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NCREASED NOVELTY-INDUCED MOTOR ACTIVITY AND REDUCED
EPRESSION-LIKE BEHAVIOR IN NEUROPEPTIDE Y (NPY)–Y4

ECEPTOR KNOCKOUT MICE
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bstract—There is growing evidence that neuropeptide Y
NPY) acting through Y1 and Y2 receptors has a prominent
ole in modulating anxiety- and depression-like behavior in
odents. However, a role of other Y-receptors like that of Y4
eceptors in this process is poorly understood. We now in-
estigated male Y2, Y4 single and Y2/Y4 double knockout
ice in behavioral paradigms for changes in motor activity,

nxiety and depression-like behavior. Motor activity was in-
reased in Y2, Y4 and Y2/Y4 knockout mice under changing
nd stressful conditions, but not altered in a familiar environ-
ent. Y4 and Y2 knockout mice revealed an anxiolytic phe-
otype in the light/dark test, marble burying test and in
tress-induced hyperthermia, and reduced depression-like
ehavior in the forced swim and tail suspension tests. In
2/Y4 double knockout mice, the response in the light/dark

est and in the forced swim test was further enhanced com-
ared with Y4 and Y2 knockout mice, respectively. High levels
f Y4 binding sites were observed in brain stem nuclei including
ucleus of solitary tract and area postrema. Lower levels were

ound in the medial amygdala and hypothalamus. Peripheral
dministration of pancreatic polypeptide (PP) induced Y4 recep-
or-dependent c-Fos expression in brain stem, hypothalamus
nd amygdala. PP released peripherally from the pancreas in
esponse to food intake, may act not only as a satiety signal but
lso modulate anxiety-related locomotion. © 2009 IBRO. Pub-
ished by Elsevier Ltd. All rights reserved.

ey words: pancreatic polypeptide, neuropeptide Y, anxiety,
epression, amygdala, area postrema.

ancreatic polypeptide (PP) is a 36 amino acid hormone,
hich is predominantly synthesized in type F islet cells of

he pancreas (Berglund et al., 2003). Like neuropeptide Y
NPY) and peptide YY (PYY) it belongs to the so-called
P-fold peptide family (Berglund et al., 2003; Larhammar,
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3200.
-mail addresses: ramon.tasan@i-med.ac.at (R. O. Tasan), guenther.
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bbreviations: ANOVA, analysis of variance; Fos-IR, c-Fos-like immu-
oreactivity; KO, knockout; NPY, neuropeptide Y; PBS, phosphate-
a
uffered saline; PCR, polymerase chain reaction; PP, pancreatic
olypeptide; PYY, peptide YY.
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996). Several Gi/o coupled receptors (Y1, Y2, Y4, Y5, y6)
Michel et al., 1998) are mediating actions of these pep-
ides. Those of PP may be preferentially transduced by Y4
eceptors (Berglund et al., 2001; Gehlert et al., 1996).

Whereas high Y4 mRNA concentrations are present in
he peripheral tissues, they are considerably lower in the
rain (Bard et al., 1995; Lundell et al., 1997). PP is re-

eased into the circulation through a cholinergic, vagus-
ependent mechanism upon ingestion of food, and con-
ecutively regulates pancreas and gastric secretion, gall-
ladder contraction and gastrointestinal motility (Asakawa
t al., 1999). In mammalians, the distribution of the Y4
eceptor has been investigated in brains of the rat and
armoset so far (Dumont et al., 1998). In the rat, Y4

eceptors are primarily concentrated in the hypothalamus
nd in the brain stem (Fetissov et al., 2004; Lundell et al.,
997; Whitcomb et al., 1997). Data on Y4 receptor distri-
ution in the mouse brain are not yet available.

In spite of their low abundance in the CNS, Y4 recep-
ors seem to be involved in the regulation of metabolic
rocesses. Thus, Y4 receptor knockout (KO) mice re-
ealed signs of reduced weight gain, altered expression of
onadotropin-releasing hormone as well as increased
ale aggressive behavior (Asakawa et al., 2003; Sains-
ury et al., 2002b, 2003). Furthermore, NPY another mem-
er of the PP-fold peptide family that is most abundantly
xpressed in neurons of the CNS exerts strong regulatory
ffects in emotion-related behaviors in rodents involving
1 and Y2 receptors. Pressure injection of NPY and of Y1

eceptor agonists, produced pronounced anxiolytic and
ntidepressant-like effects, notably in the amygdaloid nu-
lei (Heilig et al., 1993; Kask et al., 2002; Redrobe et al.,
002), whereas injection of Y2 receptor agonists into the
asolateral amygdala was anxiogenic (Sajdyk et al., 2002).

We and others demonstrated that deletion of Y2 recep-
ors results in pronounced anxiolytic and antidepressant-
ike effects (Carvajal et al., 2006; Redrobe et al., 2003;
schenett et al., 2003). Recently Painsipp et al. (2008)
emonstrated an anxiolytic and anti-depressant-like effect
f Y4 receptor deletion in female mice.

In our present study we investigated male Y4 KO mice
or changes in anxiety-like behavior in the elevated plus
aze (Pellow et al., 1985; Lister, 1987; Rodgers and Dalvi,
997)and the light/dark box (Bourin and Hascoet, 2003;
rawley and Goodwin, 1980) and depression-like behavior

n the forced swim test (Lucki, 1997; Petit-Demouliere et
l., 2005; Porsolt et al., 1977) and tail suspension test
Cryan et al., 2005; Steru et al., 1985). In addition, basal

nd novelty-induced locomotor activity were examined by
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ome-cage activity and in the open field test (Hall, 1934;
rut and Belzung, 2003), respectively. For differentiating
nxiolytic-like behavior from changes in novelty-induced

ocomotor activity, we additionally used stress-induced hy-
erthermia (Borsini et al., 1989; Lecci et al., 1990; Olivier
t al., 2003; Van der Heyden et al., 1997) and the marble
urying test (Borsini et al., 2002; Broekkamp et al., 1986;
icolas et al., 2006; Njung’e and Handley, 1991; Xu et al.,
004), that are independent or even inversely dependent on
otor activity, respectively. In the marble burying test, selec-

ive suppression of marble burying is suggested to correlate
ith anxiolytic behavior (Borsini et al., 2002; Xu et al., 2004).
urthermore, for investigating whether effects of Y4 deletion
re dependent or independent of Y2 receptor-mediated
echanisms, we conducted these behavioral tests concom-

tantly in Y2 single-KO and Y2/Y4 double-KO mice.
For identifying possible anatomical sites integrating

hanges in emotional motor behaviors, we studied for the
rst time the distribution of Y4 receptors by receptor bind-
ng autoradiography in the mouse brain. Since in this study
e observed high concentrations of Y4 receptors in brain
reas accessible to peripheral blood circulation, such as
he area postrema, we also investigated in wild-type and
4 KO mice the effect of i.p. injection of PP on c-Fos
xpression in the brain.

EXPERIMENTAL PROCEDURES

nimals

ll experiments were conducted with adult male mice (10–16
eeks old, weighing 25–30 g) maintained on a C57BL/6-129SvJ
ackground. They were housed in groups of three to five animals
nder standard laboratory conditions (12-h light/dark cycle, lights
eing on at 07:00 h, food and water ad libitum). Generation of Y2,
4 and Y2/Y4 KO animals has been described in detail previously

Sainsbury et al., 2002a,b). In brief, chimeric conditional-KO
oxed mice (Y2lox/lox or Y4lox/lox) were crossed with oocyte-specific
re-recombinase expressing C57BL/6 mice (Schwenk et al.,
995). Non-induced Y2lox/lox and Y4lox/lox mice were used as
ontrols for Y2 KO and Y4 KO mice, respectively (see also below).
s shown previously and verified in our present experiments, the
henotype of these controls did not differ from wild-type mice of
he mixed C57BL/6-129SvJ background (Sainsbury et al., 2002a).
eletion of Y2 and Y4 receptors was confirmed in all mice used for

he experiment by polymerase chain reaction (PCR) and agarose
el electrophoresis and demonstrated by in situ hybridization and
eceptor autoradiography (human (h) [125I]-PYY3-36 for Y2 recep-
ors, rat (r) [125I]-PP for Y4 receptors) for randomly selected mice.

enotyping

enotypes of the mice were monitored as described previously
Sainsbury et al., 2002a). In brief, PCR was performed using the
ollowing primers for the Y2 receptor oligo-Y2C (5= TTA ACA TCA
CT GGC CTA GC 3=), oligo-Y2D (5=GGA AGT CAC CAA CTA
AA TGG 3=), oligo-Y2E (5= AGC ATC CAG AGA AGT GCA AC
=) and for the Y4 receptor oligo-Y4A (5= ATC CTT CCT GCC TCT
TG 3=), oligo-Y4B (5= GGA TAA TAC CAG CAT GGC 3=), oligo-
4C (5= GCA TCT GTA CTG AGT GGC 3=), with 40 cycles of
4 °C for 45 s, 59 °C for 45 s and 72 °C for 45 s. DNA was loaded
n a 2% agarose gel. Ethidium bromide–labeled bands were
valuated under UV light and monitored with a concomitantly run
ize marker. Using a combination of oligo-Y2C and oligo-Y2D or

ligo-Y4A and oligo-Y4B a floxed DNA sequence (Y2lox/lox mice: A
and corresponding to 365 bp; Y4lox/lox: 210 bp) and a sequence
orresponding to the intact Y2 or Y4 receptor gene could be
etected (Y2 wild-type mice: 330 bp; Y4 wild-type mice: 350 bp),
hereas oligo-Y2C and oligo-Y2E or oligo-Y4A and oligo-Y4C
ere used to demonstrate the deletion of the Y2 receptor or Y4

eceptor, respectively (Y2 KO mice: 250 bp; Y4 KO mice: 290 bp);
for details see (Sainsbury et al., 2002a,b).

ehavioral experiments

rocedures involving animals and their care were conducted in con-
ormity with international laws and policies (EEC Council Directive
6/609, OJ L 358, 1, December 12, 1987; Guide for the Care and
se of Laboratory Animals, U.S. National Research Council, 1996).
hey were approved by the Austrian Ministry of Science. All efforts
ere taken to minimize the number of animals used and their suf-

ering. Prior to behavioral testing all animals were allowed to habitu-
te to the test room for at least 24 h. All behavioral tests (except
tress-induced hyperthermia) were conduced between 08:00 and
2:00. The respective setups had been validated pharmacologically

n-house before. Behavioral testing was performed in groups of 8 to
0 mice per genotype and always replicated in separate experiments
sing naïve cohorts of mice. In all cases experiments revealed the
ame outcome of behavioral changes. In the initial set of experi-
ents, Y4 and Y2 KO mice were compared with their respective

ontrols (Y4lox/lox, Y2lox/lox mice, respectively are referred to as “con-
rols”). The floxed mice (Y4lox/lox, Y2lox/lox) were considered as the
ost appropriate controls, since KO mice used for the study were
erived from these strains. In the repetition experiments, Y4 and
2/Y4, or Y2 and Y2/Y4 KO were tested against control mice. In
eparate experiments Y2lox/lox and Y4lox/lox mice were also compared
ith WT mice on the same mixed background and no difference
etween controls (Y4lox/lox, Y2lox/lox) and WT mice was observed in
ny of the performed tests (data not shown). All experiments were
one in a blinded and randomized fashion. The genotype of all mice
as verified after each experiment.

ests of motor activity

Home cage activity. Activity measurements were performed
n the home cage of mice for 60 h. Mice were single-housed in
tandard cages with food and water ad libitum. Movements of the
ice were determined by an infrared sensor throughout light and
ark phases (TSE LabMaster InfraMot, TSE Systems, Bad Hom-
urg, Germany). After a 24 h acclimatization period, cumulative
ctivity measurements were evaluated in the subsequent 24 h pe-
iod. Our setting allowed concomitant testing of four KO mice and
our controls. Testing was performed during the weekend to avoid
ny disturbance. Data obtained at two successive weekends were
ooled for final evaluation of home cage behavior.

Open field test. The open field test was conducted as pre-
iously described (Tschenett et al., 2003). The setup for the open
eld test consisted of four individual gray plastic boxes (50�
0�30 cm) illuminated with 150 lux. Boxes were arranged in a
quare and two controls and two KO mice were tested simulta-
eously. Analysis was done using the VideoMot2 system (TSE
ystems). For evaluation of motor behavior each box was virtually
ivided in a 34�34 center zone, and a surrounding 8 cm border
elt. KO mice and controls were placed individually into the center
f a box and their behavior was tracked for 10 min.

ests of anxiety

Elevated plus maze. The elevated plus maze was per-
ormed as previously described (Pellow et al., 1985; Lister, 1987).
he apparatus was obtained from TSE Systems. It consisted of an
levated plus (74 cm above the floor) with two opposing open
rms (30�5 cm) and two opposing closed arms (30�5�14 cm).

t the beginning mice were placed on the center platform
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5�5 cm) facing an open arm. Illumination of the open arms was
0 lux. Testing time was 5 min and arm entry was defined when
he mouse had placed all four paws into an arm. Analysis was
erformed by a VideoMot2 system (TSE Systems).

Light/dark test. For the light/dark test we followed the pro-
edure described by Crawley and Goodwin (1980). The apparatus
onsisted of a dark plastic compartment covering 1/3 (16�50 cm)
nd a bright compartment covering 2/3 (34�50 cm) of the testing
rea. The two parts were connected by a central opening
7�7 cm) on floor level. Illumination in the light compartment was
00 lux, that of the dark compartment 1 lux. Mice were placed

ndividually into the dark compartment facing away from the open-
ng. The behavior of each mouse was then tracked for 10 min and
nalyzed by VideoMot2 system (TSE Systems).

Stress-induced hyperthermia. The test was performed be-
ween 13:30 and 15:00 h. Mice were carried to the experimental
oom and put individually into holding cages. After an adaptation
eriod of 90 min basal temperature was obtained with a rectal
ouse probe (Van der Heyden et al., 1997). The probe was
.5 mm in diameter and inserted 20 mm into the mouse rectum,
hile the animal was gently restrained manually. Before insertion

he probe was dipped into silicone cream and maintained in the
ectum until stable values were obtained (20 s). Temperature was
easured to the nearest 0.1 °C (Omega HH147 RS-232, Newport
lectronics GmbH, Deckenpfronn, Germany). After 10 min the
econd value was determined to calculate the stress-induced
yperthermia (�T�T2�T1).

Defensive marble burying. Mice were kept in the experi-
ental room for adaptation for at least 120 min (Njung’e and
andley, 1991). The experimental setup consisted of polyethylene
ages (38�22�16 cm) containing 24 glass marbles (1.5 cm di-
meter) evenly spaced on 5 cm deep rodent sawdust bedding.
he cage was closed with an even metal grid on top of which an

nfrared sensor was mounted for activity measurements. No food
r water was present during the 30 min observation period. At the
nd of the experiment all marbles covered at least two-thirds by
awdust were determined. Motor activity was recorded using an
nfrared sensor (TSE LabMaster InfraMot, TSE Systems) during
he whole test.

ests of depression-like behavior

Porsolt’s forced swim test. The forced swim test was con-
ucted as described previously (Petit-Demouliere et al., 2005;
orsolt et al., 1977). In brief, mice were placed in an open glass
ylinder (diameter 12 cm, height 24 cm, water level 16 cm) con-
aining fresh tap water of 23–25 °C. The duration of the test was

min. The last 4 min were analyzed in 1 min bins. Floating was
efined when the mouse performed only those movements re-
uired to keep its head above the water surface. The test was
ideotaped and evaluated by two different experimenters blind to
he genotype of the mice.

Tail suspension test. The tail suspension test was performed
s described previously (Mayorga and Lucki, 2001; Steru et al.,
985). Mice were suspended by the tail to a bar in a box open to the
amera at the front (28�28�40 cm) and the behavior was recorded
or a 6 min period. The experiment was evaluated independently by
wo trained observers blind to the genotype of the mice. Immobility
as defined as the absence of limb movement.

istochemical methods

In situ hybridization for Y2 receptors. Mice were killed by
xposure to CO2 gas. Brains were rapidly removed and frozen by

mmersion in �70 °C isopentane (Merck, Darmastadt, Germany).
oronal 20 �m sections were cut using a cryostat-microtome (Carl

eiss AG, Vienna, Austria), and thaw-mounted on adhesive, si- F
ane-coated slides. These sections were either used for in situ
ybridization or receptor autoradiography.

In situ hybridization of Y2 receptor mRNA was done essen-
ially as described previously (Schwarzer et al., 1998). Two oligo-
ucleotides complementary to nucleotides 711–762: 5=GCT CTC
AG GTG GTA GAC AAT GCA ACG ATG GCG GTC CAG AGC
AT GAC TGT C 3= and 1415–1458: 5= CCA TGT GCT TTC ACA
CT GTG TCC TTA CAC ATT GGT AGC CTC CG 3=) of the
ouse Y2 receptor were labeled with [35S]thio-dATP by de-
xynucleotidyltranferase (Roche, Mannheim, Germany). Sections
ere incubated concomitantly with both 35S-labeled oligonucleo-

ides for 18 h and then washed stringently and exposed to Biomax
lms (Kodak, France).

Receptor autoradiographies for Y2 and Y4 receptors. For
2 and Y4 receptor autoradiographies [125I]hPYY3-36 and [125I]rPP
ere used as radioligands, respectively. Assays were performed as
escribed previously (Furtinger et al., 2001). rPP and hPYY3-36 were
reshly radiolabeled using the chloramine-T method and purified by
igh performance liquid chromatography. Coronal 20 �m sections
see above) from control and Y4 KO mouse brains were preincu-
ated in 200 ml modified Krebs-Henseleit buffer (in mM: 118 NaCl,
.8 KCl, 1.3 MgSO4, 1.2 CaCl2, 1.2 KH2PO4, 15 NaHCO3, 50 glu-
ose, 10 Tris–HCl, pH 7.4) for 60 min at room temperature. Incuba-
ion was performed in Hellendahl jars with 50 ml of the same buffer
upplemented with 0.1% bovine serum albumin and 0.05% bacitra-
in and 50 pM of the respective radioligand for 120 min. For termi-
ation of the reaction sections were dipped twice in ice cold Krebs-
enseleit buffer, washed 30 s in the same buffer, dipped in deionized

ce cold water and rapidly dried under a stream of cold air. The slides
abeled with [125I]hPYY3-36 and [125I]rPP were then exposed to Bi-
max films (Kodak) for 7 and 21 days, respectively. Unspecific bind-

ng was determined by incubating subsequent sections in the pres-
nce of 1 �M NPY.

-Fos expression in the amygdala after peripherally
pplied PP

Injections of PP. Twelve wild type and eight Y4 KO mice,
asted overnight, were injected i.p. with PP (1.0 mg/kg) or vehicle
phosphate-buffered saline, PBS) in a volume of 1 ml/kg between
0:00–12:00. At 30 min and 90 min after i.p. injection mice were
eeply anesthetized with ketamine/xylazine (100 mg/kg and
0 mg/kg from Parke Davis-Pfizer, Sydney, Australia and Bayer AG,
everkusen, Germany, respectively) and perfused via the left ventri-
le with 25 ml PBS following by ice-cold 4% paraformaldehyde in
BS. Brains were immediately removed and placed in 4% paraformal-
ehyde for 30 min then in PBS containing 30% sucrose overnight.

c-Fos immunohistochemistry. Coronal slices of 30 �m
hickness were mounted on slides and washed in 1% H2O2 in 50%
lcohol for 20 min to abolish endogenous peroxidase activity.
ections were incubated overnight at room temperature with the
rimary antibody, rabbit–anti-mouse c-Fos (Santa Cruz Biotechnol-
gy Inc., Santa Cruz, CA, USA), diluted at 1:4,000 in PBS containing
.1% Triton X-100. After three 10-min washes in PBS–Triton, sec-
ions were incubated with the biotinylated secondary anti-rabbit an-
ibody (Sigma-Aldrich, St. Louis, MO, USA), diluted 1:250 in PBS for

h. Sections were washed three times for 10 min each in PBS and
hen incubated with avidin–biotin–peroxidase Vectastain® (Vector
aboratories, Burlingame, CA, USA) for 30 min at room temperature.
ections were rinsed in PBS and treated with diaminobenzidine

Dako, Carpinteria, CA, USA) for 5 min. Slides were rinsed in water
nd dehydrated by passing them through increasing concentrations
f ethanol and then in xylene before mounting.

Quantification of c-Fos positive neurons. Sections were
creened for visualization of c-Fos-like immunoreactivity (Fos-IR)
eurons using an Axiophot microscope. In regions differences in

os-IR neurons were readily apparent, Fos-positive nuclei were



c
f
t
F
c
s
a
a

S

S
(
U
v
a
b
b
c
A
p

D

I
h
l
p
G
a
p
t
n
(
(
m
1
t
K

M

o
b
w
m
2
3
c
m
fi
r
b

h
fi
e
a
S
t

0
2
n
t
f
(
m
K
Y
d
i
w
0
1
a

A

c
a

F
m
n
o
Y
p
v
t

R. O. Tasan et al. / Neuroscience 158 (2009) 1717–17301720
ounted following the area outline. Every third section was counted
or each nucleus for quantification of Fos-IR neurons. According to
he atlas of mouse brain in stereotaxic coordinates by Paxinos and
ranklin (2001). The value represents an average of Fos-IR neurons
ells were based on relative size and dark stained nuclei. Compari-
ons were made between two groups stained at the same time. The
verage of cell counts in each nucleus was determined from both left
nd right sides, and then all groups were pooled for final analysis.

tatistical analysis

tatistical analysis was performed using GraphPad Prism software
Prism 4 for MacIntosh, GraphPad Software Inc., San Diego, CA,
SA). Effects of genotype was assessed by one-way analysis of
ariance (ANOVA) followed by Newman-Keuls test for post hoc
nalysis of group differences. Comparison of two groups was done
y Student’s t-test. All data for the analysis of c-Fos expression in the
rain were assessed by factorial ANOVA followed by Fisher’s or
ontrasts post hoc tests, using StatView version 4.5 or Super-
NOVA (Abacus Concepts Inc., CA, USA). Group data are ex-
ressed as mean�S.E.M. Statistical significance was set at P�0.05.

RESULTS

istribution of Y2 and Y4 receptors

n situ hybridization and receptor autoradiography revealed
igh levels of Y2 receptor mRNA and binding sites in various

imbic brain areas, notably in the amygdala and the hip-
ocampus, as previously described (Dumont et al., 1998;
ackenheimer et al., 2001; Parker and Herzog, 1999). In Y2
nd Y2/Y4 KO mice Y2 receptor was absent on mRNA and
rotein level (data not shown). As shown in Fig. 1, Y4 recep-
or binding was particularly enriched in different brain stem
uclei, like the nucleus of solitary tract, nucleus ambiguous
Fig. 1A), facial nucleus, area postrema and the inferior olive
Fig. 1B). Lower levels of Y4 receptors were present in the
edial amygdala and in the ventromedial hypothalamus (Fig.
F). The specificity of this binding was supported by the fact,
hat no signal was detected on sections from Y4 and Y2/Y4
O mice (Fig. 1C).

otor activity tests

Home cage activity. In order to assess general activity
f Y2, Y4 and Y2/Y4 receptor KO mice, we determined the
asal locomotion in the home cage. As shown in Fig. 2 there
as no effect of genotype in cumulative home cage activity
easured during 24 h (activity counts in thousands: Y2 KO:
0.85�2.28, control: 20.45�2.16, P�0.91; Y4 KO: 16.52�
.39, control: 17.26�1.87, P�0.85; Y2/Y4 KO: 16.52�2.90,
ontrol: 18.39�1.52, P�0.58, n�8/group) In contrast, Y4 KO
ice displayed a higher activity during the dark phase of the

rst 24 h, when compared with control animals. In Y2/Y4
eceptor KO mice, a second activity peak was observed
efore the onset of the light phase.

Open field test. The explorative drive and motor be-
avior in a novel environment was investigated in the open
eld paradigm (Fig. 3). Total distance, number of center
ntries and number of rearings were taken as parameters of
ctivity in an unfamiliar, potentially aversive environment.
tatistical analysis by one-way ANOVA indicated a geno-
ype-related difference in total distance (F2,52�34.75, P� r
.0001 for controls vs. Y2 and Y2/Y4 KO mice; F2,29�
2.66, P�0.0001 for controls vs. Y4 and Y2/Y4 KO mice),
umber of center entries (F2,52�18.75, P�0.0001 for con-
rols vs. Y2 and Y2/Y4 KO mice; F2,29�34.15, P�0.0001
or controls vs. Y4 and Y2/Y4 KO mice) and vertical activity
F2,52�3.42, P�0.0002 for controls vs. Y2 and Y2/Y4 KO
ice; F2,29�7.19, P�0.0028 for controls vs. Y4 and Y2/Y4
O mice). Post hoc analysis of the data revealed that Y2,
4 and Y2/Y4 KO mice displayed increased explorative
rive. Similarly all three groups of KO mice spent a signif-

cantly increased time in the center of the arena compared
ith controls, as revealed by ANOVA (F2,53�6.55, P�
.0001 for controls vs. Y2 and Y2/Y4 KO mice; F2,29�
4.00, P�0.0001 for controls vs. Y4 and Y2/Y4 KO mice)
nd post hoc test.

nxiety- and depression-related behaviors

Light/dark test. The light/dark test of anxiety indi-
ated anxiolytic phenotypes for all three KO lines, Y2, Y4
nd Y2/Y4 receptor KO mice (Fig. 4). All three groups of

ig. 1. Autoradiographs of [125I]rPP binding in coronal sections of the
ouse brain. High levels of PP binding sites were observed in the
ucleus of solitary tract (NTS), nucleus ambiguus (NA), the inferior
live (IO) and the area postrema (AP). (A, B) PP binding sites seen in
4 KO mice (C), moderate levels of Y4 receptors were observed in the
osteriordorsal division of the medial amygdala (MeA) and in the
entromedial hypothalamus (VMH). (F) In D and E Nissl-stained sec-
ions adjacent to those in A and F are depicted. Scale bars�1 mm.
eceptor KO mice showed an increased percentage of time
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pent in the light compartment (F2,23�7.50, P�0.0029 for
ontrols vs. Y2 and Y2/Y4 KO mice; F2,23�9.75, P�
.0008 for controls vs. Y4 and Y2/Y4 KO mice). Post hoc
nalysis revealed for Y4 KO mice (P�0.05) and Y2/Y4 KO
P�0.001) an increased time spent in the light compart-
ent compared with controls. Also the time spent in the

ight box by Y2/Y4 double KO (P�0.05) was increased
ompared with Y4 KO mice. The number of transitions was
igher (F2,23�6.90, P�0.0029 for controls vs. Y2 and Y2/Y4
O mice; F �7.56, P�0.0028 for controls vs. Y4 and

ig. 2. Home cage activity of Y4 KO, Y2 KO and Y2/Y4 double-KO
ifference in home cage activity between Y4 KO and Y4lox/lox mice in cu
as observed during the dark phase of the first 24 h (arrow). (B) No diffe
4 h home cage activity, but an increased agitation was seen during
isplayed identical home cage activity (number of animals per group:
2,23

2/Y4 KO mice), when compared with controls. The distance Y
raveled in the light compartment (Fig. 4B) was increased in
ll three groups of KO mice (F2,23�19.45, P�0.0001 for
ontrols vs. Y2 and Y2/Y4 KO mice; F2,23�16.19, P�0.0001
or controls vs. Y4 and Y2/Y4 KO mice), whereas no differ-
nce was observed analyzing the distance traveled in the
ark compartment (Fig. 4C) (F2,23�1.45, P�0.25 for controls
s. Y2 and Y2/Y4 KO mice; F2,23�1.29, P�0.29 for controls
s. Y4 and Y2/Y4 KO mice).

Elevated plus maze. In the elevated plus maze (Fig. 5),

mpared with Y2lox/lox and Y4lox/lox mice as controls. (A) There is no
24 h analysis of home cage activity, although increased motor activity
tween Y2/Y4 double KO and Y2lox/lox mice was apparent in cumulative
rtly before the onset of light (arrows). (C) Y2 KO and Y2lox/lox mice
mice co
mulative
rence be
and sho
2 and Y2/Y4 KO mice spent more time on the open arms
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F2,54�10.41, P�0.0001 for controls vs. Y2 and Y2/Y4 KO
ice; F2,45�13.25, P�0.0001 for controls vs. Y4 and
2/Y4 KO mice) and showed a higher percentage of open
rm entries compared with control animals (F2,54�5.92,
�0.0043 for controls vs. Y2 and Y2/Y4 KO mice;

2,45�10.58, P�0.0002 for controls vs. Y4 and Y2/Y4 KO
ice), as indicated by post hoc analysis. Y2 and Y2/Y4 KO
ice, but not Y4 KO mice revealed an increased number of

losed arm entries (F2,54�6.68, P�0.0023 for controls vs. Y2
nd Y2/Y4 KO mice). The total distance traveled was, how-
ver, increased in all three KO lines (F2,54�11.63, P�0.0001
or controls vs. Y2, and Y2/Y4 KO mice; F2,45�16.52,
�0.0001 for controls vs. Y4 and Y2/Y4 KO mice).

Stress-induced hyperthermia. To obtain anxiety-re-
ated parameters that are independent of motor activity we
erformed stress-induced hyperthermia in Y2 KO, Y4 KO,
2/Y4 KO and control mice. Stress induced by the method
er se (measurement of rectal temperature) led to a sig-
ificant increase in temperature (�T). One-way ANOVA
evealed a genotype-related difference in �T (F2,39�7.34,
�0.002). Post hoc test showed that Y4 KO (P�0.01) but
ot Y2/Y4 KO (P�0.05) exhibited a reduced �T compared
ith controls (Fig. 6A). At the same time, a significant

ncrease of basal temperature was observed in Y4 KO
38.5�0.17 °C) compared with Y2/Y4 KO (37.6�0.27 °C)

ig. 3. Open field test. (A) The time spent in the center of the arena
B) Higher number of center entries and (C) increased distance travel
nd Y2/Y4 double-KO) when compared with control. Analysis was don
** P�0.001 vs. controls (n�8–10 mice per genotype); c P�0.001 afte
er genotype).
nd wild type controls (37.6�0.18 °C) as shown by one- P
ay ANOVA (F2,39�6.53, P�0.0036) and post hoc test
P�0.01 for Y4 KO vs. controls and P�0.01 for Y4 KO vs.
2/Y4 KO). Similarly, Y2 KO (Fig. 6B) mice displayed a
ignificant reduction of �T compared with control mice
controls: 1.2�0.10 °C, Y2 KO: 0.8�0.16 °C; P�0.02).
here was no difference in basal temperature between Y2
O (37.3�0.21 °C) and control (37.5�0.20 °C) mice.

Marble burying. Enhanced exploration in approach
voidance tests could be secondary to increased general
ctivity. For investigating this aspect, we performed a mar-
le burying test, in which reduced anxiety correlates with a
ecreased number of marbles buried by the mouse in the
edding of the cage. As shown in Fig. 7A, Y4 KO mice
uried significantly fewer marbles than control mice (con-
rols: 9.75�2.25, Y4 KO: 3.00�1.60; P�0.028). Assess-
ent of motor activity revealed increased activity of Y4 KO
ice during the first part of the test compared with controls.
NOVA indicated that this effect was dependent on geno-

ype (F1,70�6.35) and that there was a significant interac-
ion between genotype and time (F6,70�2.34). The differ-
nce between genotype was apparent after 10 and 15 min
5–10 min: P�0.05; 10–15 min: P�0.01) as determined by
onferroni post hoc test. Similarly, Y2/Y4 KO (Fig. 7B)
uried significantly fewer marbles during the 30 min testing
eriod (controls: 16.13�2.07; Y2/Y4 KO: 6.50�2.11,

ificantly increased in Y2 KO and Y4 KO and Y2/Y4 double KO mice.
een under stressful conditions in all three genotypes (Y2 KO, Y4 KO
way ANOVA and Newman-Keuls post hoc test. * P�0.05, ** P�0.01,
Y2/Y4 KO mice and controls from both experiments (n�12–16 mice
was sign
ed was s
e by one-
�0.006). No difference was observed in general motor
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ctivity between Y2/Y4 KO and control mice in this test.
he known anxiolytic phenotype of Y2 KO mice was con-
rmed in the marble-burying test (Fig. 7C) (controls:
3.50�2.56, Y2 KO: 6.63�1.89, P�0.048). There was no
ifference in general activity during the 30 min testing
eriod between Y2 KO and controls.

Forced swim test and tail-suspension test. In order to
nvestigate depression-like behavior in a stressful and in-
scapable situation we performed Porsolt’s forced swim
est and the tail suspension test (Fig. 8). In the forced swim
est, a significant decrease in floating time was apparent in
4, Y2 and Y2/Y4 receptor KO mice, as revealed by one-
ay ANOVA followed by post hoc analysis (F2,25�27.81,
�0.0001 for controls versus Y2 and Y2/Y4 KO mice;

2,29�68.42, P�0.0001 for controls vs. Y4 KO and Y2/Y4
ouble KO mice). In addition, post hoc analysis showed a

ower immobility time of Y2/Y4 KO compared with Y2
ingle KO mice (Fig. 8A). The tail-suspension test revealed
omparable effects on stress-coping ability after Y4 and
2/Y4 receptor deletion as the forced swim test. During the
min testing period, Y4 KO, Y2 KO and Y2/Y4 double-KO
ice spent a significantly reduced time in immobility

F2,25�8.53, P�0.0014 for controls vs. Y2 KO and Y2/Y4
ouble KO mice; F2,29�15.70, P�0.0001 for controls vs.

ig. 4. Light/dark test. (A) In the light/dark test Y4 KO, Y2 KO and Y
ompared with controls and Y2/Y4 KO spent significantly more time in
higher distance traveled in the light compartment than controls, and

ifference in dark distance in any genotype. One-way ANOVA and N
ifferent vs. controls, # P�0.05, ## P�0.01 significantly different vs. s
4 KO and Y2/Y4 double KO mice). i
Y4 receptor-mediated activation of amygdala neurons.
o investigate a possible influence of peripherally released
P on central mechanisms integrating emotion-related be-
avior, we used i.p. injection of the endogenous Y4 prefer-
ing ligand PP and analyzed the anatomical distribution of
xpression of the early neuronal activation marker c-Fos in

he brain. Brains were isolated 30 min and 90 min after i.p. PP
or identification of directly and indirectly activated brain re-
ions, respectively and processed for immunohistochemistry.

n addition to strong c-Fos expression (Table 1) in the area
ostrema there was a significant increase in c-Fos activation
pecifically in the arcuate nucleus, nucleus of solitary tract
nd medial amygdala compared with saline-injected control
ice 30 min after i.p. injection of PP (Fig. 9A and B). Expres-

ion was more pronounced in the paraventricular nucleus, in
he ventromedial hypothalamus and in the lateral hypotha-
amic area after 90 min than after 30 min. (Table 1). Consis-
ent with a Y4 specific action no increase in c-Fos immuno-
eactivity can be seen in these same areas of i.p. PP-injected
4 KO mice (Fig. 9C and D).

DISCUSSION

ur experiments using behavioral testing in male mice
rom three different KO lines revealed two major changes

uble KO mice spent significantly more time in the light compartment
ompartment than Y4 KO. (B) Y4 KO, Y2 KO and Y2/Y4 KO mice had
showed a higher light distance than Y2 KO mice. (C) There was no

Keuls post hoc test, * P�0.05, ** P�0.01, *** P�0.001 significantly
mice (n�10–15 mice per genotype).
2/Y4 do
the light c
Y2/Y4 KO
n phenotype related to Y4 receptor deletion: 1) increased
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otor activity under stressful and novel conditions and
) changes in emotional behavior as indicated by reduced
epression-like behavior and in anxiety-related behavior in

he light/dark test, marble-burying test and stress-induced
yperthermia (but not elevated plus maze). In several in-

ig. 5. Elevated plus maze. (A) In the elevated plus maze Y2 KO and
B) Increased percentage of open arm entries in Y2 and Y2/Y4 KO m
O mice compared with controls and Y2/Y4 KO mice compared with Y
O mice. Analysis was done by one-way ANOVA and Newman-Keu
ontrols, # P�0.05, ### P�0.001 significantly different vs. Y4 KO (n�14
2/Y4 mice from both experiments).
ig. 6. Stress-induced hyperthermia. (A) Reduction in stress-induced hype
tress-induced hyperthermia in Y2 KO mice. * P�0.05, ** P�0.01, significantly
tances, emotion-related behavioral changes were more pro-
ounced in the Y2/Y4 double KO mice than in Y4 or Y2 KO
ice, suggesting that Y4-mediated mechanisms in integrat-

ng emotional behavior are coordinated with Y2 receptor
ctivity.

ouble-KO spent more time on the open arms compared with controls.
ared with controls and (C) higher number of closed arm entries in Y2
d controls. (D) Increased total distance traveled in Y2, Y4 and Y2/Y4
oc test. * P�0.05, ** P�0.01, *** P�0.001 significantly different vs.
e per genotype) a P�0.05 (significance only after pooling controls and
Y2/Y4 d
ice comp
4 KO an

ls post h
rthermia in Y4 KO mice compared with controls and (B) reduced
different vs. controls (n�12–15 per genotype).
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ovelty-induced motor activity

otor activity was investigated 1) under baseline, non-
versive conditions by assessing home cage activity dur-

ng three consecutive light/dark cycles and 2) in a poten-
ially stressful environment using the novel open field test.
n the familiar environment, such as the home cage, there

ig. 7. Defensive marble burying. (A) Reduced number of marbles bu
ice. (B) Reduction of number of marbles buried and unaltered activity
ice and no change in activity compared with controls. * P�0.05, ** P
uried, two-way ANOVA and Bonferroni post hoc test for activity coun

ig. 8. Porsolt forced swim test and tail suspension test. (A) In the fo
O and Y2/Y4 double KO mice. (B) Similarly, Y2 KO, Y4 KO and Y2/Y4
est, when compared with controls. Analysis was done by one-way ANOVA a
ignificantly different vs. control, ## P�0.001 different from Y2 KO (n�8–10 m
as no significant difference in general motor activity be-
ween any genotypes. The increased activities displayed
y Y4 KO mice during the first dark phase, and the second
eak of activity at the onset of the light phase in Y2/Y4
ouble KO mice, presumably reflect increased arousal
esponses induced by the change in conditions. These

increased activity in the first 15 min of 30 min testing period in Y4 KO
double KO mice. (C) Decreased number of marbles buried in Y2 KO

nificantly different vs. controls, Student’s t-test for number of marbles
per genotype).

test the time spent floating was significantly reduced in Y2 KO, Y4
O show a significant reduction in immobility time in the tail suspension
ried and
in Y2/Y4
rced swim
double K
nd Newman-Keuls post hoc test. * P�0.05, ** P�0.01, *** P�0.001
ice per genotype).
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ehavioral aspects were confirmed by investigating the
ice in a novel open field, where Y4, Y2 and Y2/Y4 KO
ice revealed increased horizontal and vertical activity

ompared with controls.

nxiety-related behavior

hereas Y2 KO mice and Y2/Y4 double KO mice revealed
n anxiolytic phenotype in all tests (except stress-induced
yperthermia), evidence toward reduced anxiety in Y4 KO
ice was ambiguous. Y4 KO mice showed less anxiety-like

ehavior in the light/dark and marble burying test, but not in
he elevated plus maze. The additional increase in time spent
nd distance traveled by Y2/Y4 KO mice in the lit compart-
ent of the light/dark test compared with Y4 and Y2 KO mice,

espectively suggests the involvement of coordinated mech-
nisms mediated by Y2 and Y4 receptors during emotional
hallenge. Most importantly, all three KO lines showed a
onger total distance traveled in the elevated plus maze, as
ell as an increased distance traveled in the lit compart-
ent of the light/dark box. Since motor activity was not

ncreased in the dark compartment of the light/dark box,

able 1. Relative change in c-Fos immunoreactivity in regions of the
rain at 30 and 90 min after i.p. injection of PP in mice (1.0 mg/kg)

30 min 90 min

RC �� �

VN � ���

MHDM �� ���

HA � ��

TS ��� �

P ��� �

eA ��� �

ARC, arcuate nucleus of the hypothalamus; PVN, paraventricular
ucleus of the hypothalamus; VMHDM, ventromedial hypothalamus
orsomedial aspect; LHA, lateral hypothalamic area; NTS, nucleus
ractus solitarus; AP, area postrema.

ig. 9. c-Fos activation in the mouse brain after i.p. injection of PP (1.0

mygdala area 30 min after systemic PP administration and only background sta
4 receptor KO mice. (D) Statistical analysis after counting positive neurons in
his phenomenon seems to be dependent on stressful
ovel conditions.

For further investigating the contribution of novelty-
nduced motor activity in the exploration/avoidance tasks,
e investigated stress-induced hyperthermia test in Y4,
2/Y4 and Y2 KO mice an anxiety test that is independent
f motor behavior. This test seems to have face, construct
nd predictive validity in modeling anxiety-related autono-
ous responses (Olivier et al., 2003). The observed re-
uction in the hyperthermic response (�T) points toward
educed anxiety in Y4 and Y2 KO mice. However, since the
asal temperature was higher in Y4 KO mice than in WT
nd Y2/Y4 double KO, we cannot exclude a ceiling effect

n the body temperature of Y4 KO mice. In addition, hypo-
halamic structures involved in temperature control are
irectly or indirectly targeted by NPY and PP (Parker and
erzog, 1999). Temperature control is a multi-factorial
henomenon. Therefore the implication of the stress-in-
uced hyperthermia data may be limited. Interestingly,
here was no difference in stress-induced body tempera-
ure in Y2/Y4 KO mice compared with controls. However,
hile basal temperature is unaltered in Y2/Y4 KO mice,

here is evidence for facultative thermogenesis in this
ouse strain (Sainsbury et al., 2003, 2006). Together with
ltered sympathetic signaling, increased thyrotropin re-

easing hormone mRNA levels in the paraventricular nu-
leus of the hypothalamus could be a cause for changes in
hermoregulation in Y2/Y4 KO mice (Ribeiro et al., 2001;
ainsbury et al., 2003, 2006; Silva and Larsen, 1983).

For investigating further the possible dependence of
motion-related behavior on locomotion, we performed the
arble burying test that is inversely dependent on motor
ctivity. In this test, selective suppression in burying mar-
les (considered by the mice to be potentially aversive)

s investigated as a measure of anxiety-like behavior
Njung’e and Handley, 1991). In contrast to other para-
igms, this test is not based on increased exploration as an

(A) High levels of c-Fos positive neurons could be found in the medial
mg/kg).

ining is observed in (B) saline-injected control mice or (C) PP-injected
this area. Scale bar�40 �m. N�4–6 mice, * P�0.001.
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ndex of anxiolytic-like effects (Cryan and Holmes, 2005).
redictive validity of this alternative behavioral test was
btained by the fact that both benzodiazepines, and selec-
ive 5-HT reuptake inhibitors are able to reduce the number
f marbles buried (Borsini et al., 2002). Moreover, the
arble burying test has been applied successfully in eval-
ating the anxiolytic property of compounds, which in-
rease locomotion at the same time (Xu et al., 2004).
esults from this test indicate both, novelty-induced hyper-

ocomotion and reduced anxiety-related behavior in Y4
eceptor KO mice. Similar as in the open field test, also in
his test Y4 KO mice revealed increased general motor
ctivity during the first 15 min. Nevertheless the number of
arbles buried was reduced in Y4 KO mice. This test
oints to independent mechanisms leading to changes in
ovelty-induced locomotion and emotional behavior after
4 receptor deletion.

educed depression-like behavior

or investigating depression-like behavior in the mice, we
erformed the tail suspension and forced swim tests, both
odels based on paradigms testing the ability of the mice to

ope with stressful conditions. These tests have been phar-
acologically validated to be sensitive to treatment with
ntidepressant drugs as well as for phenotypic changes in
ransgenic mice (Cryan et al., 2002; Cryan and Mombe-
eau, 2004). Significantly reduced immobility in both tests
s observed in all three KO mouse lines, mimics effects of
ntidepressant treatment and therefore indicates reduced
epression-like behavior. Although both tests are quite
imilar in design, they seem to differ in biological changes
nderling the observed behavior. In contrast to the tradi-
ional forced swim test, the tail suspension test detects the
fficacy of a broad spectrum of antidepressant treatments
Cryan et al., 2002; Lucki, 1997), including selective 5-HT
euptake inhibitors and it is independent of swimming abil-
ty or thermoregulation (Cryan and Mombereau, 2004;
ryan et al., 2005). Since both tests revealed profound
uppression of immobility, we suppose that deletion of Y4,
2 and Y2/Y4 receptors produces a stable antidepressant
ffect. Changes in Y2 KO mice were even more pro-
ounced after combined deletion of Y2 and Y4 receptors,

ndicating coordinated mechanisms mediated by the two
eceptors in reducing depression-like behavior. Changes
n depression-related behavior are independent of the in-
uence of sexual hormones since we observed similar
hanges also in female mice (Painsipp et al., 2008). It is
nteresting to note, that female Y4 KO mice revealed a
lear anxiolytic effect on the elevated plus maze.

onsiderations on central Y4 receptors mediating
ctions of peripherally released PP

ur experiments indicate that in wild-type mice Y4 recep-
ors mediate depressant- and anxiogenic-like behavior and
educed motor activity, tightly linked to novel, unfamiliar
onditions. This is supported by a recent report suggesting
n anxiogenic phenotype in PP over-expressing mice
Ueno et al., 2007). The effects of Y4 receptors seem to be

imilarly potent as those mediated by Y2 receptors and, c
ince they are partially additive, they appear to be coordi-
ated with Y2 receptor-mediated mechanisms. Both, Y2
nd Y4 receptors predominantly interact with Gi and Gq
esulting in inhibition of cAMP accumulation (Freitag et al.,
995; Voisin et al., 2000; Walker et al., 1997). Local injec-
ions of NPY agonists (Kask et al., 2002) and site-specific
eletion of Y2 receptors in amygdaloid nuclei performed by
ur group demonstrated an important role of the amygdala

n Y1 and Y2 receptor-mediated mechanisms of NPY on
motional behavior (Tasan et al., 2007). Y1 receptors me-
iate their action including anxiolysis primarily at postsyn-
ptic sites, whereas Y2 receptors are mostly located pre-
ynaptically on NPY/GABA neurons or at terminals of glu-
aminergic axons (Parker and Balasubramaniam, 2008),
here they inhibit the release of classical transmitters

Adewale et al., 2005; Chen et al., 1997; Greber et al.,
994). The site and mode of actions through Y4 receptors
re not clear yet. Considering the similar behavioral effects
f Y2 and Y4 receptor deletion and the similar signaling
athways used by Y2 and Y4 receptors it may be possible
hat Y4 receptors, either activated by NPY or by PP, are
ocated presynaptically on terminals in brain stem or hy-
othalamic nuclei, resulting in an inhibition of transmitter
elease (Acuna-Goycolea et al., 2005). Interestingly, Y4
eceptors have been also found in human astrocyte cul-
ures, indicating a possible role of glial cells in Y4 receptor
ctions (Abounader et al., 1999).

Our present receptor autoradiographic studies re-
ealed low, but significant concentrations of Y4 receptor
inding in the amygdala and in the ventromedial hypothal-
mus. Also Y4 mRNA was observed in these areas of the
at indicating that the receptors may be expressed in local
eurons (Whitcomb et al., 1990; Trinh et al., 1996; Parker
nd Herzog, 1999). All these observations are compatible
ith Y4 receptor-mediated mechanisms integrating emo-

ional behavior in these brain areas. Furthermore, we
ound considerably higher levels of Y4 receptors in brain
tem nuclei, like the nucleus tractus solitarius, nucleus
mbiguous, the inferior olive and in the area postrema, that
re mainly involved in the regulation of autonomous func-
ions and in the vegetative response to emotions.

Studies in cell lines expressing recombinant Y4 recep-
ors indicate that PP may be the primary PP-fold peptide
cting on Y4 receptors (Berglund et al., 2001; Gehlert et
l., 1996). PP is there about 100 times more potent than
PY or PYY in inhibiting binding of [125I]Leu31Pro34PYY
nd [125I]PP to Y4 binding sites (Yan et al., 1996; Gehlert
t al., 1997). Nevertheless affinities of NPY and PYY
kB�1 nM) are still in a physiological/pharmacological
ange and affinities of PP-fold peptides to Y4 receptors
ay be different in brain tissue (DiMaggio et al., 1985).
mong the PP-fold peptides, only NPY is expressed in
ufficiently high concentrations. NPY is thought to act pri-
arily through Y1, Y2 and Y5 receptors to which it binds at
ffinities of 20–100 pM and exerts its prominent effects on
nxiety and stress-coping behavior in rats and mice (Hei-

ig, 2004). In spite of its apparently relatively low affinity to
4 receptors, NPY appears to be the only reasonable

andidate as a ligand for central Y4 receptors and NPY
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an still activate Y4 receptors at nanomolar concentration
Bard et al., 1995; McTigue and Rogers, 1995).

On the other hand, in vivo, peripheral PP is able to
ccess PP-binding receptors in the area postrema, which
ircumvents the blood–brain barrier (Whitcomb et al.,
990), and a central action of PP has been established
fter local injection (McTigue and Rogers, 1995). Radiola-
eled PP accumulates presumably at the high abundant
4 receptors in the area postrema (Dumont et al., 2007).
hus PP released upon ingestion of food by vagal stimu-

ation from pancreatic islets of Langhans into the circula-
ion may be a regulator of emotional behavior by primarily
cting on central Y4 receptors in areas outside the blood–
rain barrier.

An earlier study reported no difference regarding anx-
ety behavior after single injections of mPP into the ventri-
les (Asakawa et al., 1999). In contrast, repeated i.p. in-
ection of mouse PP in fatty lizer Shoinogy ob/ob obese

ice resulted in an anxiolytic effect (Asakawa et al., 2003).
his is in contrast to the anxiogenic effect seen in PP
ver-expressing mice (Ueno et al., 2007), supporting the
nxiolytic effect of Y4 receptor deletion seen in the light/
ark test in our present study. Differences in injection
rotocols (acute versus chronic, i.c.v. versus i.p.) and pos-
ible compensational effects or location of the trans-
ene(s) in PP over-expressing mice may explain differing
bservations, but leave the site and mechanisms of Y4-
eceptor-mediated effects on emotional behavior still open.

Consistent with this is the observation made in our
resent study where i.p. administration of PP specifically

ncreased c-Fos expression in addition to brain stem nuclei
nd arcuate nucleus also in the medial amygdala. These
xperiments indicate that also peripherally applied PP (act-

ng e.g. in the area postrema or in the lateral hypothalamus
pon Y4 receptors) may indirectly result in an activation of
he medial amygdala and other nuclei related to integration
f emotions, linking induction of satiety with potential
hanges in anxiety-related behavior (Ebner et al., 2004).
he regionally different time course of c-Fos expression in
ifferent brain nuclei suggests activation of different path-
ays by PP treatment. At the same time, NPY release in

he medial amygdala could exert synergistic effects upon
4 receptors present in this brain nucleus. Interestingly,

esions of the area postrema, containing high concentra-
ions of Y4 receptors, result in increased NPY expression
n the amygdala and reduced anxiety (Miller et al., 2002).
lthough the exact relation of the nucleus tractus solitarius
ith anxiety is not established, it is interesting to note that
ifferent anxiogenic drugs can activate c-Fos expression in
his brain area (Singewald and Sharp, 2000). There exists
lso an interplay between the nucleus tractus solitarius
ontaining high concentrations of Y4 receptors with the
entral nucleus of the amygdala, since it receives a dense
ABA-ergic input from this brain area (Saha et al., 2000).
4 receptors in the solitary nucleus are therefore ideally
ositioned for influencing GABA-ergic signals from the
mygdala complex, the main structure of emotional behav-

or. Intriguing are also the possible roles of Y4 receptors in

agal nuclei of the brain stem where they are highly en-
iched. These nuclei are crucially involved in the regulation
f autonomous functions presumably including the vagally
egulated release of PP in the periphery.

CONCLUSION

ur data show an increase in novelty-induced locomotion
nd reduced depression-related behavior in male Y4 re-
eptor KO mice. The effects of Y4 and Y2 receptor deletion
n emotional behavior may be additive as suggested by
he phenotype of Y2/Y4 double KO mice. High concentra-
ions of Y4 receptors in mouse brain areas, like the nucleus
f solitary tract or the area postrema suggest an involve-
ent of Y4 receptors in the modulation of emotionally
riven autonomic responses, which are likely to influence
he final step of emotional output.
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