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Neuropeptide S is a stimulatory anxiolytic agent: a
behavioural study in mice
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Background and purpose: Neuropeptide S (NPS) was recently identified as the endogenous ligand of an orphan receptor,
now referred to as the NPS receptor. In vivo, NPS produces a unique behavioural profile by increasing wakefulness and exerting
anxiolytic-like effects. In the present study, we further evaluated the effects of in vivo supraspinal NPS in mice.
Experimental approach: Effects of NPS, injected intracerebroventricularly (i.c.v.), on locomotor activity (LA), righting reflex
(RR) recovery and on anxiety states (measured with the elevated plus maze (EPM) and stress-induced hyperthermia (SIH) tests)
were assessed in Swiss mice.
Key results: NPS (0.01–1 nmol per mouse) caused a significant increase in LA in naive mice, in mice habituated to the test
cages and in animals sedated with diazepam (5 mg kg�1). In the RR assay, NPS dose dependently reduced the proportion of
animals losing the RR in response to diazepam (15 mg kg�1) and their sleeping time. In the EPM and SIH test, NPS dose
dependently evoked anxiolytic-like effects by increasing the time spent by animals in the open arms and reducing the SIH
response, respectively.
Conclusions and implications: We provide further evidence that NPS acts as a novel modulator of arousal and anxiety-related
behaviours by promoting a unique pattern of effects: stimulation associated with anxiolysis. Therefore, NPS receptor ligands
may represent innovative drugs for the treatment of sleep and anxiety disorders.
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Introduction

Neuropeptide S (NPS) is a recently discovered peptide

(Xu et al., 2004) with the following primary structure

SFRNGVGTGMKKTSFQRAKS for the human peptide. The

primary sequence of NPS is highly conserved among species

(Reinscheid et al., 2005). NPS selectively binds and activates

an orphan G-protein coupled receptor, previously known as

GPR154, which shows low homology to other members of

the GPCR family (Xu et al., 2004). Following formal pairing

with NPS, the GPR154 receptor was named the NPS receptor

(Xu et al., 2004). In cells expressing the NPS receptor, NPS

concentration dependently increases intracellular calcium

concentration and cAMP levels, suggesting that this receptor

may be coupled with both Gq and Gs proteins (Xu et al.,

2004; Reinscheid et al., 2005). Results from structure–activity

studies performed in different laboratories (Reinscheid et al.,

2005; Bernier et al., 2006; Roth et al., 2006) consistently

indicate the N-terminal sequence of the peptide, in parti-

cular Phe2-Arg3-Asn4, is crucial for receptor binding. NPS and

its receptor are expressed in various tissues with the highest

levels found in the brain, thyroid, salivary and mammary

glands (Xu et al., 2004). A detailed study regarding the

distribution of NPS receptor and the neurochemical characteris-

tics of neurons expressing NPS in the rat brain was also

performed by the same group (Xu et al., 2007). Interestingly,

leukocytes also express both the peptide and its receptor

(Pulkkinen et al., 2006).

With respect to biological activity, genetic studies indicate

a possible peripheral involvement of the NPS/NPS receptor

system in chronic inflammatory conditions of barrier organs,

such as asthma (Laitinen et al., 2004) and ulcerative colitis/

Crohn’s disease (D’Amato et al., 2007). It has, therefore, been
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proposed that this system may contribute to innate

immunity and antimicrobial defence (D’Amato et al.,

2007). However, NPS-receptor knockout studies failed to

demonstrate major phenotypic differences in terms of airway

functions between wild-type and mutant mice (Allen et al.,

2006). Similar human genetic studies suggest a possible

role of NPS receptor in centrally mediated responses,

such as sleep (Gottlieb et al., 2007), and panic disorders

(Okamura et al., 2007). No published data are available

regarding the phenotype of NPS-receptor knockout mice,

in terms of sleep and anxiety. In contrast, several animal

studies have implicated the NPS/NPS-receptor system in

the control of different centrally mediated behaviours,

including locomotor activity (LA) (Xu et al., 2004; Roth

et al., 2006; Smith et al., 2006), wakefulness (Xu et al., 2004),

anxiety (Xu et al., 2004; Leonard et al., 2007), food intake

(Beck et al., 2005; Ciccocioppo et al., 2006; Smith et al., 2006;

Cline et al., 2007), but also see Niimi (2006) and more

recently, drug abuse (Ciccocioppo et al., 2007; Paneda et al.,

2007).

In the present study, we further evaluated the effects of

supraspinal NPS in mice, using a range of behavioural assays

(i) LA performed with naı̈ve mice, mice habituated to the test

cage and mice sedated with 5 mg kg�1 diazepam, (ii) recovery

of righting reflex (RR) following treatment with a hypnotic

dose of diazepam 15 mg kg�1, (iii) elevated plus maze (EPM)

and (iv) stress-induced hyperthermia (SIH). The effects

elicited by NPS in these behavioural assays were compared

to those evoked under the same experimental conditions by

caffeine (as a reference stimulant drug) and diazepam (as a

reference anxiolytic).

Methods

Animals

All experimental procedures for in vivo studies complied with

the standards of the European Communities Council

directives (86/609/EEC) and National regulations (DL 116/

92). Male Swiss mice (2–3 months old, 30–35 g) were used.

They were housed in 425�266�155 mm cages (Tecniplast,

MN, Italy), eight animals per cage, under standard condi-

tions (22 1C, 55% humidity, 12-h light–dark cycle, lights on

0700 hours) with food (MIL, standard diet Morini RE, Italy)

and water ad libitum for at least 10 days before experiments

began. Each animal was used only once. Diazepam and

caffeine were administered to the animals intraperitoneally

(i.p.) whereas NPS was given to the cerebral ventricle

(intracerebroventricularly; i.c.v.). The i.c.v. injections (2 ml

per mouse) were given under light (just sufficient to produce

a loss of the righting reflex) ether anaesthesia into the left

ventricle according to the procedure described by Laursen

and Belknap (1986) and routinely adopted in our laboratory

(Rizzi et al., 2002; Gavioli et al., 2003). All procedures were

randomised across test groups. In all the assays, food was not

available during testing.

Locomotor activity

Experiments were performed during the light cycle (0900–

1300 hours). Naı̈ve mice (that is, animals not habituated to

the test cage before the experiment) were injected with NPS

i.c.v. 5 min before the beginning of the test. Habituated mice

were acclimatised to the test cage for 60 min before the i.c.v.

injection of NPS and then returned to the test cage.

Diazepam-treated mice received an i.p. injection (100 ml) of

diazepam (5 mg kg�1) in Tween 80 (0.5%) 15 min before the

i.c.v. injection of NPS or the i.p. injection of caffeine. In all

the three groups of animals (naı̈ve, habituated and diaze-

pam-treated mice), caffeine and NPS were assessed at

20 mg kg�1and over the 0.01–1 nmol dose range, respec-

tively. LA was assessed using basile activity cages, which

consist of a four-channel resistance detector circuit, which

converts the bridges ‘broken’ by the animals paws into pulses

that are summed by an electronic counter every 5 min (Rizzi

et al., 2001).

Recovery of the righting reflex

This assay was performed according to the procedures

described by Marley et al., 1986. Mice were given an i.p.

injection of diazepam 15 mg kg�1. When the animals lost RR,

they were placed in a plastic cage and the time was recorded

by an expert observer, unaware of the drug treatments.

Animals were judged to have regained the RR response when

they could right themselves three times within 30 s. Sleeping

time is defined as the amount of time between the loss

and regaining of the RR; it was rounded to the nearest

minute. The ability of caffeine (20 mg kg�1, i.p.) and NPS

(0.01–1 nmol, i.c.v.) to modify the proportion of animals

responding to diazepam 15 mg kg�1 and their sleeping time

(minutes) were evaluated. Caffeine and NPS were adminis-

tered 15 and 5 min before the injection of diazepam,

respectively.

Elevated plus maze

The EPM assay was carried out essentially as previously

described by Pellow et al. (1985). The EPM apparatus

(Hamilton–Kinder, Poway, CA, USA) consists of two open

arms (30�5�0.6 cm), which are facing two opposite wall-

enclosed arms (30�5�20 cm) connected by a central

platform (5�5 cm) elevated 50 cm from the floor. A red

dim light was focused on the central platform (B100 lux).

Animals were placed at the centre of the maze, with the head

facing an open arm. The number of entries and the time

spent in both closed and open arms and some ethological

variables (that is, rearing, head dipping and stretch attend

postures) were recorded during a 5 min period by an

experienced observer. An entry was scored as such only

when the animal placed all four limbs into any given arm.

The ratio of ‘time spent in the open arms divided by time

spent in all (that is, open and closed) arms’ and ‘number of

entries into open arms divided by total entries into all arms’

was calculated and multiplied by 100, to yield the percentage

of time spent in and the frequency of entries into open arms,

respectively. The dose-related effects of NPS (0.001–1 nmol,

i.c.v.) and a comparison with that produced by caffeine

(20 mg kg�1, i.p.) and diazepam (1 mg kg�1, i.p.) were

assessed.
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Stress induced hyperthermia

The test was performed according to the method previously

reported by Olivier et al. (2002). Rectal temperatures were

measured to the nearest 0.1 1C using an ELLAB instruments

thermometer (Copenhagen, Denmark) using a lubricated

thermistor probe designed for mice (2-mm diameter)

inserted 20 mm into the rectum, while the mouse was

handheld near the base of the tail. The probe was left in

place until steady readings were obtained (approximately

10 s). Rectal temperatures were measured twice in each

mouse, at t¼0 min (T1) and t¼10 min (T2). The first

rectal body temperature measurement (T1) induces a

mild stress that causes an increase in the second value (T2).

The difference in temperature (T2�T1) was considered to

reflect SIH. A comparison between T1 in saline-treated mice

and in animals treated with a given dose of a test compound

was used to determine whether a test compound affected

body temperatures, per se. NPS (0.01–1 nmol, i.c.v.) and

diazepam (1, 3 and 5 mg kg�1, i.p.) were administered 60 min

before the test to evaluate their ability to modify the SIH

response. This relatively long period of pretreatment is

needed because the injection procedure (handling plus

injection) evokes a similar increase in core body temperature

as the rectal temperature measurement procedure. This

stress effect had waned after 60 min and the basal body

temperature returned to the undisturbed baseline (Olivier

et al., 2003).

Data analysis

The pharmacological terminology adopted in this paper is

consistent with IUPHAR recommendations (Neubig et al.,

2003). Data are expressed as mean±s.e.m. of n animals. Data

were analysed using Student’s t-test or one-way analysis of

variance (ANOVA) followed by Dunnett’s test, as specified in

figure or table legends. Differences were considered statisti-

cally significant when Po0.05.

Drugs

Neuropeptide S was synthesised according to published

methods (Roth et al., 2006) using Fmoc/tBu chemistry with

a SYRO XP multiple peptide synthesiser (MultiSyntech,

Witten Germany). Crude peptides were purified by prepara-

tive reversed-phase HPLC and the purity checked by

analytical HPLC and mass spectrometry, using a matrix-

assisted laser desorption ionisation time of flight (Bruker

BioScience, Billerica, MA, USA) and an ESI Micromass ZMD-

2000 mass spectrometer (Waters corporation, MS, USA). All

other reagents were purchased from Sigma Chemical Co. (St

Louis, MO, USA). The vehicle used for injecting NPS and

caffeine was saline, whereas that for diazepam was Tween 80

(0.5%).

Results

Locomotor activity

Naı̈ve mice injected with saline (2ml per mouse, i. c.v.)

displayed a progressive reduction in spontaneous LA over the

time course of the experiment. Their cumulative LA in

60 min was 41000 impulses. Mice habituated to the test cage

for 60 min before the experiment showed an important

reduction in LA with cumulative impulses o500. An even

greater inhibitory effect was produced by i.p. administration

of a sedative dose of diazepam (5 mg kg�1), such that mice

treated with the benzodiazepine displayed a cumulative LA

of approx 250 impulses in 60 min.

Caffeine administration promoted a robust and consistent

increase in locomotion in naı̈ve, habituated and diazepam-

treated mice (Figure 1). The stimulatory effect of caffeine was

more pronounced in habituated (327% of controls) and

diazepam-treated (310% of controls) animals than that in

naı̈ve mice (167% of controls). Similar results were obtained

following i.c.v. injection of NPS in naı̈ve, habituated and

diazepam-treated mice (Figure 2). NPS in the range of 0.01–

1 nmol per mouse dose dependently stimulated LA. At

0.01 nmol, the peptide was inactive whereas at 0.1 and

1 nmol, the peptide produced a robust stimulatory effect.

However, in naı̈ve and habituated animals, the effect

produced by 0.1 nmol was higher than that produced by

the 1 nmol dose. This was due to the fact that the onset of

action of the latter dose of NPS was delayed (Figure 2, top

and middle panels). The maximal stimulatory effect of NPS

was 162, 276 and 488% of controls in naı̈ve, habituated and

diazepam-treated mice, respectively.

Recovery of righting reflex

As shown in Figure 3, i.p. injection of diazepam at the

hypnotic dose of 15 mg kg�1 produced loss of RR in 100% of

the mice and approx 80 min were needed to regain this

reflex. Pretreatment with caffeine (20 mg kg�1 i.p.) decreased

both the percentage of mice losing RR in response to the

benzodiazepine and their sleeping time. Only 33% of

caffeine-treated mice lost RR and the sleeping time of those

animals responding to diazepam was reduced to 28 min

(Figure 3, top panels). This arousal promoting effect of

caffeine was mimicked by i.c.v. injection of NPS. Over the

0.01–1 nmol range, the peptide dose dependently reduced

the proportion of animals responding to diazepam and their

sleeping time. The maximal arousal-promoting effect of NPS

was obtained with the dose of 1 nmol, which reduced the

percentage of animals showing loss of RR to 50% and their

sleeping time to 22 min (Figure 3, bottom panels).

Elevated plus-maze test

In the EPM test, control mice spent about 35 s in the open

arms (corresponding to 19% of the total time spent in

open and closed arms) and their entries into open arms

were approximately four (corresponding to 27% of the

total entries into open and closed arms). Diazepam

(1 mg kg�1; i.p.) significantly increased both the percentage

of time spent in and the number of entries into open

arms (Figure 4, top panels). Similar anxiolytic-like effects

were promoted by i.c.v. injection of NPS (Figure 4, bottom

panels). In the range 0.001–1 nmol, NPS dose dependently

increased the time spent by animals in the open arms with

a maximal effect, evoked at 1 nmol, equal to 157 s

Behavioural effects of neuropeptide S in mice
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(corresponding to 68% of the total time spent in open and

closed arms). This effect was associated with a statistically

significant increase in entries into the open arms, which was,

however, dose independent. Under the same experimental

conditions, caffeine produced the opposite result reducing to

15 s, the time spent by animals in the open arms (corres-

ponding to 11% of the total time spent in open and closed

arms) and the number of entries into open arms to three

(corresponding to 21% of the total entries into open and

closed arms) (Table 1). All the behavioural parameters

measured in the EPM in saline as well as drug-treated

animals are summarised in Table 1.

Stress-induced hyperthermia test

In control mice, stress induced by the measurement of body

temperature evoked a significant increase in T2 compared

with T1 corresponding to a DT of about 0.6 1C. Diazepam

(1–5 mg kg�1, i.p.) produced a dose-dependent reduction in

baseline temperature, although this effect did not reach

statistical significance (Figure 5, top left panel). In the same

dose range, the benzodiazepine reduced DT to negative

values (Figure 5, top right panel). These effects of diazepam

were statistically significant at the doses of 3 and 5 mg kg�1.

NPS (i.c.v.) did not modify baseline temperature but

produced a dose-related reduction in DT, which reached

Figure 1 Locomotor activity assay. Effect of caffeine in naive (top panels), habituated (middle panels) and in diazepam-treated (bottom
panels) mice. Locomotor activity of mice is displayed over the time course of the experiment in the left panels and as cumulative impulses over
the 60 min observation period in the right panels. Data are mean±s.e.m. of 16 mice per group. *Po0.05 vs control, Student’s t-test for
unpaired data.
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statistical significance at doses of 0.1 and 1 nmol (Figure 5,

bottom panels).

Discussion and conclusions

Collectively, the present findings demonstrate that the

human form of NPS was able to evoke a robust and

consistent arousal response in mice. This stimulant effect

was associated with a clear anxiolytic-like action. Thus, the

present findings corroborate the proposal of NPS as a unique

neuropeptidergic signal: an activating anxiolytic (Koob and

Greenwell, 2004; Xu et al., 2004).

In LA assays, NPS mimicked the stimulatory effect of

caffeine and this effect is highly consistent across different

experimental conditions, that is, naı̈ve and habituated mice,

and animals sedated with diazepam. Similar results in terms

of degree of stimulation, NPS potency, onset and duration of

action were previously reported both in mice (Xu et al., 2004)

and in rats (Smith et al., 2006). This suggests that the

locomotor stimulant effect of NPS is highly consistent

among experimental conditions and animal species. The

activating properties of NPS were further confirmed in the

RR assay, where NPS mimicked the arousal-promoting action

of caffeine in mice by reducing the number of animals losing

RR in response to a hypnotic dose of diazepam and markedly

decreasing the sleeping time in those animals responding to

the benzodiazepine. These findings parallel the results

obtained by Xu et al. (2004) in rats in electroencephalographic

studies, where NPS given i.c.v. in the same dose range (that is,

0.1 and 1 nmol) increases the amount of wakefulness and

decreases SWS1, SWS2 and REM sleep. These latter experi-

ments and relative findings were independently replicated in

a different laboratory (Ahnaou et al., 2006). Collectively, these

Figure 2 Locomotor activity assay. Dose–response curve to i.c.v. injected neuropeptide S (NPS; 0.01–1 nmol) in naive (top panels),
habituated (middle panels) and in diazepam-treated (bottom panels) mice. Locomotor activity of mice is displayed over the time course of the
experiment in the left panels and as cumulative impulses over the 60 min observation period in the right panels. Data are mean±s.e.m. of
20 mice per group. *Po0.05 vs control, analysis of variance (ANOVA) followed by the Dunnett’s test for multiple comparison.
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Figure 3 Recovery of righting reflex in mice. Effect of caffeine 20 mg kg�1, i.p. (top panels) and of i.c.v. injected neuropeptide S (NPS;
0.01–1 nmol, bottom panels) on the per cent of animals losing of the righting reflex in response to diazepam 15 mg kg�1 i.p. (left panels) and
on their sleeping time (right panels). Sleeping time is defined as the amount of time between the loss and regaining of the righting reflex. Data
are mean±s.e.m. of 14 mice per group. *Po0.05 vs control, analysis of variance (ANOVA) followed by the Dunnett’s test for multiple
comparison.

Figure 4 Effects of diazepam (1 mg kg�1 i.p., top panels) and of i.c.v. injected neuropeptide S (NPS; 0.001–1 nmol, bottom panels) on the
time spent in (left panel) and in the number of entries into the open arms (right panel) in the mouse elevated plus maze test. Data are
mean±s.e.m. of 16 mice per group. *Po0.05 vs control, analysis of variance (ANOVA) followed by the Dunnett’s test for multiple comparison.
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data demonstrated that the arousal-promoting action of NPS

is a robust effect, which can be easily replicated in different

laboratories and animal species. There is no experimental

evidence to conclusively ascribe these in vivo biological

actions of NPS to the activation of the NPS receptor. However,

it is worthy of mention that [Ala3]NPS, a peptide displaying

partial agonist features at recombinant NPS receptor in vitro

(Roth et al., 2006), partially stimulated LA in mice when given

alone and counteracted the stimulatory effect of NPS when

coinjected (Calo et al., 2006). This initial indication should be

confirmed in future studies, by testing the effects of NPS in

mice with the gene for the NPS receptor deleted and by

challenging NPS actions with selective and pure NPS receptor

antagonists.

Table 1 Effects of diazepam, caffeine and neuropeptide S on various behavioural parameters displayed by mice subjected to the elevated plus maze
test

Treatment Time in open
arms (s)

Entries in open
arms

Time in closed
arms (s)

Entries in closed
arms

Stretch attend
posture

Head-dipping Rearing

Control 34.9±6.0 4.3±0.5 161.6±8.4 11.1±1.3 8.1±0.7 3.8±0.7 11.1±1.4
Diazepam 1 mg kg�1 107±16.6* 12.1±1.8* 111.9±17.4* 13.3±1.9 4.9±1.2* 8.9±1.0* 12.5±1.4

Control 39.8±6.9 4.8±0.9 129.7±6.5 8.8±0.8 4.1±0.6 5.7±0.9 11.8±1.6
Caffeine 20 mg kg�1 14.8±3.5* 2.7±0.4* 125.4±10.2 10.1±0.7 7.5±0.8* 4.5±0.7 12.3±1.6

Control 48.9±8.2 5.7±0.8 133.6±10.1 10.3±0.7 5.3±0.9 8.2±1.2 10.3±1.6
NPS 0.001 nmol 84.2±11.2 9.9±1.4 111.8±6.6 10.8±0.7 3.2±1.2 11.1±1.7 12.0±1.8
NPS 0.01 nmol 114.4±7.9* 9.7±0.8* 107.2±7.1 8.8±0.8 1.8±0.4* 14.9±2.3 11.6±1.9
NPS 0.1 nmol 130.4±11.6* 8.6±0.7* 89.2±10.6* 7.1±0.5* 1.3±0.3* 16.3±2.8 8.6±1.7
NPS 1 nmol 156.6±12.4* 9.2±1.0* 68.2±4.9* 6.1±0.7* 0.5±0.1* 18.8±4.4* 10.2±1.5

All values are expressed as mean±s.e.m. of 12–16 mice per group.

*Po0.05 vs control according to Student’s t-test for unpaired data or analysis of variance followed by Dunnett’s test for multiple comparison.

Figure 5 Effects of diazepam (1, 3 and 5 mg kg�1, i.p.) (top panels) and neuropeptide S (NPS; 0.01–1 nmol. i.c.v.) (bottom panels) on
baseline temperature (T1) (left panels) and stress-induced hyperthermic response (SIH) (T2–T1) (right panels) in the mouse SIH test. Data are
mean±s.e.m. of 14 mice per group. *Po0.05 vs control, analysis of variance (ANOVA) followed by the Dunnett’s test for multiple comparison.
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Collectively, our findings are in line with those already

published, indicating that NPS behaves as an important

signal in the brain to stimulate LA and wakefulness. In this

respect, the effects of NPS are similar to those elicited by

caffeine (and other psychostimulant drugs) and opposite to

those of diazepam. The parallel between caffeine and NPS

can be extended to the regulation of food intake as several

independent studies demonstrated that NPS is able to

promote an important anorectic effect in rats (Beck et al.,

2005; Ciccocioppo et al., 2006; Smith et al., 2006) and chicks

(Cline et al., 2007). Interestingly, the inhibitory effect of NPS

on palatable food intake was found to be sensitive to the

antagonist action of [Ala3]NPS (Ciccocioppo et al., 2006),

suggesting that this effect of the peptide is also due to

selective NPS receptor activation. A possible role of the NPS–

NPS receptor system in mediating some of the effects of

caffeine has been recently proposed based on PCR studies

that demonstrated acute and chronic caffeine treatments to

modulate the expression of NPS and its receptor in the rat

hypothalamus and brainstem (Lage et al., 2006). Although

we must acknowledge that the use of the i.c.v. route of

administration does not allow investigation of the brain site

responsible for a given effect, the brain areas possibly

relevant to the stimulant action of NPS are worthy of

mention. A recent detailed study demonstrated that NPS

receptors are expressed in several regions known to play a

major role in the regulation of arousal, including the

thalamus, hypothalamus, ventral tuberomammilary

nucleus, substantia nigra and ventral tegmental area, and

the pontine reticular nucleus (Xu et al., 2007). Further

studies using microinjection and neurochemical techniques

are now needed to identify which of these areas play a crucial

role in the stimulant action of NPS.

In EPM experiments, 1 mg kg�1 diazepam produced clear

anxiolytic-like effects, increasing the time spent by mice in

the open arms. In contrast, caffeine promoted anxiogenic-

like effects. These results agree with those from earlier work,

for instance by El Yacoubi et al. (2000) and Gavioli et al.

(2002), and validate our EPM experimental conditions. In

this assay, the supraspinal administration of NPS mimicked

the effects of diazepam promoting dose dependent anxi-

olytic-like effects. These results are similar to those obtained

by Xu et al. (2004) not only in the same assay but also in the

light–dark and open field tests. Moreover, an anxiolytic-like

action of NPS was also reported in mice subjected to the four-

plate test and elevated zero maze (Leonard et al., 2007).

Thus, similar to the stimulant effects of NPS, its anxiolytic-

like action also seems to be a robust effect easily reproduced

in different laboratories and with different assays. However,

the stimulatory action of NPS can bias the interpretation of

results obtained in the above-mentioned assays, in which

anxiety levels are measured as inhibited behaviours.

This prompted us to investigate NPS effects in the SIH

assay, a model of anxiety, which is not sensitive to LA

(Bouwknecht et al., 2007). As expected, in this assay,

diazepam produced anxiolytic-like effects, that is, it counter-

acted the SIH response in a dose-dependent manner

(Bouwknecht et al., 2007). However, higher benzodiazepine

doses were required in this assay compared to EPM to elicit

statistically significant effects. In addition, the effect of

diazepam on body temperature (T1), although not statisti-

cally significant, may represent a bias for the analysis of its

effect on SIH. However, this is unlikely because it has been

clearly demonstrated using different mouse strains and

several benzodiazepines (diazepam, oxazepam, alprazolam

and chlodiazepoxide) that the decrease in DT is indeed

independent of the effect of the drug on temperature T1

(Olivier et al., 2002). The action of caffeine was not evaluated

in this assay because of the reported hyperthermic/hypo-

thermic response of this drug (Yang et al., 2007) and because

this assay failed to detect anxiogenic-like effects of several

drugs, such as pentylenetetrazol, the beta-carboline FG7142,

meta-chlorophenylpiperazine (Olivier et al., 2002). Thus,

anxiogenic-like actions are extremely difficult to assess using

this test, probably due to a ceiling effect of DT (Bouwknecht

et al., 2007).

Under the same experimental conditions, NPS did not

produce any modification of T1 but dose dependently

prevented SIH. This same result has been independently

replicated in a different laboratory (Leonard et al., 2007).

Thus the ability of NPS to counteract SIH, a physiological

parameter insensitive to locomotion, indicates that the

action of NPS should be considered as a genuine (that is,

not merely dependent on experimental bias) anxiolytic-like

effect. This proposal is corroborated by the anxiolytic-like

effects measured in mice in response to NPS in the marble-

burying assay (Xu et al., 2004), a model where anxiety levels

are measured as an active (marble burying) behaviour.

Collectively, the effects promoted by NPS in both the EPM

and SIH assays are similar to those elicited by diazepam and

opposite to those of caffeine. As far as brain areas relevant to

the action of NPS on stress and anxiety are concerned, the

study by Xu et al. (2007) demonstrated that NPS receptor

messenger is expressed in various stress-related regions,

including the amygdala, bed nucleus of the stria terminalis,

hypothalamus, raphe nucleus and ventral tegmental area.

However, as already mentioned for the stimulant action of

NPS, further studies are needed to identify the brain region(s)

and the neurotransmitter(s) mediating the anxiolytic-like

effects of NPS.

Collectively, the present study confirmed and extended

previous findings (Xu et al., 2004), demonstrating that NPS

produced a unique behavioural profile: stimulation asso-

ciated with anxiolysis. The only known drug displaying a

similar pattern of effect is nicotine (Koob and Greenwell,

2004). Interestingly the NPS–NPS receptor system, to some

extent, seems to be upregulated in response to nicotine

treatment in rats (Lage et al., 2007), thus suggesting a role, in

part, for this peptidergic system in mediating the behaviour-

al actions of nicotine. It is expected that the pharmacological

analysis of the actions elicited by selective NPS receptor

agonists and antagonists together with the phenotypic

characterisation of mice lacking the NPS receptor will

substantially extend our knowledge of the neurobiological

mechanisms that regulate the sleep/wakefulness cycle, the

response to stress and anxiety. Hopefully, this information

may be useful in the near future for the design of innovative

drugs for the treatment of sleep and anxiety disorders and

possibly other pathological conditions, such as drug depen-

dence and food intake disorders.
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