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a b s t r a c t

Central administration of neuropeptide S (NPS) in rodents induces arousal and prolonged wakefulness
as well as anxiolytic-like effects. NPS has also been implicated in modulation of cognitive functions and
energy homeostasis. Here we present a comprehensive phenotypical analysis of mice carrying a targeted
mutation in the NPS receptor (NPSR) gene. NPSR knockout mice were found to exhibit reduced exploratory
activity when challenged with a novel environment, which might indicate attenuated arousal. We also
observed attenuated late peak wheel running activity in NPSR knockout mice, representing reduced
activity during the subjective evening. These mice also displayed increased anxiety-like behaviors when
compared to their wildtype littermates, although analysis of anxiety behaviors was limited by genetic
background influences. Unexpectedly, NPSR knockout mice showed enhanced motor performance skills.
No phenotypical differences were detected in the forced-swim test, startle habituation and pre-pulse
Neuropeptide inhibition paradigms. Together, these data indicate that the endogenous NPS system might be involved
in setting or maintaining behavioral arousal thresholds and that the NPS system might have other yet

undiscovered physiological functions.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Neuropeptide S (NPS) is the endogenous ligand of a formerly
rphan G protein-coupled receptor and was shown to produce
rousal and increased wakefulness [41,35,6]. In addition, central
dministration of NPS can also promote anxiolytic-like effects
41,18,40,16] and has been shown to facilitate extinction of fear

emories [16] and modulate expression of contextual fear condi-
ioning [21]. Further studies have also found evidence for a role of
PS in feeding behavior [3,37,25,7].

Transcripts for NPS receptors (NPSR, also known as GPR154 or
PRA) are found to be widely expressed in the rodent brain, includ-

ng several hypothalamic nuclei, nuclei of the thalamic midline,
halamic paraventricular nucleus, amygdala, subiculum and vari-
us cortical regions [42]. In contrast, the NPS precursor protein is
xpressed only in three discrete brainstem nuclei in the rat brain:
he pericoerulear region, lateral parabrachial nucleus and the prin-
iple sensory 5 trigeminal nucleus [41,42].

The NPS receptor was originally identified as a candidate gene
or asthma susceptibility [17] and specific haplotypes in the human
PSR locus have been associated with a number of allergic or

mmunological disorders such as rhinoconjunctivitis [22], respira-
ory distress syndrome [32] and irritable bowel syndrome [10]. It
as therefore surprising that a study using NPSR knockout mice

ound no evidence for abnormal respiratory or immunological func-
ions [2]. However, one of the asthma-related haplotypes includes a
oding single nucleotide polymorphism in human NPSR that signif-
cantly changes agonist efficacy of the receptor protein in vitro [33]
nd this polymorphism was recently found to be associated with
anic disorder in male patients [27] or circadian phenotypes, such
s average bedtime, in a normal population cohort [11]. Arousal,
efined as the level of alertness during the wake state, is one of
he major factors controlling average bedtime, i.e. the time when
person usually goes to sleep. Thus converging evidence from our
reclinical studies in mice showing that central NPS administration

ncreases arousal and the genetic association of NPSR with bed-
ime behavior indicate that the NPS system might be involved in
egulating behavioral arousal levels.

In the present study we have used NPSR knockout (KO) mice
nd their wildtype (WT) littermates to study physiological func-
ions of the NPS/NPSR system. By using a battery of behavioral
ssays we have assessed phenotypical differences between NPSR
T and KO mice with respect to arousal, circadian profiles, anxiety-

elated behaviors, emotional reactivity, sensory-motor functions,
eflex adaptation and motor performance.

. Materials and methods

.1. Animals

NPSR KO mice were generated in a 129S6/SvEvTac background as previously
escribed [2]. Initially, four male and four female NPSR KO mice and an equal num-
er of 129S6/SvEvTac male and female mice were obtained from Taconic Farms

nc. (Germantown, NY) to establish a breeding colony. NPSR KO mice were either
aintained by breeding of homozygous animals or were mated with 129S6/SvEvTac

ice and heterozygous offspring were then used for further breeding. The breeding

cheme followed common guidelines for colony maintenance of transgenic mice to
inimize the potential for genetic drift [9]. WT littermates were used as controls in

ll experiments, except analysis of NPS-induced hyperlocomotion where additional
ale 129S6/SvEvTac mice (8 weeks old) were purchased from Taconic Farms. All

ffspring were group-housed (3–5 animals per cage) under controlled conditions
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

(temperature 21 ± 2 ◦C; relative humidity 50–60%; 12 h light-dark cycle, lights on
6:00 a.m.) with free access to food and water. Offspring were obtained from stable
breeding pairs and genotyped by PCR as described previously [2]. Male mice between
8 and 15 weeks of age were used for behavioral analysis and were regularly handled
prior to experimentation. Experiments involving non-automated observational data
collection were performed by an experienced individual who was blind to the geno-
type condition. All experiments were carried out in accordance with the Guidelines
for the Care and Use of Mammals in Neuroscience and Behavioral Research [24] and
were approved by the local Institutional Animal Care and Use Committee.

2.2. Drug administration

For intracerebroventricular (i.c.v.) drug injections, mice were briefly anes-
thetized with isoflurane. NPS was synthesized by the Peptide Proteomic Centre,
Brain Research Centre, University of British Columbia (Vancouver, BC, Canada).
NPS was dissolved in phosphate-buffered saline (PBS, pH 7.4) containing 0.1%
bovine serum albumin and injected into the lateral ventricle (total volume: 2 �l)
as described before [41].

2.3. Behavioral test battery

Initially, one group of mice (both genotypes) was tested in a battery of behavioral
paradigms in the following order: locomotion/open field, light-dark box, elevated
plus-maze, marble burying, rotarod, grip strength, prepulse inhibition, startle habit-
uation, forced swim, wheel running. The sequence of specific tests spaced by a 3-day
inter-test interval was adapted from previously published reports [20,29] showing
that this study design would not affect behavioral test performance. In subsequent
studies, separate groups of naive mice were tested only once in all four anxiety
paradigms in the following order: open field, light-dark box, elevated plus maze,
marble burying. Two other groups of naive mice were tested separately for either
wheel running behavior or accelerating rotarod in order to increase the number of
animals in these paradigms.

2.4. Locomotion

Analysis of locomotor behavior was carried out as described before [41,28] using
an automated activity monitor system (Versamax, Accuscan, Columbus, OH). Num-
ber of infrared beam breaks, total distance traveled, vertical activity and episodes
of stereotypic behavior were recorded. General activity in NPSR WT and KO mice
was recorded over a 90 min period. Arousal was defined as horizontal and verti-
cal activity during the first 10 min of exposure to an unfamiliar arena. Anxiety-like
behavior in the open field was measured by recording numbers and total duration of
entries into the center of the observation chamber. Center is defined as a 30 × 30 cm
imaginary square.

2.5. Wheel running

Mice were individually housed in cages equipped with a running wheel and had
free access to food and water. Initially, mice were entrained to a 12 h light/dark (LD)
cycle. After 16 days of wheel running recording in the LD cycle, mice were placed
in constant darkness with dim red light (DD) for 2 weeks in order to assess their
endogenous circadian period, followed by 3 weeks where a single 1 h-long light pulse
was given each day from 12:00 to 13:00. The free-run period (DD) was analyzed
using ClockLab software (Actimetrics, Evanston, IL). During the LD cycle, “early peak”
activity is defined as wheel running during the first 6 h after the lights went off and
“late peak” activity is defined as wheel running during the last 2 h preceding the
onset of the light phase. Early peak activity occurs during the subjective morning of
the animal while late peak activity represents activity during the subjective evening.
Data are presented as mean wheel revolutions during the last 5 days of each testing
period to ensure that animals had adjusted to the light schedules.

2.6. Anxiety-like behavior

Experimental conditions for elevated plus maze, light dark box, open field and
marble burying paradigms have been described previously [41].
2 D.M. Duangdao et al. / Behavioural Brain Research 205 (2009) 1–9

3.5. Sensorimotor gating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.7. Forced-swim test

A potential depressive phenotype was assessed using the forced-swim test as
described [31]. Briefly, mice were placed individually into 4 l Nalgene cylinders
(height 28.5 cm, diameter 17.5 cm) containing 15 cm of water at 21 ◦C, and the time
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Fig. 1. NPS-induced hyperlocomotion is mediated by NPSR. Central injection of
0.1 nmol NPS causes increased horizontal activity only in NPSR WT mice (A). No
changes in stereotypic behavior were recorded in the same animals (B). Animal num-
D.M. Duangdao et al. / Behavio

ach animal remained immobile during a 6 min test session was recorded. Swim-
ing, climbing and floating data were recorded with ODLog software (Macropod

oftware, www.macropodsoftware.com). Animals were considered to be immobile
hen they ceased struggling/swimming and remained floating motionless in the
ater, making only minimal movements necessary to keep their heads above the
ater line. The last 4 min of each trial were used for data analysis [12,19].

.8. Startle habituation and prepulse inhibition (PPI)

The apparatus used for detection of startle reflexes consisted of a clear
on-restrictive Plexiglas cylinder resting on a platform inside of a ventilated and illu-
inated chamber (SR-Lab, San Diego Instruments, San Diego, CA, USA). Background

oise (a 65 dB broadband noise) was presented alone before each experiment.
The startle response is an intrinsic reflex exhibited when a sudden, high-

ntensity acoustic stimulus (120 dB) is presented to a subject. Amplitude of startle
esponses was measured in Newtons by accelerometers located inside the cham-
ers. Habituation to the startling stimulus was measured for each animal group by
alculating the average responses to five consecutive 120 dB stimulus trials from a
ession that included 25 120 dB stimuli trials separated by 8 s intervals, preceded by
min acclimatization period (65 dB background noise).

Prepulse inhibition (PPI) is defined as a reduction in startle amplitude when
startle-inducing stimulus is preceded by a weaker non-startling warning stim-

lus. Each PPI test session was preceded by a 10 min acclimatization period with
5 dB background noise. The PPI test session included 12 blocks of trials with a total
f 70 trials. Blocks one and twelve consisted of five pulses alone (a 40 ms 120 dB
roadband burst). Blocks 2–11 each contained six trials of each type described
elow that were presented in a pseudo-randomized sequence. Six trial types were
resented: a 40 ms broadband 120 dB burst (pulse-alone); four prepulse + pulse tri-
ls in which 20 ms-long 69 dB, 73 dB, 77 dB, or 81 dB (4, 8, 12, and 16 dB above
ackground) stimuli preceded the 120 dB pulse by 100 ms (onset to onset); and
no-stimulus trial. Each trial was presented with a false-random intertrial interval

average of 15 s). Startle magnitude was calculated and expressed as the average
esponse to the pulse-alone trials presented during each block of the session. PPI
ata were calculated and expressed as both percentage and difference scores. Only
ercentage scores are presented as both measurements showed comparable results.
ercent PPI was derived from the equation: [(pulse alone − (prepulse + pulse))/pulse
lone] × 100.

.9. Motor performance

Mice were placed on a rotarod (TSE Systems, Bad Homburg, Germany) at an ini-
ial speed of 6 rpm. A session consisted of a 5 min interval during which the rotarod
ccelerated linearly from 6 to 60 rpm. The latency and rotation speed at which an
nimal fell off the rod was recorded automatically by an infrared beam located below
he rotating rod. Each mouse was given three trials per day with intertrial intervals
f 1 h. Mice were tested for rotarod performance on 3 consecutive days.

.10. Grip strength, body weight and body length

Forelimb strength was measured as tension force using a grip strength meter
TSE Systems, Bad Homburg, Germany). Mice were tested 4–6 times with 1 min
esting intervals between individual measurements and average grip strength (N)
or each animal was calculated from three sessions in which the animal properly
rasped the handle with both forepaws. Body weight (g) and length (mm) were
easured once a week in mice between 2 and 6 weeks of age. Measurements were

lways taken at the same time and same day of the week. Body length is defined as
he distance from nose to root of the tail and was measured with a digital caliper
nstrument while allowing the animal to hold onto a metal grid.

.11. Statistical analysis

Behavioral data were analyzed by analysis of variance (ANOVA) with genotype
nd time or treatment and time as variables, respectively, followed by Bonferroni’s
ost-hoc test where appropriate. Comparisons between genotypes for cumulative
ctivity data, anxiety-related behaviors, behavioral despair and grip strength were
ade by unpaired t-test. P-values of <0.05 were considered significant. All statistical

nalyses were performed with GraphPad Prism (GraphPad, San Diego, CA).

. Results

.1. Locomotion and behavioral arousal
Central administration of 0.1 nmol NPS in 129S6/SvEvTac WT
ice caused significant hyperlocomotion lasting about 30 min as

ompared to vehicle-injected animals [treatment: F1,104 = 11.27,
= 0.0051; time: F8,104 = 9.98, p < 0.0001] (Fig. 1A). In contrast,
orizontal activity did not increase in NPSR KO mice injected
bers and treatment groups: WT + NPS n = 9; WT + Vehicle (Veh) n = 7; KO + NPS n = 8;
KO + Veh n = 8; ***p < 0.001 in WT + NPS treated mice vs. all other groups, two-way
ANOVA with Bonferroni post-hoc test.

with 0.1 nmol NPS. Two-way analysis of variance (ANOVA) indi-
cated significant main effects of genotype for NPS-treated animals
[F1,112 = 13.31, p = 0.0026] and time [F8,112 = 10.3, p < 0.0001]. These
results confirm our previous findings in C57Bl/6 mice [41], sug-
gesting that NPS-induced hyperlocomotion occurs independent of
strain. As expected, NPSR KO mice did not show any effect on loco-
motor behavior after NPS treatment and were indistinguishable
from either WT or KO mice treated with vehicle (Fig. 1). These data
demonstrate that increases in horizontal activity promoted by acti-
vation of central NPS receptors are absent in NPSR KO mice. Vertical
activity was virtually absent in all groups of mice, possibly due to
the injection procedure or strain influences (data not shown). All
mice in this experiment had been habituated to the testing chamber
for 60 min prior to the test in order to eliminate novelty-induced
exploratory behavior.

In order to investigate responses of NPSR KO and WT mice under
conditions of behavioral arousal, their exploratory behavior in a
novel environment were recorded over 90 min. As shown in Fig. 2,
when exposed to an unfamiliar observation chamber, NPSR KO
mice showed significantly less exploratory activity as compared
to their WT littermates (Fig. 2A and D) while stereotypic behav-
ior was similar between the genotypes (Fig. 2C and F). Two-way
ANOVA of horizontal activity indicated significant main effects
of genotype [F1,144 = 14.09, p = 0.0003] and time [F8,144 = 21.89,
p < 0.0001]. Total distance traveled over 90 min was also sig-
nificantly different between the two genotypes (p < 0.05, t-test;
Fig. 2D). Conversely, NPSR KO mice displayed increased resting time
compared to WT mice [genotype: F1,144 = 12.48, p = 0.0006; time:
F8,144 = 24.61, p < 0.0001; data not shown]. Two-way ANOVA also

indicated significant differences in vertical activity between the
genotypes [F1,144 = 6.93; p = 0.0013] (Fig. 2B). Analysis of cumula-
tive vertical activity indicated an obvious trend toward reduced
rearing movements in NPSR KO mice but mean values did not

http://www.macropodsoftware.com/
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ig. 2. Attenuated exploratory activity of NPSR KO mice in a novel environment. H
0 min. Cumulative data for the entire observation period are shown for total distanc
PSR KO n = 10; NPSR WT n = 8; **p < 0.01 KO vs. WT mice after two-way ANOVA fo

each statistical significance (p = 0.09) due to large variability
mong WT animals (Fig. 2E). Total time spent moving [genotype:
1,144 = 12.48, p = 0.0006; time: F8,144 = 24.61, p < 0.0001; data not
hown] and number of horizontal movement bouts [genotype:
1,144 = 15.15, p = 0.0002; time: F8,144 = 23.82, p < 0.0001; data not
hown] were also significantly different between the two geno-
ypes over the 90 min observation period whereas ambulation
peed (cm/s) did not differ. Together, these data indicate that the
educed exploratory activity of NPSR KO mice is not caused by
ocomotor deficits but is a result of increased rest time.

.2. Circadian activity

Both NPSR KO and WT mice quickly adapted to dark-phase
heel running under a 12:12 h light/dark (LD) cycle and running

ctivity became stable after about 5–8 days (Fig. 3). Both genotypes
isplayed the typical pattern of two distinct phases of activity: a

rolonged wheel running activity at dark-onset (early peak) and a
horter second phase preceding the beginning of the light phase
late peak) (Fig. 3A and B). After the initial habituation period (days
–9), both genotypes showed similar levels of early peak wheel
unning activity, averaging about 3000 wheel turns per dark phase
tal activity (A), vertical activity (B) and stereotypic behavior (C) were recorded for
vertical activity (E) and time spent with stereotypic behaviors (F). Animal numbers:
by Bonferroni’s post-hoc test (A); *p < 0.05, unpaired t-test (D).

during the weeklong observation (days 10–16) (Fig. 3C). Although
NPSR WT mice displayed consistently higher early peak activity
than NPSR KO mice, this difference was not statistically signifi-
cant [genotype: F1,168 = 2.60, p = 0.109; time: F6,168 = 0.15, p = 0.989;
two-way ANOVA]. However, late peak activity was significantly
reduced in NPSR KO mice as compared to their wildtype litter-
mates (Fig. 3C). Two-way ANOVA revealed a significant effect of
genotype [F1,168 = 19.53; p < 0.0001] with no effect of time or inter-
action. Mean daily late peak wheel running activity during days
10–16 of the LD recording period was also significantly different
between the genotypes [NPSR WT: 1024 ± 58.33 mean daily wheel
turns; NPSR KO: 581.2 ± 19.84; p < 0.001, t-test].

Both groups of mice displayed arrythmic activity patterns dur-
ing 2 weeks of constant darkness (DD) and it was therefore not
possible to calculate phase shifts (data not shown). A 1 h light pulse
per day during the final 2 weeks of the experiment partially rein-
stated early and late peak wheel running activity, but circadian

activity remained arrythmic (data not shown). The fragmentation
of activity under DD therefore appears to be strain dependent.

Wheel running activity under LD conditions was significantly
lower in NPSR KO mice than in their wildtype littermates, both
during the light and the dark phase (Fig. 3D). Within genotypes
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Fig. 3. Circadian activity in NPSR WT and KO mice. Representative double-plot actograms from individual NPSR WT (A) and KO (B) mice during the first 15 days of LD cycle
are shown. Early peak activity is indicated by a solid box and late peak activity is indicated by a dashed box. Periods of light and dark are indicated by open and closed bars
below the actograms and absolute time is displayed in the x-axis on top of the actograms. (C) Analysis of early (early act.) and late (late act.) peak wheel running activity
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uring days 10–16 of the 12:12 h light-dark (LD) period. Animal numbers: NPSR K
hase, dark phase and complete LD schedule. Data from 5 consecutive days were av
-test.

verage daily wheel running activity remained similar across the
D, DD and 1 h light pulse periods and NPSR KO mice displayed
onsistently lower activity levels than NPSR WT mice (data not
hown).

.3. Anxiety-like behavior

Since central administration of NPS is able to produce anxiolytic-
ike effects [41,18,40,16], we investigated behavioral responses of
PSR KO mice and WT littermates in four different paradigms that
re commonly used to measure anxiety-like behavior.

In the open field test, NPSR KO mice spent significantly less time
nd traveled shorter distances in the imaginary central zone than
heir WT littermates (Fig. 4A). Similarly, in both the elevated plus

aze and the light-dark box, NPSR KO mice displayed increased
igns of anxiety-like behavior by spending less time in the unpro-
ected (open) areas and showing higher average latencies to emerge
rom the enclosed parts of the apparatus (Fig. 4B and C). NPSR KO

ice spent significantly less time on the open arms of the elevated
lus maze and showed significantly longer latencies to emerge from
he enclosed dark compartment of the light dark box. General activ-
ty, measured as number of total transitions, did not differ between
he genotypes in both elevated plus maze and light-dark box, indi-
ating that the reduced exploration of unprotected zones by NPSR
O mice is not confounded by altered levels of general activity in

hese tests. In the marble burying paradigm, the average number
f marbles covered with bedding by NPSR KO mice was slightly
igher than the number of marbles buried by NPSR WT mice, albeit

ot reaching statistical significance (Fig. 4D).

It should be noted, that the absolute values of time spent explor-
ng the unprotected areas in the open field, elevated plus maze and
ight-dark box tests were extremely low in NPSR WT mice as com-
ared to C57Bl/6 mice that we had used previously under the same
13; NPSR WT n = 13. (D) Mean number of daily wheel revolutions during the light
d. Animal numbers: NPSR KO n = 13; NPSR WT n = 13. *p < 0.05, **p < 0.01, unpaired

conditions and in the same location. C57Bl/6 mice usually spend
10–20% of the total observation time in the unprotected zones [41]
while NPSR WT mice, which are on a pure 129S6/SvEvTac back-
ground, only spent 2–5% of the total time exploring these areas. Our
data confirm previous reports showing that 129S6/SvEvTac mice
are known as a highly anxious mouse strain [4]. It is therefore pos-
sible that the high level of innate fear in NPSR WT mice concealed
a further increase of anxious behaviors in NPSR KO mice.

3.4. Behavioral despair

No significant difference between genotypes was observed in
the forced-swim test, indicating that absence of NPSR does not pro-
duce a depressive phenotype (Fig. 5). Absolute values of time spent
swimming, climbing or floating in NPSR KO and WT mice were sim-
ilar to values obtained from C57Bl/6 [23] and therefore indicate no
effect of genetic background.

3.5. Sensorimotor gating

NPSR is expressed in neurons of the cingulate cortex and in lim-
bic regions that have been implicated in neuronal circuits activated
by repeated exposure to acoustic startle [38]. Therefore, we tested
NPSR KO and WT mice in two paradigms that measure sensorimo-
tor gating functions. In the acoustic startle habituation paradigm,
no difference in startle amplitude or in the subsequent progressive
reduction in average startle responses after repeated exposure (i.e.
habituation) was observed between NPSR KO and WT mice (Fig. 6A).

Similarly, both genotypes displayed virtually identical responses in
pre-pulse inhibition that is considered the most reliable operational
paradigm for the measurement of sensorimotor gating mechanisms
(Fig. 6B). Therefore, genetic ablation of NPSR does not appear to
interfere with processing of sensorimotor responses.



6 D.M. Duangdao et al. / Behavioural Brain Research 205 (2009) 1–9

F e disp
K 3; KO

3

e
o
t
N
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O n = 20; (B) Light-dark box: WT n = 23; KO n = 22; (C) Elevated plus maze: WT n = 2

.6. Motor performance
Motor performance and coordination were assessed in the accel-
rating rotarod test. Two-way ANOVA indicated a significant effect
f time [F8,168 = 4.49; p < 0.0001] but only marginal effects of geno-
ype [F1,168 = 4.20; p = 0.053] without interaction. In the first trial,
PSR KO mice performed significantly better than their wildtype
lay increased levels of anxiety-like behaviors. (A) Open field: NPSR WT n = 23; NPSR
n = 22; (D) Marble burying: WT n = 8; KO n = 11. *p < 0.05, **p < 0.01, unpaired t-test.

littermates [p < 0.05, Bonferroni post-hoc test] (Fig. 7A). Average
latencies until falling off the rotating rod remained higher in NPSR

KO mice vs. WT littermates throughout the 3-day testing period
(Fig. 7B) and NPSR KO mice apparently reached maximum per-
formance levels on the third day as no further improvement was
observed across the individual trials. Analysis of average daily
latencies (Fig. 7B) by two-way ANOVA revealed significant effects
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ig. 5. Behavioral despair measured in the forced-swim test. No difference in time
pent floating, climbing or swimming was detected between NPSR WT and KO mice.
PSR WT n = 8; NPSR KO n = 11.

f genotype [F1,201 = 19.98; p < 0.0001] and time [F2,201 = 7.20;
= 0.001] without interaction. Mean latencies on day 1 and 3 of the

rial were significantly higher in NPSR KO mice than in their WT
ittermates. No difference in forelimb grip strength between NPSR
O mice and WT animals was detected (Fig. 7C), indicating that
o inherent physical advantage was responsible for the observed
ifferences in performance. Furthermore, no differences in body
eight or body length between the two genotypes were observed

n adolescent animals between 2 and 6 weeks of age (Fig. 7D and E),
xcluding basic physical parameters that could affect motor perfor-
ance.

. Discussion

This study presents data from a comprehensive analysis of
ehavioral phenotypes produced by the targeted inactivation of
he NPS receptor gene in mice. Previous studies had indicated
hat NPS might be involved in behavioral arousal, sleep-wake reg-
lation, modulation of anxiety and stress responses, as well as
eeding behavior and cognitive functions [26,34]. Genetic studies
n humans are suggesting involvement of the NPS system in panic
isorder (a form of anxiety disorder) [27] and circadian behavior
11]. All of the above knowledge about potential physiological func-
ions of the NPS system was either obtained by administration of

he agonist NPS itself or is based on indirect statistical association
f genetic data. Observations from a mouse model with perma-
ent genetic ablation of NPSR can therefore confirm, complement
r extend our views of physiological processes that are modulated
y NPS.

ig. 6. Acoustic startle habituation (A) and sensorimotor gating measured in the pre-puls
as observed between NPSR WT and KO mice. In (A) startle amplitudes from each 5 cons
rain Research 205 (2009) 1–9 7

Two sets of data in our current study suggest that a functional
NPS system is required for expression or maintenance of behavioral
arousal: First, mice lacking NPSR show reduced exploratory activity
in a novel environment (Fig. 2). Second, NPSR KO mice display lower
late peak wheel running activity during the subjective evening
at the end of the dark phase (Fig. 3). While the first experiment
analyzed acute behavioral arousal triggered by an environmental
stimulus, the second observation suggests a role for NPS in setting
arousal thresholds that control an individual’s incentive level to ini-
tiate daily activities. Biphasic activity patterns in rodents have been
interpreted as the combined activity of two coupled oscillators, one
that mediates the early, or subjective morning, response to light (in
the case of nocturnal rodents this corresponds to the onset of dark-
ness), and the other controlling the late, or subjective evening, peak
of activity [30]. This bimodality is also preserved under conditions
of constant light or darkness, but with altered onset, duration and
amplitude of peak activities, indicating that both are encoded by
intrinsic mechanisms [1]. In wheel running experiments under LD
conditions, early peak activity is at least partially triggered by the
obvious environmental stimulus, i.e. the onset of the dark phase. In
contrast, late peak activity, i.e. initiation of wheel running before
the beginning of the light phase, is assumed to depend on the activ-
ity of the internal clock. Since there is no sensory input to trigger
the onset or determine the duration of late peak wheel running
activity, it can be assumed that inherent arousal levels might have
a strong influence on this voluntary behavior. Therefore, the obser-
vation that NPSR KO mice show significantly reduced late peak
wheel running activity may support the hypothesis that activation
of NPSR is involved in setting behavioral arousal thresholds during
periods of activity. In addition, NPSR-mediated neurotransmission
also appears to be required during periods of elevated behavioral
arousal that are produced by challenges such as a novel environ-
ment (Fig. 2). Similar phenotypes with diminished late peak or total
wheel running activity have been described in knockout mouse
models of vasoactive intestinal peptide [8], VPAC2 receptor [14],
and histamine H3 receptor [39], and it will be interesting to deter-
mine whether NPS is functionally interacting with any of these
systems.

In this context it should also be noted that a functional polymor-
phism in human NPSR has been associated with delayed average
bedtime [11]. Homozygous carriers of the NPSR Ile107 genotype
(this form of the receptor is 5–10 times more sensitive to agonist
activation than the other polymorphic variant NPSR Asn107; [33])

go to sleep about 30 min later than individuals homozygous for
NPSR Asn107. Our present data indicate that the NPS system might
be involved in the control of arousal thresholds in mice during their
subjective evening. If the NPS system serves a similar function in
humans, a more sensitive NPSR variant would result in enhanced

e inhibition paradigm (B). No difference in startle responses or pre-pulse inhibition
ecutive trials were averaged. NPSR WT n = 10; NPSR KO n = 10.
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Fig. 7. Motor performance and physical attributes of NPSR WT and KO mice. (A) Mean latencies of NPSR WT and KO mice to fall off an accelerating rotarod from individual
trials during the 3-day training period, *p < 0.05 after Bonferroni’s post-hoc comparison. (B) Mean daily rotarod latencies on each training day, **p < 0.01, Bonferroni’s post-hoc
test. (C) Forelimb grip strength in NPSR KO and WT mice does not differ. (D and E) Both genotypes display no difference in body weight or body length between 2 and 6
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eeks of age. Animal numbers in A and B: NPSR WT n = 10; NPSR KO n = 13. Anim
= 14; NPSR KO n = 26.

onic arousal during the subjective evening and thus likely delay the
oment when the individual starts to feel sleepy. Obviously, more

efined experiments will be necessary to determine the precise
ole of NPSR in the circadian control and modulation of behavioral
rousal.

Since central administration of NPS is able to produce significant
nxiolytic-like effects, we also investigated phenotypical changes
n NPSR KO mice in various tests of anxiety-like behavior. NPSR
O mice were indeed found to display increased levels of anxiety-

ike behaviors in the open field, elevated plus maze and light dark
ox test (Fig. 4) after analyzing large cohorts of animals. Defensive
ehaviors were difficult to assess because strain-dependent “floor
ffects” were concealing further increases in anxiety-like defensive
ehaviors in the NPSR KO animals. NPSR KO and WT mice were gen-
rated on a pure 129S6/SvEvTac genetic background and this strain
s known as a “highly anxious” line of mice [4,5,36,13]. Backcrossing
nto a less anxious strain of mice, such as C57Bl/6, will certainly be
ecessary to further study anxiety-related phenotypes in NPSR KO
ice. Our experiments also illustrate the severe limitations of the

29S6/SvEvTac background for analysis of anxiety-like behaviors
n mutant mouse models where an increase of anxiety phenotypes
s predicted. On the basis of the anatomical distribution of NPSR

RNA expression, we also analyzed phenotypical differences in
ensorimotor gating (startle habituation and PPI) or depressive-like

ehavior (forced-swim test) but found no evidence for a functional
ole of NPSR in these behavioral paradigms.

An unexpected finding of the present study was the observation
hat NPSR KO mice appear to have improved motor coordination
n the accelerating rotarod test when compared to their wildtype
bers in C: NPSR WT n = 8; NPSR KO n = 11. Animal numbers in D and E: NPSR WT

littermates. Forelimb grip strength, body weight and body length
appeared equal between both groups of mice, excluding differences
in physical strength to be involved. NPSR KO mice displayed signif-
icantly better performance during the first trial of the first day and
their latencies to fall off the rod increased only slightly over the
3-day trial period. These observations indicate that initial motor
performance in NPSR KO mice is very high and little motor learn-
ing might have occurred in the subsequent trials. It is therefore not
possible to conclude from the present data if – besides superior
motor coordination skills – also motor skill learning is enhanced
in NPSR KO mice. NPSR mRNA is strongly expressed in the M2
motor cortex and future experiments using local administrations
of NPSR agonists and antagonists in this region might help to locate
the anatomical substrate for NPSR-mediated modulation of motor
coordination or motor skill learning, respectively.

Overall, phenotypical differences between NPSR KO and WT
mice were rather mild, indicating that either the absence of NPS
signaling has been largely compensated by recruitment of other
neuronal mechanisms or that endogenous activation of NPSR in
normal animals produces only subtle effects. In summary, we
have analyzed behavioral phenotypes in NPSR KO mice and found
evidence for a substantial role of the NPS system in regulating
behavioral arousal and anxiety-like behaviors. Together with our
previous findings showing enhanced arousal after central NPS

administration, our current data suggest that the NPS system could
be a new member in the ensemble of brain arousal systems that
include more established transmitters such as noradrenaline, his-
tamine, glutamate, acetylcholine, dopamine and serotonin as well
as neuropeptides such as the orexins/hypocretins [15].
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