35_jmn28_3_Quirion

3/16/06

6:43 PM

Page 239

Journal of Molecular Neuroscience
Copyright © 2006 Humana Press Inc.
All rights of any nature whatsoever are reserved.
0895-8696/06/28:239–246/$30.00
JMN (Online)ISSN 1559-1166
DOI 10.1385/JMN/28:03:239

ORIGINAL ARTICLE

Emotional Behavior in Aged Neuropeptide Y (NPY) Y2
Knockout Mice
Cristina Carvajal,1 Yvan Dumont,1 Herbert Herzog,2 and Rémi Quirion*,1
1Douglas

Hospital Research Centre, Department of Neurology and Neurosurgery, Department
of Psychiatry, McGill University, Montréal QC, Canada H4H 1R3; and 2Garvan Institute
of Medical Research, Darlinghurst, Sydney NSW 2010, Australia
Received July 1, 2005; Accepted October 14, 2005

Abstract
Neuropeptide Y (NPY) was shown to modulate anxiety- and depression-related behaviors in various animal
models. Previous studies demonstrated that NPY Y2 receptor knockout (KO) mice display an anxiolytic- and
antidepressant-like phenotype compared with control animals. However, the long-term effect of the deletion
of this receptor in aged animals is unknown. Thus, anxiety- and depression-related behaviors were investigated
in 2-yr-old NPY Y2 KO mice. Aged NPY Y2 KO mice display an anxiolytic-like profile as assessed in the elevated
plus-maze and open field, providing further support for a role for Y2 receptors in anxiety-related behaviors.
Furthermore, aged NPY Y2 KO mice have significantly lower immobility scores in the forced swim test; supporting the role for this receptor in antidepressant-like behaviors. These data provide further evidence that
modulators of the NPY Y2 receptor subtype are drug targets for the treatment of anxiety and mood disorders
in human subjects.
DOI 10.1385/JMN/28:03:239
Index Entries: Neuropeptide Y; Y2 receptor; knockout; aging; anxiety; depression.

Introduction
Neuropeptide Y (NPY) was isolated from porcine
brain more than two decades ago (Tatemoto et al.,
1982). This 36-amino-acid residue is one of the most
abundant peptides found in the central nervous
system (CNS) of all mammals, including humans
(Chan-Palay et al., 1985, 1986; Chronwall et al., 1985).
It is one of the most conserved peptides in evolution
(Larhammar, 1996; Larhammar and Salaneck, 2004),
suggesting an important role in the regulation of
basic physiological functions (Larhammar et al.,
1993). At present, five NPY receptor subtypes have
been cloned and designated—Y1, Y2, Y4, Y5, and y6
(Dumont et al., 1993; Gehlert, 1994; Michel et al.,

1998)—all of which couple to G1 proteins and inhibit
the production of cyclic AMP (Palmiter et al., 1998).
NPY has important modulatory functions in the
immune and cardiovascular systems (Song et al.,
1996; Michalkiewicz et al., 2001), circadian rhythms
(Antonijevic et al., 2000), food intake (Jolicoeur
et al., 1995), and seizure (Husum et al., 1998; Colmers
and El Bahh, 2003). NPY is involved in anxietyrelated behaviors (Thorsell and Heilig, 2002), and
there is increasing support for the role of NPY in
mood disorders such as depression (Redrobe et al.,
2002a).
NPY is consistently implicated in the pathogenesis of anxiety disorders, given the significant number
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of findings that show NPY-induced anxiolytic activity in behavioral tests widely used for the screening
of anxiolytic compounds. NPY is reported to elicit
anxiolytic-like effects in exploratory behavior-based
tests such as the open field, elevated plus-maze, and
light/dark compartment test (Heilig et al., 1989; Pich
et al., 1993); social interaction (Kask et al., 1998); punished responding tests (Britton et al., 1997); and fearpotentiated startle (Broqua et al., 1995). There is also
evidence that NPY has antidepressant-like properties in animal models. For example, intracerebroventricular (icv) NPY displayed dose-dependent
antidepressant-like activity in the rat (Stogner and
Holmes, 2000) and mouse forced swim test (Redrobe
et al., 2002b).
Further evidence for NPY in emotional behavior is
supported by recent studies involving Y2 receptor subtype knockout (KO) mice. Mice deficient in the Y2
receptor subtype displayed an anxiolytic-like phenotype in the elevated plus-maze (Redrobe et al., 2003).
NPY Y2 KO mice also displayed increased preference
for the central area of the open field when compared
with wild-type (WT) control animals, without changes
in locomotor activity (Redrobe et al., 2003). These findings have been confirmed by an independent laboratory using the open field, elevated plus-maze, and
light-dark compartment test (Tschenett et al., 2003). It
was also shown that Y2 KO mice displayed approximately three times less immobility in the forced swim
test than WT controls; indicating a stronger ability to
cope with stress (Tschenett et al., 2003).
NPY Y 2 receptors are considered to be autoreceptors that provide negative feedback to NPYergic nerve terminals to modulate NPY release
(Wahlestedt et al., 1986). In the rodent brain, NPY Y2
receptor mRNA and protein are abundantly
expressed in the hippocampus and brain stem,
whereas moderate levels of Y2 receptors are detected
in the hypothalamus (Dumont et al., 1993; Parker and
Herzog, 1999; Dumont et al., 2000). Consequently,
Y2 KO mice are predicted to have increased endogenous peptide expression that might contribute to the
underlying mechanism responsible for anxiolyticlike behaviors regulated by NPY(Redrobe et al., 2003).
Although the behavioral phenotype of NPY Y2
receptor KO mice and WT controls is known, the
long-term effect of the deletion of this receptor in
aged animals is unknown. Therefore, anxiety- and
depression-related behaviors were investigated in
2-yr-old NPY Y2 receptor KO mice and WT controls
using the elevated plus-maze, open field, and forced
swim test.

Journal of Molecular Neuroscience

Carvajal et al.

Materials and Methods
Animals
NPY Y 2 KO and NPY Y 2 WT mice (C57/B16129SvJ background) were developed using cre/loxP
technology, as described previously (Baldock et al.,
2002; Smith-White et al., 2002), and were received
from Dr. Herbert Herzog at the Garvan Institute of
Medical Research (Sydney, Australia). These mice
were tested at approx 24 mo of age. All animals were
housed under standard laboratory conditions
(12/12 h light/dark cycle, lights on at 07:00, food
and water ad libitum). Animal care was provided
according to protocols and guidelines approved by
McGill University and the Canadian Council of
Animal Care.

Elevated Plus-Maze
The test was performed as described previously
(Pellow et al., 1985; Handley and McBlane, 1993;
Kask et al., 2002; Redrobe et al., 2003). The experimental apparatus consists of a plus-formed maze
elevated 50 cm above the ground. The four arms are
37.5 cm long and 5 cm wide. Two opposing arms are
surrounded by black Plexiglas walls, 15 cm high
(closed walls); the other arms are devoid of walls
(open arms). The animal is placed in the center of
the maze facing an open arm, after which the cumulative time spent in each arm and the number of
entries into the open or closed arms are recorded
during a 5-min test session. An individual entry into
the arm is defined as the animal placing all four paws
in that arm. Total number of entries onto any arm is
presented as a measure of general locomotor activity on the maze so as to rule out any nonspecific
effects that might have interfered with the interpretation of the data.

Open Field Test
The open field consists of a square base (70 × 70
cm) surrounded by a 75-cm-high wall. Illumination
is provided by a 40 W bulb, positioned 90 cm above
the floor of the apparatus. The animals are placed
into the center of the apparatus, and the number of
crossings, as well as the time spent in the central area
of the open field, is recorded. Total crossings are presented as a measure of general locomotor activity in
the arena. Testing is conducted over a 10-min period
and recorded by a video tracking system connected
to a computer equipped with the commercially available HVS image system (HVS, UK) for the analysis
of the open field activity.
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software (San Diego, CA). All results are reported
as mean ± S.E.M. For all statistical analyses, p < 0.05
is considered statistically significant.

Results
Behavioral Profile of Aged NPY Y2–/– and Y2
Mice in the Elevated Plus-Maze

+/+

NPY Y2 KO mice (n = 6) made more entries (Fig. 1A,
Open Arm Entries; mean ± S.E.M.: 11.83 ± 2.469 [KO]
vs 3.250 ± 0.6643 [WT]; t = 4.422; df = 16; p = 0.0004)
and spent significantly more time (Fig. 1B, Time Spent
on Open Arms; mean ± S.E.M.: 80.50 ± 32.30 [KO] vs
24.33 ± 8.059 [WT]; t = 2.250; df = 16; p = 0.0389) on
the open arms of the elevated plus-maze compared
with WT control mice (n = 12). This effect was not
attributable to nonspecific changes in locomotor
activity, as the number of closed arm entries did not
differ significantly between groups (Fig. 1C, Total
Crossings; mean ± S.E.M.: 27.67 ± 4.709 [KO] vs 16.83
± 2.878 [WT]; t = 2.066; df = 16; p = 0.0554).

Behavioral Profile of Aged NPY Y2–/– and Y2
Mice in the Open Field

+/+

Fig. 1. Behavioral profile of aged neuropeptide Y (NPY)
Y2–/– [Y2 knockout] and Y2+/+ [Y2 wild-type] mice in the elevated plus-maze. Results are expressed as mean ± S.E.M.
of open arm entries (A), time spent on open arms (B), and
total arm entries (C). p < 0.05 (*) and p < 0.0001 (***) by
two-tailed unpaired t-test.

NPYY2 KO mice (n = 5) displayed increased preference for the central area of the open field (Fig. 2A,
Entries into Central Area; mean ± S.E.M.: 31.60 ±
8.016 [KO] vs 7.083 ± 1.041 [WT]; t = 4.720; df = 15;
p = 0.0003) and spent more time (Fig. 2B, Time Spent
in Central Area; mean ± S.E.M.: 68.20 ± 17.04 [KO]
vs 17.25 ± 2.346 [WT]; t = 4.587; df = 15; p = 0.0004),
when compared with WT animals (n = 12). There
was also a significant change in locomotor activity
in Y2 KO mice (Fig. 2C, Total Crossings; mean ±
S.E.M.: 310.4 ± 50.59 [KO] vs 117.4 ± 13.83 [WT];
t = 5.079; df = 15; p = 0.0001) when compared with
WT controls.

Forced Swim Test

Behavioral Profile of Aged NPY Y2–/– and Y2+/+
Mice in the Forced Swim Test

The Porsolt forced swim test is a reliable tool for
screening potential antidepressant drugs (Porsolt et
al., 1977). In the mouse forced swim test, mice are
individually placed in a 40-cm-diameter cylinder
filled with 24–25°C water to a depth of 30 cm for 6
min. Immobility time is recorded during the last 4
min. The immobility score is associated with a positive antidepressant-like effect.

An unpaired t-test (two-tailed) revealed a significant difference in mean immobility scores between
NPY Y2 KO mice (n = 5) and WT controls (n = 12)
(Fig. 3, Immobility; mean ± S.E.M.: 4.400 ± 2.619 [KO]
vs 24.83 ± 3.593 [WT]; t = 3.465; df = 15; p = 0.0035)
in the forced swim test.

Statistical Analysis

It has been shown previously that mice deficient
in the Y2 receptor subtype have an anxiolytic-like
phenotype in the elevated plus-maze and open field

Behavioral data were analyzed with unpaired
Student’s t-tests (two-tailed) using GraphPad Prism

Journal of Molecular Neuroscience

Discussion

Volume 28, 2006

35_jmn28_3_Quirion

3/16/06

6:43 PM

Page 242

242

Carvajal et al.

Fig. 3. Behavioral profile of aged neuropeptide Y (NPY)
Y2–/– [Y2 knockout] and Y2+/+ [Y2 wild-type] mice in the
forced swim test. Results are expressed as mean ± S.E.M.
p < 0.02 (**) by two-tailed unpaired t-test.

Fig. 2. Behavioral profile of aged neuropeptide Y (NPY)
Y2–/– [Y2 knockout] and Y2+/+ [Y2 wild-type] mice in the open
field. Results are expressed as mean ± S.E.M. of entries into
central area (A), time spent in central area (B), and total
crossings (C). p < 0.0001 (***) by two-tailed unpaired t-test.

test without changes in locomotor activity (Redrobe
et al., 2003). These findings were confirmed independently using the open field, elevated plus-maze,
and light-dark compartment test (Tschenett et al.,
2003). An increase in locomotor activity was observed
in the open field when mice were tested with light
but not when tested in the dark (Tschenett et al., 2003).
The anxiolytic-like profile of the Y2-deficient mouse
was confirmed in 2-yr-old Y2 KO mice using the elevated plus-maze and open field test. In agreement
with the second study, an increase in locomotor activity in the open field was observed in NPY Y2 KO mice
compared with WT controls. This is most likely
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because NPY Y2 KO and WT control mice were tested
in the open field with light, rather than in the dark.
It was also shown previously that Y2 KO mice displayed approximately three times less immobility
in the forced swim test compared with WT controls,
indicating a stronger ability to cope with stress
(Tschenett et al., 2003). The results of this study also
reveal that 2-yr-old NPY Y2 receptor subtype KO
mice had lower immobility scores in the forced swim
test compared with WT control mice. Together, these
studies support the antidepressant-like properties
of NPY and the Y2 receptor subtype.
The results of this study confirm that NPY has a
significant role in emotional behavior throughout
the life span of an animal model. NPY Y2 KO mice
had a similar emotional profile when tested at both
a young and senescent age. Further support for NPY
as a neuromodulator in the regulation of anxietyrelated behaviors throughout life is provided by NPY
transgenic rats. Both young and old NPY transgenic
rats were resistant to acute physical restraint stress
measured by the elevated plus-maze (Thorsell et al.,
2000; Carvajal et al., 2004). Given the conflicting and
limited results concerning emotional behavior in
aged animals, these studies provide insight into the
regulation of anxiety- and depression-like behavior
by NPY during aging. For example, studies examining the anxiety profile of young vs aged animals
using the elevated plus-maze have yielded contradictory results. No change in anxiety levels between
young and old Long-Evans rats (Rowe et al., 1998)
or between 5- and 25-mo-old C57BL/6NIA mice
(Frick et al., 2000) has been found, although increased
anxiety levels were observed in aged Wistar rats
(Darwish et al., 2001; Boguszewski and Zagrodzka,
2002). In contrast to these studies, decreased anxiety
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levels have also been seen in aged animals. For
instance, aged Fisher rats had increased open arm
activity compared with young control animals in the
elevated plus-maze (Pisarska et al., 2000). A recent
study found lower anxiety levels in aged (24 mo)
Wistar rats compared with young (3 mo) rats that
were not subjected to any prior behavioral testing
(Torras-Garcia et al., 2005). However, the behavioral
profile of the aged animals in this study might be
attributable to the dietary restriction paradigm used
by the investigators to promote healthy aging in the
24-mo-old rats (Torras-Garcia et al., 2005). Given the
inconsistent findings of previous studies, additional
research on emotional behavior in aged animals is
essential.
Studies have shown that anxiety disorders are
highly prevalent in elderly patients (Beekman et al.,
1998). However, anxiety disorders in late life have
received less attention than the same disorders in
younger patients (Flint, 2005). Interestingly, depression with psychiatric comorbidity, particularly anxiety, has been found to be associated with greater
severity of depression and anxiety, poorer or delayed
response to antidepressants, functional impairment,
and decreased responsiveness to treatment (for
review, see Chisholm et al., 2003). In elderly patients,
high levels of comorbidity are found among major
depressive disorder and anxiety disorders (Lenze,
2003). Anxiety disorders such as generalized anxiety
disorder (GAD) and comorbid major depressive disorders are associated with increased severity (such
as suicidal thought and poorer functioning) and
diminished well-being (de Beurs et al., 1999). Furthermore, the most common lifetime pattern of
comorbidity was GAD preceding major depressive
disorder (Lenze et al., 2005). Depression is traditionally viewed as the manifestation of an inability
to cope with various lifetime stressors (Nestler et al.,
2002a, 2002b) and is presumably determined by
genetics. Consequently, NPY presents a novel
approach in the search for effective antidepressant
treatment strategies given its significant role in both
anxiety and depression-related behaviors.
The interaction between corticotropin-releasing
factor (CRF) and NPY has been proposed as a means
by which emotional behavior is regulated (for review,
see Sajdyk et al., 2004). In contrast to the anxiolyticlike effects of NPY (Kask et al., 2002), evidence exists
that CRF has significant anxiogenic-like effects in
animal models (Contarino and Gold, 2002; Lin et al.,
2004). For example, icv administration of CRF increases
anxiety-like behavior in the elevated plus-maze, and
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CRF antagonists can block the behavioral effects of
a stress challenge (Menzaghi et al., 1994). The
anxiogenic-like role of CRF has been confirmed in
studies using CRF-overexpressing and CRF KO mice
(Stenzel-Poore et al., 1994; Muglia et al., 1995). It has
been shown that NPY can counteract the anxiogeniclike effect of CRF in the hippocampus (Kagamiishi
et al., 2003), hypothalamus (Hastings et al., 2001),
locus coeruleus (Charney, 2004), periaqueductal gray
(Kask et al., 1998; Charney, 2004), and the septal
nucleus (Kask et al., 2001). Moreover, deletion of Y2
receptors causes a 60% reduction in CRF mRNA
expression (Sainsbury et al., 2002), which might contribute to the anxiolytic-like behavior of NPY Y2
receptor KO mice (Tschenett et al., 2003). Interestingly, a lower level of CRF mRNA expression in the
amygdala of 12- and 24-mo-old rats compared with
that in young 4-mo-old rats is associated with
decreased anxiety-like behavior in the aged animals
(Pisarska et al., 2000). Additional studies are required
to fully explore the interaction between CRF and
NPY in aged animals.
Overall, these data provide further evidence that
the NPY system offers an attractive target for drug
development. Small molecule antagonists of the NPY
Y2 receptor subtype are potential drug targets for the
treatment of anxiety and mood disorders in both
young and elderly human subjects.

Acknowledgments
This work was supported by the Canadian Institutes for Health Research (CIHR).

References
Antonijevic I. A., Murck H., Bohlhalter S., Frieboes R. M.,
Holsboer F., and Steiger A. (2000) Neuropeptide Y
promotes sleep and inhibits ACTH and cortisol release
in young men. Neuropharmacology 39, 1474–1481.
Baldock P. A., Sainsbury A., Couzens M., Enriquez R. F.,
Thomas G. P., Gardiner E. M., and Herzog H. (2002)
Hypothalamic Y2 receptors regulate bone formation.
J. Clin. Invest. 109, 915–921.
Beekman A. T., Bremmer M. A., Deeg D. J., van Balkom
A. J., Smit J. H., de Beurs E., et al. (1998) Anxiety disorders in later life: a report from the Longitudinal Aging
Study, Amsterdam. Int. J. Geriatr. Psychiatry. 13, 717–726.
Boguszewski P. and Zagrodzka J. (2002) Emotional
changes related to age in rats—a behavioral analysis.
Behav. Brain Res. 133, 323–332.
Britton K. T., Southerland S., Van Uden E., Kirby D., Rivier
J., and Koob G. (1997) Anxiolytic activity of NPY receptor agonists in the conflict test. Psychopharmacology
(Berl.) 132, 6–13.

Volume 28, 2006

35_jmn28_3_Quirion

3/16/06

6:43 PM

Page 244

244
Broqua P., Wettstein J. G., Rocher M. N., Gauthier-Martin
B., and Junien J. L. (1995) Behavioral effects of neuropeptide Y receptor agonists in the elevated plus-maze
and fear-potentiated startle procedures. Behav. Pharmacol. 6, 215–222.
Carvajal C. C., Vercauteren F., Dumont Y., Michalkiewicz
M., and Quirion R. (2004) Aged neuropeptide Y transgenic rats are resistant to acute stress but maintain spatial and non-spatial learning. Behav. Brain Res. 153,
471–480.
Chan-Palay V., Allen Y. S., Lang W., Haesler U., and Polak
J. M. (1985) Cytology and distribution in normal human
cerebral cortex of neurons immunoreactive with antisera against neuropeptide Y. J. Comp Neurol. 238, 382–389.
Chan-Palay V., Kohler C., Haesler U., Lang W., and Yasargil
G. (1986) Distribution of neurons and axons immunoreactive with antisera against neuropeptide Y in the
normal human hippocampus. J. Comp Neurol. 248,
360–375.
Charney D. S. (2004) Psychobiological mechanisms of
resilience and vulnerability: implications for successful adaptation to extreme stress. Am. J. Psychiatry 161,
195–216.
Chisholm D., Diehr P., Knapp M., Patrick D., Treglia M.,
and Simon G. (2003) Depression status, medical comorbidity and resource costs. Evidence from an international study of major depression in primary care
(LIDO). Br. J. Psychiatry 183, 121–131.
Chronwall B. M., DiMaggio D. A., Massari V. J., Pickel V. M.,
Ruggiero D. A., and O’Donohue T. L. (1985) The
anatomy of neuropeptide-Y-containing neurons in rat
brain. Neuroscience 15, 1159–1181.
Colmers W. F. and El Bahh B. (2003) Neuropeptide Y and
epilepsy. Epilepsy Curr. 3, 53–58.
Contarino A. and Gold L. H. (2002) Targeted mutations
of the corticotropin-releasing factor system: effects on
physiology and behavior. Neuropeptides 36, 103–116.
Darwish M., Koranyi L., Nyakas C., and Almeida O. F.
(2001) Exposure to a novel stimulus reduces anxiety
level in adult and aging rats. Physiol. Behav. 72, 403–407.
de Beurs E., Beekman A. T., van Balkom A. J., Deeg D. J.,
van Dyck R., and van Tilburg W. (1999) Consequences
of anxiety in older persons: its effect on disability, wellbeing and use of health services. Psychol. Med. 29,
583–593.
Dumont Y., Cadieux A., Doods H., Pheng L. H., Abounader
R., Hamel E., et al. (2000) BIIE0246, a potent and highly
selective non-peptide neuropeptide Y Y(2) receptor
antagonist. Br. J. Pharmacol. 129, 1075–1088.
Dumont Y., Fournier A., St Pierre S., and Quirion R. (1993)
Comparative characterization and autoradiographic
distribution of neuropeptide Y receptor subtypes in the
rat brain. J. Neurosci. 13, 73–86.
Flint A. J. (2005) Anxiety and its disorders in late life: moving
the field forward. Am. J. Geriatr. Psychiatry 13, 3–6.
Frick K. M., Burlingame L. A., Arters J. A., and BergerSweeney J. (2000) Reference memory, anxiety and
estrous cyclicity in C57BL/6NIA mice are affected by
age and sex. Neuroscience 95, 293–307.

Journal of Molecular Neuroscience

Carvajal et al.
Gehlert D. R. (1994) Subtypes of receptors for neuropeptide Y: implications for the targeting of therapeutics.
Life Sci. 55, 551–562.
Handley S. L. and McBlane J. W. (1993) An assessment of
the elevated X-maze for studying anxiety and anxietymodulating drugs. J. Pharmacol. Toxicol. Methods 29,
129–138.
Hastings J. A., McClure-Sharp J. M., and Morris M. J. (2001)
NPYY1 receptors exert opposite effects on corticotropin
releasing factor and noradrenaline overflow from the
rat hypothalamus in vitro. Brain Res. 890, 32–37.
Heilig M., Vecsei L., and Widerlov E. (1989) Opposite
effects of centrally administered neuropeptide Y (NPY)
on locomotor activity of spontaneously hypertensive
(SH) and normal rats. Acta Physiol. Scand. 137, 243–248.
Husum H., Mikkelsen J. D., and Mork A. (1998) Extracellular levels of neuropeptide Y are markedly increased
in the dorsal hippocampus of freely moving rats during
kainic acid-induced seizures. Brain Res. 781, 351–354.
Jolicoeur F. B., Bouali S. M., Fournier A., and St Pierre S.
(1995) Mapping of hypothalamic sites involved in the
effects of NPY on body temperature and food intake.
Brain Res. Bull. 36, 125–129.
Kagamiishi Y., Yamamoto T., and Watanabe S. (2003) Hippocampal serotonergic system is involved in anxietylike behavior induced by corticotropin-releasing factor.
Brain Res. 991, 212–221.
Kask A., Harro J., von Horsten S., Redrobe J. P., Dumont
Y., and Quirion R. (2002) The neurocircuitry and receptor subtypes mediating anxiolytic-like effects of neuropeptide Y. Neurosci. Biobehav. Rev. 26, 259–283.
Kask A., Nguyen H. P., Pabst R., and von Horsten S. (2001)
Neuropeptide YY1 receptor-mediated anxiolysis in the
dorsocaudal lateral septum: functional antagonism of
corticotropin-releasing hormone-induced anxiety. Neuroscience 104, 799–806.
Kask A., Rago L., and Harro J. (1998) NPY Y1 receptors in
the dorsal periaqueductal gray matter regulate anxiety
in the social interaction test. Neuroreport 9, 2713–2716.
Larhammar D. (1996) Evolution of neuropeptide Y, peptide YY and pancreatic polypeptide. Regul. Pept. 62, 1–11.
Larhammar D. and Salaneck E. (2004) Molecular evolution of NPY receptor subtypes. Neuropeptides 38,
141–151.
Larhammar D., Blomqvist A. G., and Soderberg C. (1993)
Evolution of neuropeptide Y and its related peptides.
Comp. Biochem. Physiol. C. 106, 743–752.
Lenze E. J. (2003) Comorbidity of depression and anxiety
in the elderly. Curr. Psychiatry Rep. 5, 62–67.
Lenze E. J., Mulsant B. H., Mohlman J., Shear M. K., Dew
M. A., Schulz R., et al. (2005) Generalized anxiety disorder in late life: lifetime course and comorbidity with
major depressive disorder. Am. J. Geriatr. Psychiatry 13,
77–80.
Lin S., Boey D., and Herzog H. (2004) NPY and Y receptors: lessons from transgenic and knockout models.
Neuropeptides 38, 189–200.
Menzaghi F., Howard R. L., Heinrichs S. C., Vale W., Rivier
J., and Koob G. F. (1994) Characterization of a novel

Volume 28, 2006

35_jmn28_3_Quirion

3/16/06

6:43 PM

Page 245

Behavior in Aged NPY Y2 KO Mice
and potent corticotropin-releasing factor antagonist in
rats. J. Pharmacol. Exp. Ther. 269, 564–572.
Michalkiewicz M., Michalkiewicz T., Kreulen D. L., and
McDougall S. J. (2001) Increased blood pressure
responses in neuropeptide Y transgenic rats. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 281, R417–R426.
Michel M. C., Beck-Sickinger A., Cox H., Doods H. N.,
Herzog H., Larhammar D., et al. (1998) XVI. International Union of Pharmacology recommendations for
the nomenclature of neuropeptide Y, peptide YY, and
pancreatic polypeptide receptors. Pharmacol. Rev. 50,
143–150.
Muglia L., Jacobson L., Dikkes P., and Majzoub J. A. (1995)
Corticotropin-releasing hormone deficiency reveals
major fetal but not adult glucocorticoid need. Nature
373, 427–432.
Nestler E. J., Barrot M., DiLeone R. J., Eisch A. J., Gold
S. J., and Monteggia L. M. (2002a) Neurobiology of
depression. Neuron 34, 13–25.
Nestler E. J., Gould E., Manji H., Buncan M., Duman
R. S., Greshenfeld H. K., et al. (2002b) Preclinical models:
status of basic research in depression. Biol. Psychiatry
52, 503–528.
Palmiter R. D., Erickson J. C., Hollopeter G., Baraban
S. C., and Schwartz M. W. (1998) Life without neuropeptide Y. Recent Prog. Horm. Res. 53, 163–199.
Parker R. M. and Herzog H. (1999) Regional distribution
of Y-receptor subtype mRNAs in rat brain. Eur. J. Neurosci. 11, 1431–1448.
Pellow S., Chopin P., File S. E., and Briley M. (1985) Validation of open:closed arm entries in an elevated plusmaze as a measure of anxiety in the rat. J. Neurosci.
Methods 14, 149–167.
Pich E. M., Agnati L. F., Zini I., Marrama P., and Carani
C. (1993) Neuropeptide Y produces anxiolytic effects
in spontaneously hypertensive rats. Peptides 14,
909–912.
Pisarska M., Mulchahey J. J., Welge J. A., Geracioti T. D.
Jr., and Kasckow J. W. (2000) Age-related alterations in
emotional behaviors and amygdalar corticotropinreleasing factor (CRF) and CRF-binding protein expression in aged Fischer 344 rats. Brain Res. 877, 184–190.
Porsolt R. D., Le Pichon M., and Jalfre M. (1977) Depression: a new animal model sensitive to antidepressant
treatments. Nature 266, 730–732.
Redrobe J. P., Dumont Y., and Quirion R. (2002a) Neuropeptide Y (NPY) and depression: from animal studies
to the human condition. Life Sci. 71, 2921–2937.
Redrobe J. P., Dumont Y., Fournier A., and Quirion R.
(2002b) The neuropeptide Y (NPY) Y1 receptor subtype
mediates NPY-induced antidepressant-like activity in
the mouse forced swimming test. Neuropsychopharmacology 26, 615–624.
Redrobe J. P., Dumont Y., Herzog H., and Quirion R. (2003)
Neuropeptide Y (NPY) Y2 receptors mediate behav-

Journal of Molecular Neuroscience

245
iour in two animal models of anxiety: evidence from
Y2 receptor knockout mice. Behav. Brain Res. 141,
251–255.
Rowe W. B., Spreekmeester E., Meaney M. J., Quirion R.,
and Rochford J. (1998) Reactivity to novelty in cognitively-impaired and cognitively-unimpaired aged rats
and young rats. Neuroscience 83, 669–680.
Sainsbury A., Schwarzer C., Couzens M., Fetissov S.,
Furtinger S., Jenkins A., et al. (2002) Important role of
hypothalamic Y2 receptors in body weight regulation
revealed in conditional knockout mice. Proc. Natl. Acad.
Sci. U. S. A. 99, 8938–8943.
Sajdyk T. J., Shekhar A., and Gehlert D. R. (2004) Interactions between NPY and CRF in the amygdala to regulate emotionality. Neuropeptides 38, 225–234.
Smith-White M. A., Herzog H., and Potter E. K. (2002)
Role of neuropeptide Y Y(2) receptors in modulation
of cardiac parasympathetic neurotransmission. Regul.
Pept. 103, 105–111.
Song C., Earley B., and Leonard B. E. (1996) The effects of
central administration of neuropeptide Y on behavior,
neurotransmitter, and immune functions in the olfactory bulbectomized rat model of depression. Brain
Behav. Immun. 10, 1–16.
Stenzel-Poore M. P., Heinrichs S. C., Rivest S., Koob G. F.,
and Vale W. W. (1994) Overproduction of corticotropinreleasing factor in transgenic mice: a genetic model of
anxiogenic behavior. J. Neurosci. 14, 2579–2584.
Stogner K. A. and Holmes P. V. (2000) Neuropeptide-Y
exerts antidepressant-like effects in the forced swim
test in rats. Eur. J. Pharmacol. 387, R9–R10.
Tatemoto K., Carlquist M., and Mutt V. (1982) Neuropeptide Y—a novel brain peptide with structural similarities to peptide YY and pancreatic polypeptide.
Nature 296, 659–660.
Thorsell A. and Heilig M. (2002) Diverse functions of
neuropeptide Y revealed using genetically modified
animals. Neuropeptides 36, 182–193.
Thorsell A., Michalkiewicz M., Dumont Y., Quirion R.,
Caberlotto L., Rimondini R., et al. (2000) Behavioral
insensitivity to restraint stress, absent fear suppression
of behavior and impaired spatial learning in transgenic
rats with hippocampal neuropeptide Y over expression.
Proc. Natl. Acad. Sci. U. S. A. 97, 12,852–12,857.
Torras-Garcia M., Costa-Miserachs D., Coll-Andreu M.,
and Portell-Cortes I. (2005) Decreased anxiety levels
related to aging. Exp. Brain Res.64(2), 177–184.
Tschenett A., Singewald N., Carli M., Balducci C., Salchner P., Vezzani A., et al. (2003) Reduced anxiety and
improved stress coping ability in mice lacking NPY-Y2
receptors. Eur. J. Neurosci. 18, 143–148.
Wahlestedt C., Yanaihara N., and Hakanson R. (1986) Evidence for different pre-and post-junctional receptors
for neuropeptide Y and related peptides. Regul. Pept.
13, 307–318.

Volume 28, 2006

