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Abstract: The neuropeptide S (NPS) is the endogenous ligand of the NPS receptor (NPSR). The NPSR
is widely expressed in brain regions that process emotional and affective behavior. NPS possesses
a unique physio-pharmacological profile, being anxiolytic and promoting arousal at the same time.
Intracerebroventricular NPS decreased alcohol consumption in alcohol-preferring rats with no effect
in non-preferring control animals. This outcome is most probably linked to the anxiolytic properties
of NPS, since alcohol preference is often associated with high levels of basal anxiety and intense
stress-reactivity. In addition, NPSR mRNA was overexpressed during ethanol withdrawal and the
anxiolytic-like effects of NPS were increased in rodents with a history of alcohol dependence. In
line with these preclinical findings, a polymorphism of the NPSR gene was associated with anxiety
traits contributing to alcohol use disorders in humans. NPS also potentiated the reinstatement of
cocaine and ethanol seeking induced by drug-paired environmental stimuli and the blockade of
NPSR reduced reinstatement of cocaine-seeking. Altogether, the work conducted so far indicates the
NPS/NPSR system as a potential target to develop new treatments for alcohol and cocaine abuse. An
NPSR agonist would be indicated to help individuals to quit alcohol consumption and to alleviate
withdrawal syndrome, while NPSR antagonists would be indicated to prevent relapse to alcohol-
and cocaine-seeking behavior.
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1. Introduction

The neuropeptide S (NPS) is a 20 amino acid neurotransmitter expressed by small
clusters of neurons located within the parabrachial area, the peri-locus coeruleus (LC)
and the sensory trigeminal nucleus [1]. The NPS receptor (NPSR) is expressed in brain
nuclei such as the hypothalamus, hippocampus, amygdala and other limbic areas playing
a role in motivated behavior [1,2]. Preclinical studies showed that NPS evokes a robust
anxiolytic activity when administered centrally. These effects of NPS were assessed in
several behavioral tests, in which NPS increased the time spent in the light area in the
light–dark test, increased the number of the entries in the central zone of open field (OF)
test, although this effect could be secondary to the increased locomotion, and increased
the time spent in the open arms in the elevated plus maze (EPM) test [3,4]. A functional
polymorphism of the NPSR gene was also associated with anxiety in humans [5]. NPS
reduced the conditioned fear response, social avoidance and promoted fear extinction
in rodents with mechanisms involving GABAergic pathways in the lateral and basolat-
eral amygdala (LA, BLA) [6,7]. Additional studies showed that NPS injection into the
endopiriform nucleus (EPN) reduced freezing and risk assessment behavior, suggesting
that an NPS-mediated circuit comprising the EPN and BLA is involved in the processing of
contextual fear memories [8]. On the other hand, studies on humans have led to apparently
contradictive results. It has been found that a genetic variant of the human NPSR gene
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results in a functional boost of the NPSR, increasing the sensitivity to the agonist about
tenfold [9]. This variant consists of a A > T polymorphism that leads to a change in one
amino acid (Asn > Ile) of the NPSR protein. Noteworthy, individuals with the T allele
showed a more conspicuous fear reaction to stimuli paired with painful electric stimulus
then the individuals carrying the A allele. Collectively, these data indicate that the NPS
system can be linked with a distorted interpretation of fear stimuli and its dysregulation
might be associated with panic disorder [10,11]. The amygdala seems to be involved in
this effect as demonstrated by fMRI studies that indicated a significant association of the
T allele with amygdala responsiveness to fear-paired stimuli [12,13]. To reconciliate the
apparently opposite results of the preclinical and clinical studies, it has been suggested
that the levels of NPS critically affect the modulation of arousal and anxiety [14]. Previous
studies have demonstrated that NPS activates the hypothalamic–pituitary–adrenal (HPA)
axis. The microinjection of NPS into the paraventricular nucleus of the hypothalamus (PVN)
increased adrenocorticotropic hormone (ACTH), corticosterone plasma levels and elicited
a significant reduction of palatable food intake [15,16]. Moreover, NPS treatment increased
the release of corticotropin-releasing factor (CRF) and arginine–vasopressin in hypotha-
lamic explants [17]. Thus, the sustained NPS activity of the T genotype in humans could
provoke an intense increase in arousal that might cause a correspondent stimulation of the
HPA axis, triggering the insurgence of panic disorder. The NPS/NPSR system interacts
with numerous others neurotransmitter systems implicated in stress, arousal, sleep–wake
cycle and ingestive behavior. Double-labeling confocal microscopy of rat hypothalamus
demonstrated that axons containing NPS are adjacent to Hcrt-1/Ox-A-positive neurons,
that also express NPSR, suggesting a functional relationship between the two systems.
Consistently, the hypocretin-1/orexin-A (Hcrt-1/Ox-A) selective receptor OX1 antagonist
SB334867 blocked the exacerbation of drug seeking induced by NPS [18,19]. Moreover,
centrally administered NPS evoked c-Fos expression in Hcrt-1/Ox-A neurons of the lat-
eral hypothalamus (LH), the perifornical area (PeF) and in the dorsomedial hypothalamic
nucleus (DMH) [20,21]. The corticotropin-releasing factor (CRF) system is also implicated
in the effects of NPS on drug seeking and arousal. NPS failed to prime reinstatement of
cocaine seeking and to stimulate locomotor activity in CRF receptor 1 (CRF1) knockout
mice. Accordingly, the blockage of the CRF1 receptor by the antagonist antalarmin in
wild-type mice blocked the NPS-induced reinstatement of cocaine seeking and increased
locomotor activity. Interestingly, CRF knockout mice responded to the anxiolytic effect
of NPS that were not blocked by antalarmin, indicating that the CRF system does not
mediate the role of NPS in anxiety [22]. Evidence of a direct interaction between the NPS
and CRF systems was also reported by a study showing that restraint stress increased
c-Fos expression in NPS-expressing brain stem neurons co-expressing CRF1 receptor [23].
NPS also interacts with the glutamatergic neurotransmission, as a study demonstrated an
activation of glutamatergic neurons in the EPN [8] and glutamatergic neurons in LC and
trigeminal nucleus co-express NPS [2]. Recently, a circuit that is activated by stress and
involves NPS/NPSR, OX1 receptors, NK1 receptors, mGlu5 receptors and CB1 receptors
has been described [24]. The interaction with the CRF, orexin and glutamatergic systems
can account for the pro-arousal functions of the NPS system and its involvement in stress
modulation. On the other hand, the anxiolytic effects of NPS could be mediated by its action
on amygdaloid GABAergic activity [8]. It was also demonstrated that a cluster of central
amygdala (CeA) GABAergic neurons projects to the brainstem nuclei that express NPS,
and this circuit is involved in the retrieval of fear memories [25]. Similarly, a GABAergic
neuronal ensemble in the CeA, identified as protein kinase C δ (PKCδ + neurons) GABAer-
gic positive neurons, was found to be crucial in driving compulsive drinking in a subset of
rats and regulating the fear response through their brainstem projections [26,27]. It would
be interesting to assess whether these inhibitory neurons also co-express NPS. Anxiety
behavior induced by nerve injury was relieved by NPS through the increase of GABA
release in the amygdala [28]. However, in another work, the anxiolytic-like effect of NPS
was blocked by SHA68, a NPSR antagonist, but not by the GABA-A receptor antagonist
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picrotoxin [29], suggesting that the interaction between the NPS and GABAergic system
in mediating anxiety could occur by indirect pathways. A recent study links NPS to the
activity of the ventrolateral preoptic nucleus (VLPO), an important brain area for non-rapid
eye movement (NREM) sleep, through a GABAergic mechanism that could have an impor-
tant role in the sleep/wake cycle [30]. The anxiolytic effect of NPS has also been associated
with oxytocinergic (OXTergic) activity, which recently has shown to correlate positively
with the magnitude of alcohol self-administration and anxiety-like behavior [31]. NPSR is
considerably expressed in the OXT neurons of the PVN, where NPS activates these neurons.
Notably, the blockade of the PVN OXTergic neurons prevented the anxiolytic-like effect
of NPS [32]. The physio-pharmacological profile of NPS is somehow paradoxical, being
characterized by apparently antipodal features. As described above, the activation of this
system modulates the fear response and produces anxiolytic-like effects. However, it also
displays a pro-arousal effect, reducing sleep, enhancing alertness, increasing locomotor
activity and facilitating spatial memory [3,4,6,33,34]. Mice lacking the expression of the NPS
precursor displayed reduced arousal and the impairment of long-term memory [35]. The
precursor of the NPS gene is present and highly conserved in all vertebrates, with the only
exception represented by fish [36]. This highly conserved nucleotide sequence of the NPS
gene indicates that the peptide has been subjected to considerable evolutionary pressure,
suggesting a critical functional role. One appealing possibility is that the NPS system has
evolved its physiological characteristics to permit the organism to confront dangerous
situations in which intense arousal and alertness, together with mitigated anxiety and fear,
could be needed as an effective coping strategy. The ambivalent nature of NPS effects can
also help to explain findings that associated the two variants (A/T) of NPSR polymorphism
with alcohol use disorders (AUD) in clinical cohorts of men and women diagnosed with
AUD. Interestingly, AUD was associated with the A allele in females and the T allele in
males. As mentioned before, the T allele leads to a higher activity of NPSR [37]. Previous
studies have shown that individuals carrying this allele have poor impulse control [38],
which is a risk factor for drug abuse [39]. On the other hand, it is well known that affective
disorders, such as anxiety and depression, are risk factors for alcohol abuse and females
carrying the A allele were more vulnerable to anxiety disorders [37,40]. Therefore, a possi-
ble interpretation is that the higher alcohol consumption shown by A allele female carriers
is linked to their lower NPSR activity with consequent higher levels of anxiety [37]. The
pharmacological targeting of the NPS/NPSR system could lead to the development of
novel drugs useful to treat various disorders including anxiety and drug abuse.

Stress plays a major role in drug abuse and, despite the well-characterized mechanism
by which stress promotes drug abuse, there is no approved drug that targets the stress system.
Thanks to its dual effect on stress, the NPS system is a potential target to develop drugs
targeting the stress system to treat drug abuse. For this reason, this review will describe the
preclinical data supporting the role for the NPS/NPSR system in addiction-related behaviors
and the pharmacological approaches that could lead to future therapeutical treatments.

2. Neurobiology of NPS

In the rat, NPS precursor mRNA is localized in a few discrete brain stem nuclei, show-
ing the highest level of expression within the peri-LC, the lateral parabrachial nucleus
(lPBN), and the principal trigeminal sensory nucleus; sparse expression has also been
identified in the DMH and the amygdala [2,3]. Similar findings were reported in the mouse,
although with some significant differences. Indeed, NPS expression in the mouse brain is
even more restricted, being found only in the peri-LC and the lPBN (Kölliker–Fuse (KF))
nucleus of the lateral parabrachial area [1,41]. Noteworthy, NPS is often expressed together
with other neurotransmitters and neuropeptides, indicating that NPS could be released
in conjunction with them on the neural targets of the NPS-synthetizing neurons. Most
of the peri-LC NPS-positive neurons express glutamatergic, but not GABAergic markers,
suggesting that they co-release glutamate as neurotransmitter. Intriguingly, peri-LC NPS-
expressing cells do not colocalize with the catecholaminergic marker tyrosine hydroxylase,
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indicating that these neurons represent a distinguishable non-noradrenergic (NAergic)
cluster of cells in the peri-LC. Additionally, only few lateral peri-LC NPS-positive neu-
rons express cholinergic markers, and they do not colocalize with CRF. Conversely, in
the lPBN, many NPS-expressing neurons are also positive for CRF and galanin. Lastly,
many NPS-positive neurons of the rat principal trigeminal sensory nucleus are believed to
be of glutamatergic nature [1–3]. Recently, a study revealed the presence of NPS mRNA-
expressing neurons in the human brainstem as well. Like in rodents, NPS is present in a
cluster of neurons localized in the lPBN (spanning from the medial to the lateral subregions,
including the KF nucleus); however, only few NPS-positive neurons were found in the
human LC area, suggesting the presence of marked regional differences in NPS expression
sites between the rodent and human brain [42]. In contrast to the focal localization of NPS,
the pattern of expression of NPSR is much more dispersed within the rodent brain, being
found in cortical regions, thalamic nuclei, the amygdala complex, hypothalamic regions
and in the midbrain [2,41,43]. A schematic representation of NPS precursor and NPSR1
transcript distribution in the rat brain is provided in Figure 1. By acting on neurons and
terminals expressing its receptor, NPS can alter the release of several neurotransmitters
and thereby exert a direct or indirect modulation of the function of a very wide range
of targets within the brain. For instance, NPS regulates amygdaloidal functions acting
through different parallel pathways [7,8,44]. In the mouse, it enhances the glutamatergic
tone to medial intercalated (mITC) GABAergic cells, presumably by acting on presynap-
tic NPSRs expressed in LA principal neurons. This phenomenon consequently increases
the feedforward inhibition onto neurons in the CeA, which represents the main output
nucleus of the amygdaloid complex [7]. In addition, NPS increases the feedforward inhi-
bition toward BLA principal neurons, through a putative mechanism of action involving
a direct excitation of principal neurons located in the endopiriform nucleus (EPN) [8].
A substantial difference has been found in the rat brain, as in control conditions, NPS
failed to produce any significant effect in the monosynaptic glutamatergic release and
feedforward GABAergic inhibition evoked into the CeA by the electrical stimulation of
the BLA and entorhinal cortex, respectively [45]. Intriguingly, NPS was effective in an
arthritis pain model, where it increased the mITC-mediated feedforward inhibition and
decreased the release of glutamate into the CeA, indicating that specific conditions, such
as the development of neuropathic pain, can produce plastic changes in the NPS–NPSR
system [45]. Recent findings support the notion that NPS can also modulate neurotrans-
mitter release in other brain regions. In the ventral hippocampus, NPS decreased basal
glutamatergic neurotransmission and impaired long-term potentiation at the level of the
CA3-CA1 synapses [46,47]. Furthermore, a recent study demonstrated that NPS indirectly
inhibits the sleep-promoting galanin-expressing neurons in the VLPO by enhancing their
GABAergic inputs, presumably through a direct depolarization of local galanin-negative
GABAergic neurons [30]. The central administration of NPS increased cFos expression in
the tuberomammillary nucleus wakefulness-promoting histaminergic neurons [21]. Di-
rect and indirect evidence indicates that NPS interacts with monoaminergic signaling.
NPSR is expressed in the ventral tegmental area (VTA) and the substantia nigra pars com-
pacta (SNC) [2,41,43,48], suggesting that they could play a role in regulating the activity
of the mesocorticolimbic dopamine (DA) pathway. Accordingly, neurochemical studies
demonstrated that intra-VTA NPS microinfusion stimulates DA release in the nucleus
accumbens (NAc) [49]. Similarly, the central injection of NPS increased the accumulation
of DA and its metabolite 3,4-Dihydroxyphenylacetic acid in the medial prefrontal cortex
(mPFC) in vivo [50]. However, only small amounts of the evoked DA release were detected
ex vivo in cortical synaptosomes [51], indicating that synaptic terminals are presumably
not the site of action for the NPS-dependent regulation of cortical DA release. Other
information on the relationship between NPS and DA function arose from studies demon-
strating that NPS stimulates the activity of SNC neurons, as suggested by an increased
cFos immunoreactivity following NPS treatment, and enhanced release of local DA in the
SNC following central NPS administration [48,52]. Concordantly, NPS successfully re-
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versed the Parkinsonian-like motor deficits produced by the catecholaminergic neurotoxin
6-hydroxydopamine (6-OHDA) in mice and rats, and counteracted the decreased local DA
release in the SNC produced by 6-OHDA treatment [48,53]. Although there is substantial
agreement on the stimulatory properties of NPS on DAergic function, conflicting results
have been reported regarding its role in the modulation of reward-related phenomena.
Indeed, while several investigations observed no effects of NPS in producing conditioned
place preference (CPP) or aversion [54–56], other work found a bidirectional effect of the
peptide, where a lower dose (0.1 nmol) of NPS produced aversion, while a higher dose
(1 nmol) exhibited rewarding-like properties [57]. This latter study also reported that rats
moderately self-administer NPS intracranially in a cue-assisted operant paradigm [57].
However, given the known pro-cognitive and pro-attentive properties of NPS [3,58], this
set of data could be interpreted as facilitation sign tracking induced by NPS [56,57] (see
below for a more comprehensive discussion). Few studies analyzed the effects of NPS on
regulating serotonin (5-hydroxytryptamine, 5-HT) release. NPS perfusion inhibited the
evoked release of 5-HT in cortical and amygdaloidal synaptosome preparations [51,59].
Conversely, Si and colleagues [50] found that the central injection of NPS did not change
mPFC concentrations of 5-HT and its metabolite 5-HIAA detected by in vivo microdialysis
in rats. These discrepancies could depend on marked methodological differences given the
moderate expression of NPSR in the 5-HTergic Raphe nucleus [2], which are not preserved
in synaptosome preparations. Additional studies are needed to further establish how NPS
regulates the 5-HTergic system and the potential functional readouts of these modulations.
A number of reports, analyzing the action of NPS in memory formation and consolidation,
have identified a functional interplay between NPS and the NAergic system. Recently,
Okamura and colleagues [60] demonstrated that pretreatment with the beta-adrenergic
receptor antagonist propranolol was effective in blocking the NPS-dependent enhance-
ment of inhibitory avoidance memory consolidation. Similarly, propranolol abolished the
pro-mnemonic effects of NPS on the novel object recognition test both when administered
intracerebroventricularly (i.c.v.) or into the BLA [61], suggesting that the NPS-dependent
memory enhancement could partially depend on an increased amygdaloidal NAergic tone.
However, it is important to emphasize that NPSR is not expressed in the LC, the main brain
source of NA, indicating that NPS does not directly excite LC NAergic cells. Therefore,
the NPS-dependent modulation of NAergic function likely depends on NPSRs located in
NAergic synaptic terminals or in other NAergic neuronal sources. Alternatively, NPS could
interact with the NAergic system indirectly by modulating the activity of NPSR-expressing
brain regions that, in turn, project to the LC. Supporting the notion that the NPSR expressed
in NAergic terminals could play a role in the effects of the peptide, NPS inhibited the
evoked release of NA in ex vivo cortical synaptosomes [51]. Finally, central infusions of
NPS significantly enhanced the plasma concentration of adrenaline [62], indicating that
adrenergic receptors located outside the brain could contribute to some extent to the ef-
fects of the peptide. Noteworthy, the biological activity of NPS is believed to be partially
mediated by its interaction with other neuropeptidergic systems. NPSRs are expressed in
Hcrt-1/Ox-A neurons [18,20,21], and NPS-positive axons are localized in the proximity of
these neurons [18]. Accordingly, central NPS administration enhanced cFos expression in
Hcrt-1/Ox-A-positive cells in the LH, in the DMH and in the PeF [18,20,21,63]. Additional
indirect information on the interplay between NPS and the Hcrt-1/Ox-A system arises from
behavioral experiments demonstrating that the self-administration of NPS is abolished
in the presence of the Hcrt-1/Ox-A receptor (Ox1) selective antagonist SB-334867 [57].
Similarly, SB-334867 counteracted the exacerbation of cue-induced restatement of alcohol
and cocaine seeking in rats produced by intra-LH microinfusions of NPS [19,20], an effect
mediated by Hcrt-1/Ox-A receptors localized in the PVN and the bed nucleus of the stria
terminalis (BNST), but not by those located in the LC and VTA [18]. On the other hand,
a dense network of Hcrt-1/Ox-A fibers has been found near to NPS-expressing neurons
in the periLC and, to a lesser extent, in the KF nucleus in mice. Furthermore, these data
are corroborated by the fact that NPS-positive neurons in the periLC express Hcrt-2/Ox-B
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receptors [1]. Although additional work is needed to better establish, from a functional
perspective, the existence of an orexinergic modulation of NPS release, altogether these
findings suggest that the interaction between NPS and hypocretin/orexin systems could
be of a bidirectional nature. NPS promotes the activation of the hypothalamic–pituitary–
adrenal (HPA) axis, as indicated by the increased plasma concentrations of ACTH and
corticosterone following intra-PVN NPS administration. This effect is believed to be indi-
rect, since NPS did not promote ACTH release from anterior pituitary segments, but it did
stimulate the release of CRF and vasopressin (but not neuropeptide Y) in hypothalamic
explants [17]. Thus, it has been proposed that the activation of the HPA axis by NPS is
mediated by the release of CRF and/or vasopressin from the PVN [17]. Intriguingly, it has
been shown that the interaction between CRF and NPS systems is bidirectional. Indeed,
CRF-positive fibers are localized in close proximity to periLC NPS-expressing neurons, and
CRF perfusion directly depolarizes and increases the neuronal activity of periLC NPSergic
cells in a CRF1 receptor-dependent manner [23]. Finally, a functional link between NPS
and the OXT system within the PVN has also been reported. In fact, the NPSR is expressed
in PVN neurons expressing OXT, and NPS perfusion activated OXT neurons in brain slices
and induced the local release of OXT in vivo [32].
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Figure 1. Schematic representation of NPS precursor and NPSR1 transcript distribution in the rat
brain. Green circles (PSNT: principal sensory trigeminal nucleus, LPBN: lateral parabrachial nucleus
and LC: peri-locus coeruleus) represent areas of NPS precursor mRNA expression, while blue circles
(M2cortex: secondary motor cortex, AON: anterior olfactory nucleus, RSA: agranular retrosplenial
cortex, CTX: cortex, EC: entorhinal cortex, thalamic nuclei, AMG: amygdala, HYPO: hypothalamus,
dorsal midbrain; VTA: ventral tegmental area; SNC: substantia nigra, PAG: periaqueductal gray area)
depict brain regions with NPSR1 transcript expression.

The neurobiological interactions of NPS are summarized in Table 1. A schematic
representation of the relationship of NPS/NPSR with other neurotransmitter systems is
reported in Figure 2.
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Table 1. Neurobiological effects of NPS.

Brain System Animal Sex Route of Ad-
ministration

Experimental
Procedure Effect Ref.

DA system

Wistar rats Male Intra-VTA
injection

In vivo
microdyalisis

↑ DA release in the
Nac [55]

Sprague Dawley rats Male Central
injection (i.c.v.)

In vivo
microdyalisis

↑ DA release in the
mPFC [56]

Swiss mice N/A Bath perfusion Ex vivo
synaptosomes

Little ↑ effects on
evoked DA release in

cortical
synaptosomes

[57]

Wistar rats/Swiss
mice Male Central

injection (i.c.v.)
cFOS immun-

odetection
↑ cFOS expression in

SNC DA neurons [54,58]

Wistar rats Male Central
injection (i.c.v.)

In vivo
microdyalisis

↑ DA local release in
the SNC of 6-OHDA

treated rats
[54]

5-HT system
Swiss mice N/A Bath perfusion Ex vivo

synaptosomes

↓ evoked 5-HT
release in cortical and

amygdaloidal
synaptosomes

[57]

Sprague Dawley rats Male Central
injection (i.c.v.)

In vivo
microdyalisis

No effects on 5-HT in
the mPFC [56]

NA system Swiss mice N/A Bath perfusion Ex vivo
synaptosomes

Little effects on
evoked DA release in

cortical
synaptosomes

[57]

Limbic system

C57BL/6J mice N/A Bath perfusion
Ex vivo

patch-clamp
recordings

↑ glutamate release
on mITC neurons
and ↑ feedforward
inhibition on CeA

neurons

[15]

GAD67-GFP mice N/A Bath perfusion
Ex vivo

patch-clamp
recordings

↑ feedforward
inhibition on BLA
principal neurons
and ↑ excitation of

EPN principal
neurons

[16]

Sprague Dawley rats Male Bath perfusion

Ex vivo
patch-clamp
recordings

No effects on evoked
glutamate release
and feedforward

inhibition the CeA of
control animals [51]↓ evoked glutamate

release and ↑
feedforward

inhibition in the CeA
in a neuropathic pain

model

C57BL/6N mice Male Bath perfu-
sion/intranasal

Ex vivo field
potential

recordings

↓ Paired pulse ratio
and impaired LTP in
CA3-CA1 synapses

of the ventral
hippocampus

[52,53]
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Table 1. Cont.

Brain System Animal Sex Route of Ad-
ministration

Experimental
Procedure Effect Ref.

Hypothalamus
and HPA axis

Long Evans, Sprague
Dawley, Wistar rats Male Central

injection (i.c.v.)
cFOS immun-

odetection

↑ cFOS expression in
LH, DMH and PeF

Hcrt-1/Ox-A
neurons

[25,27,28]

Sprague Dawley rats Male Central
injection (i.c.v.)

cFOS immun-
odetection

↑ cFOS expression in
TMN histaminergic

neurons
[28]

C57BL/6J mice Male Bath perfusion
Ex vivo

patch-clamp
recordings

↑ neuronal activity of
non-galanin VLPO

neurons
[37]↓ neuronal activity of

galanin VLPO
neurons by ↑ GABA

release

Wistar rats Male
Bath perfusion

Ex vivo
GCamp6
calcium

signaling

↑ OXT neuronal
activity

[39]

Central
injection (i.c.v.)

In vivo
microdyalisis ↑ OXT local release

Wistar rats Male

Central
injection (i.c.v.)

Plasma
concentration

↑ concentration
ACTH and

corticosterone

[24]

Bath perfusion Hypothalamic
explants

↑ CRF and
vasopressin release

from anterior
pituitary segments,
no effects on ACTH
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3. Role of NPS in AUD

AUD is a chronic relapsing disorder often associated with anxiety and maladaptive
impulsivity [64–66]. The pro-arousal/anxiolytic profile of NPS suggested a potential role
of this neuropeptide in the neurobiology of AUD [3]. Indeed, both variants of the NPSR
gene have been associated with vulnerability to develop AUD [9]. In addition, compelling
evidence of the involvement of the NPS/NPSR system in alcohol-related behavior has been
provided by preclinical studies.

3.1. NPS on Alcohol Drinking and Operant Self-Administration

Preclinical experiments in which the exogenous administration of NPS was tested
on alcohol self-administration in the rat consistently reported a selective effect on rat
lines genetically selected for their high alcohol preference. NPS reduced alcohol intake
in a two-bottle choice (TBC) paradigm in Indiana alcohol-preferring (P) rats and operant
self-administration on Marchigian-Sardinian alcohol-preferring (msP) rats, while it was
not effective in non-preferring control lines [19,67,68]. A possible interpretation of this
effect could be that the observed reduction in alcohol consumption was due to the NPS
anorectic effects [15,69,70]. Indeed, alcohol represents an important source of calories for P
and msP rats [71]. However, the reduction in alcohol self-administration was selective for
alcohol-preferring lines [19,67,68] at doses that failed to reduce food intake [67]. In addition,
the anorectic effect of NPS was observed in rat lines not selected for high alcohol prefer-
ence [15,69,70]. Therefore, if this was the case, a reduction of self-administration should
have been observed in non-preferring lines as well. A more compelling interpretation,
supported by experimental evidence, is that the reduction in alcohol self-administration
observed in alcohol-preferring rats [19,67,68] could be derived from the well-known anxi-
olytic properties of NPS [3,4,7,33,46,72–75]. Both msP and P rats express an innate anxious
phenotype, and the anxiolytic effect of alcohol is a major driving force to consumption in
these rats [71,76–78]. It is therefore likely that NPS decreased alcohol self-administration
selectively in preferring lines by reducing the reinforcing value of the drug via its anxi-
olytic properties. In line with this interpretation, Enquist and colleagues demonstrated
that NPS reduces alcohol consumption in a mouse TBC test, and that NPS anxiolytic and
anti-depressive properties were enhanced in alcohol-exposed mice [55]. Psychological
traits of withdrawal syndrome are key players in the development of AUD, as they are
correlated with relapse risk and compulsive consumption [79,80]. Alcohol-intoxicated Wis-
tar rats, expressing both physical and psychological withdrawal-like syndrome, showed
increased NPSR gene expression in several nuclei of the amygdala and hypothalamic areas
compared to non-intoxicated controls [81]. NPS alleviated withdrawal-induced anxiety
in a defensive burying test [81]. This suggests that increased expression of NPS in stress-
related areas could be an adaptive response to counteract anxiety symptoms associated
with withdrawal. Interestingly, P and msP rats constitutively express psychological aspects
typical of withdrawal syndrome, such as depression, anxiety, and heightened stress vulner-
ability [71,76,77]. Innate neurobiological and pharmacological response traits characteristic
of a post-dependent state were reported in msP [82–85]. In line with post-dependent Wis-
tars, the effect of NPS on alcohol consumption in P and msP rats was associated with the
anxiolytic properties of this neuropeptide [19,67,68]. Furthermore, mice exposed to chronic
alcohol drinking revealed increased anxiety and depression that was reverted by NPS
pretreatment. The anxiolytic/antidepressant effects of NPS in these mice were mediated
by the BLA, where NPS increased the amplitude of evoked GABA-mediated IPSCs [55]. It
is also interesting to note that rats selectively bred for high anxiety (HAB) have a higher
NPSR activity [86] akin to the human Ile107 risk variant [9,37] and that exogenous NPS
treatment showed an anxiolytic effect in HAB rats, but not in their low-anxiety breeding
counterpart [86]. Altogether, these data support the view that NPS reduced alcohol self-
administration through its anxiolytic properties. In addition, data suggest the intriguing
hypothesis that msP and P rats might have an increased NPSR expression and/or activ-
ity, making them more responsive to the anxiolytic effects of NPS, which would explain



Pharmaceuticals 2022, 15, 800 10 of 20

why NPS reduced alcohol self-administration in preferring rats, but not in non-preferring
rats [19,67,68]. Though highly speculative at the present time, it is possible that the gain
of function associated with the Ile107 NPSR variant, within specific brain areas, could
co-segregate with traits predisposing to high anxiety and alcoholism vulnerability and it
might represent a trait protecting against these predispositions. Somehow in contrast with
the lack of effect of NPS on alcohol self-administration in Wistar rats [19], the inhibition of
NPSR transmission by the antagonist NCGC00185684 decreased alcohol self-administration
in this line [87]. Upon NPS stimulation, NPSR exerts its action by ERK phosphorylation,
intra-cellular Ca2+ mobilization and increased cAMP levels, with a three-to-four times
higher potency on the ERK pathway [9,87]. NCGC00185684 blocked in vitro NPS-induced
ERK phosphorylation studies and in vivo alcohol-induced ERK phosphorylation in the
CeA and in the shell region of NAc, therefore this was proposed as the mechanism of action
by which NCGC00185684 decreased alcohol self-administration [87]. This encourages a pos-
sible interpretation for the lack of an exogenous NPS effect on alcohol self-administration in
Wistars. Indeed, the ceiling ERK phosphorylation induced by alcohol might have covered
NPS effects, leaving self-administration level unaltered, whereas NCGC00185684, by pre-
venting alcohol-induced ERK phosphorylation, decreased alcohol self-administration. As
to why NPS agonism decreased self-administration selectively in preferring lines [19,67,68],
whereas NPS antagonism decreased self-administration in heterogeneous Wistar rats [87],
remains unclear. The CeA has been proposed as a site of action of NCGC00185684 in
non-dependent Wistar rats [87], whereas neurobiological adaptations of the NPS/NPSR
system observed in post-dependent Wistar rats included increased expression of NPSR
in the BLA, PaV and LH, but not in the CeA [81]. In addition, the anxiolytic properties of
NPS mediating the reduction of alcohol consumption in mice have been demonstrated to
ground on the BLA [55]. Therefore, it would be worth testing how alcohol-preferring lines
respond to NCGC00185684, and test whether NCGC00185684 in Wistar and NPS in msP
and P rats act through different neurocircuitries.

3.2. NPS on Reinstatement of Alcohol Seeking

Exposure to the environmental stimuli associated with alcohol experience and their
interaction with stressful events is recognized as a major factor augmenting relapse
risks [88,89]. We demonstrated that in outbred Wistar rats, NPS can prime the reinstate-
ment of alcohol seeking [68] and exert a facilitatory role on cued reinstatement through
interrogation of the hypothalamic Hcrt-1/Ox-A system [18,19]. The downstream activation
of Hcrt-1/Ox-A clearly indicates that the relapse facilitatory action of NPS is mediated by
the stress/pro-arousal component of this neuropeptide’s psychopharmacology [3]. Because
Hcrt-1/Ox-A, the downstream modulator of NPS facilitatory role on relapse [18,19], was
reported to mediate alcohol self-administration as well [90–92], the co-existence of NPS’s
facilitatory action on relapse with the lack of effect on self-administration in Wistar may ap-
pear controversial. However, while the site of action by which hypocretin/orexin modulates
alcohol self-administration is the VTA [93], this area plays no role in the Hcrt-1/Ox-A-
mediated facilitation of relapse induced by NPS [18]. In fact, in a series of histological and
pharmacological studies, we explored the neurocircuitry by which NPS facilitates cued
reinstatement. We demonstrated that site-specific pretreatment with the selective OX1
receptor antagonist SB334867 blocked NPS-induced facilitation of relapse-like behavior
when SB334867 was delivered within the BNST and PVN, but not when the pretreatment
was given in the VTA and LC [18]. Our findings were further corroborated by histological
analyses demonstrating that: (i) NPS fibers run in close opposition to Hcrt-1/Ox-A neurons
in the LH [18]; (ii) LH Hcrt-1/Ox-A neurons express NPSR [18]; (iii) NPS induces cFos
activation in hypothalamic Hcrt-1/Ox-A neurons [20]; (iv) retro-tracing marker injected
within the PVN and BNST (i.e., the sites where SB334867 blocked NPS) co-labels with
LH Hcrt-1/Ox-A neurons [18]. Altogether, our findings demonstrate that NPS facilitates
relapse-like behavior through LH Hcrt-1/Ox-A neurons, which, in turn, interrogate the
extended amygdala via BNST and the HPA axis via PVN (see also [17]). In summary,
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alcohol self-administration and relapse studies demonstrated that, consistently with its
dual pro-arousal/anxiolytic profile, NPS exerts a double action on alcohol seeking behavior.
The stress-related component of NPS psychopharmacology promotes relapse via the inter-
rogation of LH Hcrt-1/Ox-A neurons and, in turn, by Hcrt-1/Ox-A-responsive BNST and
PVN neurons. On the contrary, the action on alcohol self-administration seems to depend
on the anxiolytic action of NPS that could be mediated by the BLA.

4. NPS and Reward

As discussed above, NPS did not affect drug self-administration in outbred rodent
lines when self-administration was maintained by a positive reinforcement mechanism.
Indeed, NPS decreased alcohol self-administration in P rats [67], msP rats [68], and mice
seeking alcohol to alleviate their anxious state [55]. However, when tested on outbred lines
in a non-dependent state, NPS failed to affect cocaine [20], alcohol [19,67] and nicotine
(Cannella et al., unpublished observation) self-administration. It might still be interesting
to assess whether NPS plays a role when excessive drinking and alcohol reinforcement is
mediated by nicotine administration [94,95]. We and others reported that NPS induced nei-
ther place preference nor aversion, in a place conditioning paradigm [54–56]. Moreover, Li
and colleagues reported that NPS blocked the acquisition of morphine CPP [54]. Altogether,
these data indicate that NPS is devoid of rewarding properties per se. However, in favor of
a possible rewarding effect of NPS, it was reported that NPS can increase DA release in
the mPFC and NAc [49,50]. In addition, Cao and coworkers demonstrated that rats can
actively self-administer NPS, and NPS self-administration was reduced by the selective
D1-like receptor antagonist SCH 23390, and by the selective OX1 antagonist SB-334867 [57].
In the same work, and in contrast with others [54–56], it was reported that 1 nmol of NPS
induced CPP and 0.1 nmol induced aversion [57]. Thus, the work from Cao et al. would
indicate a rewarding effect of NPS in contrast with the rest of the literature. However, an
alternative explanation could be proposed to reconcile this apparently contrasting result on
NPS’s reinforcing effects. In the work of Cao and colleagues, intraventricular self-infusions
were paired with discrete cue light. Notably, this experiment included a control group that
self-administered saline in the same condition as the NPS-treated group (self-administered
about 20 infusions of saline/session), suggesting that rats actively pressed to visualize
the discrete cue (unfortunately an inactive lever control was not included in the experi-
mental design). Though significantly higher, the NPS-reinforced groups showed a level of
self-administration only 0.5 times higher than the saline control group [57]. Therefore, an
alternative interpretation could be that the observed NPS self-infusion behavior was sec-
ondary to NPS’s ability to facilitate sign tracking. This interpretation would be consistent
with the pro-cognitive and vigilance-enhancing properties of NPS [7,8].

5. Role of NPS in Cocaine Seeking

As for alcohol-related behaviors, the role of the NPS system in the regulation of cocaine
properties is under extensive scrutiny. Since the publication of the first paper in 2009 [22],
more publications exploring the effects of either activation or inhibition of NPS receptors
on cocaine-related behaviors have been published. Here, we report an up-to-date overview
of the current literature on the role of the NPS system in modulating cocaine intake and the
reinstatement of cocaine seeking.

5.1. Role of the NPS System in Cocaine-Induced Reward

To date, few studies have explored the effects of exogenous NPS on cocaine self-
administration. Our laboratory reported that i.c.v. infusion of NPS (1.0, and 2.0 nmol)
failed to reduce cocaine self-administration [20]. Moreover, in the same study, we show that
intraperitoneal injection (i.p.) of the selective NPS receptor antagonist SHA 68 (30.0, and
60 mg/kg) [96] did not modify cocaine intake under the same schedule of reinforcement [20].
In another set of experiments [97], we obtained similar results using another selective NPS
receptor antagonist NPSR-QA1 [98]. This compound (15 and 30 mg/kg, i.p.) blunted
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food self-administration in rats, without affecting cocaine intake [97]. However, it was
recently shown that the NPSR antagonist RTI-118 [99] was able to reduce cocaine and
food self-administration in rats [100]. Interestingly, RTI-118 was able to selectively reduce
cocaine self-administration at the lower doses (10–20 mg/kg, i.p.), without affecting food
self-administration, suggesting a selective effect for cocaine at this range of doses. The
higher solubility of RTI-118 in water at physiological pH compared to SHA 68 could lead
to better bioavailability, thereby explaining the discrepancies between the two studies [96].
More recently, another study found that RTI-118 (3.0, 10.0 and 32.0 mg/kg, i.p.) produced a
dose-dependent blockade of the cocaine-induced facilitation of intracranial self-stimulation
(ICSS) in rats at a range of doses that induced little or no effect on ICSS when administered
alone [101]. Further studies are needed to better clarify the different effects of NPSR
antagonists on cocaine self-administration and to elucidate the role of the NPS/NPSR
system in cocaine reinforcement.

5.2. Role of the NPS System in the Reinstatement of Cocaine Seeking

More straightforward is the effect of NPS system in the regulation of cocaine seeking
and relapse [20,22,96,97]. In 2009, Paneda and colleagues demonstrated that i.c.v. admin-
istration of NPS (0.45 nmol) was able to facilitate the reinstatement of cocaine-seeking
behavior in mice [22]. This effect was dependent on the manipulation of the CRF sys-
tem, as it was prevented by pretreatment with the CRF1 receptor antagonist antalarmin
(30 mg/kg, i.p.) [22]. Accordingly, in CRF receptor knockout ((CRF1 (-/-)) mice, NPS
(0.45 nmol) failed to reinstate extinguished lever pressing for cocaine and to stimulate
locomotor activity [22]. These results indicate that the NPS-induced reinstatement of
cocaine-seeking was mediated by stress-like effects. Over the following years, these results
were replicated in rats [20]. I.c.v. and intra-VTA administration of NPS facilitated the
reinstatement of cocaine-induced CPP in mice [101], corroborating the initial findings on
cocaine-seeking behavior [20,22]. In addition, the NPSR antagonist SHA 68 (50 mg/kg,
i.p.) blocked the stress-induced reinstatement of extinguished cocaine CPP [101]. In 2011,
our laboratory demonstrated that i.c.v. or intra-LH infusions of NPS (1.0 and 2.0 nmol)
promoted cocaine-seeking behavior in a discriminative cue-induced reinstatement model,
whereas a smaller, but significant effect was detected when the peptide was delivered
into the PeF, but not into the DMH or the CeA. Accordingly, the administration of SHA
68 (30.0 and 60.0 mg/kg) decreased lever pressing induced by environmental stimuli
previously associated with cocaine availability [20]. Similarly, in another study, we re-
ported that the other two NPS receptor antagonists, NPSR-QA1 (15.0 and 30.0 mg/kg, i.p.)
and (D-Cys(tBut)5)NPS (10.0, 30.0 and 60.0 nmol) were able to reduce the cue-induced
reinstatement of cocaine seeking, with a stronger effect for (D-Cys(tBut)5)NPS (10.0 and
30.0 nmol) when it was specifically microinjected in the PeF and the LH, but not in the
CeA [97]. Likewise, Schmoutz and colleagues [96] reported that the NPS receptor antago-
nist RTI-118 (1.0, 5.0, 10.0 and 20.0 mg/kg, i.p.) decreased the primed-, yohimbine- and
cued reinstatement of cocaine seeking. Overall, these studies indicate that NPS receptor
antagonism may be a useful strategy to prevent relapse to cocaine, whereas the activation
of NPS receptors through NPS infusion promotes cue-induced relapse to cocaine-seeking
behavior. This latter effect can be explained by the general peptide’s ability to increase
goal-oriented behaviors [3]. However, in a paradigm of discriminative cue-induced rein-
statement (cocaine paired with a tone vs. saline paired with house light), we demonstrated
that the i.c.v. administration of NPS did not affect lever responding for cues previously
associated with saline delivery [20], thus strengthening the idea that the exacerbation of
reinstatement induced by NPS was not secondary to its action on locomotor activity or
arousal. Together with the CRF system, the hypothalamic Hcrt-1/Ox-A system is impli-
cated in the regulation of NPS’s effect on cocaine relapse as well. Indeed, we reported
that NPS increased cFos expression in the hypothalamic Hcrt1/Ox-A cells [19,20], and
intra-LH injections of NPS (0.5 nmol) markedly increased the cue-induced reinstatement
of cocaine seeking [20], an effect that was abolished by pretreatment with the selective
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Ox-1 receptor antagonist SB-334867 (10mg/kg, i.p.). In agreement with these data, more
recently, Chou and collaborators [102] demonstrated that i.c.v. infusions of NPS (1 nmol)
augmented cFos-containing orexin neurons in the LH and the Ox-A level in the VTA [102].
This latter effect was prevented by the NPS receptor antagonist SHA 68 (50 mg/kg, i.p.),
suggesting that NPS activates an orexinergic neurocircuitry involving the hypothalamus
and the VTA. Noteworthy, the NPS-induced reinstatement of cocaine CPP was suppressed
by systemic (10 mg/kg, i.p.) and intra-VTA (15 nmol) injection of SB-334867, suggesting a
crucial role of the orexinergic signaling in the VTA in mediating such effect [102]. Overall,
these results indicated that NPS is released under stressful conditions and activates LH
orexinergic neurons to facilitate orexin release in the VTA, subsequently leading to the
reinstatement of cocaine CPP through Hcrt1/Ox-A receptor signaling. However, consid-
ering that it was demonstrated that restraint stress can activate both the Hcrt1/Ox-A and
the CRF systems [103], and CRF signaling is involved in modulating NPS’s facilitation of
cocaine-seeking [22], a primary contribution of the CRF system cannot be ruled out. The
data described so far demonstrated that the NPS system modulates cocaine relapse through
the activation of both the Hcrt1/Ox-A and the CRF systems [20,22,102,103], but the precise
mechanisms of action are not clear yet. Several reports have shown that there may be direct
interactions between CRF and Hcrt1/Ox-A systems, especially in the VTA [104]. Indeed, it
was demonstrated that CRF-immunopositive cells are in direct contact with Hcrt1/Ox-A
neurons in the LH, and that several Hcrt1/Ox-A cells expressed CRF receptors [105]. In
addition, Sakamoto et al. (2004) reported that Hcrt-1/Ox-A activates approximately 96%
and 45% of CRF-containing neurons in the PVN and the CeA, respectively [106]. This, in
turn, increases CRF and vasopressin expression in the PVN and activates the HPA axis [107].
It is well established that both Hcrt1/Ox-A and CRF increase VTA DAergic neuron activ-
ity and potentiate NMDAR-mediated synaptic transmission in these cells [104,108–110].
When microinjected in the VTA, both neuropeptides promote DA release in the NAc and
PFC [104,111–113], and they induce reinstatement to cocaine seeking in rats [111,114]. How-
ever, they may promote reinstatement to cocaine seeking by independent mechanisms.
Indeed, it was shown that the effect of intra-VTA administration of Hcrt1/Ox-A can be abol-
ished by Hcrt1/Ox-A antagonist SB-408124, but not by CRF receptor antagonism [114], and
the Ox1 receptor antagonist SB-408124 did not block CRF-dependent foot-shock-induced
reinstatement [114]. Moreover, the same work demonstrated that the reinstatement of
cocaine seeking by intra-VTA infusion of CRF is completely glutamate-dependent, whereas
reinstatement induced by intra-VTA Hcrt1/Ox-A infusion is not, suggesting a separate
mechanism of action within this circuitry [114]. Taken together, these data indicate that
these two peptidergic systems can work in parallel through distinct mechanisms and that
NPS could modulate the two systems independently. A deeper understanding of these
complex interactions would provide useful tools to find more effective therapies to treat
cue- and stress-induced relapse in abstinent cocaine-dependent individuals.

A summary of the main preclinical findings reviewed above is provided in Table 2.
Altogether, the preclinical and genetic data indicate that NPS is likely to play a role

in drug abuse. This makes the NPS a potential target to treat drug use disorders. Yet the
panel of molecules developed to target NPSR is small, and to the best of our knowledge,
none of them have entered clinical trials. However, it is interesting to observe that the
orexin/hypoceretin system is a major downstream target by which NPS exacerbates the
reinstatement of drug seeking, and a certain number of trials are testing orexin antagonists
in patients diagnosed AUD, opioid and cocaine use disorders (Table 3).
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Table 2. Main preclinical findings on probing the NPS/NPSR system in alcohol and cocaine seeking.

Drug of Abuse Strain Drug Route Paradigm Result Ref.

Alcohol P rats NPS i.c.v. TBC Reduced
alcohol intake [66]

Alcohol Wistar rats NPS i.c.v. and LH Cued
reinstatement

Exacerbated
seeking [18]

Alcohol Wistar rats NPS i.c.v.
Post-dependent

alcohol
withdrawal

Alleviated
symptoms [80]

Alcohol Mice NPS i.c.v. TBC Reduced
alcohol intake [54]

Alcohol Wistar rats
NPSR

antagonist
NCGC00185684

i.p. Fixed ratio self-
administration

Decreased self-
administration [86]

Alcohol Wistar rats NPS LH Cued
reinstatement

Exacerbated
seeking [17]

Alcohol Wistar and msP
rats NPS i.c.v.

Reinstatement
of seeking and

self-
administration

Reinstated
seeking in

Wistars and
reduced self-

administration
in msP

[67]

Cocaine Wild-type and
CRF1 KO mice NPS i.c.v. Reinstatement

of seeking

Reinstated
seeking in

wild-type but
not CRF1KO

mice

[21]

Cocaine Long Evans rats NPS i.c.v. and LH Cued
reinstatement

Exacerbated
seeking [19]

Cocaine Wistar rats
NPSR

antagonist
RTI118

i.p.

Cued
reinstatement
of seeking and

self-
administration

Decreased both [99]

Cocaine Long Evans rats
NPSR

antagonist
NPSR-QA1

i.p.
Cued

reinstatement
of seeking

Reduced
seeking [96]

Table 3. Clinical trial on drug use disorders targeting the orexin system.

NCT Number Disease Treatment Phase

NCT03897062 Alcohol Use Disorder Suvorexant 2

NCT04229095 Alcohol Use Disorder Suvorexant 2

NCT04287062 Opioid Use Disorder Suvorexant 2

NCT04262193 Opioid Use Disorder Suvorexant 2

NCT03789214 Opioid Use Disorder Suvorexant 2

NCT05145764 Opioid Use Disorder Suvorexant 2

NCT04818086 Opioid Use Disorder Lemborexant 1 and 2

NCT02785406 Cocaine Use Disorder Suvorexant 2

NCT03937986 Cocaine Use Disorder Suvorexant 1



Pharmaceuticals 2022, 15, 800 15 of 20

6. Conclusive Remarks

Here, we reviewed the evidence that NPS is a modulator of catecholamines, GABA and
glutamate activities. NPS also interacts with key players of both the peripheral and central
stress response system—specifically with Hcrt-1/Ox-A and CRF. This wide spectrum of
interactions is associated with a unique physio-pharmacological profile, as this neurotrans-
mitter promotes arousal and is anxiolytic at the same time. The pharmacological traits and
neurobiological interactions of NPS indicated this neuropeptide as a new player in the
stress response neurosystem. The dual pharmacology of NPS as player of the stress system
is reflected by its effect on drug self-administration and the reinstatement of drug seeking.
On the one hand, NPS reduced alcohol self-administration in rodents consuming alcohol to
self-medicate their innate or withdrawal-induced anxiety state, and this effect was associ-
ated with the anxiolytic effect of NPS. On the other hand, NPS primed extinguished alcohol
and cocaine seeking, and this latter effect was demonstrated to be mediated by CRF. In
addition, NPS exacerbated the cued reinstatement of alcohol and cocaine seeking through
Hcrt-1/Ox-A. The emergence of the NPS as a new player of the stress system involved in
addiction is noteworthy as, although stress plays a major and well-consolidated role in
addiction, no drugs targeting the stress system to treat addiction have hit the market so far.
We predict that NPSR agonists would be indicated to help quitting alcohol consumption
and to mitigate the psychological aspects of alcohol withdrawal syndrome; interestingly,
the first NPSR agonist has been developed recently [115] and it would be interesting to
test it on alcohol self-administration. Conversely, NPSR antagonists would be indicated
to prevent relapse. The therapeutic potential of targeting the NPS system is not limited
to this, though. Indeed, despite the exogenous administration of NPS having no effect on
alcohol and cocaine self-administration in non-preferring rats, NPSR antagonists reduced
the self-administration of both drugs. Future studies should be directed to characterize
the neurocircuitries through which NPS reduces alcohol self-administration in preferring
rat lines and to understand the neurobiological bases of the efficacy of NPSR antagonists
where the exogenous administration of the peptide was ineffective.
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