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Neuropeptide S selectively inhibits the release of
5-HT and noradrenaline from mouse frontal cortex
nerve endings
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Background and purpose: Neuropeptide S (NPS) is a recently identified neurotransmitter/neuromodulator able to increase
arousal and wakefulness while decreasing anxiety-like behaviour. As several classical transmitters play a role in arousal and
anxiety, we here investigated the possible presynaptic regulation of transmitter release by NPS.
Experimental approach: Synaptosomes purified from mouse frontal cortex were prelabelled with [3H]5-hydroxytryptamine
(5-HT), noradrenaline, dopamine, choline, D-aspartate or GABA and depolarized in superfusion with 12–15 mmol·L-1 KCl to
evoke [3H]neurotransmitter exocytosis. NPS was added at different concentrations (0.001 to 100 nmol·L-1).
Key results: NPS behaved as an extremely potent inhibitor of the evoked overflow of [3H]5-HT and [3H]noradrenaline
exhibiting EC50 values in the low picomolar range. The inhibitory action of NPS on [3H]5-HT release was mimicked by [Ala2]NPS
that was, however, about 100-fold less potent than the natural peptide. NPS (up to 100 nmol·L-1) was unable to affect the
depolarization-evoked overflow of [3H]D-aspartate and [3H]GABA. The neuropeptide only weakly reduced the overflow of
[3H]dopamine and [3H]ACh when added at relatively high concentrations.
Conclusions and implications: NPS, at low picomolar concentrations, can selectively inhibit the evoked release of 5-HT and
noradrenaline in the frontal cortex by acting directly on 5-hydroxytryptaminergic and noradrenergic nerve terminals. These
direct effects may explain only in part the unique behavioural activities of NPS, while an indirect involvement of other
transmitters, especially of glutamate, must be considered.
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Introduction

Neuropeptide S (NPS) is a recently discovered
neurotransmitter/neuromodulator that has been identified as
the natural ligand of a previously orphaned G-protein
coupled receptor, now named the NPS receptor (Xu et al.,
2004). Activation of NPS receptors by low nanomolar concen-
trations of the neuropeptide increases intracellular Ca2+ con-
centration and cAMP levels, suggesting that NPS receptors
may be coupled with Gq and Gs proteins (Xu et al., 2004;
Reinscheid et al., 2005).

Neuropeptide S precursor mRNA was found to be strongly
expressed only in discrete regions in the rat brain, including
the locus coeruleus, the principal sensory trigeminal nucleus
and lateral parabrachial nucleus (Xu et al., 2004). The vast
majority of NPS-expressing neurones in the locus coeruleus
and the sensory trigeminal nucleus are glutamatergic, while
many of the NPS-positive neurones in the lateral parabrachial
nucleus also coexpress corticotrophin-releasing factor (Xu
et al., 2007). In contrast to NPS precursor mRNA, NPS receptor
mRNA was found widely expressed in many brain regions in
a morphological study of in situ hybridization with 35S-
labelled riboprobes (Xu et al., 2007).

As indicated by several studies, the NPS-NPS receptor
system is involved in the control of different centrally medi-
ated behaviours, including wakefulness and anxiety (Xu et al.,
2004; Leonard et al., 2008; Rizzi et al., 2008; Vitale et al.,
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2008), food intake (Beck et al., 2005; Smith et al., 2006; Cline
et al., 2007) and drug abuse (Ciccocioppo et al., 2007; Badia-
Elder et al., 2008).

Some of the behavioural effects of NPS are particularly
interesting, as the neuropeptide is able to mediate arousal/
wakefulness as well as anxiolytic activities in rodents
(Okamura and Reinscheid, 2007). Such a behavioural profile
appears quite peculiar in comparison with that of other psy-
choactive agents, like stimulant drugs, which generally elicit
arousal enhancement associated with increased anxiety
(Hascoet and Bourin, 1998; Paine et al., 2002).

Very little is known about the mechanisms through which
NPS induces arousal and anxiolytic effects. Several neu-
rotransmitters, including classical transmitters and neuropep-
tides, have been reported to be involved in the regulation of
arousal and/or anxiety (see Reinscheid and Civelli, 2002; Ber-
ridge and Waterhouse, 2003; Jones, 2003; Millan, 2003);
accordingly, the effects of NPS are probably due to interac-
tions with various neurotransmitter systems. Interactions
between neurotransmitters often occur through modulation
of release mediated by presynaptic receptors (see Raiteri,
2006). In the case of NPS, the neuropeptide might modulate
the release of other neurotransmitters through the activation
of presynaptic NPS receptors. As no data have been reported
about these interactions and considering that neuropeptides
often exhibit modulatory function on classical neurotrans-
mission, the aim of the present investigation was to ascertain
whether NPS could modulate neurotransmitter release.
Among the several transmitter systems potentially involved,
we focused on a number of classical neurotransmitters known
to be involved in the control of arousal, anxiety and/or sleep
in cortical areas.

Evidence has been provided that noradrenaline is an impor-
tant mediator of wakefulness and anxiety (Berridge and
Waterhouse, 2003; Valentino and Van Bockstaele, 2008).
5-hydroxytryptamine (5-HT) also is known to play primary
roles in sleep processes and in the generation of anxiety states
(Handley, 1995; Murphy et al., 1999; Millan, 2003). More
recently, the glutamatergic system has been heavily impli-
cated in stress and anxiety (Moghaddam, 2002; Jones, 2003).
GABA is the major inhibitory neurotransmitter in cortical
areas, the GABAergic system plays a key role in the modula-
tion of anxiety (Millan, 2003) and the mechanism of action of
many anxiolytic drugs, like benzodiazepines, relies on the
potentiation of GABAergic transmission.

In the present work, we studied the effects of NPS on the
release of noradrenaline, 5-HT, glutamate, GABA, dopamine
and ACh using mouse frontal cortex synaptosomes labelled
with the appropriate radioactive neurotransmitters and
depolarized in superfusion with concentrations of KCl
known to evoke exocytosis. We found that low picomolar
concentrations of NPS selectively reduced the evoked release
of noradrenaline and 5-HT. The NPS analogue [Ala2]NPS
mimicked the inhibitory effect of the natural peptide on
[3H]5-HT release being, however, about 100-fold less
potent.

Part of the data reported in the present work have been
presented as a poster communication in the European Opioid
Conference–European Neuropeptide Club Joint Meeting
(Raiteri et al., 2008).

Methods

Animals
All animal care and experiments were in accordance with the
European Community Council Directive of 24 November
1986 (86/609/EEC). All efforts were made to minimize animal
suffering and to use only the number of animals necessary to
produce reliable results. Adult Swiss mice (weighing 20–25 g;
Charles River, Calco, Italy) were used. Animals were housed at
constant temperature (22 � 1°C) and relative humidity (50%)
under a regular light–dark schedule (lights on at 07.00 h and
off at 19.00 h). Food and water were freely available.

Preparation of synaptosomes
Animals were killed by cervical dislocation and the frontal
cortex was quickly removed. In order to prepare purified syn-
aptosomes (Dunkley et al., 1988; Nakamura et al., 1993), the
tissue was homogenized in 10 volumes of 0.32 mol·L-1

sucrose, buffered at pH 7.4 with Tris-HCl, using a glass-Teflon
tissue grinder (clearance 0.25 mm, 12 up-down strokes in
about 1 min). The homogenate was centrifuged (5 min, 1000¥
g at 4°C) to remove nuclei and debris and the supernatant was
gently stratified on a discontinuous Percoll® gradient (2%, 6%,
10% and 20% in Tris-buffered sucrose) and centrifuged at
33 500¥ g for 5 min. The layer between 10% and 20% Percoll®

(synaptosomal fraction) was collected, washed by centrifuga-
tion and resuspended in a physiological medium (standard
medium) having the following composition (mmol·L-1):
NaCl, 140; KCl, 3; MgSO4, 1.2; CaCl2, 1.2; NaH2PO4, 1.2;
NaHCO3, 5; glucose, 10; HEPES, 10; pH adjusted to 7.4 with
NaOH. All the above procedures were performed at 0–4°C.
Protein was determined according to Bradford (1976) using
bovine serum albumin as a standard.

Release experiments
Synaptosomes were incubated at 37°C for 15 min in the
presence of the appropriate radioactive tracer: [3H]5-HT
(0.07 mmol·L-1), [3H]noradrenaline (0.1 mmol·L-1), [3H]dopam-
ine (0.1 mmol·L-1), [3H]choline (0.07 mmol·L-1), [3H]GABA
(0.02 mmol·L-1) or [3H]D-aspartate (0.05 mmol·L-1) used as a
marker of endogenous glutamate (see Raiteri et al., 2007). To
achieve selective labelling of serotonergic nerve terminals, in
the experiments of [3H]5-HT release, incubation with the
radioactive neurotransmitter was performed in the presence
of the noradrenaline uptake inhibitor desipramine
(0.1 mmol·L-1) and of the dopamine uptake inhibitor GBR
12909 (0.1 mmol·L-1). Similarly, in the experiments of [3H]no-
radrenaline release, incubation with the radioactive tracer was
performed in the presence of the 5-HT uptake inhibitor
6-nitroquipazine (0.1 mmol·L-1) and of GBR 12909
(0.1 mmol·L-1), and in the experiments of [3H]dopamine
release incubation was performed in the presence of
0.1 mmol·L-1 desipramine and 0.1 mmol·L-1 6-nitroquipazine.
In the experiments of [3H]GABA release, incubation with the
radioactive transmitter was performed in the presence of
50 mmol·L-1 aminooxyacetic acid to prevent [3H]GABA
metabolism.
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At the end of incubation, identical aliquots of synaptoso-
mal suspension (about 60 mg protein) were distributed on
microporous filters placed at the bottom of a set of parallel
superfusion chambers maintained at 37°C (Superfusion
System, Ugo Basile, Comerio, Varese, Italy) and superfused
with standard medium (containing 50 mmol·L-1 aminooxy-
acetic acid in the experiments of [3H]GABA release) supple-
mented with 0.1% polypep at a rate of 0.5 mL·min-1 (Raiteri
and Raiteri, 2000).

Depolarization-evoked neurotransmitter release. After 36 min of
superfusion, to equilibrate the system, fractions were col-
lected as follows: two 3 min samples (t = 36–39 and
45–48 min; basal release) before and after one 6 min sample
(t = 39–45 min; evoked release). A 90 s period of depolariza-
tion was applied at t = 39 min. As indicated, synaptosomes
were depolarized with 12 or 15 mmol·L-1 KCl (substituting for
an equimolar concentration of NaCl). NPS was added con-
comitantly with the depolarizing stimulus. Fractions collected
and superfused filters were counted for radioactivity by liquid
scintillation counting.

Spontaneous neurotransmitter release. In one set of experi-
ments, after 36 min of superfusion, to equilibrate the system,
four 3 min fractions were collected. NPS was added to the
superfusion medium at the end of the first fraction collected
(t = 39 min). Fractions collected and superfused filters were
counted for radioactivity by liquid scintillation counting.

Calculations
Neurotransmitter release in each fraction collected was
expressed as a percentage of the radioactivity content of syn-
aptosomes at the start of the respective collection period
(fractional rate ¥100). Depolarization-evoked neurotransmit-
ter overflow was calculated by subtracting the transmitter
content of the basal release from the transmitter content in
the 6 min fraction collected during and after the depolariza-
tion pulse. The effect of NPS was evaluated as the ratio of the
depolarization-evoked neurotransmitter overflow calculated
in the presence of the drug versus that obtained under control
conditions.

In the experiments of spontaneous neurotransmitter
release, the effect of NPS was evaluated by calculating the
ratio between the transmitter efflux in the fourth fraction
collected and that of the first fraction. This ratio was com-
pared with the corresponding ratio obtained in the absence of
NPS. Appropriate controls were always run in parallel.

Calcium mobilization experiments
HEK293 cells stably expressing the mouse NPS receptor were
generated as previously described (Reinscheid et al., 2005) and
maintained in DMEM medium supplemented with 10%
foetal bovine serum, 2 mmol·L-1 L-Glutamine, Hygromycin
(100 mg·L-1) and cultured at 37°C in 5% CO2 humidified air.
The cells were prepared for calcium mobilization experiments
as previously described (Camarda et al., 2008). Concentrated
solutions (1 mmol·L-1) of NPS and [Ala2]NPS were made in
double-distilled water and kept at -20°C. Serial dilutions were

carried out in HBSS/HEPES (20 mmol·L-1) buffer (containing
0.02% BSA fraction V). After placing both plates (cell culture
and master plate) into the fluorometric imaging plate reader
FlexStation II (Molecular Devices, Sunnyvale, CA, USA), fluo-
rescence changes were measured at room temperature (22°C).

Materials. [3H]5-HT (specific activity: 87.0 Ci·mmoL-1),
[3H]noradrenaline (specific activity: 38.0 Ci·mmoL-1),
[3H]GABA (specific activity: 94.0 Ci·mmoL-1), [3H]D-aspartate
(specific activity: 35.0 Ci·mmoL-1), [3H]choline (specific
activity: 83.0 Ci·mmoL-1), [3H]dopamine (specific activity:
49.0 Ci·mmoL-1) were purchased from Amersham (Bucking-
hamshire, UK). NPS and [Ala2]NPS were synthesized according
to published methods (Camarda et al., 2008) using Fmoc/tBu
chemistry with a SYRO XP multiple peptide synthesizer (Mul-
tiSyntech, Witten, Germany). Crude peptides were purified by
preparative reversed-phase HPLC and the purity checked by
analytical HPLC and mass spectrometry using a matrix-
assisted laser desorption ionization time of flight (Bruker
BioScience, Billerica, MA, USA) and a ESI Micromass ZMD-
2000 mass spectrometer (Waters Corporation, Milford, MS,
USA). Percoll®, Polypep® and aminooxyacetic acid were
from Sigma Chemical Co. (St. Louis, MO, USA), and
6-nitroquipazine was from Duphar BV (Amsterdam, the
Netherlands).

Results

Figure 1 right panel shows that NPS concentration-
dependently stimulated calcium mobilization in HEK293 cells
stably expressing the mouse NPS receptors. The peptide
maximal effects corresponded to 228 � 22% over the basal
values; the EC50 was 6.31 nmol·L-1. The NPS analogue
[Ala2]NPS was inactive in the nmol·L-1 range of concentra-
tions while it stimulated calcium mobilization only at the
higher concentrations tested, that is, 1 and 10 mmol·L-1.

Purified mouse frontal cortex synaptosomes were depolar-
ized by adding to the superfusion medium 12 mmol·L-1 KCl
(experiments of [3H]5-HT, [3H]noradrenaline, [3H]D-aspartate
and [3H]GABA release) or 15 mmol·L-1 KCl (experiments of
[3H]dopamine and [3H]ACh release). These depolarizing
stimuli were chosen because it had been previously found
that neurotransmitter release evoked by depolarization of
synaptosomes with 12–15 mmol·L-1 KCl occurs almost com-
pletely by Ca2+-dependent exocytosis. Depolarization with 12
or 15 mmol·L-1 KCl was chosen in order to test the effects of
NPS on quantitatively comparable neurotransmitter over-
flows, possibly reflecting similar exocytotic efficiencies.

Figure 1 left panel shows that the 12 mmol·L-1 K+-evoked
[3H]5-HT overflow (5.45 � 0.41%; n = 8) was inhibited by NPS
in a concentration-dependent manner (EC50 = 0.03 nmol·L-1;
Emax ~30%). The neuropeptide attained maximal inhibitory
effect at 0.1 nmol·L-1. The maximal inhibitory effect of NPS
(about 30%) remained stable up to 100 nmol·L-1. [Ala2]NPS
mimicked the inhibitory effect of NPS being, however, almost
100-fold less potent. In addition, the concentration response
curve to this peptide was clearly bell-shaped. NPS did not
significantly affect the spontaneous release of [3H]5-HT when
added up to 100 nmol·L-1 (see Table 1). The NPS effects were
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quantitatively similar when synaptosomes were depolarized
with 15 mmol·L-1 KCl (not shown).

The NPS concentration-dependently reduced the
12 mmol·L-1 K+-evoked [3H]noradrenaline overflow from syn-
aptosomes prelabelled with the radioactive neurotransmitter
(Figure 2). The inhibition of [3H]noradrenaline release by NPS
was a biphasic effect, exhibiting a first phase with a maximum
(about 25% inhibition) observed at 0.01 nmol·L-1 NPS fol-
lowed by a second phase (quantitatively similar inhibition)
that reached a plateau at 1 nmol·L-1 (see Figure 2). Higher
concentrations of NPS (100 nmol·L-1) did not reduce further
the 12 mmol·L-1 K+-evoked [3H]noradrenaline overflow. As in
the case of the basal [3H]5-HT release, the spontaneous release
of [3H]noradrenaline was not significantly affected by NPS, up
to 100 nmol·L-1 (Table 1).

Interestingly, the effects of NPS on [3H]5-HT and [3H]nora-
drenaline release display a considerable degree of selectivity,

as the neuropeptide had only slight, or no effects, on the
release of the other neurotransmitters considered in the
present study. When added at relatively high concentrations
(1, 10 or 100 nmol·L-1), NPS slightly reduced the 15 mmol·L-1

K+-evoked overflow of [3H]dopamine and [3H]ACh from syn-
aptosomes prelabelled with [3H]dopamine or with [3H]choline
respectively (Figure 3). As shown in Table 1, NPS had no sig-
nificant effect on the spontaneous release of [3H]dopamine
and [3H]ACh.

Experiments were then performed with synaptosomes
labelled with [3H]D-aspartate, an analogue of glutamate that is
not metabolized and is frequently used as a marker of endog-

Figure 1 Effects of neuropeptide S (NPS) and [Ala2]NPS on calcium mobilization in HEK293 cells expressing mouse NPS receptors (right
panel) and on the KCl-evoked [3H]5-HT release from mouse frontal cortex synaptosomes (left panel). Synaptosomes were depolarized in
superfusion with 12 mmol·L-1 KCl; the peptides were added concomitantly with the depolarizing stimulus. See Methods for other technical
details. The data presented are means � SEM of three experiments made in duplicate (right panel) or three to five experiments in triplicate
(left panel).

Table 1 Effects of neuropeptide S (NPS) on the spontaneous neu-
rotransmitter release from mouse frontal cortex synaptosomes

Neurotransmitter Control basal release % variation with
100 nmol·L-1 NPS

[3H]5-hydroxytryptamine 4.04 � 0.19 (5) -2.15 � 4.31 (5)
[3H]noradrenaline 2.53 � 0.22 (5) -2.01 � 6.25 (5)
[3H]dopamine 1.99 � 0.11 (5) 1.87 � 4.99 (5)
[3H]Ach 2.20 � 0.15 (4) 2.09 � 2.19 (4)
[3H]D-aspartate 0.68 � 0.05 (3) 0.71 � 1.09 (3)
[3H]GABA 3.36 � 0.14 (4) 2.55 � 4.49 (4)

Synaptosomes were superfused as described in Methods (Release experiments
section). NPS was added at t = 39 min of superfusion. Spontaneous neurotrans-
mitter release in the first fraction collected (t = 36–39 min; control basal release)
is expressed as per cent fractional rate. The effect of NPS is expressed as per
cent variation of the spontaneous neurotransmitter efflux. The data presented
are means � SEM of the number of experiments given in parentheses. Each
experiment was performed in triplicate (three superfusion chambers for each
experimental condition).

Figure 2 Inhibition by neuropeptide S (NPS) of the KCl-evoked
[3H]noradrenaline (NA) release from mouse frontal cortex synapto-
somes. Synaptosomes were depolarized in superfusion with
12 mmol·L-1 KCl; NPS was added concomitantly with the depolariz-
ing stimulus. See Methods for other technical details. The data pre-
sented are means � SEM of three to six experiments in triplicate.
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enous glutamate in release studies. Release of [3H]D-aspartate
evoked by mild K+-depolarization from mouse cortical synap-
tosomes reliably reflects the release of endogenous glutamate
(Raiteri et al., 2007). As reported in Table 2, NPS (1 or
100 nmol·L-1) did not affect the 12 mmol·L-1 KCl-evoked

[3H]D-aspartate overflow from cortical synaptosomes, nor did
it affect the spontaneous release of the excitatory transmitter
(Table 1).

Finally, results from experiments performed with frontal
cortex synaptosomes prelabelled with [3H]GABA and depolar-
ized in superfusion with 12 mmol·L-1 KCl show that NPS,
added at 1 or 100 nmol·L-1 (Table 2), was unable to signifi-
cantly affect the evoked amino acid release. NPS had no
significant effect on the spontaneous release of [3H]GABA
either (Table 1).

Discussion and conclusions

Methodological considerations
Superfused synaptosomes were used to study the effects of
NPS on neurotransmitter release. The superfusion technique
is particularly useful to study release of neurotransmitters and
its modulation through presynaptic mechanisms (Raiteri and
Raiteri, 2000). In fact, release-regulating receptors are often
localized on the releasing nerve terminals, and superfused
synaptosomes have been successfully used in the identifica-
tion of presynaptic receptors and in the pharmacological
characterization of presynaptic receptor subtypes in different
areas of rat, mouse and human CNS (see Raiteri, 2006). Briefly,
synaptosomes are layered on microporous filters in such a low
amount (<100 mg protein per filter) that, based on previous
estimates, the particles constitute less than a monolayer. It
has been clearly shown that, when such a monolayer is
up-down superfused, any compound released is rapidly
removed by the superfusion medium before it can feedback
on the targets present in the preparation (transporters,
presynaptic receptors and so on). Therefore, all these targets
remain virtually ligand-free, and can be selectively activated
by appropriate ligands added to the superfusion medium. In
these conditions, the changes of neurotransmitter release pro-
duced by compounds added to the superfusion medium (e.g.
NPS) are due to their direct action on targets (for instance,
NPS receptors) located on the releasing particles and indirect
effects are minimized.

Effects of NPS on neurotransmitter release
The NPS-induced modulation of 5-HT and noradrenaline
release observed in this study, together with the characteris-
tics of our superfusion technique, make it legitimate to con-
sider that NPS binds directly and with extremely high affinity
to targets located on frontal cortex 5-hydroxytryptaminergic

Figure 3 Effects of neuropeptide S (NPS) on the release of
[3H]dopamine (DA) and [3H]ACh evoked by KCl depolarization from
mouse frontal cortex synaptosomes. Synaptosomes were depolarized
in superfusion with 15 mmol·L-1 KCl; NPS was added concomitantly
with the depolarizing stimulus. See Methods for other technical
details. The data presented are means � SEM of three experiments
run in triplicate.

Table 2 Effects of neuropeptide S (NPS) on the release of [3H]D-aspartate and [3H]GABA evoked by KCl depolarization from mouse frontal
cortex synaptosomes

Depolarization-evoked neurotransmitter release (% overflow)

Control NPS (1 nmol·L-1) NPS (100 nmol·L-1)

[3H]D-aspartate 3.04 � 0.31 3.14 � 0.29 2.88 � 0.37
[3H]GABA 5.63 � 0.61 5.28 � 0.49 5.19 � 0.44

Synaptosomes were depolarized by superfusion with 12 mmol·L-1 KCl; NPS was added concomitantly with the depolarizing stimulus. See Methods for other
technical details. The data presented are means � SEM of three experiments run in triplicate (three superfusion chambers for each experimental condition).
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and noradrenergic nerve terminals/varicosities and that this
binding leads to inhibition of the depolarization-evoked
monoamine exocytosis. At present, we can only suggest that
the effects of NPS on amine release are mediated by presyn-
aptic NPS receptors, because selective receptor antagonists
have not yet been available in our laboratory. On the other
hand, NPS displayed binding in the subnanomolar range in
experiments with a radioiodinated NPS analogue and activity
in the low nanomolar range in a calcium mobilization test in
HEK293 cells expressing NPS receptors (Xu et al., 2004; Roth
et al., 2006; Camarda et al., 2008). More importantly, we used
the NPS analogue [Ala2]NPS to compare its actions with those
of the natural peptide at recombinant mouse NPS receptors
expressed in HEK293 cells and at putative native receptors
inhibiting 5-HT release from mouse frontal cortex synapto-
somes. The same order of potency of agonists, that is, NPS >>
[Ala2]NPS, has been obtained in the two series of experiments.
On this basis, we propose that the mechanism by which NPS
inhibits 5-HT release is the selective activation of presynaptic
NPS receptors. This proposal, however, must be validated in
the future by receptor antagonist studies. To conclude, inhi-
bition of the depolarization-evoked 5-HT release in frontal
cortex synaptosomes may represent a new functional test
useful to develop ligands at native NPS receptors. Further-
more, the release test is likely to better reflect one function
of NPS acting at receptors inserted in their physiological
environment.

The biphasic effect of NPS on the depolarization-evoked
release of noradrenaline cannot be easily explained at present.
One possibility is the existence of subtypes of the NPS recep-
tors with different affinities, which might either be coex-
pressed on the same noradrenergic terminals or be present on
different subpopulations of noradrenergic nerve endings.

The finding that NPS caused inhibition of neurotransmitter
release was unexpected, as activation of NPS receptors stably
expressed in HEK293 cells has been reported to induce
increases in intracellular calcium and cyclic AMP levels, sug-
gesting that, in those cells, NPS receptors are coupled to Gq

and Gs proteins respectively (Xu et al., 2004; Reinscheid et al.,
2005).

However, the existence of ‘excitatory’ G protein-coupled
receptors mediating inhibitory effects, including inhibition of
transmitter release, has been reported. Inhibition of
glutamate release from rat cerebellar synaptosomes (Marcoli
et al., 2001) and cerebrocortical synaptosomes (Wang et al.,
2006) mediated by 5-HT2A receptors coupled to the phosphati-
dylinositol pathway, as well as inhibition of the excitatory
amino acid release from cerebrocortical synaptosomes
through metabotropic glutamate receptors coupled to protein
kinase C (Herrero et al., 1998) were in fact described. The
theories put forward to explain the Gq-mediated calcium
channel inhibition have recently been reviewed (Delmas
et al., 2005).

The selectivity of NPS towards the exocytosis of 5-HT and
noradrenaline is particularly impressive and deserves some
comments. Such a selectivity implies that functional receptors
for NPS able to mediate release modulation are almost exclu-
sively expressed on 5-hydroxytryptaminergic and noradren-
ergic terminals or varicosities in frontal cortex. The release of
glutamate and GABA, the transmitters released from the large

majority of nerve terminals, was insensitive to NPS, suggest-
ing that functional NPS receptors are poorly expressed on
these nerve endings. Our finding appears to be in keeping
with the morphological results of Xu et al. (2007) showing
that NPS receptor signals were practically absent from frontal
cortex. The receptors present on aminergic terminals would
be too few to be detected morphologically, but enough to
mediate effects on transmitter release. Of note, NPS receptor
mRNA, although apparently absent from the locus coeruleus,
is significantly expressed in raphe nuclei (Xu et al., 2007). The
possibility that NPS receptors modulating glutamate/GABA
release exist in other areas of the cerebral cortex or in other
brain regions implicated in the behavioural effects of NPS and
in which NPS receptors are expressed at higher density (i.e.
the amygdala; Jungling et al., 2008; Meis et al., 2008) than in
frontal cortex should be considered in future studies.

Functional implications
The mechanisms underlying the behavioural effects of NPS,
particularly the arousal-promoting and the anxiolytic-like
effects, remain poorly understood. Considering that classical
neurotransmitters, such as noradrenaline, 5-HT, glutamate
and GABA, play important roles in arousal systems and in the
regulation of emotional states, including anxiety (Millan,
2003; Amiel and Mathew, 2007), the effects of NPS are
likely to involve complex neurocircuitries and transmitter
interactions.

Therefore, although the characteristics of our technical
approach permit us to establish that release-inhibiting native
NPS receptors exist on 5-hydroxytryptaminergic and noradr-
energic terminals, the behavioural effects of NPS can only in
part be related to the amine release inhibition here found to
occur in the frontal cortex, while complex neuronal loops will
certainly better explain the in vivo activities of NPS.

It is well known that 5-HT can mediate anxiety states
(Handley, 1995; Murphy et al., 1999; Millan, 2003). As to the
noradrenergic transmission, there is convincing evidence that
the locus coeruleus-noradrenaline system is activated, with
augmentation of noradrenaline release, by various stressors
(Berridge and Waterhouse, 2003; Valentino and Van Bocks-
taele, 2008). In particular, release of noradrenaline induced by
different stimuli from the coeruleo-cortical pathway, a circuit
implicated in anxiety, was shown to facilitate anxiety-like
behaviours (Bondi et al., 2007; Page et al., 2007). Accordingly,
although it may be an oversimplified explanation, the inhi-
bition of the evoked release of 5-HT and noradrenaline by NPS
in frontal cortex could reflect the anxiolytic activity of the
neuropeptide.

As to the arousal-promoting effect of NPS, straightforward
and simple explanations based on the inhibition of norad-
renaline release appear difficult, because noradrenaline is
known to stimulate attention and behavioural arousal (see
Jones, 2005). Looking for indirect mechanisms, an involve-
ment of glutamate could be taken into account. Glutamate-
containing neurones, including those of the diffuse thalamo-
cortical relay, project to the frontal cortex and represent the
backbone of the cortical-activating and behavioural-arousal
systems in the brain (Jones, 2005). It is known that the activ-
ity of these glutamatergic neurones is regulated by various
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transmitters/modulators, including 5-HT and noradrenaline.
Glutamate exocytosis from nerve terminals was reported to be
inhibited by noradrenaline, acting at a2 adrenoceptors
(Kamisaki et al., 1992; Delaney et al., 2007), and by 5-HT,
acting at 5-HT1D receptors (Maura et al., 1998). In this sce-
nario, inhibition of 5-HT/noradrenaline release by NPS would
disinhibit glutamate release, thus promoting arousal.

To conclude, presynaptic regulation of neurotransmitter
release might be useful to explain, at least in part, some of the
behavioural effects of NPS; in fact, all the available informa-
tion about the cellular mechanisms induced by NPS receptor
activation has been obtained using cells expressing recombi-
nant receptors; therefore, the present investigation is the first
in vitro functional study of the neurochemical effects of NPS
in brain tissue preparations bearing native receptors.
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