheochro-
mocytomas from benign ones [24]. This last report overturns some previous studies
[25, 26], which suggest that, because most pheochromocytoma with strong NPY
expression are well-differentiated tumors, the induction of NPY gene expression in
pheochromocytoma cells might depend on their differentiation status. Pheochromo-
cytoma is a potentially fatal disease and in most cases it can be cured by surgery. Its
manipulation at surgical removal has been shown to produce a remarkable increase
in NPY plasma level, which could play an important role especially on the vascular
systemic resistance in both isolated pheochromocytomas [27], as well as in bilater-
al pheochromocytomas [28]. Therefore, NPY, secreted by this tumor into the blood-
stream, may be at least in part responsible for the hypertensive symptoms, and its
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measurement may represent a useful diagnostic marker. Moreover, recent evidence
shows that 35% of the 23 pheochromocytomas tested by receptor autoradiography,
express Y1-R and Y2-R, also concomitantly with the NPY hormone [29], which
might represent a biological cell marker for this tumor. 

Neuroblastoma

Neuroblastomas, which more frequently affect small children, are tumors of neu-
roectodermal origin and usually express significant amounts of NPY. Therefore,
similarly to pheochromocytomas, the measurement of plasma NPY has been pro-
posed as a marker for the diagnosis and the follow-up of neuroblastoma in chil-
dren [30, 31]. Studies conducted in vitro using the SH-SY5Y human neuroblas-
toma cell line, which expresses and secretes NPY, have shown that NPY gene
expression and NPY release may be regulated by different agents, including cholin-
ergic agonists [32], retinoic acid (RA) [33], and leptin [34]. RA, which is a well-
known differentiating agent, seems to represent an overall downregulator of the
NPY system in neuroblastoma, since it is also able to reduce the expression of the
Y1-R [35]. In addition, NPY has been shown to inhibit the growth of the Y1-R
expressing SK-N-MC neuroblastoma cell line [36]. NPY receptor autoradiography
performed on neuroblastoma sections shows, however, that Y2-R is the only sub-
type detected in vivo [29]. Differentiation therapy with retinoids has been pro-
posed for various malignant tumors, including neuroblastomas [37]. RA treatment
not only induces cell differentiation, but also reduces the proliferation of various
neuroblastoma-derived cell lines, including the SH-SY5Y, with reversion of the
malignant phenotype. Neuroblastomas are normally very aggressive, but, in some
cases, the tumors show a spontaneous evolution towards more benign forms (stage
IVS), which is accompanied by an increased expression of the NPY gene. Taken
together, these in vivo and in vitro observations underline the complexity of the
interplay between differentiating agents, differentiation markers and proliferation
factors, making difficult to correlate tumor aggressiveness and expression of mark-
ers like NPY.

Adrenal cortical lesions

The human adrenal cortex shows numerous nerve structures containing different
vasoactive peptides, including NPY. In hyperplastic cortical tissue, where NPY
immunoreactivity was observed in the form of bundles and fibres and mainly
between or along blood vessels, fewer nerves containing these peptides were seen. A
similar pattern of immunopositivity was also found in some adrenal adenomas and
carcinomas [38]. The NPY-positive nerve fibres observed between the parenchymal
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cells may thus directly affect the tumor cell growth by modulating various growth
factors [39] and influencing, via vasoconstriction and vasodilation, the blood flow
within the tumor [38]. Moreover, it has been shown that, in all cortical adenomas
and in two of three carcinomas analyzed, Y1-R is the only receptor subtype detect-
ed [29]. 

Insulinoma

Insulinomas are pancreatic endocrine tumors (PETs), which are also called islet
tumors or islet cell tumors; however, because the cell of origin of most is unknown,
the general term PET is preferred. Except for insulinomas, PETs are frequently
malignant. NPY has also been detected in one insulinoma, in a patient with multi-
ple endocrine neoplasia I (MENI) and hyperparathyroidism [40].

Medullary thyroid carcinoma

Medullary thyroid carcinoma, a tumor arising from the parafollicular cells of the
thyroid, is often associated with other tumors in the context of a MEN IIa syn-
drome, and has been found to express elevated amounts of NPY [28].

Ectopic ACTH-secreting tumor

Ectopic adreno-corticotrophin-hormone (ACTH) secretion from tumors, resulting
in hypersecretion of glucocorticoids and Cushing’s syndrome, is the most frequent
and well studied of ectopic syndromes. The hormone production from these tumors
is important because it is a major cause of morbidity and death in cancer patients,
and their therapy can be challenging. Cases reported in the literature [41, 42] show,
in a total of four ectopic ACTH-secreting tumors (two bronchial carcinoid and two
neuroendocrine tumor of thymus), the presence of some neuropeptides (endothelin,
adrenomedullin and corticotropin-releasing hormone) associated with NPY, sug-
gesting a possible pathophysiological role of these molecules in this tumor [42]. In
another case with a thymic carcinoid [43] with combined ectopic ACTH and
growth-hormone-releasing-hormone (GHRH) syndrome, the analysis of biochemi-
cal markers revealed elevated levels of plasma CgA and total daily excretion of uri-
nary 5-hydroxyindolacetic acid (5-HIAA) as well as plasma NPY. After surgery,
these markers were further suppressed, and CgA and daily urinary 5-HIAA, but not
plasma NPY, were normalized. Moreover, immunocytochemical analysis of consec-
utive sections of the tumor tissue indicated that most cells (80–90%) produced
GHRH, ACTH and NPY and that these peptides were co-expressed. In conclusion,
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the possible autocrine and/or paracrine relationships of these responses to ectopic
hormone secretion remain to be investigated [43].

NPY family of peptides in breast tumor

Breast carcinoma is one of the most frequent and harmful cancers. NPY-Rs expres-
sion has been found in as high as 85% of primary breast cancer in a series of 95
cases, and in 100% of lymph node metastases of receptor-positive primaries (n= 27)
[36]. In these cases, the Y1-R predominated and was often expressed in high densi-
ty and great homogeneity, whereas Y2-R was present only in 24% of the cases. In
normal breast tissue, however, Y1-R was only found in a minority of the cases and
concomitantly with Y2-R, which seemed to be predominant in non-neoplastic
breast. The neoplastic condition of breast tissue may thus induce a switch of expres-
sion from receptor Y2-R to Y1-R. Therefore, both ductal and lobular breast can-
cers, of the in situ and invasive types, as well as all lymph node metastases, may
express NPY receptors [36]. Breast tumors expressing gastrin-releasing peptide
(GRP) receptor or Y1-R, or both, were found in 93% of the cases by in vitro recep-
tor autoradiography and lymph node metastases showed a similar receptor profile
to the corresponding primary breast tumor [44]. On the basis of these findings, it is
suggested that the combination of radiolabeled GRP and NPY Y1-R analogs should
allow targeting of breast carcinomas and their lymph node metastases for in vivo
peptide receptor scintigraphy and radiotherapy [45]. In addition to breast cancer,
the presence of NPY-Rs was also evaluated in ovarian tumors, and found to be pre-
sent in all granulosa cell tumors studied, but only in 32% of a series of 22 ovarian
adenocarcinomas. These receptors corresponded to either Y1-R or Y2-R or both
[46]. Taken together, these findings indicate that NPY may play a role in the pro-
gression of breast cancer and suggest that targeting NPY-Rs with radiolabeled
analogs in this tumor may have a diagnostic and therapeutic value.

NPY family of peptides in prostate tumor

Prostate cancer (PCa) represents one of the most common malignant diseases among
men in the Western world, where there is a 10% chance of developing PCa and a
3/4% chance of dying of causes directly related to it [47]. PCa is initially androgen
dependent, and it may later progress to the androgen independence stage, which is
associated with a lack of efficacy of hormonal therapy, and it appears to be pro-
moted, at least, in part by several growth factors and neurohormones. This neu-
roendocrine differentiation of PCa has been associated to a worse prognosis. The
secretory products of neuroendocrine cells, which are present in 50% of PCa cases,
contribute to the pathophysiology of PCa and to its progression to androgen inde-
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pendence [47, 48]. An additional component to these mechanisms is given by the
specific neuroendocrine differentiation of cancer cells, which occurs with greater
frequency in PCa than in other malignancies [49]. In the human prostate, particu-
larly in the smooth muscle layer, NPY is mainly localized in nerve fibers and neu-
roendocrine cells [50, 51]. Moreover, immunopositivity for NPY has been shown in
75% of the PCa specimens obtained from a series of patients [52], suggesting a pos-
sible participation of this factor in PCa growth and progression. Within the
prostate, NPY could be released by neuroendocrine cells or by nerve terminals to
reach the NPY-Rs present on nearby epithelial cells of tumoral origin. In a recent
study from our laboratory (unpublished observation), it was found that the genes
coding for the NPY receptor isoforms (Y1-R, Y2-R, Y4-R and Y5-R) were differ-
ently expressed in three human PCa cell lines (the androgen dependent LNCaP and
the androgen independent DU145 and PC3). Specifically, Y1-R was expressed in all
cell lines, whereas NPY and Y5-R in none. The Y1-R protein was expressed in all
PCa cell lines, as well as in PCa specimens obtained from surgery. Treatment with
NPY at different concentrations resulted in a reduced proliferation of LNCaP and
DU145 cells and in an increased proliferation of PC3 cells [53]. These effects were
abolished by incubating the cells with the specific Y1-R antagonist BIBP3226. In
DU145 and PC3 cells, such effects of NPY were associated with an increased phos-
phorylation of the mitogen activated protein kinase/extracellular signal-regulated
protein kinases 1/2. The final effects of exogenous NPY on PCa cells, either prolif-
erative or antiproliferative, may be the result of different factors, like the clone-spe-
cific pattern of expression of NPY-Rs, the coupling of these NPY-Rs to different
intracellular pathways and the responsivity to androgens, all contributing to drive
the NPY-related proliferative potential of each cell line in one or in the other direc-
tion. Further studies seem necessary to evaluate the role of the activation of NPY-
Rs, particularly in PCa patients at different stages of the disease. Along with infor-
mation on the pathophysiology of advanced PCa, these studies might also give indi-
cations about novel future lines for the treatment of this frequent disease.

Conclusions and perspectives

As mentioned in the present review, in the last several years, it was shown that the
receptors of regulatory peptides, and specifically of NPY-related peptides, are not
only present in normal human tissue, but are also overexpressed in a large variety
of human neoplasms [54], highlighting the diagnostic and therapeutical relevance of
their evaluation. Neuropeptide receptors are potential targets for imaging and
radiotherapy by radiolabeled peptide hormone analogues [55]. For example, the
high level of expression of somatostatin receptors on various tumor cells has already
provided the molecular basis for successful use of radiolabeled somatostatin ana-
logues as tumor tracers in nuclear medicine [56]. Similarly, the evaluation of the
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NPY system with a similar aim may result of clinical utility [36, 44, 57]. In addition
to radiolabeled analogues for peptides such as somatostatin, cholecystokinin (CCK),
gastrin, bombesin, substance P, and vasoactive intestinal peptide (VIP), analogues
for NPY-related peptides have also been introduced [58, 59]. NPY analogues for the
Y1-Rs, which are overexpressed in prostate and breast cancer, are currently under
development and in different phases of (pre) clinical investigation. Moreover, mul-
tireceptor tumor targeting using the combination of bombesin and NPY Y1-R ana-
logues is promising for scintigraphy and peptide receptor radionuclide therapy of
breast carcinomas and their lymph node metastases [60].

In conclusion, the current evidence indicates that the NPY-family of peptides
may play an important role in the progression of neuroendocrine tumors, and breast
and prostate cancer. Future studies will better clarify some aspects of the involve-
ment of these neuropeptides in tumor biology, as well as indicate novel diagnostic
markers and therapeutical approaches. 
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The scientific areas that are presented and analyzed in this book lay the foundation
for understanding the roles of this family of peptides in host-defense and adaptation
to stress in its broadest sense – regulation of immune and other basic cellular func-
tions leading to tissue repair and regeneration, in physiology and pathology. Stress
conditions necessitate adjustments at multiple levels, from cells to tissues to a whole
organism’s integrated response. These, in turn, require communication between the
neural, endocrine and immune systems, to achieve proper changes in functions of
specific cells, supply of nutrients (blood vessels) and tissue’s performance. The neu-
rogenic NPY system appears to be a major stress and immune mediator positioned
up-stream of many of these signaling cascades, and complemented by its
endocrine/exocrine arm of gut-derived peptides, PYY and PP.

As discussed in chapters by Bedoui and von Hoersten, and de la Fuente and Puer-
to, NPY/PYY peptides are potent activators of immune functions, such as lympho-
cyte proliferation, monocyte migration and phagocytic cell activation. These activi-
ties often occur at concentrations well below those that elicit the known actions in
neurotransmission and vasoconstriction, which suggests that the primary function
of these peptides in physiology may be that of a cytokine and a growth factor rather
than that of a neurotransmitter. The above mentioned studies indicate that NPY and
its Y1 receptors may be pathogenic factors in immune aberrations occurring in
autoimmune diseases such as systemic lupus erythematosus (SLE). In these condi-
tions, as well as in inflammatory vascular remodeling occurring following vascular
interventions and in atherosclerosis, as suggested by research from Zukowska’s lab-
oratory the ‘stress factor’ is prominent and mediated by NPY’s Y1 receptors. Hence
antagonists to Y1 receptors may become potent new drugs for treatment of these
conditions.

Conversely, Y1 agonists offer promise as antinociceptive therapy, particularly in
chronic inflammation but also in neuropathic pain, as discussed by Taylor. Interest-
ingly, as presented in the chapter by Gray and Scharfman, the same compounds,
when acting centrally in the hippocampus, may be beneficial in depression and
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memory losses, by stimulating neurogenesis of neural stem cells. These studies open
a completely new chapter of NPY’s role in stem cell biology and neural cell plastic-
ity, and may have far reaching implications for understanding brain development,
function and its restoration after injury.

The other NPY receptors, of the Y2 type, also appear to have important patho-
physiological functions. As discussed by Lee et al., and Bjorndahl et al., the Y2
receptor is the main type which mediates NPY’s potent angiogenic and arteriogenic
activity. The role of NPY in control of new vessel formation, as in the immune func-
tions, appears to be upstream of many other mediators. This may be the reason why
the peptide is able to elicit a coordinated activation of multiple cells and factors,
leading to formation of more normal vessels than the ones formed by activation of
a single angiogenic factor, e.g., vascular endothelial growth factor. An important
auxiliary component of NPY’s angiogenic activity is activation of Y5 receptors as
well as dipeptidyl peptidase IV (DPPIV), an enzyme that forms NPY’s Y2/Y5-selec-
tive agonist. Thus, Y2/Y5 agonists may become useful in revascularization therapies
in ischemic heart and peripheral vascular diseases. The same type of drugs, as point-
ed out by studies of Lacroix et al., are potentially beneficial in the treatment of aller-
gic rhinitis and asthma, due to the ability of Y2 agonists to reduce cholinergic
vasodilation, produce a long-lasting vasoconstriction, and decrease mucosal secre-
tion and edema.

In contrast, anti-angiogenic therapy with Y2/Y5-antagonists may be useful in
treatment of retinopathy and tumors, particularly those derived from the neural
crest. Kitlinska et al. have shown that in neuroblastomas, endogenous NPY stimu-
lates tumor cell proliferation and angiogenesis, both via Y2/Y5 receptors. Thus,
blocking the Y2/Y5 pathway may become promising bidirectional therapy in treat-
ment of these childhood malignancies.

Finally, as studies by Grouzmann and Mentlein suggest, the NPY/PYY system
can be manipulated not only by agonists or antagonists to specific receptors but also
via drugs altering the activity of their processing enzymes. Of particular interest here
are DPPIV inhibitors, which prevent conversion of these peptides into Y2/Y5-selec-
tive fragments and augment peptides’ Y1-mediated activities such as vasoconstric-
tion and vascular hypertrophy. These drugs are currently in phase III testing for the
treatment of diabetes due to their effects on another peptide, GLP-1, but the conse-
quences of their actions on NPY/PYY’s activities may need to be considered too.
While they might be beneficial in conditions where NPY-Y1 activity is desired, e.g.
SLE and inflammatory pain, they could be detrimental in situations where either Y1
actions are pathogenic or increased Y2 receptor activation is required e.g. revascu-
larization of ischemic tissues.

In spite of the fascinating research and promising potentials for drug develop-
ment, the role of the NPY family of peptides and their receptors in the fields of
immune/inflammatory and tissue remodeling/proliferative disorders has not
received adequate attention. Novel growth factor and immunoregulatory functions



of NPY, which have been recently discovered, created many new possibilities of
therapies with selective receptor agonists and antagonists. However, the diversity of
the peptide functions can also contribute to a variety of side effects, which need to
be taken into consideration when designing NPY-based treatments. Also, large gaps
of knowledge exist about the specific roles of other members of the NPY family,
peptide YY and pancreatic polypeptide. These family members share many features
with NPY, but also may possess unique biological and pathophysiological dimen-
sions, which need to be researched in depth. Paramount in such future research is
the role of the NPY family members and the various NPY receptors in stress, where
the peptides and/or their receptors are manipulated to augment or diminish their
function in a cell/tissue selective fashion. Redundancies of functions between the
NPY peptides and their receptors in reference to their ability to launch effective
adaptation responses are still largely unknown. Research of these unexplored fron-
tiers is likely to be critical to efforts in drug development since the key player(s) in
each disease process has yet to be identified. 
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