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NOP receptor antagonism attenuates reinstatement of
alcohol-seeking through modulation of the mesolimbic
circuitry in male and female alcohol-preferring rats
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In patients suffering from alcohol use disorder (AUD), stress and environmental stimuli associated with alcohol availability are
important triggers of relapse. Activation of the nociceptin opioid peptide (NOP) receptor by its endogenous ligand Nociceptin/
Orphanin FQ (N/OFQ) attenuates alcohol drinking and relapse in rodents, suggesting that NOP agonists may be efficacious in
treating AUD. Intriguingly, recent data demonstrated that also blockade of NOP receptor reduced alcohol drinking in rodents.
To explore further the potential of NOP antagonism, we investigated its effects on the reinstatement of alcohol-seeking elicited
by administration of the α2 antagonist yohimbine (1.25 mg/kg, i.p.) or by environmental conditioning factors in male and
female genetically selected alcohol-preferring Marchigian Sardinian (msP) rats. The selective NOP receptor antagonist
LY2817412 (0.0, 3.0, 10.0, and 30.0 mg/kg) was first tested following oral (p.o.) administration. We then investigated the effects
of LY2817412 (1.0, 3.0, 6.0 μg/μl/rat) microinjected into three candidate mesolimbic brain regions: the ventral tegmental area
(VTA), the central nucleus of the amygdala (CeA), and the nucleus accumbens (NAc). We found that relapse to alcohol seeking
was generally stronger in female than in male rats and oral administration of LY2817412 reduced yohimbine- and cue-induced
reinstatement in both sexes. Following site-specific microinjections, LY2817412 reduced yohimbine-induced reinstatement of
alcohol-seeking when administered into the VTA and the CeA, but not in the NAc. Cue-induced reinstatement was suppressed
only when LY2817412 was microinjected into the VTA. Infusions of LY2817412 into the VTA and the CeA did not alter saccharin
self-administration. These results demonstrate that NOP receptor blockade prevents the reinstatement of alcohol-seeking
through modulation of mesolimbic system circuitry, providing further evidence of the therapeutic potential of NOP receptor
antagonism in AUD.
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INTRODUCTION
Alcohol use disorder (AUD) is a chronic relapsing disease
characterized by compulsive drinking and emergence of a
negative emotional state when access to alcohol is prevented,
heightening the risk of relapse to pathological drinking [1, 2]. In
the last WHO report on the impact of alcohol on global health, it
was reported that in 2016 alone more than 3 million deaths and
132.6 million disability-adjusted life years were caused by AUD
(2018). This placed AUD as the fifth major risk factor for premature
death and disability worldwide. Environmental factors such as
drug-paired stimuli and stress are important elements that
heighten vulnerability to relapse in abstinent detoxified alcoholics
and present a major difficulty for the development of effective
therapies to manage AUD [3–5]. Neurobiological mechanisms
underlying relapse to alcohol-seeking are linked to profound
counteradaptive changes in neuronal circuitries mediating moti-
vation, emotions, and reward processing [6, 7]. Untangling these
neuroadaptations is complex but essential to uncover the

mechanisms of relapse to alcohol-seeking and to develop more
efficacious therapies.
The nociceptin opioid peptide (NOP) receptor is the fourth

member of the opioid subfamily of G-protein coupled receptors
whose natural ligand is the 17 amino acid peptide Nociceptin/
Orphanin FQ (N/OFQ) [8, 9]. Over the 25 years since receptor
deorphanization, substantial progresses have been made to
demonstrate that NOP can be a valuable therapeutic target for
various pathological conditions. Clinical and preclinical studies
have shown that NOP receptor agonists and antagonists attenuate
pain and show promising effects in various psychiatric disorders
such as major depression, anxiety, and addiction [10–12].
Preclinical data showing the efficacy of NOP agonism in

preventing alcohol-seeking and relapse are particularly significant.
In previous works we have demonstrated that activation of NOP
by intracerebroventricular (i.c.v.) infusion of N/OFQ reduced stress-
induced reinstatement of alcohol-seeking both in genetically
selected Marchigian Sardinian alcohol-preferring (msP) rats and in
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post-dependent Wistar rats [13–15]. Moreover, we have showed
that i.c.v. administration of N/OFQ significantly inhibited cue-
induced reinstatement of extinguished alcohol-seeking in msP
rats [13]. Recently, we found that blockade of NOP receptors by
selective antagonists, also reduced alcohol drinking in rats and
mice [16–18]. Furthermore, in an initial study we found that NOP
blockade attenuated stress-induced reinstatement of alcohol-
seeking in msP rats [16]. The mechanism through which both NOP
receptor agonists and antagonists reduce alcohol drinking and
reinstatement of alcohol-seeking is still unclear. Several hypoth-
eses could be raised in the attempt to explain this paradoxical
effect. For instance, NOP receptor agonists may depress N/OFQ
signaling through receptor desensitization, leading to functional
blockade of NOP receptors [16, 19]. Alternatively, it is possible that
the effects of NOP receptor agonists and antagonists are mediated
by different neurocircuitries or they may act at different levels
within the same neural systems.
These findings prompted us to further investigate the

pharmacological properties of NOP antagonists by exploring the
efficacy of LY2817412, a potent and selective NOP blocker, on
alcohol-seeking elicited by yohimbine or by environmental
conditioning factors in an alcohol-preferring rat line. Moreover,
to gather information on the action of NOP antagonists at the
neurocircuitry level, we studied the effects of brain site-specific
microinjection of LY2817412 on both yohimbine and cue-induced
reinstatement. Guided by the role of the mesolimbic circuitry in
mediating reinstatement and the distribution of NOP receptors in
the brain [20, 21], we focused our attention on the ventral
tegmental area (VTA), the central nucleus of the amygdala (CeA),

and the nucleus accumbens (NAc). Finally, to determine the effect
of sex in response to NOP antagonists, male and female msP rats
were used.

MATERIALS AND METHODS
Animals
Male (n= 101) and female (n= 102) genetically selected alcohol-preferring
msP rats were used. Experimental procedures were performed in
accordance with the guidelines of the European Community Council
Directive for Care and Use of Laboratory Animals and European legislation
(2010/63/EU). Formal approval to conduct the experiments was obtained
from the Italian Ministry of Health and the Organism Responsible for
Animal Welfare of the University of Camerino (protocol no. 1D580.1). For
details, see Supplementary Information.

Drugs
The following reagents and drugs were used: alcohol (10% v/v) prepared
from alcohol 95% (FL Carsetti SNC, Camerino, Italy); saccharin (0.2% w/v;
Sigma-Aldrich, Milan, Italy); yohimbine (Sigma-Aldrich, Milan, Italy);
LY2817412 kindly provided by Eli Lilly (Indianapolis, IN, USA). For details,
see Supplementary Information.

Intracranial surgery and infusion procedure
Bilateral guide cannulas (0.65mm outside diameter) were aimed at the
VTA, CeA and NAc with the following coordinates: [VTA: anterior/posterior
(AP): −5.7 mm; medial/lateral (ML): ± 2.2 mm; dorsal/ventral (DV): −7.4 mm,
12° angle; CeA: AP: −2.3 mm, ML: ± 4.2 mm, DV: −6.5 mm; NAc: AP:+ 1.5
mm; ML: ± 1.1 mm, DV: −5.5 mm] and female: [VTA: AP: −5.6 mm, ML: ±
2.0 mm, DV: −7.2 mm, 10° angle; CeA: AP: −1.8 mm, ML: ± 4.0 mm,

Fig. 1 Effect of Systemic Administration of LY2817412 on Yohimbine-Induced Reinstatement of Alcohol Seeking in Male and Female msP
Rats. A Schematic representation of the experimental timeline. B Self-administration: black circles (male) and white circles (female) represent
mean number of the responses during the last 3 days of alcohol self-administration sessions. No differences were denoted in the number of
active or inactive lever presses during this phase. Extinction: mean number of lever presses during the last 3 days of extinction (EXT).
Compared to extinction, male (n= 10) and female (n= 10) msP rats treated with yohimbine (1.25 mg/kg; i.p.) and LY2817412 vehicle (0.0)
showed a significant reinstatement of responding. Administration of LY2817412 significantly reduced yohimbine-induced reinstatement both
in males and females. Previously alcohol paired active and inactive lever presses are presented in the upper and lower panels, respectively.
Values represent the mean (±SEM). ###p < 0.001, difference between EXT and rats treated with yohimbine plus LY2817412 vehicle (0.0); *p <
0.05, **p < 0.01, ***p < 0.001, differences between rats treated with yohimbine and LY2817412 vehicle (0.0) and rats treated different doses of
the antagonist.
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DV: −6.4 mm; NAc: AP:+ 1.40 mm, ML: ± 1.0 mm, DV: −5.2 mm]. For details
see, Supplementary Information.

Alcohol and saccharin self-administration training
Operant training and testing were performed in standard self-
administration operant chambers (Med Associate, Inc.). Male and female
msP rats were trained to self-administer 10% (v/v) alcohol or 0.2% (w/v)
saccharin for 5 days a week, in 30min daily sessions under a fixed-ratio one
schedule of reinforcement as previously described [22]. Alcohol and
saccharin self-administration training was continued until animals reached
a stable baseline of responding. After the acquisition phase for alcohol rats
have been subjected to an extinction procedure followed by the relapse
tests, whereas after saccharin training animals underwent directly to the
testing phase. For details, see Supplementary Information.

EXPERIMENTAL PROCEDURES
Effect of systemic administration of LY2817412 on yohimbine-
induced reinstatement of alcohol seeking in male and female
msP rats
The experimental procedure consisted of three phases: operant
training, extinction and reinstatement (for details, see the experi-
mental timeline in Fig. 1A and Supplementary Information). Briefly,
male (n= 10) and female (n= 10) msP rats was trained to self-
administer 10% (v/v) alcohol in 30min daily sessions. Training phase
(total number of daily sessions: 20) continued until animals reached
a stable baseline of responding. The mean of g/kg/30min of alcohol
consumed in the last 3 self-administration days was 1.30 for female
rats and 0.86 for males. Rats were then subjected to 15 daily 30min
extinction sessions, followed by the reinstatement test. On the test
days, animals were injected with either vehicle or LY2817412 (3.0
and 30.0mg/kg; p.o.) 30min prior to yohimbine (1.25mg/kg; i.p.).
Reinstatement sessions started 30min after yohimbine administra-
tion. Experiments were carried out in a Latin square within-subjects
counterbalanced design with a 3-day interval between drug tests
during which animals were subjected to extinction sessions.

Effect of systemic administration of LY2817412 on cue-
induced reinstatement of alcohol-seeking in male and female
msP rats
The experimental procedure consisted of four phases: operant
training, conditioning, extinction, and reinstatement (for details,
see the experimental timeline in Fig. 2B and Supplementary
Information). Briefly, male (n= 8) and female (n= 10) msP rats
were subjected to a self-administration/discrimination training
procedure. During training the mean alcohol intake (g/kg/30 min)
of the last 3 alcohol self-administration days was 1.44 for females
and 1.01 for males. During the discrimination phase rats received a
total of ten alcohol and ten water sessions. Discriminative stimuli
(SD) predictive of alcohol (CS+, odor of an orange extract) versus
water availability (CS−, odor of an anise extract) were presented
during alcohol and water self-administration sessions, respectively.
In addition, each lever press resulting in the delivery of alcohol
was followed by a 5 s time-out period contingently paired with the
illumination of the chamber’s house light, while lever presses
resulting in water delivery were accompanied by a 5 s time-out
period paired with a 70 dB tone.
After completion of the conditioning phase, rats were subjected

to a 15 daily 30 min extinction sessions during which lever
pressing was no longer reinforced and cues were not present.
Followed the reinstatement tests in which the effect of

LY2817412 (0.0, 3.0, 10.0, and 30.0 mg/kg; p.o.) was evaluated.
The experiment was carried out in a Latin square within-subjects
counterbalanced design with the drug given 1 h prior to the
beginning of the sessions. Between reinstatement tests, animals
remained confined in their home cages.

Effect of intracranial administration of LY2817412 on
yohimbine- and cue-induced reinstatement of alcohol-seeking
in male and female msP rats
For both yohimbine (1.25 mg/kg, i.p.) and cue-induced reinstate-
ment, male and female msP rats were injected bilaterally with

Fig. 2 Effect of Systemic Administration of LY2817412 on Cue-Induced Reinstatement of Alcohol-Seeking in Male and Female msP Rats.
A Schematic representation of the experimental timeline. B Conditioning phase: black circles (male) and white circles (female) represent the
responses during the last 3 days of alcohol self-administration sessions; black squares (male) and white squares (female) represents the
responses during the last 3 days of water self-administration sessions during the discrimination phases. Analysis of this phase showed a
significant time × drugs interaction for the active lever presses. No differences were denoted for the inactive lever. Extinction: mean number of
lever presses during the last 3 days of extinction (EXT). Compared to extinction, male (n= 8) and female (n= 10) msP rats showed a significant
reinstatement of lever pressing in response to alcohol cues (S+/CS+) but not to water (S−/CS−). Administration of LY2817412 significantly
reduced cue (S+/CS+) induced reinstatement of alcohol seeking. Previously alcohol paired active and inactive lever presses are presented in
the upper and lower panels, respectively. Values represent the mean (±SEM). ###p < 0.001, difference between EXT and rats exposed to alcohol
paired cues (S+/CS+) treated with LY2817412 vehicle (0.0); °°p < 0.01, difference in the reinstatement between male and female msP rats; ***p
< 0.001, difference between rats presented with S+/CS+ and LY2817412 vehicle (0.0) and rats treated different doses of the antagonist.

A.M. Borruto et al.

2123

Neuropsychopharmacology (2021) 46:2121 – 2131



LY2817412 (1.0, 3.0, 6.0 μg/0.5 μl/rat) or vehicle into the VTA
(yohimbine: male/female n= 12/9; cue: male/female n= 10/10)
the CeA (yohimbine: male/female n= 9/9; cues: male/female n=
10/10) or the NAc (yohimbine: male/female n= 8/9; cue: male/
female n= 9/10). Experiments were carried out in a Latin square
within-subjects counterbalanced design. During the last 3 self-
administration training days the mean values of alcohol intake (g/
kg/30min) for yohimbine experiments were: male, 0.92 for VTA,
0.96 for CeA, 1.24 for NAc; female: 1.06 for VTA, 1.15 for CeA, 1.31
for NAc. For cue-experiments were: male, 0.92 for VTA, 0.93 for

CeA, 0.95 for NAc; female: 1.58 for VTA, 1.53 for CeA, 1.44 for NAc.
For details, see Supplementary Information (see also Supplemen-
tary Fig. 3 and Fig.4).

Effect of intracranial administration of LY2817412 on
saccharin self-administration in male and female msP rats
To investigate the effect of NOP receptor blockade on 0.2% (w/v)
saccharin self-administration, LY2817412 (1.0, 3.0, 6.0 μg/0.5 μl/rat)
or its vehicle were bilaterally microinjected into the VTA (male/
female n= 13/12) or the CeA (male/female n= 12/13).
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Experiments were carried out in a Latin square within-subjects
counterbalanced design. A 3-day interval between drug tests was
employed. Training data are reported as Supplementary Informa-
tion (Supplementary Fig. 5).

Histological verification of correct cannula placement
Only data from rats with correct cannula placements were
included in the statistical analysis [yohimbine: (male: n= 9 for
VTA, n= 7 for CeA, n= 7 for NAc; female: n= 7 for VTA, n= 7 for
CeA, n= 8 for NAc); cue: (male: n= 7 for VTA, n= 7 for CeA, n= 8
for NAc; female: n= 7 for VTA, n= 8 for CeA, n= 8 for NAc);
saccharin: (male: n= 10 for VTA; n= 10 for CeA; female: n= 9 for
VTA; n= 9 for CeA)]. For details, see Supplementary Information.

Statistical analysis
Appropriate ANOVAs were used with ‘sex’ as a between-subjects
factor, treatment and ‘time’ as a within-subject factors. Where
needed the Newman–Keuls post-hoc test was used. For details,
see Supplementary Information.

RESULTS
Systemic administration of LY2817412 reduces yohimbine-
induced reinstatement of alcohol seeking in male and female
msP rats
During training the mean value of the last 3 days of alcohol self-
administration was 48.87 ± 3.98 in males and 46.77 ± 3.98 in
females. No significant differences were denoted in alcohol self-
administration training both in the active lever [(sex: F(1, 18)= 0.14,
p > 0.05; time: F(2, 36)= 0.53, p > 0.05; sex x time: F(2, 36)= 0.15, p >
0.05)] and the inactive lever presses [(sex: F(1, 18)= 7.52, p < 0.05;
time: F(2, 36)= 1.06, p > 0.05; sex x time: F(2, 36)= 1.35, p > 0.05)].
During the extinction phase, the number of responding at the
active lever progressively decreased to 8.73 ± 0.98 in male and to
18.23 ± 3.07 in female msP rats. As shown in Fig. 1B, overall
ANOVA revealed a main effect of treatment, suggesting that
administration of yohimbine reinstated the extinguished operant
responding for alcohol (sex: F(1, 18)= 22.72, p < 0.001; reinstate-
ment: F(1, 18)= 28.52, p < 0.001; sex × reinstatement: F(1, 18)= 1.08,
p > 0.05). A two-way ANOVA denoted that this effect was
prevented by treatment with LY2817412 in both sexes (sex: F(1,
18)= 23.05, p < 0.001; treatment: F(2, 36)= 31.68, p < 0.001; sex ×
treatment: F(2, 36)= 3.48, p < 0.05). Post-hoc analysis showed that
both doses of LY2817412 tested, 3.0 and 30.0 mg/kg, were able to
reduce yohimbine-induced reinstatement in male (3.0, p < 0.05,
30.0, p < 0.01) and in female (p < 0.001) msP rats. Responding at
the inactive lever was negligible and unchanged either by
yohimbine (sex: F(1,18)= 2.69, p > 0.05; relapse: F(1, 18)= 3.05, p >
0.05; sex × relapse: F(1, 18)= 0.02, p > 0.05) or LY2817412 (sex:
F(1, 18)= 0.57, p > 0.05; treatment: F(2, 36)= 0.13, p > 0.05; sex ×
treatment: F(2, 36)= 0.60, p > 0.05) (Fig. 1B).

Systemic administration of LY2817412 reduces cue-induced
reinstatement of alcohol seeking in male and female msP rats
During the conditioning phase, both male and female msP rats
learned to discriminate between alcohol and water availability. At
the end of this phase, the number of alcohol-reinforced responses
was significantly higher compared to water-reinforced responses
[(sex: F(1, 16)= 7.63, p < 0.05; time: F(2, 32)= 68.31, p < 0.001; time ×
sex: F(2, 32)= 4.13, p < 0.05; drugs: F(1, 16)= 19.88, p < 0.001;
drugs × sex: F(1, 16)= 0.54, p > 0.05; time × drugs: F(2, 32)= 32.54,
p < 0.001; time × drugs × sex F(2, 32)= 2.48, p > 0.05)]. Alcohol-
reinforced responses progressively diminished throughout the
extinction phase from 77.25 ± 9.38 to 9.17 ± 1.98 in males, and
from 55.37 ± 3.44 to 8.33 ± 1.10 in female msP rats. Two-way
ANOVA revealed that presentation of cues predictive of alcohol
availability significantly increased alcohol seeking [(sex: F(1, 16)=
3.74, p > 0.05; reinstatement: F(2, 32)= 57.23, p < 0.001; sex ×
reinstatement: F(2, 32)= 4.17, p < 0.05)]. Post-hoc analysis revealed
higher level of reinstatement in female msP rats compared to their
male counterpart (p < 0.01, Fig. 2B). In addition, ANOVA revealed a
main effect of treatment, with a decreased reinstatement elicited
by alcohol-paired cues after systemic administration of LY2817412
[(sex: F(1, 16)= 10.06, p < 0.01; treatment: F(3, 48)= 15.15, p < 0.001;
sex × treatment: F(3, 48)= 0.32, p > 0.05)] (Fig. 2B).
Responses at the inactive lever were negligible and not

significantly affected by the presentation of cues during the
conditioning phase [(sex: F(1, 16)= 0.31, p > 0.05; time: F(2, 32)=
0.00, p > 0.05; time × sex: F(2, 32)= 0.02, p > 0.05; drugs: F(1, 16)=
0.17, p > 0.05; drugs × sex: F(1, 16)= 0.17, p > 0.05; time × drugs:
F(2, 32)= 0.05, p > 0.05; time × drugs × sex F(2, 32)= 0.05, p > 0.05)],
reinstatement [(sex: F(1, 16)= 30.80, p < 0.001; reinstatement: F(2,
32)= 1.32, p > 0.05; sex × reinstatement: F(2, 32)= 0.36, p > 0.05)]
and LY2817412 treatment [(sex: F(1, 16)= 8.62, p < 0.01; treatment:
F(3, 48)= 0.11, p > 0.05; sex × treatment: F(3, 48)= 0.05, p > 0.05)]
(Fig. 2B).

Intracranial administration of LY2817412 into the VTA and
CeA but not into the NAc reduces yohimbine-induced
reinstatement of alcohol seeking in male and female msP rats
To better investigate the neural substrates involved in the effect of
the systemic LY2817412 treatment, we evaluated the effects of
LY2817412 microinjections in the VTA, CeA, and NAc on
yohimbine-induced reinstatement of alcohol seeking. During the
training phase, all experimental groups acquired alcohol self-
administration and reached a stable baseline of active lever
responses, which was progressively decreased during the extinc-
tion phase [(VTA, male: from 53.59 ± 6.42 to 9.30 ± 1.05; female:
from 42.0 ± 3.90 to 14.48 ± 3.22; CeA, male: from 62.14 ± 6.53 to
11.48 ± 0.79; female: from 40.19 ± 3.36 to 13.38 ± 3.17; NAc, male:
from 81.71 ± 17.12 to 19.48 ± 1.05; female: from 45.17 ± 3.13 to
19.29 ± 1.92)] (Fig. 3B, D). No significant differences were denoted
in alcohol self-administration training both in the active lever [VTA:

Fig. 3 Effect of Intra-VTA, Intra-CeA and Intra-NAc Administration of LY2817412 on Yohimbine‐Induced Reinstatement of Alcohol
Seeking in Male and Female msP rats. A Schematic representation of the experimental timeline. B–D Self-administration: black circles (male)
and white circles (female) represent the mean number of responses during the last 3 days of alcohol self-administration sessions. Self‐
administration: black (male) and white (female) circle represents the responses during the last 3 days of alcohol self‐administration sessions.
No differences were denoted in the number of active or inactive lever presses during this phase in all brain regions. Extinction: mean number
of lever presses during the last 3 days of extinction (EXT). B Male (n= 9) and female (n= 7) msP rats were implanted with bilateral cannulas
aimed at the VTA. Compared with EXT, yohimbine elicited a significant reinstatement of responding, both in male and in female rats. Intra-VTA
administration of LY2817412 reduced the active lever responses elicited by yohimbine treatment in both sexes. CMale (n= 7) and female (n=
7) msP rats were implanted with bilateral cannulas aimed at the CeA. Compared with EXT, yohimbine elicited a significant reinstatement of
responding in female but not in male subjects. Intra-CeA administration of LY2817412 reduced the active lever responses elicited by
yohimbine treatment only in female rats. D Male (n= 7) and female (n= 8) msP rats were implanted with bilateral cannulas aimed at the NAc.
Compared with EXT, yohimbine elicited a significant reinstatement of responding both in male and female msP rats. Values represent the
mean (±SEM). ##p < 0.01, ###p < 0.001, difference between EXT and rats treated with yohimbine plus LY2817412 vehicle (0.0); °°p < 0.01, °°°p <
0.001, difference in the reinstatement between male and female msP rats; **p < 0.01, ***p < 0.001, difference between rats treated with
yohimbine and LY2817412 vehicle (0.0) and rats treated with different doses of the antagonist.
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(sex: F(1, 14)= 2.28, p > 0.05; time: F(2, 28)= 2.29, p > 0.05; sex × time:
F(2, 28)= 3.51, p > 0.05); CeA: (sex: F(1, 12)= 8.92, p > 0.05; time:
F(2, 24)= 2.58, p > 0.05; sex × time: F(2, 24)= 0.10, p > 0.05); NAc:
(sex: F(1, 13)= 5.04, p > 0.05; time: F(2, 26)= 0.73, p > 0.05; sex ×
time: F(2, 26)= 2.71, p > 0.05)] and the inactive lever presses [VTA:
(sex: F(1, 14)= 1.96, p > 0.05; time: F(2, 28)= 1.67, p > 0.05; sex × time:
F(2, 28)= 0.96, p > 0.05); CeA: (sex: F(1, 12)= 3.94, p > 0.05; time:
F(2, 24)= 2.19, p > 0.05; sex × time: F(2, 24)= 0.10, p > 0.05); NAc:
(sex: F(1, 13)= 0.02, p > 0.05; time: F(2, 26)= 1.24, p > 0.05; sex × time:
F(2, 26)= 0.82, p > 0.05)]. As revealed by two-way ANOVA,

administration of yohimbine significantly reinstated the operant
response for alcohol in all the experimental groups [VTA: (sex:
F(1, 14)= 23.62, p < 0.001, reinstatement: F(1,14)= 118.60, p < 0.001,
sex × reinstatement: F(1, 14)= 28.11, p < 0.001); CeA: (sex:
F(1, 12)= 11.76, p < 0.01; reinstatement: F(1, 12)= 44.24, p < 0.001;
sex × reinstatement: F(1, 12)= 16.26, p < 0.01); NAc: (sex: F(1, 13)=
4.99, p < 0.05, reinstatement: F(1, 13)= 101.51, p < 0.001, sex ×
reinstatement: F(1, 13)= 6.46, p < 0.05)] (Fig. 3). Post-hoc analysis
revealed that female msP rats showed a more pronounced
reinstatement than males following yohimbine treatment in all the
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groups (VTA: p < 0.001; CeA: p < 0.001; NAc: p < 0.01). Yohimbine
did not significantly increase active lever presses in male rats
microinjected into the CeA (p > 0.05). When the effect of
LY2817412 was evaluated, overall ANOVA showed a main effect
of intra-VTA (Fig. 3B) and intra-CeA (Fig. 3C) treatments in
preventing yohimbine-induced reinstatement of alcohol seeking
behavior [VTA: (sex: F(1, 14)= 12.37, p < 0.01, treatment: F(3, 42)=
67.46, p < 0.001, sex × treatment: F(3, 42)= 17.86, p < 0.001); CeA:
(sex: F(1, 12)= 2.44, p > 0.05, treatment: F(3, 36)= 25.25, p < 0.001,
sex × treatment: F(3, 36)= 13.48, p < 0.001)]. Post-hoc analysis
revealed that all doses of LY2817412 (1.0, 3.0, 6.0 μg/0.5 μl/rat)
infused in the VTA attenuated yohimbine-induced reinstatement
both in male (p < 0.01) and female (p < 0.001) rats. When injected
into the CeA LY2817412 reduced yohimbine-induced alcohol-
seeking only in female (p < 0.001). Microinjection of LY2817412
into the NAc (Fig. 3D) did not significantly affect yohimbine-
induced reinstatement of alcohol seeking in both sexes [(NAc, sex:
F(1, 13= 0.98, p > 0.05, treatment: F(3, 39)= 0.03, p > 0.05, sex ×
treatment: F(3, 39)= 1.08, p > 0.05)].
The number of responses at the inactive control lever was very

low throughout all the experiments and was not influenced by
yohimbine [VTA: (sex: F(1, 14)= 2.15, p > 0.05, reinstatement:
F(1,14)= 0.23, p > 0.05, sex × reinstatement: F(1, 14)= 0.23,
p > 0.05); CeA: (sex: F(1, 12)= 0.72, p > 0.05; reinstatement: F(1, 12)=
1.44, p > 0,05; sex × reinstatement: F(1, 12)= 1.14, p > 0.05); NAc: (sex:
F(1, 13)= 0.53, p > 0.05, reinstatement: F(1, 13)= 0.04, p > 0.05, sex ×
reinstatement: F(1, 13)= 0.74, p > 0.05)] nor it was affected by
LY2817412 [VTA: (sex: F(1, 14)= 0.00, p > 0.05, treatment: F(3, 42)=
0.49, p > 0.05, sex × treatment: F(3, 42)= 0.55, p > 0.05); CeA: (sex:
F(1, 12)= 0.41 p > 0.05; treatment: F(3,36)= 0.48, p > 0,05; sex ×
treatment: F(3, 36)= 0.57, p > 0.05); NAc: (sex: F(1, 13)= 1.95, p > 0.05,
treatment: F(3, 39)= 0.84, p > 0.05, sex × treatment: F(3, 39)= 0.29,
p > 0.05)] (Fig. 3).

Intracranial administration of LY2817412 into the VTA but not
into the CeA and the NAc reduces cue-induced reinstatement
of alcohol seeking in male and female msP rats
During the conditioning phase, all experimental groups learned to
discriminate between alcohol and water availability (Fig. 4A–F)
and showed a significant higher number of alcohol-reinforced
responses when compared to water-reinforced responses [VTA:
(sex: F(1, 12)= 0.95, p > 0.05; time: F(2, 24)= 40.00, p < 0.001; time ×
sex: F(2, 24)= 3.26, p < 0.05; drugs: F(1, 12)= 23.26, p < 0.001;
drugs × sex: F(1, 12)= 1.66, p > 0.05; time × drugs: F(2, 24)= 24.43,
p < 0.001; time × drugs × sex: F(2, 24)= 0.29, p > 0.05); CeA: (sex:
F(1, 13)= 1.14, p > 0.05; time: F(2, 26)= 93.30, p < 0.001; time × sex:
F(2, 26)= 8.41, p < 0.01; drugs: F(1, 13)= 41.62, p < 0.001; drugs × sex:
F(1, 13)= 7.43, p; time × drugs: F(2, 26)= 24.24, p < 0.001; time ×
drugs × sex: F(2, 26)= 5.03, p > 0.05); NAc: (sex: F(1, 14)= 0.82,

p > 0.05; time: F(2, 28)= 93.87, p < 0.001; time × sex: F(2, 28)= 0.26,
p > 0.05; drugs: F(1, 14)= 52.17, p < 0.001; drugs × sex: F(1, 14)= 3.19,
p > 0.05; time × drugs: F(2, 28)= 29.89, p < 0.001; time × drugs × sex:
F(2, 28)= 0.34, p > 0.05)]. Alcohol-reinforced responses progres-
sively decreased during the extinction phase [VTA, male: from
78.71 ± 13.90 to 17.33 ± 1.72; female: from 60.57 ± 2.87 to 6.52 ±
0.77; CeA, male: from 74.33 ± 5.68 to 14.90 ± 1.82; female:
from 56.54 ± 4.19 to 12.17 ± 2.02; NAc, male: from 75.04 ± 9.11 to
15.67 ± 1.17; female: from 76.42 ± 3.98 to 18.21 ± 1.96]. ANOVA
revealed that presentation of cues predictive of alcohol availability
significantly increased alcohol seeking behavior in all the
experimental groups [VTA: (sex: F(1, 12)= 1.91, p > 0.05, reinstate-
ment: F(2, 24)= 70.38, p < 0.001; sex × reinstatement: F(2, 24)= 0.10,
p > 0.05); CeA: (sex: F(1, 13)= 3.95, p > 0.05; reinstatement: F(2, 26)=
74.55, p < 0.001; sex × reinstatement: F(2, 26)= 6.18, p < 0.01); NAc:
(sex: F(1, 14)= 0.12, p > 0.05; reinstatement: F(2, 28)= 49.95, p <
0.001; sex × reinstatement: F(2, 28)= 0.23, p > 0.05)]. Post-hoc
analysis showed that female rats with cannulas implanted in the
CeA reinstated higher than male counterparts (p < 0.01, Fig. 4C). In
addition, ANOVA revealed a main effect of treatment when
LY2817412 was administered in the VTA [(sex: F(1, 12)= 1.13, p >
0.05; treatment: F(3, 36)= 33.84, p < 0.001; sex × treatment:
F(3, 36)= 0.27, p > 0.05)] (Fig. 4B), but not into the CeA [(sex: F(1,
13)= 12.32, p < 0.01; treatment: F(3, 39)= 2.55, p > 0.05; sex ×
treatment: F(3, 39)= 0.07, p > 0.05)] (Fig. 4C) and the NAc [(sex:
F(1, 14)= 0.00, p > 0.05; treatment: F(3, 42)= 1.66, p > 0.05; sex ×
treatment: F(3, 42)= 1.08, p > 0.05)] (Fig. 4D).
Responses at the inactive lever were negligible and not

significantly affected either by cues presentation during the
conditioning phase (data not shown), reinstatement [VTA: (sex:
F(1, 12)= 1.43, p > 0.05; reinstatement: F(2, 24)= 0.10, p > 0.05; sex ×
reinstatement: F(2, 24)= 2.10, p > 0.05); CeA: (sex: F(1, 13)= 1.37, p >
0.0l5; reinstatement: F(2, 26)= 0.11, p > 0.05; sex × reinstatement:
F(2, 26)= 0.45, p > 0.05); NAc: (sex: F(1, 14)= 0.00, p > 0.05; reinstate-
ment: F(2, 28)= 1.94, p > 0.05; sex × reinstatement: F(2, 28)= 0.04,
p > 0.05)] or by LY2817412 [VTA: (sex: F(1, 12)= 0.05, p > 0.05;
treatment: F(3, 36)= 0.43, p > 0.05; sex × treatment: F(3, 36)= 0.21,
p > 0.05); CeA: (sex: F(1, 13)= 0.10, p > 0.05; treatment: F(3, 39)= 0.11,
p > 0.05; sex × treatment: F(3, 39)= 0.16, p > 0.05); NAc: (sex:
F(1, 14)= 0.08, p > 0.05; treatment: F(3, 42)= 0.21, p > 0.05; sex ×
treatment: F(3, 42)= 0.17, p > 0.05)] (Fig. 4).

Intracranial administration of LY2817412 into the VTA and
the CeA does not reduce saccharin self-administration in male
and female msP rats
During the training phase, all experimental groups acquired
saccharin self-administration and reached a stable baseline of
rewards [(VTA, male: 84.03 ± 8.55; female: 96.37 ± 6.09; CeA, male:
82.97 ± 7.32; female: 93.56 ± 3.04)] and active lever presses [(VTA,

Fig. 4 Effect of Intra-VTA, Intra-CeA and Intra-NAc Administration of LY2817412 on Cue‐Induced Reinstatement of Alcohol Seeking in
Male and Female msP rats. A Schematic representation of the experimental timeline. B–D Conditioning phase: black circles (male) and white
circles (female) represent the responses during the last 3 days of alcohol self‐administration; black squares (male) and white squares (female)
represent the responses during the last 3 days of water self-administration during the discrimination phases. Analysis of this phase showed a
significant time × drugs interaction in all brain regions for the active lever presses. No differences were denoted for the inactive lever.
Extinction: mean number of lever presses during the last 3 days of extinction (EXT). BMale (n= 7) and female (n= 7) rats were implanted with
bilateral cannulas aimed at the VTA. Compared to EXT, rats exposed to alcohol-predictive of discriminative stimuli (S+/CS+) and treated with
LY2817412 vehicle (0.0) reinstated active lever pressing. Intra-VTA administration of the drug attenuated the reinstatement elicited by the
alcohol-predictive discriminative stimuli. C Male (n= 7) and female (n= 8) rats were implanted with bilateral cannulas aimed at the CeA.
Compared to EXT, rats exposed to alcohol-predictive of discriminative stimuli (S+/CS+) and treated with LY2817412 vehicle (0.0) reinstated
active lever pressing. Intra-CeA administration of the NOP antagonist did not prevent the effect of S+/CS+. D Male (n= 8) and female (n= 8)
msP rats were implanted with bilateral cannulas aimed at the NAc. Compared to EXT, rats exposed to the alcohol-predictive stimuli (S+/CS+)
elicited a significant reinstatement of responding. Intra-NAc administration of the NOP antagonist did not prevent the effect of S+/CS+.
Presentation of water paired cues (S−/CS−) never affected operant responding that in all groups remained at extinction level. Values represent
the mean (±SEM). ###p < 0.001, difference between EXT and rats exposed to alcohol paired cues (S+/CS+) treated with LY2817412 vehicle (0.0); °
°p < 0.001, difference in the reinstatement between male and female msP rats; ***p < 0.001, difference between rats presented with S+/CS+

and LY2817412 vehicle (0.0) and rats treated different doses of the antagonist.
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male: 110 ± 15.98; female: 119 ± 9.59; CeA, male: 117 ± 15.81;
female: 120.44 ± 5.57)] (Fig. 5). No significant differences were
denoted in saccharin self-administration training both in the
number of rewards [VTA: (sex: F(1, 17)= 1.33, p > 0.05; time:
F(2, 34)= 1.24, p > 0.05; sex × time: F(2, 34)= 2.83, p > 0.05); CeA:
(sex: F(1, 17)= 1.64, p > 0.05; time: F(2, 34)= 1.22, p > 0.05; sex × time:
F(2, 34)= 1.48, p > 0.05)] active lever [VTA: (sex: F(1, 17)= 0.20, p >
0.05; time: F(2, 34)= 0.40, p > 0.05; sex × time: F(2, 34)= 1.19, p >
0.05); CeA: (sex: F(1, 17)= 0.03, p > 0.05; time: F(2, 24)= 1.13, p > 0.05;
sex × time: F(2, 34)= 0.57, p > 0.05)] and inactive lever presses [VTA:
(sex: F(1, 17)= 1.02, p > 0.05; time: F(2, 34)= 0.60, p > 0.05; sex × time:
F(2, 34)= 0.00, p > 0.05); CeA: (sex: F(1, 17)= 1.44, p > 0.05; time: F(2,
34)= 0.73, p > 0.05; sex × time: F(2, 34)= 0.45, p > 0.05)]. As revealed
by two-way ANOVA, administration of LY2817412 did not modify
the operant response for saccharin in all the experimental groups
[rewards: VTA: (sex: F(1, 17)= 1.45, p > 0.05, treatment: F(3, 51)=
1.62, p > 0.05, sex × treatment: F(3, 51)= 0.40, p > 0.05 (Fig. B); CeA:
(sex: F(1, 17)= 1.97, p > 0.05; treatment: F(3, 51)= 0.04, p > 0.05;
sex × treatment: F(3, 51)= 0.03, p > 0.05 (Fig. D); active lever: VTA:
(sex: F(1, 17)= 0.79, p > 0.05, treatment: F(3, 51)= 0.23, p > 0.05,
sex × treatment: F(3, 51)= 2.68, p > 0.05 (Fig. C); CeA: (sex: F(1, 17)=
3.30, p > 0.05; treatment: F(3, 51)= 0.01, p > 0.05; sex × treatment:
F(3, 51)= 0.08, p > 0.05 (Fig. E)]. Responding at the inactive lever
was negligible and unchanged by LY2817412 [VTA: (sex: F(1, 17)=
0.29, p > 0.05, treatment: F(3, 51)= 0.01, p > 0.05, sex x treatment:
F(3, 51)= 0.19, p > 0.05); CeA: (sex: F(1, 17)= 0.58, p > 0.05; treatment:
F(3, 51)= 0.00, p > 0.05; sex × treatment: F(3, 51)= 0.10, p > 0.05]
(Fig. 5).

DISCUSSION
The results demonstrated that systemic NOP receptor blockade by
LY2817412 significantly attenuated yohimbine- and cue-induced
reinstatement of alcohol-seeking in male and female msP rats.

These data strengthen recent evidence indicating a role of NOP
receptor antagonists in reducing alcohol drinking behavior [16–
18]. Here LY2817412 produced a significant decrease of
yohimbine-induced reinstatement, replicating the result of earlier
work in which a similar effect was obtained with LY2940094,
another selective NOP receptor antagonist [16, 23]. With the
present work, we also discovered for the first time that yohimbine-
induced reinstatement is reduced following blockade of NOP
receptors in the VTA and in the CeA but not in the NAc. When we
studied the effect of LY2817412 on cue-induced reinstatement, we
again observed a significant reduction of lever pressing in msP
rats. In this case, the effect was replicated following microinjection
of the NOP antagonist into the VTA, but not into the CeA and the
NAc. The effect of LY2817412 was specific for alcohol as intra-VTA
and intra-CeA infusions of the compound did not modify lever
pressing for saccharin. Consistent with this finding, in an earlier
study, we found that LY2817412 reduced the intake of alcohol but
not that of food and water in the rat [17]. In addition, when rats
were treated with the NOP antagonist during the extinction phase
(Supplementary Information), it did not affect lever pressing. This
finding suggests that blockade of NOP receptors no longer
produces its effects if operant behavior is decontextualized from
alcohol drinking or is not triggered by yohimbine.

Administration of NOP receptor antagonist LY2817412 in the
VTA reduces yohimbine- and cue-induced reinstatement
Noteworthy, previous studies showed that activation of NOP
receptors prevents stress- and cue-induced reinstatement of
alcohol seeking [14, 24–27]. For instance, i.c.v. administration of
N/OFQ markedly inhibited footshock stress- and cue-induced
reinstatement of alcohol-seeking in msP rats [13, 14], and
subchronic treatment with MT-7716, a selective NOP receptor
agonist, reduced yohimbine- and cue-induced reinstatement in
msPs and in post-dependent Wistar rats [15]. Finally, SR-8993,

Fig. 5 Effect of Intra-VTA and Intra-CeA Administration of LY2817412 on Saccharin Self-Administration in Male and Female msP rats. A
Schematic representation of the experimental timeline. B–E Black circles (male) and white circles (female) represent the mean number of
rewards (B, D), active (C, E upper panel) and inactive (C, E lower panel) levers during the last 3 days of saccharin self‐administration sessions. B,
C Male (n= 10) and female (n= 9) msP rats microinjected into the VTA with LY2817412 did not show changes in saccharin reward or in the
total number of lever pressing at both the active and inactive levers. D, EMale (n= 10) and female (n= 9) msP rats microinjected into the CeA
with LY2817412 did not show changes in saccharin reward or in the total number of lever pressing at both the active and inactive levers.
Values represent the mean (±SEM).
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another selective NOP receptor agonist, prevented yohimbine-
induced reinstatement in Wistar rats [27]. These effects observed
following NOP receptor activation might depend on their ability to
negatively modulate the activity of the mesolimbic dopamine (DA)
system, which is known to play a crucial role in the regulation of
stress- and cue-induced reinstatement [28, 29]. Notably, NOP
receptors are widely expressed (~75%) on VTA tyrosine hydro-
xylase positive neurons [30] and N/OFQ inhibits DA neuronal
activity in this region [31]. In agreement with these data, intra-VTA
administration of N/OFQ attenuated basal DA release in the NAc
[32]. Moreover, it was demonstrated that i.c.v. administration of
the peptide dampened morphine- and cocaine-induced increases
in extracellular DA levels in the NAc [33, 34]. Finally, retrodialysis of
N/OFQ into the NAc attenuated the ability of cocaine to enhance
local extracellular DA levels into the NAc [35]. Intriguingly, NOP
receptor antagonism, produced similar effects as it resulted in a
significant decrease of alcohol-induced enhancement of DA
outflow in the NAc [16]. Stemming from this latter finding and
considering the prominent role of the VTA in modulating alcohol
reward and reinforcement, we sought to determine the effect of
LY2817412 microinjection into this region [36–38]. Results
revealed that intra-VTA infusions of this NOP antagonist reduced
both yohimbine- and cue- induced reinstatement, making there-
fore plausible the hypothesis that receptor blockade could
modulate alcohol-seeking via modulation of DA transmission in
the VTA. An intriguing finding is that NOP receptor activation and
blockade may produce overlapping neurochemical and behavioral
effects and that the brain regions (i.e., the VTA and the CeA)
mediating these actions are the same. The mechanisms through
which this may occur are not yet clear, and to disentangle this
complex phenomenon may not be easy, however, several
hypotheses can be suggested. For example, it is possible that
administration of non-physiological doses of NOP agonists may
produce paradoxical antagonistic effects by depressing N/OFQ
transmission through receptor desensitization. This possibility is
supported by data showing that NOP receptors are subject to
desensitization within minutes following administration of an
agonist [39]. Consistent with the desensitization hypothesis there
are also data showing that the efficacy of NOP agonists on alcohol
drinking increases during repeated administration and is main-
tained for several days after treatment discontinuation [24]. An
alternative hypothesis is that, despite having an effect within the
same regions, NOP agonists and antagonists may act at different
neurocircuitry levels. For instance, electrophysiological data from
VTA slices suggested that NOP receptors are located both on DA
cells and in presynaptic GABA and glutamate neurons. Hence, they
can modulate DA function through both presynaptic and
postsynaptic mechanisms, leading to sophisticated modulation
of the activity of this catecholaminergic system [31, 40].

Administration of NOP receptor antagonist LY2817412 in the
CeA, but not in the NAc, reduces yohimbine-induced
reinstatement
A wealth of studies has shown that the α2-adrenergic receptor
antagonist yohimbine induces alcohol craving in humans [41] and
reinstates extinguished alcohol-seeking in rodents previously
trained to self-administer alcohol [42–45]. The mechanism
through which yohimbine evokes drug-seeking is complex and
likely consists of a concomitant activation of the stress system and
the invigoration of responding triggered by exposure to sensory
cues [28, 46–49]. As a result of this intricate mechanism,
corticotropin-releasing factor-1 receptor antagonism and block-
ade of DA transmission both reduced yohimbine-induced
reinstatement of drug-seeking behavior [50–52]. The amygdala
is known to play a pivotal role in mediating stress-related effects
on alcohol [1, 53, 54]. Whereas, NOP receptor agonists exert
marked anxiolytic and anti-stress effects [55, 56] through
modulation of N/OFQ transmission in this region [57, 58]. The

impact of NOP antagonists on such behaviors is under intense
scrutiny and although in most of the studies receptor blockade
has been found ineffective, in some reports, anxiolytic- and
antistress-like activities have been reported [59, 60]. For instance, i.
c.v. administration of the NOP antagonist UFP-101 reduced the
latency of inhibitory avoidance [61]. In addition, the NOP
antagonist LY2940094, attenuated fear-evoke immobility in mice,
stress-induced hyperthermia in rats [60] and showed antidepres-
sant activity in depressed alcoholics [62]. Furthermore, adminis-
tration of JTC-801 and J-113397, other two NOP receptor
antagonists, reversed anxiety-like behavior and modulated HPA
axis activity following traumatic stress [63, 64]. More recently, in a
model of inescapable electric foot-shock, administration of the
NOP receptor antagonist SB-612111 reversed helpless-induced
anxiety-like behaviors, whereas it increased anxiety levels in non-
helpless mice, and was ineffective in non-stressed animals tested
in the elevated plus-maze (EPM) test [65]. Together these data
suggest that NOP receptor blockade may be particularly effective
in exerting anxiolytic actions when this condition is associated
with stress exposure. In msP rats, excessive alcohol drinking,
anxiety-like predispositions, and hypersensitivity to stress have
been co-segregated through genetic selection [39]. This multi-
faceted behavioral trait has been linked to an innate upregulation
of the CRF1 and the NOP receptor systems in several stress-related
regions, including the amygdala [66–68]. A tempting hypothesis is
that intra-CeA administration of LY2817412 attenuated
yohimbine-induced reinstatement of alcohol-seeking by alleviat-
ing the negative emotional load associated with the over-reactive
stress system of msP rats [69, 70].
Electrophysiological studies revealed a significant role of NOP

agonists in orchestrating both basal CeA synaptic functions and
responsiveness to alcohol. For instance, activation of NOP
receptors in this brain region reduced basal GABAergic synaptic
transmission and counteracted the facilitatory effect of alcohol in
both naïve and post-dependent rats [71, 72]. Activation of NOP
receptors also diminished CeA basal glutamatergic transmission
and at the same time reduced the inhibitory effects of alcohol on
this neurotransmission [73]. Moreover, incubation with N/OFQ
evoked a direct postsynaptic inhibition in all neurons recorded
from the centromedial amygdala (CeM) [74] and in a subset of the
total cells recorded from the CeA [71, 75]. NOP receptor blockade
instead produced little effects in naïve control rats, but
significantly increased both CeA GABAergic and glutamatergic
neurotransmission in alcohol-dependent and chronic stress-
exposed rats [57, 73]. Noteworthy, the antagonist prevented the
effects of N/OFQ on both GABA and glutamate transmission but
failed to prevent the effects of alcohol on glutamate [57, 71–73].
These data indicate that under basal condition CeA output activity
is regulated in an opposite direction by NOP agonists and
antagonists as expected. However, a history of alcohol exposure
likely leads to adaptive changes of the system so that the effects
of alcohol on glutamate remain sensitive to NOP agonists but is no
longer influenced by receptor blockade. How these adaptive
changes influence the effects of NOP agonists and antagonists on
reinstatement behavior is unknown at present. But the fact that
the CeA has been identified as an important neuroanatomical
substrate mediating this action guarantee further investigations.
In conclusion, the present study demonstrates that the

pharmacological blockade of NOP receptors by LY2817412
prevents relapse elicited by stress and environmental stimuli
predictive of alcohol availability in msP rats. Furthermore, these
effects were specifically mediated by the recruitment of the VTA
and the CeA, but not the NAc. More studies are needed to better
clarify the mechanisms through which NOP receptor blockade
prevents reinstatement of alcohol-seeking behavior. The evidence
established so far demonstrate that NOP receptor antagonists
attenuate alcohol drinking and seeking opening to the possibility
of developing these agents for AUD treatments.
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