
peptides among which pancreatic polypeptide (PP) was
first discovered as a biproduct of insulin isolation (1). PP-
like immunoreactivity in the brain was then found to rep-
resent the related peptide NPY, named so because of its
exclusively neuronal expression and its terminal tyrosine
(Y in the 1-letter aa code) (2, 3). Due to higher conserva-
tion during evolution, this peptide family is more appropri-
ately called the NPY family (4, 5). Sequence comparison
indicates that NPY is one of the most highly conserved
neuroendocrine peptides known (4). This remarkable
conservation of NPY implies an important functional role
or roles. NPY-like peptides all consist of an N-terminal
polyproline helix (residues 1-8) and an amphiphilic α-helix
(residues 15-30), connected with a β-turn, creating a
hairpin-like loop (6).

The NPY gene 

A single open reading frame predicts a transcript
which gives rise to a simple precursor for NPY, consisting
of 97 amino acids (7). The precursor contains a 28 aa
signal peptide, required for entry into the endoplasmic
reticulum (ER) and secretion. The signal peptide is
cleaved, resulting in a 69 aa prohormone where mature
NPY (36 aa) is flanked at its C-terminus by 33 amino
acids, three of which are a motif necessary for NPY ami-
dation, critical for virtually all actions of NPY. The peptide
formed by the remaining 30 amino acids of the precursor
has been named CPON (C flanking peptide of NPY).
CPON is conserved to a degree that is lower than NPY
but still significant (4). Despite this, its function remains
unknown.

NPY expression in brain areas involved in emotionality

NPY-positive neurons are abundant in the central ner-
vous system, including brain areas involved in emotional-
ity (8-10). Within the cerebral cortex and forebrain nuclei,
NPY is mainly present in inhibitory interneurons.
Coexistence of NPY with somatostatin and nitric oxide
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Abstract

Neuropeptide Y (NPY), the prototypical member of
the NPY-like peptide family, antagonizes behavioral
consequences of stress through actions within the
brain. Behavioral antistress actions of NPY are note-
worthy in that their magnitude surpasses that of other
endogenous compounds, and they are produced
across a wide range of animal models, normally thought
to reflect different aspects of emotionality. These find-
ings suggest that NPY acts with a high potency on a
common core mechanism of emotionality and behav-
ioral stress responses. Behavioral studies in genetically
modified animals support this hypothesis. Increased
emotionality and increased alcohol intake is seen upon
inactivation of NPY transmission, while the opposite is
found when NPY signaling is made overactive.
Together, available data point to the potential of the
NPY system as a target for novel pharmacological treat-
ments of stress-related disorders, including anxiety and
depression. Recent data additionally point to a role of
NPY in the regulation of alcohol intake, and alcohol
dependence emerges as a novel potential indication for
compounds targeting the NPY system.

Introduction: basic biology of the central
NPY system

Neuropeptide Y and the NPY family of peptides

Neuropeptide Y (NPY) is a 36 amino acid (aa) peptide
with a C-terminal amide group. It belongs to a family of



transmission through presynaptic mechanisms (25, 26).
Behavioral consequences of Y2 signaling in this area are
unclear. Although the existence of a Y3 receptor has been
postulated on the basis of pharmacological experiments
(27), this has not been confirmed by molecular studies
(28). Furthermore, a receptor termed Y4 has been cloned,
but appears to preferentially bind PP, and is therefore
more appropriately referred to as a PP receptor (29, 30).
Finally, a Y5 receptor with restricted hypothalamic expres-
sion has been cloned and postulated to mediate the pro-
found effects of NPY on feeding (31). Subsequent work
indicates that the Y5 receptor probably shares this role
with the Y1 subtype.

Antistress and antianxiety actions of NPY

Sedative effects of central NPY

Consistent with initial EEG findings (32), early behav-
ioral studies demonstrated that i.c.v. administration of
high central NPY doses (1.0-5.0 nmol) produced behav-
ioral sedation. Of interest from a dependence point of
view, no apparent tolerance was seen upon repeated
administration. Effects of a single i.c.v. dose lasted up to
3 days but were still fully reversible (33). In another simi-
larity with sedative drugs, i.c.v. pretreatment with NPY
largely prevented the formation of gastric erosions nor-
mally produced by cold water immersion stress (34).
These findings indicated shared properties between NPY
and several classes of sedative compounds, including
alcohol, benzodiazepines and barbiturates. This similarity
was subsequently confirmed by EEG experiments in
awake animals, where i.c.v. NPY produced a pattern
resembling that produced by benzodiazepines (35).

synthase is common in cortex and striatum. In addition,
within the cortex and amygdala, NPY is extensively colo-
calized with GABA (10). 

NPY-positive neurons in the hypothalamus, brainstem
and spinal cord are more heterogeneous. An important
NPY-ergic pathway from the arcuate nucleus to the ipsi-
lateral paraventricular neucleus of the hypothatlamus has
been described (11) and is involved in feeding effects of
NPY. More recently, a coexistence was also reported of
NPY and agouti gene-related protein (AGRP) in arcuate
hypothalamic neurons. Among these, numerous cells
project to telencephalic brain areas involved in emotion-
ality, such as the amygdala complex (12) (Fig. 1).

NPY acts through heterogeneous receptors

The nomenclature Y1 and Y2 was introduced to
denote the receptor that required the entire NPY (or PYY)
molecule for activation (Y1), and a subtype selectively
stimulated by the long C-terminal NPY fragments (Y2),
respectively (13). Soon thereafter, a similar heterogeneity
was found for brain-mediated actions of NPY (14).
Molecular cloning has revealed additional diversity of the
NPY receptor family. NPY receptors cloned to date all
belong to the superfamily of G-protein-coupled receptors.
The NPY Y1 receptor, one of the subtypes implicated i.a.
in feeding effects of NPY (15-17), requires the intact NPY
sequence for recognition and activation and appears to
be the subtype mediating antistress actions of NPY
(18-22). The Y2 receptor subtype is also activated by
C-terminal fragments of NPY such as NPY13-36 (23, 24).
A high number of Y2 sites is found within the hippocam-
pus. Activation of Y2 receptors within this structure has
been shown to suppress hippocampal glutamatergic
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Fig. 1. Distribution of major NPY circuits in the rat brain involved in emotionality.



Receptor pharmacology of NPY�s antistress actions

Full-length NPY peptide as well as [Leu31Pro34]NPY
(61) potently and dose-dependently produce an anxiolyt-
ic-like effect in the elevated plus maze, Vogel test (51)
and Geller-Seifter punished responding test (18), while
the C-terminal, presumably Y2-selective fragment
NPY13-36, does not reproduce this action. This is consis-
tent with a �non-Y2� profile, within which early antisense
data pointed to Y1 receptors (19). An involvement of Y4
receptors seems to have been excluded using PP (62).
Based on receptor distribution, it has been suggested
that, similar to regulation of food intake, Y5 receptors may
be involved in emotionality in concert with Y1 receptors
(63). Under basal conditions, the selective Y5 antagonist
CGP-71683A does not influence anxiety-related behav-
iors in the social interaction test, the elevated plus maze
or the open field (64), but Y5 receptors in basolateral
amygdala area are clearly capable of mediating anxiolyt-
ic actions (65).

The more recent arrival of subtype-selective, nonpep-
tide NPY receptor antagonists has allowed a more refined
analysis of this issue. The first member in this class
of compounds, BIBP-3226 acts as a Y1 antagonist both
in vitro and in vivo, while being devoid of affinity for Y2, Y4
and Y5 receptors (66). In agreement with the above stud-
ies, BIBP-3226 was reported to suppress plus maze
exploration following both i.c.v. (67) and localized site
injections (68-70). BIBP-3226 has limited solubility, and is
also clearly capable of producing nonreceptor-mediated
effects (71). Furthermore, it has recently been reported
that BIBP-3226 has a moderate but non-negligible affini-
ty for NPFF receptors (72). Taken together, these obser-
vations raise some concern regarding findings obtained
using this tool, in particular since anxiety-related behav-
iors are highly sensitive to stressful side effects of drugs.
The arrival of the structurally related Y1 antagonist
BIBO-3304 has helped resolve these issues, as this com-
pound has increased solubility, higher affinity for Y1
receptors and appears to lack the nonspecific side effects
(73). Studies using this compound confirm the results
obtained using agonists, antisense oligonucleotides and
BIBP-3226. For instance, anxiolytic-like effects of NPY in
the social interaction test are blocked by intra-amygdala
administration of BIBO-3304 (22), and this compound
also increased defecation during exploratory behavior in
the open field, a variable normally correlated with the
level of emotionality (74).

Y2 receptors may also play an important role in the
regulation of emotionality and, in fact, offer the most
attractive target for drug development efforts, as dis-
cussed below. NPY Y2 receptors are located presynapti-
cally on NPY-ergic neurons, and control the release of
endogenous NPY (75, 76). Antagonism at these recep-
tors would thus be expected to potentiate endogenous
NPY release, and through this mechanism offer an �NPY
mimetic� without the requirement for developing a Y1 ago-
nist. Available data in an alcohol self-administration
model provide support for this notion (77), as does the

Observations suggesting similarities between these
classes of compounds have more recently been extend-
ed by findings of anticonvulsant actions of NPY (36, 37),
which possibly provide a mechanism for the anticonvul-
sant state seen following electroconvulsive treatment
(38-40). Evidence for shared properties between NPY
and sedative compounds was also provided by mutual
substitution of NPY and EtOH with regard to electrophys-
iological effects (41) and potentiation by NPY of barbitu-
rate induced sleep (42). The latter study mapped out NPY
effects on sedation to the posterior hypothalamus, an
area involved in the regulation of sleep-wake cycles.

Initial studies suggested that sedative NPY effects are
mediated by Y1 receptors (43). Supporting the original
conclusion, Y1 mediation of NPY-induced sedation was
demonstrated using Y1 receptor knockouts (42). In con-
trast, anticonvulsant actions of NPY appear to be mediat-
ed through Y5 receptors (44).

NPY is active in a wide range of anxiety models

It has been debated whether different animal models
in the anxiety area reflect different aspects of clinical
anxiety disorders, different disease entities, or perhaps
are simply limited in their ability to model the relevant clin-
ical disease (45-48). Against this background, a remark-
able feature of NPY is its ability to produce antistress/
antianxiety effects in all models tested thus far, suggest-
ing that it acts at a core process underlying fear- and
stress-related behaviors and affect, common to different
models and disorders.

The Vogel (49) and Geller-Seifter (50) tests, common-
ly referred to as �conflict tests�, are the classical industry
screening tests for benzodiazepine-like antianxiety
action. In both tests, benzodiazepines reverse fear sup-
pression of behavior. So does i.c.v. administration of NPY,
with a high potency (51, 52). Control experiments (51)
demonstrate that antinociceptive effects of NPY (53-56)
do not contribute to these effects. The classical conflict
tests do not probe the natural behavioral repertoire of the
animal. The elevated plus maze (57) and the social inter-
action test (58) are more attractive in that respect. In both
models, classical antianxiety compounds counteract fear
suppression of the respective spontaneous exploratory
behavior, and so does NPY, with high potency and speci-
ficity (21, 22, 51). A similar observation has been report-
ed in the light-dark compartment test, which is conceptu-
ally related to the elevated plus maze (59). Finally, the
fear potentiated startle model differs from most other
anxiety paradigms in that it is based on fear potentiation
rather than inhibition of behavior. It is less sensitive to
effects on motor performance or motivation (60). NPY
effectively reverses the potentiation of the acoustic startle
response which accompanies conditioned fear, without
affecting basal, unconditioned startle (21). Consistent
actions of NPY both in models based on response inhibi-
tion and response facilitation indicate that the observed
behavioral actions are indeed specifically related to emo-
tionality.

Drugs Fut 2004, 29(2) 139



involvement may be restricted to symptom domains of
pathological arousal and vigilance seen in these disor-
ders, as a reflection of the normal physiology of this struc-
ture (90). As mentioned above, anxiolytic-like actions
have been reported in the social interaction test after local
injections of 10 pmol NPY into the locus coeruleus (68).
Based on the ligand profile of this effect, and the inactivi-
ty of BIBP-3226 in this region, it was suggested that NPY
Y2 receptors in this area mediate these actions. However,
an alternative interpretation which needs to be consid-
ered is whether this reflects actions at presynaptic Y2
receptors on A6 neurons in which NPY and norepineph-
rine are colocalized, ultimately inhibiting noradrenergic
transmission in projection areas of these neurons.

Expression of NPY and behavioral stress responses

On the basis of the pharmacological observations
above and early expression studies (91, 92), we pro-
posed that an upregulation of NPY expression may con-
tribute to successful behavioral adaptation to stress. This
extends a previously introduced hypothesis that NPY may
act to �buffer� behavioral effects of stress-promoting sig-
nals such as CRF (93). Our hypothesis predicted that
upregulated expression of NPY should render a subject
less sensitive to anxiety-promoting effects of stress, a
prediction potentially possible to test in a transgenic sys-
tem. The generation of an NPY transgenic rat offered an
attractive model for our studies. In summary, results
obtained in the NPY transgenic rat model have supported
the intial hypothesis. No anxiety-related phenotype was
observed in the elevated plus maze under basal,
unstressed conditions. However, a marked behavioral
insensitivity to stress was found when stressful manipula-
tions were introduced. In nontransgenic littermate con-
trols, exposure to an established stressor (1 h of restraint)
1 h prior to behavioral testing gave rise to an expected
and marked anxiogenic effect on the plus maze, mani-
fested as a profound decrease of the percentage of time
spent exploring the open arms of the maze and of the
number of entries into the open arms. This behavioral
consequence of stress was completely absent in trans-
genic subjects. Furthermore, in the markedly stressful
Vogel test, response inhibition is normally seen due to the
delivery of electric shock upon drinking, and this was
indeed observed in nontransgenic littermates. In contrast,
and similar to benzodiazepine-treated animals, response
inhibition in this test was completely absent in NPY trans-
genic subjects (94).

NPY and depression

The anxiety-depression spectrum

Symptoms of anxiety and depression commonly coex-
ist, and both disorders are thought to reflect maladaptive
changes in stress responsive systems (95). In fact, a

recent report of a consistent, anxiolytic-like phenotype in
a Y2 receptor null mutant (78).

Anatomical substrates of NPY�s antistress actions

The amygdala is crucial for emotional learning, and
coordinates behavioral, autonomic and endocrine fear
responses (79-81), making it an obvious candidate for
mediating anxiolytic-like actions of NPY. Indeed, site-spe-
cific injections of NPY and NPY analogs into the amyg-
dala reproduced the antianxiety actions of NPY adminis-
tered i.c.v. at approximately 10-fold lower doses, while
other injection sites were ineffective in this respect
(18, 22). Amygdala injections have also helped separate
anxiolytic-like from appetitive effects of NPY, since they
reproduce anxiolytic actions of NPY administered i.c.v.,
without affecting feeding. Central amygdala constitutes
an output relay for the functional consequences of amyg-
dala activation by fearful stimuli (79-82) and was initially
reported to be the amygdalar compartment within which
anxiolytic-like actions are produced by amygdala injec-
tions of NPY (18). However, subsequent work employing
microinjections of smaller volumes has prompted a
reevaluation of the data, suggesting that the lateral/baso-
lateral complex in fact mediates antistress effects of NPY
within the amygdala (22).

The periaqueductal gray matter (PAG) is involved in
the behavioral output of fear responses, with subcom-
partments differentially involved in defensive behaviors
(80, 83). Its dorsolateral compartment (DPAG) has been
suggested to tonically inhibit the amygdala. Microinjec-
tions of the Y1-selective nonpeptide antagonist BIBP-
3226 within the DPAG have been reported to produce
anxiogenic-like effects in the elevated plus maze, with
behavioral specificity demonstrated by unaffected open
field behavior following the same treatment (70). Similar
effects were found in a separate report using the social
interaction test (69). In the latter study, the di-peptide Y1
antagonist 1229U91 mimicked the action of BIBP-3226,
offsetting the limitations of BIBP-3226.

Septo-hippocampal circuits are important for fear-
related behaviors, consistent with observations that dor-
sal hippocampus is an important component of neuronal
circuitry controlling anxiety-related behaviors and stress
responses (84, 85). NPY microinjections into the lateral
septum reproduced anxiolytic-like actions of i.c.v. admin-
istered NPY and reversed the anxiogenic action of corti-
cotropin-releasing factor (CRF). The anxiolytic-like action
of NPY was clearly Y1 receptor-mediated, as it was
blocked by the highly selective, nontoxic Y1 receptor
antagonist BIBO-3304 (86). This study also demonstrat-
ed that NPY injections into the cholinergic medial septal
nucleus were ineffective, contradicting the previous sug-
gestion that anxiolytic-like actions of NPY might be pro-
duced through interactions with cholinergic afferents to
the hippocampus which originate from this structure (87).

Finally, the locus coeruleus has long been implicated
in anxiety disorders and stress (88, 89), although its
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while in the long run (2-4 weeks) NPY expression was
upregulated in piriform cortex and the dentate hippocam-
pal gyrus by olfactory bulbectomy, possibly as a compen-
satory mechanism (116).

Early postnatal separation of rat pups induces a long-
term phenotype characterized by increased responsive-
ness of the HPA axis (117). Although not extensively val-
idated pharmacologically as a model for detecting
antidepressant drug action, this model is attractive in that
it closely mimics dysregulations of the HPA axis thought
to be at the core of pathophysiology in depressed
humans (95). It is therefore of interest that maternal sep-
aration has been shown to reduce NPY (118, 119).
Reductions of NPY-like immunoreactivity in this model
were found within the hippocampus, consistent with the
findings of increased hippocampal NPY following several
types of antidepressant treatments. 

Consistent with the observations reviewed above,
NPY given i.c.v. produces antidepressant-like effects in
the forced swimming test, both in rats (120) and mice
(121), and a similar effect is seen as a result of a Y2 null
mutation thought to potentiate NPY signaling (78). A com-
mon final pathway may mediate effects of conventional
antidepressant drugs and NPY, since, at least in vitro,
NPY shares the ability of the former to stimulate hip-
pocampal neurogenesis (122).

Is there a primary NPY disturbance
in human depression?

An early study reported decreased levels of NPY in
the cerebrospinal fluid (CSF) of patients with major
depression, possibly reflecting decreased central availi-
bility of NPY (123). Within this patient population, a more
detailed analysis revealed an inverse correlation between
NPY levels in the CSF and ratings of anxiety symptoms.
Independently, lower levels of NPY in brain tissue were
also reported in suicide victims (124). These findings indi-
cate that the NPY system might be primarily affected in
depressive syndromes and contribute to the clinical
symptomatology. However, neither the finding of reduced
NPY levels in CSF of depressed subjects (125) nor in
frontal cortex of depressed subjecta (126) was replicated
in subsequent studies. The reason for this is unclear, but
may have been related to the limited understanding of
peptide processing and assay specificity issues in that
early era, in particular since mass spectrometry studies
have since shown that processing of NPY may differ
between depressed subjects and normals, resulting in a
different fragment pattern (127). In a recent reexamina-
tion of this issue, we used a sample of therapy-refractory
depressed patients of considerable size for this type of
study (n=50), and analyzed CSF levels of monoamines,
monoamine metabolites and several neuropeptides. NPY
was analyzed using an assay which has been extensive-
ly characterized with regard to specificity and lacks cross-
reactivity with C-terminal NPY fragments. The one robust
difference between patients and controls using this

latent class analysis of clinical symptoms has suggested
that the present classification of depressive and anxiety
disorders may be artificial and suggested the existence of
a category labeled �major depression-generalized anxi-
ety disorder� (96). In agreement with this notion, genetic
factors which confer increased vulnerability for both of
these disorders are largely the same (97). Given the
extensive evidence for an involvement of central NPY in
stress and anxiety, it is therefore not unexpected that this
system has also been implicated in depressive disorder,
although less extensive data are available in this area.

Effects of antidepressant treatments on the NPY system

Inconsistent effects of treating experimental animals
with clinically effective antidepressants have been report-
ed, possibly due to different dosing, treatment intervals
and pharmacokinetics (98-101). A region-specific regula-
tion of NPY and Y1 receptor expression was then report-
ed following chronic treatment with the long-acting sero-
tonin-selective reuptake inhibitor (SSRI) fluoxetine, both
in the Flinders Sensitive Line (FSL), a genetic model of
depression (102), and the corresponding control Flinders
Resistant Line (FRL) (103, 104). On the basis of these
findings, an involvement of NPY was suggested in the
antidepressant effect of fluoxetine. 

Another established and effective antidepressant
treatment, electroconvulsive shock (ECS), has been
much more consistent in upregulating brain NPY levels,
with the hippocampus as a seemingly central target. This
was originally reported independently by two different
groups, both of which also demonstrated elevation of hip-
pocampal NPY levels after repeated, but not single ECS,
paralleling the requirements for clinical effect in
depressed subjects (105, 106). These findings have sub-
sequently been replicated and extended (107-111).

Finally, similar to what has been reported with ECS
and some pharmacological antidepressant treatments,
administration of the clinically established affective stabi-
lizer lithium also leads to an upregulation of hippocampal
NPY synthesis (107).

NPY in animal models of depression

Further evidence for an involvement of NPY in
depression comes from the findings of differential NPY
expression in two different genetic animal model of
depression, the FSL described above (103, 104, 112),
and the Fawn Hooded rat (109, 113). The hippocampus
appears to be a consistent candidate structure for a pos-
sible functional involvement.

Olfactory bulbectomy in rats produces behavioral con-
sequences which have been interpreted as indicative of a
depression-like phenotype (114). It is therefore of interest
that some of these, normally interpreted as signs of
increased irritability during open field exploration, are
counteracted by subchronic administration of NPY (115),
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ring AA rat line differ from nonpreferring rats in NPY, and,
in the latter case, NPY Y2 receptor expression in several
brain regions. The pattern may point to the amygdala
as a region mediating the role of NPY in this context
(138-140). 

In humans, an association between a functional
Leu7Pro polymorphism in the NPY gene and high alcohol
consumption has been reported (141, 142). A report also
found an association between this marker and alcohol
dependence (143), but this finding has not been support-
ed by subsequent analysis (144).

Whether primarily involved in the pathogenesis of
human alcoholism or not, the NPY system is likely to offer
an attractive target for treatment of alcohol dependence.
In normal rats, direct i.c.v. administration of NPY does not
affect alcohol intake (145) or operant alcohol self-admin-
istration (140). However, a marked suppression of
ethanol intake is seen in conditions of excessive intake,
such as in the genetically selected, ethanol preferring P
line (146), the alcohol preferring HAD line (147) as well as
in genetically heterogenous subjects with a history of
dependence (Thorsell et al., in preparation). Furthermore,
i.c.v. administration of the selective Y2 antagonist
BIIE-0246 suppresses operant self-administration of NPY
(77), presumably by blocking presynaptic autoreceptors
for NPY and thereby facilitating release of endogenous
NPY (75, 76), and its subsequent action at Y1 receptors.
This action is much more pronounced in subjects in
whom a history of dependence has led to increased alco-
hol intake (Thorsell et al., in preparation).

Conclusions

In the 20 years since its isolation, numerous actions
have been discovered for NPY. Several of these, most
notably its blood pressure effects and effects on feeding,
gave rise to hopes that compounds targeting the NPY
system could be developed for the treatment of clinical
disorders. With the perspective of the last two decades,
the conditions where this hope not only persists, but has
in fact been strengthened, are psychiatric disorders, most
notably anxiety disorders, major depression and alcohol
dependence. To realize these hopes, development of
treatments potentiating Y1 receptor signaling appears to
be necessary. The most promising strategy is the devel-
opment of Y2 receptor antagonists aimed at potentiating
endogenous NPY signaling.
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