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Background and Purpose: Nociceptin/orphanin FQ (N/OFQ) peptide and its cog-
nate receptor (NOP) are widely expressed in mesolimbic brain regions where they
play an important role in modulating reward and motivation. Early evidence
suggested that NOP receptor activation attenuates the rewarding effects of drugs
of abuse, including alcohol. However, emerging data indicate that NOP receptor
blockade also effectively attenuates alcohol drinking and relapse. To advance our
understanding of the role of the N/OFQ-NOP receptor system in alcohol abuse,
we examined the effect of NOP receptor blockade on voluntary alcohol drinking at
the neurocircuitry level.

Experimental Approach: Using male and female genetically selected alcohol-prefer-
ring Marchigian Sardinian (msP) rats, we initially evaluated the effects of the selective
NOP receptor antagonist LY2817412 (3, 10, and 30 mg-kg™?, p.o.) on alcohol con-
sumption in a two-bottle free-choice paradigm. We then microinjected LY2817412
(3 and 6 pg-pl~! per rat) in the central nucleus of the amygdala (CeA), ventral tegmen-
tal area (VTA), and nucleus accumbens (NAc).

Key Results: Peripheral LY2817412 administration dose-dependently and selectively
reduced voluntary alcohol intake in male and female msP rats. Central injections of
LY2817412 markedly attenuated voluntary alcohol intake in both sexes following
administration in the CeA and VTA but not in the NAc.

Conclusion and Implications: The present results revealed that the CeA and VTA
are neuroanatomical substrates that mediate the effects of NOP receptor antago-
nism on alcohol consumption. Overall, our findings support the potential of NOP
receptor antagonism as a treatment strategy to attenuate alcohol use and

addiction.

Abbreviations: 2BC, two-bottle free-choice test; AP, anterior/posterior; AUD, alcohol use disorder; BNST, bed nucleus of the stria terminalis; CeA, central nucleus of the amygdala; DV, dorsal/
ventral; Ky, antagonist affinity; K;, inhibition constant; ML, medial/lateral; mPFC, medial prefrontal cortex; msP rats, Marchigian Sardinian alcohol-preferring rats; N/OFQ, nociceptin/orphanin
FQ; NAc, nucleus accumbens; NOP receptor, nociceptin/orphanin FQ receptor; ORL-1, opioid receptor-like 1; VTA, ventral tegmental area.
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1 | INTRODUCTION

Nociceptin/orphanin FQ (N/OFQ) peptide and its cognate NOP
receptor, previously named opioid receptor-like 1 (ORL-1), are mem-
bers of the endogenous opioid system (Meunier, 1997; Meunier et al.,
1995; Mollereau et al., 1994; Reinscheid et al., 1995). Because of the
lack of the N-terminal tyrosine residue, N/OFQ peptide is unable to
activate p-opioid, §-opioid, or k-opioid receptors. In turn, classic opi-
oid ligands do not bind NOP receptors (Bunzow et al., 1994; Meunier
et al., 1995; Witkin et al., 2014). N/OFQ peptide and NOP receptors
are highly expressed in various brain areas, including the central
nucleus of the amygdala (CeA), bed nucleus of the stria terminalis
(BNST), medial prefrontal cortex, ventral tegmental area (VTA), and
lateral hypothalamus. Moderate expression is also detected in the
nucleus accumbens (NAc), locus coeruleus, and dorsal raphe (Darland,
Heinricher, & Grandy, 1998; Neal et al., 1999). In these areas, the N/
OFQ-NOP receptor system regulates motivation, emotion, stress
reactivity, and various aspects of addiction-like behaviours
(Ciccocioppo et al., 2014; Ciccocioppo, Economidou, Fedeli, & Massi,
2003; Narendran et al., 2017; Toledo et al., 2014). Conditioned place
preference studies demonstrate that NOP activation attenuates the
rewarding effects of various psychoactive substances, including
alcohol, morphine, and cocaine (Kotlinska et al., 2003; Kotlinska,
Wichmann, Legowska, Rolka, & Silberring, 2002; Kuzmin, Sandin,
Terenius, & Ogren, 2003; Zhao et al., 2003). Intracranial N/OFQ
administration also reduces alcohol drinking and seeking in genetically
selected Marchigian Sardinian alcohol-preferring (msP) rats, an animal
line that is selected for excessive alcohol consumption (Ciccocioppo,
Panocka, Froldi, et al., 1999; Ciccocioppo, Panocka, Polidori, et al.,
1999; Ciccocioppo et al., 2003; Ciccocioppo et al., 2004; Martin-
Fardon, Ciccocioppo, Massi, & Weiss, 2000). NOP receptor agonists
also effectively attenuate alcohol self-administration in heteroge-
neous Wistar rats with a previous history of alcohol dependence,
whereas they have less or no effects in non-dependent rats
(Ciccocioppo et al., 2004; de Guglielmo, Martin-Fardon, Teshima,
Ciccocioppo, & Weiss, 2015; Economidou et al., 2008; Kuzmin, Kreek,
Bakalkin, & Liljequist, 2007).

The above findings demonstrate that NOP receptor activation
attenuates alcohol drinking and seeking in rats. However, these find-
ings appear to be inconsistent with molecular data that show that
(a) animals with heightened N/OFQ-NOP expression, either innate
(msP rats), or adaptive (post-dependent Wistar rats) drink higher
amounts of alcohol and are more prone to relapse (Aujla et al., 2013;
Cippitelli et al., 2016; Economidou et al., 2008; Hansson et al., 2006)
and (b) engineered rats with constitutive NOP receptor deletion self-
administer less alcohol compared with wild type controls (Kallupi
et al., 2017). More importantly, a recent study demonstrated that the
selective NOP receptor antagonist LY2940094 attenuated alcohol
intake and relapse to alcohol seeking in both msP and Indiana alcohol-
preferring (P) rats (Rorick-Kehn et al., 2016). Additionally, preliminary
clinical evidence shows the efficacy of LY2940094 in decreasing

heavy drinking days and increasing abstinence days in depressed

What is already known

o Targeting NOP receptors is an emerging therapeutic
strategy for treating alcohol use disorder.

o Systemic administration of the NOP receptor antagonist
LY2940094 reduces voluntary alcohol drinking in

alcohol-preferring rats.

What does this study add

o NOP receptor blockade attenuates alcohol drinking
through mechanisms that involve CeA and VTA

neurotransmission
What is the clinical significance

e NOP receptor antagonism may represent a novel

approach to the treatment of alcohol-use disorders

alcohol users (Post et al., 2016). These studies support an alternative
hypothesis that NOP receptor antagonism (rather than agonism) may
be useful for the treatment of alcohol use disorder (AUD). The reason
why both NOP receptor agonists and antagonists reduce alcohol
drinking is unclear. Notably, however, following an acute injection, the
effect of NOP agonists on alcohol drinking is low or in some cases
absent, but it increases over repeated administrations and remains for
several days after treatment discontinuation (Ciccocioppo et al.,
2014). The effect of a NOP receptor antagonist, in contrast, appears
after the first administration (Rorick-Kehn et al., 2016). Based on
these findings, we recently hypothesized that the effect of NOP ago-
nists on alcohol drinking may depend on their ability to desensitize
the receptor system, thus acting as functional antagonists
(Ciccocioppo et al., 2019).

To confirm the potential of NOP antagonism to reduce alcohol
drinking, we tested the effect of another recently available selective
NOP receptor blocker, LY2817412, in male and female msP rats. We
also sought to elucidate the neurocircuitry through which NOP recep-
tor blockade attenuates alcohol consumption by microinjecting
LY2817412 in the CeA, VTA, and NAc. These three brain areas were
chosen based on their role in the regulation of motivated behaviours
and their expression levels of N/OFQ-NOP.

2 | METHODS

21 | Animals
All animal care and experimental procedures were performed in accor-
dance with the guidelines of the European Community Council Direc-

tive for Care and Use of Laboratory Animals and European legislation
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(2010/63/EV). Formal approval to conduct the experiments was
obtained from the Italian Ministry of Health and Organism Responsi-
ble for Animal Welfare of the University of Camerino (protocol
no. 1D580.1). The animal studies are reported in compliance with the
ARRIVE guidelines (Kilkenny, Browne, Cuthill, Emerson, & Altman,
2010) and the recommendations made by the British Journal of
Pharmacology.

A total of 61 male msP rats (derived from 16 litters) and 52 female
msP rats (derived from 15 litters), bred and selected at the University
of Camerino (ltaly), were used. The rats were between 10 and
11 weeks old (postnatal days 70-77) at the beginning of the experi-
ments. The animals were randomly assigned and housed two per cage
in standard clear plastic cages with conventional bedding until the
drinking experiments began. They were maintained in a temperature
(20-22°C) and humidity (45-55%) controlled and pathogen-free
vivarium under a reverse 12 hr/12 hr light/dark cycle (lights off at
8:30 a.m. and on at 8:30 p.m.). During the experiments, the animals
were given ad libitum access to tap water and food pellets (4RF18,
Mucedola, Settimo Milanese, Italy). To mitigate anxiety that is associ-
ated with the experimenters and familiarize the rats to the proce-
dures, they were handled for 5 days (~3 min of handling per animal
per day) before behavioural testing.

All of the experimental sessions were conducted during the dark
phase of the light/dark cycle. All efforts were made to minimize the
number of animals used and their discomfort. Group sizes were
unequal because few subjects had to be excluded because of incor-
rect cannula placement in the intracranial studies. Male and female
rats were randomly assigned to the treatment groups so that compa-
rable numbers of subjects of each sex in each experiment were used
for the statistical analysis. The two-bottle free-choice (2BC) test was
conducted in parallel, with male and female rats that were housed in
different rooms to avoid somatosensory cues (e.g., sight and smell) of
the opposite sex from influencing the behavioural results. Rooms
where male and female rats were kept were next to each other and
identical. The experimenters who were responsible for data collection

and analysis were blind to treatments.

2.2 | |Intracranial surgery and infusion procedure
For intracranial surgery, the animals were anaesthetized by an intra-
muscular injection of a solution (100-150 pl) that contained tiletamine
(58.17 mg:ml™Y) and zolazepam (7.5 mgml™Y). Guide cannulas
(0.65 mm outside diameter) for the microinjections were implanted
and cemented bilaterally into the CeA, VTA, and NAc. Different
groups of animals were used for the three different brain areas.

The following stereotaxic coordinates, relative to bregma, were
used: male rats (CeA: anterior/posterior (AP), —2.5 mm; medial/lateral
(ML), £4.3 mm; dorsal/ventral (DV), —6.5 mm; VTA: AP, —5.6 mm; ML,
+2.2 mm; DV, =7.4 mm, 12° angle; NAc: AP, +1.5 mm; ML, 1.1 mm;
DV, 5.2 mm), female rats (CeA: AP, —1.8 mm; ML, +4.0 mm; DV,
—7.4 mm; VTA: AP, —5.7 mm; ML, +2.2 mm; DV, —7.4 mm, 10° angle;
NAc: AP, +1.40 mm; ML, +1.0 mm; DV, -5.5 mm). All of the
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coordinates were based on a rat brain atlas (Paxinos & Watson, 2007)
and adjusted for the animals' body weight and sexes. Following sur-
gery, the animals received a single subcutaneous injection of
ketoprofen (2.5 mg-kg™?, s.c.) and were allowed to recover for 1 week
in their home cages. During this recovery period, the rats were han-
dled daily and habituated to the microinjection procedure, consisting
of insertion of the injector into the guide cannulas, for at least 3 days
before the behavioural tests began. The rats were bilaterally injected
with LY2817412 or vehicle over a period of 60 s, approximately
15 min before they were given access to alcohol. A stainless-steel
injector, 1.5 mm longer than the guide cannula, was left in place for
few seconds after the injection to allow diffusion of the solution. At
the completion of the experiments, to verify cannula placements, the
rats were anaesthetized with isoflurane and subsequently injected
with black India ink (0.3 pl per site) in the CeA, VTA, and NAc. Immedi-
ately afterward, the rats were killed, and the brains were collected for
histological of cannula placements

analyses (see Supporting

Information).

2.3 | Effect of systemic LY2817412 administration
on 10% alcohol intake in a two-bottle free-choice test

The two-bottle free-choice (2BC) paradigm (choice between water
and 10% alcohol) was used to measure alcohol drinking and prefer-
ence (Koob et al., 2003; Tabakoff & Hoffman, 2000). The week before
the 2BC test began, msP rats were singly housed in experimental
chambers for acclimation. For the next 15 days, they were given con-
tinuous access to 10% alcohol and water (24 hr-day™?) under free
access conditions to achieve a stable baseline of drinking and high
preference for alcohol (280% preference for alcohol over water during
the last 3 days). Once baseline drinking was reached, we tested the
effect of LY2817412 on voluntary alcohol intake. Cages (30 cm
length x 30 cm width x 30 cm height) that were used for the experi-
ments were equipped with two graduated drinking tubes (100-ml vol-
ume) with metallic drinking spouts and food containers. Fluids were
delivered through graduated drinking tubes, and consumption was
measured by reading the volume that was consumed 2, 8, and 24 hr
after alcohol was offered to the animals. The tubes were switched
daily to avoid the development of side preference. Food intake was
measured by weighing the food containers and taking into account
spillage. Alcohol, water, and food intake was calculated as absolute
values at each time interval (2, 8, and 24 hr) and are expressed as
grams per kilogram to control for the influence of body weight differ-
ences (Becker & Lopez, 2004; Finn et al., 2007; Rimondini, Sommer, &
Heilig, 2003). Drug tests were performed using a within-subject
counterbalanced Latin square design (i.e., each animal received a sin-
gle injection of each treatment dose) in male msP rats (n = 11, derived
from three litters) and female msP rats (n = 10, derived from three lit-
ters). At least a 3-day interval, during which a stable baseline of alco-
hol drinking was re-established, was allowed between drug tests.
Before the treatments began, rats were habituated to the gavage

administration procedures for three consecutive days, during which
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they received distilled water to familiarize them with the injection
procedures. Following the acquisition of a stable baseline of alcohol
consumption (280% preference for alcohol over the last 3 days),
LY2817412 (3, 10, and 30 mg'kg’l) or its vehicle were administered
orally 1 hr before the 2BC test began. Drug doses and the time of
administration were chosen based on our previous experience with
this compound and published data (Toledo et al., 2014). The treat-
ments were counterbalanced across rats from different litters and

across sexes. The experimenters were blind to the treatments.

24 | Effect of systemic LY2817412 administration
on standard food and water intake

Male (n = 10, derived from three litters) and female (n = 10, derived
from three litters) msP rats were singly housed in experimental
chambers for at least 1 week before the test began. To evaluate the
effect of systemic LY2817412 administration on the caloric effects
of food, water and standard chow were available ad libitum. Water
and food intake was calculated as absolute values at each time
interval (2, 8, and 24 hr) and are expressed as grams per kilogram to
control for the influence of body weight differences (Becker &
Lopez, 2004; Finn et al., 2007; Rimondini et al., 2003). Similar to
the previous experiment, the rats were habituated to the adminis-
tration procedures, and the treatments were counterbalanced in a
Latin square design. After the acclimation period (15 days),
LY2817412 (30 mg-kg™Y) or its vehicle was administered orally 1 hr
before the test began. The treatments were counterbalanced across
rats from different litters and across sexes. The experimenters were

blind to the treatments.

2.5 | Effect of intracranial LY2817412
administration

Rats were single-housed in experimental chambers for at least 1 week
before the 2BC test began. To evaluate the effect of intracranial
LY2817412 administration, water and food were available ad libitum,
but access to alcohol was restricted to 2 hr~day’1 (8:30-10:30 a.m.).
The 2BC test was restricted to 2 hr because after site-specific admin-
istration, drugs can easily redistribute, and their concentration at the
injection site can decrease rapidly over time.

Male (n = 13 for CeA, n = 17 for VTA, n = 10 for NAc) and female
(n =9 for CeA, n = 12 for VTA, n = 11 for NAc) msP rats received
LY2817412 (3 and 6 pg-pl™t per rat) or its vehicle 15 min before
access to 10% alcohol. Fluid (alcohol and water) intake and food
intake were recorded after 2-hr access. The drug tests were con-
ducted according to a within-subject Latin square counterbalanced
design. At least a 3-day interval, during which a stable baseline of
alcohol drinking was re-established, was allowed between drug tests.
Only data from rats with correct cannula placements were included in
the statistical analysis (male: n = 8 for CeA [derived from four litters],
n = 9 for VTA [derived from four litters], n = 8 for NAc [derived from

two litters]; female: n = 7 for CeA [derived from three litters], n = 8
for VTA [derived from three litters], n = 9 for NAc [derived from three
litters]). The effect of intracranial LY2817412 administration in each
brain area was studied in both sexes simultaneously in the following
order: CeA, VTA, and NAc. The treatments were counterbalanced
across rats from different litters and across sexes. The experimenters

were blind to the treatments.

2.6 | Invitro NOP receptor binding

A filtration-based [*H]-nociceptin binding assay was used to deter-
mine the affinity (K;) of LY2817412 using previously described condi-
tions (Statnick et al, 2016). Assay incubations were performed in
deep-well 96-well plates with [®H]-nociceptin (final assay concentra-
tion = 0.2 nM) and 5-10 pg of membrane protein (isolated from CHO
cells that expressed cloned human NOP receptors) in a final volume
of 0.5 ml of HEPES buffer (20 mM, pH 7.4) that contained 5-mM
MgCl,, 1-mM EDTA, 100-mM NaCl, and 0.1% BSA and incubated at
25°C for 60 min. Reactions were terminated by filtration on glass fibre
filtermats (GF/C Filtermat A, Perkin-Elmer Life and Analytical Sci-
ences, Waltham, MA, USA) that were pretreated with 0.3% poly-
ethyleneimine. The filters were washed three times with 5 ml of ice-
cold filtermats in Tris-HCI buffer (50 mM, pH 7.4), dried, and embed-
ded with MeltiLex scintillant (Perkin-Elmer Life and Analytical Sci-
ences, Waltham, MA, USA). Bound radioactivity was counted in a
Microbeta Trilux device (Perkin-Elmer Life and Analytical Sciences,
Waltham, MA, USA). Specific binding was determined by displace-
ment with 100-nM unlabelled nociceptin. Curves were plotted as the
percentage of specific inhibition relative to LY2817412 concentration.
IC50 values were determined using four-parameter nonlinear regres-
sion (XLFit version 4.0, IDBS). K; values were calculated from ICsq
values according to Cheng and Prusoff, where
Ki = 1Cs0 X (1 + D x Kp-1)"! (Cheng & Prusoff, 1973). Reported values
for K; are shown as geometric means + SEM from n = 3 independent
assays. Geometric means were calculated by the following equation:
GeoMean = 10 (average [log Ki; + log K, + ... log K;,]/square root of

the number of replicates, n).

2.7 | Invitro opioid receptor binding

To determine receptor selectivity to classic opioid receptors, the bind-
ing affinity (K;) of LY2817412 was determined in CHO (CHO, RRID:
CVCL_0213) cell membranes that expressed cloned human p, 8, or
receptors as previously described (Emmerson et al., 2004). Briefly,
membranes (4-6 pg protein per reaction) were added to buffer that
contained 50-mM Tris-HCI, 100-mM NaCl, 1-uM guanosine diphos-
phate, 5-mM MgCl,, and 1-mM EDTA (pH 7.4). The reactions were
initiated by the addition of 0.2-nM [*H]-diprenorphine to yield a 500-
pl final assay volume. The reaction was incubated at 25°C for
120 min. Specific binding was determined by displacement with 10-
pM naltrexone. Reactions were terminated by rapid filtration through
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glass fibre filters. Radioactivity was measured, and the data were
analysed using procedures that were identical to those that were used

for NOP receptor binding.

2.8 | Invitro functional activity on G-protein
activation

The NOP receptor antagonist affinity (K,) of LY2817412 was mea-
sured in CHO membranes that expressed cloned human NOP recep-
tors with a GTPy-[35$] binding assay according to previously
described protocols with minor modifications (DeLapp, 2004). The
assays were performed in a 200-pl volume with 20-mM HEPES buffer
that contained 100-mM NaCl, 5-mM MgCl,, 1-mM EDTA, 0.1% BSA,
3-uM guanosine diphosphate, and 0.5-nM GTPy[3*S]. NOP receptor
membrane suspension was added at a concentration of 20 pg protein
per well, and receptor stimulation was achieved with 300-nM
nociceptin. Wheat germ agglutinin-coated scintillation proximity assay
(SPA) beads (Perkin-Elmer Life and Analytical Sciences, Waltham, MA,
USA) were added at 1 mg per well to detect membrane-bound GTPy
[35S]. The plates were sealed and incubated for 2 hr at 25°C and then
placed at 4°C overnight to allow the SPA beads to settle. The plates
were then counted for radioactivity in a Microbeta Trilux instrument.
Specific GTPy[3SS] binding was determined as the difference in counts
per minute that were observed in the absence and presence of 10-uM
unlabelled GTPyS. The data were plotted as the percentage of specific
bound GTPy[3>S], from which ICsq values were calculated using four-
parameter nonlinear regression routines (XLFit version 4.0, IDBS).
Antagonist affinity (K,) was estimated according to Delapp et al.
(2004) using a modification of the equation of Cheng and Prusoff
(1973), where K}, = ICso X (1 + D x ECs0-1)"1. Reported values for K,
are shown as the geometric mean + SEM from three independent

experiments.

2.9 | Blinding and randomization

The laboratory animals were randomly assigned to the experimental
groups, and the treatments were assessed blindly. The order of treat-
ment administration was also randomized. All of the animal samples

were studied, and the analyses were performed in a blinded manner.

210 | Data and statistical analysis

The data and statistical analysis in this study comply with the recom-
mendations of the British Journal of Pharmacology on experimental
design and analysis in pharmacology (Curtis et al., 2018). The statisti-
cal analysis was performed only for groups with a group size of n 2 5,
and the experimental groups were designed accordingly. The declared
group size represents the number of independent values, and the sta-
tistical analysis was performed using these independent values. The
optimum sample sizes and animal numbers were determined by power
analysis of pre-existing data. The effects of systemic LY2817412
administration on alcohol, water, and food intake were analysed in

male and female msP rats using three-way ANOVA, with treatment

and time as the within-subject factor and sex as the between-subject
factor. The effects of intracranial LY2817412 administration in the
CeA, VTA, and NAc on alcohol, water, and food intake were analysed
using two-way repeated-measures ANOVA, with treatment as the
within-subject factors and sex as the between-subject factor. Before
performing the ANOVAs, the data were analysed to confirm a normal
distribution using the Shapiro-Wilk test and to confirm the homoge-
neity of variance using the Levene test. All data were normally distrib-
uted. Significant main effects and interactions in the ANOVA were
followed by the Newman-Keuls post hoc test only when the F value
attained P < .05, and there was no significant inhomogeneity of vari-
ances. The data are presented as the mean + SEM. For determining
whether groups differ, the level of probability (P) was set at P < .05
for constituting the threshold for statistical significance. The statistical
analyses were performed using Prism 7 software (GraphPad Prism,
RRID:SCR_002798, La Jolla, CA, USA).

211 | Materials

The alcohol (10%, v/v) drinking solution was prepared by diluting 95%
alcohol (FL Carsetti SNC, Camerino, Italy) in tap water. The NOP
receptor antagonist LY2817412 was synthetized and provided by Eli
Lilly (Indianapolis, IN, USA) and dissolved in a vehicle that consisted of
a 1:1 mixture of distilled water and 1-M H3POy, (Sigma-Aldrich, Milan,
Italy). Solutions were freshly prepared before the tests. For peripheral
administration, LY2817412 (3, 10, and 30 mg-kg’l) was administered
in a volume of 1 ml-kg~* and given by gavage (p.0.) 1 hr before the
tests. For intracerebral microinjections, LY2817412 (3 and 6 pg-pl~*
per rat) was suspended in 10% DMSO (Sigma-Aldrich, Milan, Italy),
3% Tween-80, and 87% deionized water. LY2817412 was adminis-
tered bilaterally in a volume of 0.5 pl per side. Diprenorphine and nal-
trexone were supplied by Tocris (USA) and [*H]-nociceptin by
PerkinElmer (USA).

212 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in  http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY (Harding et al., 2018), and are permanently
archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander et al., 2019).

3 | RESULTS

3.1 | Systemic LY2817412 administration reduces
voluntary alcohol drinking in male and female msP rats

As shown in Figure 1a, LY2817412 significantly reduced alcohol
drinking in male and female msP rats. At 2 hr, no differences in alcohol


info:x-wiley/rrid/RRID:SCR_002798
http://www.guidetopharmacology.org

BORRUTO ET AL.

BRITISH
1530 PHARMACOLOGICAL
SOCIETY

Male Female

(a)

5-
= ] Veh
(=]
b 4 = 3.0 mg.kg»1
(2]
;’ B 100 LY2817412
3 :
.‘é I 300
s 2
E=]
o
S 14
<

o_

(b)

15+
= * =] Veh
AI? = 3.0 mg-kg-"
2 104 LY2817412
e B 10.0
8 Il 30.0
=
g 5
&
: lﬁfi_caimj:l

o,

(c)

404
— [1 Veh
2 30 B30 | pgkgt
) B 100 |LY2817412
Q
w20 B 300
£
T
S 104
('S

0_

2h  8h 24h 2h  8h  24h
Time (hours)

FIGURE 1 Effect of systemic LY2817412 administration on

voluntary alcohol drinking in male and female msP rats. Male (n = 11)
and female (n = 10) msP rats were subjected to a two-bottle free-
choice (2BC) test. Following treatment with LY2817412 (3, 10, and
30 mg-kg™Y) or vehicle, the voluntary intake of (a) alcohol, (b) water,
and (c) food was recorded at 2, 8, and 24 hr in male and female msP
rats. The data are expressed as mean + SEM. P <.05, significantly
different from vehicle; #P < .05, significant difference between males
and females; three-way ANOVA followed by Newman-Keuls post
hoc test)

consumption were found in male and female animals, with no effect
of LY2817412 at doses of 3, 10, and 30 mg-kg’i. At 8 hr, female msP
rats consumed more alcohol than male msP rats. LY2817412 at a dose
of 30 mg-kg™? significantly reduced alcohol drinking in female msP
rats but not in male msP rats. At 24 hr, female msP rats drank more
alcohol than male msP rats, and 30 mg-kg™* LY2817412 reduced alco-
hol consumption in both male and female msP rats. As shown in Fig-
ure 1b, a significant increase in water consumption was observed in
female msP rats after 30 mgkg™! LY2817412 administration. As
shown in Figure 1c, food intake was unaffected by LY2817412. These

data suggest that LY2817412 reduced alcohol drinking in both male

and female msP rats.

3.2 | LY2817412 administration does not modify
standard food or water intake in male and female msP
rats

To exclude the possibility that the effect of LY2817412 on alcohol
drinking was attributable to the non-specific inhibition of caloric
intake or general ingesta, food and water intake was evaluated in the
absence of alcohol availability. Male and female msP rats were singly
housed, and water and standard chow pellets were available ad
libitum. As shown in Figure S4A, no difference in water intake was
found among sexes, with no effect of LY2817412 at a dose of
30 mgkg™l. Similarly, no sex differences in food intake were
observed. Moreover, food and water intake was unaffected by
LY2817412 (Figure S4B). Altogether, these data confirm the specific
inhibitory effect of LY2817412 on alcohol drinking.

3.3 | Microinjection of LY2817412 in the CeA and
VTA but not NAc reduces voluntary alcohol drinking in
male and female msP rats

No main sex differences in alcohol (Figure 2a), water (Figure 2b), or
food (Figure 2c) intake were detected in msP rats that received micro-
injections of LY2817412 in the CeA. LY2817412 significantly reduced
alcohol drinking at doses of 3 and 6 pg-pl~* per rat, in both male and
female msP rats. Water and food intake was unaffected by
LY2817412 (Figure 2b,c, respectively). No main sex differences in
alcohol (Figure 3a), water (Figure 3b), or food (Figure 3c) intake were
detected in msP rats that received microinjection of LY2817412 in
the VTA. LY2817412 significantly reduced alcohol drinking at doses
of 3and 6 pg~pl‘1 per rat in both male and female msP rats. Water
and food intake was unaffected by LY2817412 (Figure 3b,c, respec-
tively). Microinjection of LY2817412 at doses of 3 and 6 pg-pl~t per
rat in the NAc did not affect alcohol (Figure 4a), water (Figure 4b), or
food (Figure 4c) intake in either male or female msP rats. Overall,
these data suggest that neuronal circuitries in the CeA and VTA but
not NAc mediated the effects of LY2817412 on alcohol drinking in

male and female msP rats.

34 | LY2817412is a potent and selective NOP
receptor antagonist

LY2817412 had a high degree of affinity for the recombinant human
NOP receptor (K; = 0.18 nM).
LY2817412 at the NOP receptor was similarly high (K, = 0.27 nM).
No residual agonist activity of LY2817412 was detected at concentra-
tions up to 10 pM. Moreover, the selectivity of LY2817412 over the

The antagonist potency of
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FIGURE 2 Effect of intra-CeA microinjection of LY2817412 on
voluntary alcohol drinking in male and female msP rats. Male (n = 8)
and female (n = 7) msP rats were implanted with bilateral cannulas in
the CeA and then subjected to a two-bottle free-choice test.
Following treatment with LY2817412 (3 and 6 pg-ul~! per rat) or
vehicle, the voluntary intake of (a) alcohol, (b) water, and (c) food was
recorded at 2 hr in male and female msP rats. The data are expressed
as mean + SEM. P < .05, significantly different from vehicle; two-way
ANOVA followed by Newman-Keuls post hoc test
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FIGURE 3 Effect of intra-VTA microinjections of LY2817412 on
voluntary alcohol drinking in male and female msP rats. Male (n = 9)
and female (n = 8) msP rats were implanted with bilateral cannulas in
the VTA and then subjected to a two-bottle free-choice test.
Following treatment with LY2817412 (3 and 6 pg-ul~* per rat) or
vehicle, the voluntary intake of (a) alcohol, (b) water, and (c) food was
recorded 2 hr after drinking onset in both male and female msP rats.
The data are expressed as mean + SEM. ‘P < .05, significantly
different from vehicle; two-way ANOVA followed by Newman-Keuls
post hoc test
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FIGURE 4 Effect of intra-NAc microinjections of LY2817412 on
voluntary alcohol drinking in male and female msP rats. Male (n = 8)
and female (n = 9) msP rats were implanted with bilateral cannulas in
the NAc and then subjected to a two-bottle free-choice test.
Following treatment with LY2817412 (3 and 6 pg-ul~* per rat) or
vehicle, the voluntary intake of (a) alcohol, (b) water, and (c) food was
recorded at 2 hr in both male and female msP rats. The data are
expressed as mean + SEM. No significant effects of LY2817412 were
observed; two-way ANOVA followed by Newman-Keuls post

hoc test

other classic opioid receptors (u, 8, and k receptors) was greater than
2,500-fold (Table 1).

4 | DISCUSSION

The present results showed that systemic administration of the potent
and selective NOP receptor antagonist LY2817412 significantly
reduced alcohol drinking in male and female msP rats. The binding
data indicated a high degree of selectivity and affinity of LY2817412
for the NOP receptor, thus excluding the possible involvement of
binding other opioid receptors in the effects of LY2817412. The activ-
ity of LY2817412 was also specific to alcohol drinking, in which food
and water intake was unaffected. In previous studies, we demon-
strated that alcohol drinking in msP rats occurs in bouts of ~0.7-
1.5 g-kg™! (Ciccocioppo et al., 2006). At these doses, blood alcohol
levels (BALs) can be as high as 45-55 mg-dI~* (0.7 g-kg™?) or 110-
135 mg-di™! (1.5 g-kg™?) and leads to the expression of marked condi-
tioned place preference (Ciccocioppo et al.,, 2006; Ciccocioppo,
Panocka, Froldi, et al., 1999; Ciccocioppo, Panocka, Polidori, et al.,
1999). In the present experiment in which LY2817412 was adminis-
tered systemically, the rats' alcohol intake was comparable to these
earlier studies, demonstrating the pharmacological effects of alcohol.
However, in the present intracranial treatment experiment, possibly
because of the discomfort that is caused by the microinjection proce-
dures, alcohol intake was lower than in the systemic treatment experi-
ment. One may question, therefore, whether alcohol intake in these
experiments was sufficient to achieve pharmacologically relevant
actions of alcohol, thus raising another question of whether the effect
of LY2817412 was directed towards the actions of alcohol. Despite
this limitation, it is, however, worth considering that in the present
study, the NOP receptor antagonist LY2817412 exerted inhibitory
actions against alcohol intake when the rats consumed higher
amounts of alcohol in the peripheral/systemic treatment experiment.
The brain microinjection/intracranial experiment demonstrated that
NOP receptor antagonism in both sexes attenuated alcohol drinking
through neuroanatomical substrates that involve the CeA and VTA
but not NAc. Consistent with the data from the systemic experiment,
site-specific microinjections of LY2817412 did not affect food or
water intake, further confirming the pharmacological specificity of the
NOP receptor antagonist. The experiments were performed using a
within-subject counterbalanced Latin square design, which may theo-
retically open the possibility of lingering effects of NOP receptor
antagonism on alcohol drinking. However, this is unlikely because
in vivo pharmacokinetic data showed that the half-life of LY2817412
was short (ty» = 12.1 + 1.8 hr) relative to the 23-day intervals
between tests (Toledo et al., 2014).

These findings further support the potential usefulness of NOP
receptor antagonists for attenuating alcohol intake. Recent studies
showed that the administration of LY2940094, a NOP receptor antag-
onist with receptor affinity and selectivity that are similar to
LY2817412, reduced alcohol intake in msP and Indiana P rats (Rorick-
Kehn et al, 2016). Indirect evidence of the putative therapeutic
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TABLE 1 In vitro receptor binding profile of LY2817412 in CHO
membranes that expressed cloned human opioid receptors

Receptor Binding affinity (hK; Antagonist potency (hKj,
subtype + SEM) + SEM)

NOP receptor  0.18 + 0.05 nM 0.27 £+0.12nM

¥ receptor >450 nM na

u receptor >450 nM na

5 receptor >450 nM na

Note. The K; values (n = 3 independent assays) and Ky, values (n = 3
independent assays) are shown as geometric means + SEM.
Abbreviation: na, not applicable.

potential of NOP receptor antagonism comes from studies in geneti-
cally modified NOP receptor knockout rats. Compared with wild type
controls, these engineered animals self-administered significantly less
alcohol, cocaine, and heroin, whereas the motivation for a natural
reward (i.e., saccharin) remained unchanged (Kallupi et al., 2017).
These findings provide strong preclinical support for the possibility
that genetically determined, and pharmacologically evoked reductions
of NOP receptor activity are protective against the intake of alcohol
and possibly other drugs of abuse. In a recent clinical trial with
88 patients who were diagnosed with AUD, LY2940094 treatment
did not reduce the number of drinks per day (i.e., the primary clinical
endpoint of the study) but significantly reduced the percentage of
heavy drinking days and increased the percentage of abstinent days in
1 month compared with placebo (Post et al., 2016). These data,
although inconclusive, may indicate some therapeutic potential of
NOP receptor antagonism on AUD. Consistent with clinical data that
showed sex-independent effects of the NOP receptor antagonist, we
found that male and female msP rats in the present study responded
to both systemic and intra-CeA and intra-VTA administration of
LY2817412.

Over the last two decades, our laboratory and other research
groups have been systematically exploring the role of the N/OFQ-
NOP receptor system in alcohol and drug abuse. Historical data that
were generated by us and others suggested that NOP receptor ago-
nists are effective for treating alcohol abuse. For instance, we showed
that alcohol drinking and alcohol-induced conditioned place prefer-
ence in msP rats are both reduced by the intracranial administration
of N/OFQ or other peptidergic NOP receptor agonists (Ciccocioppo
et al., 2004; Ciccocioppo et al., 2003; Ciccocioppo, Panocka, Froldi,
et al., 1999; Ciccocioppo, Panocka, Polidori, et al., 1999; Ciccocioppo,
Stopponi, et al., 2014; Economidou et al., 2006). These findings were
later confirmed by studies that systemically administered low MW
synthetic NOP agonists. For example, the peripheral administration of
Ro 64-6198 attenuated alcohol self-administration in Wistar rats and
prevented the acquisition and expression of alcohol-induced condi-
tioned place preference in mice (Kuzmin et al., 2003; Kuzmin et al.,
2007). MT-7716, another potent NOP receptor agonist, decreased
alcohol intake in msP rats and attenuated alcohol withdrawal symp-

toms in alcohol-dependent Wistar rats (Ciccocioppo, Stopponi, et al.,
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2014). MT-7716 also attenuated alcohol drinking in post-dependent
Wistar rats and was less effective in nondependent controls
(de Guglielmo et al., 2015). AT-312, a novel NOP receptor agonist,
was recently shown to reduce the rewarding effects of alcohol in a
place conditioning paradigm (Zaveri et al., 2018). Finally, SR-8993,
another selective NOP receptor agonist, reduced anxiety-like behav-
iour that was associated with alcohol withdrawal and attenuated
home-cage alcohol drinking in Wistar rats (Aziz et al., 2016). The
expression of alcohol withdrawal symptoms and alcohol-induced anxi-
ety-like behaviour was attenuated by central N/OFQ administration
(Aujla et al., 2013; Economidou et al., 2011). A recent study reported
that the activation of NOP receptors by the selective NOP receptor
agonist Ro 64-6198 in male and female adolescent Wistar rats attenu-
ated alcohol-induced anxiolysis and alcohol-induced behavioural stim-
ulation but not alcohol drinking (Miranda-Morales & Pautassi, 2016).
These findings are consistent with an earlier study that showed that
N/OFQ, despite being effective in msP rats, did not reduce alcohol
intake in Wistar rats (Economidou et al., 2008). The reason why NOP
receptor activation is ineffective in Wistar rats but attenuates alcohol
drinking in msP rats and post-dependent rats is unclear. One possibil-
ity is that the NOP receptor system plays different roles when drink-
ing is triggered by recreational mechanisms in non-dependent Wistar
rats or by negative reinforcement in msP rats and post-dependent
Wistar rats.

The reason why both NOP receptor agonism and antagonism are
able to reduce the motivation for alcohol is still unclear, but several
hypotheses may be proposed to reconcile these unexpected observa-
tions. One possibility is that the effects of NOP receptor agonists and
antagonists are mediated by different neurocircuitries. However, if
the present findings are placed within the context of historical data,
then this possibility appears unlikely. Earlier brain microinjection stud-
ies in msP rats showed that, similar to the present findings with
LY2817412, alcohol drinking was reduced by the site-specific admin-
istration of N/OFQ in the CeA (Economidou et al., 2008). Moreover,
electrophysiological studies revealed that the activation of NOP
receptors in the CeA reduced the alcohol-induced facilitation of
GABA- and glutamate-mediated transmission and prevented the
expression of anxiety-like behaviour (Roberto & Siggins, 2006). To our
knowledge, the effects of NOP receptor antagonists on CeA GABA
and glutamate neurotransmission have not yet been investigated.
Therefore, the direction in which CeA GABA and glutamate transmis-
sion are affected by pharmacological NOP receptor antagonism
remains unknown. However, the CeA is a common brain site of action
that mediates the effects of both NOP receptor agonists and antago-
nists, thus weakening the hypothesis that the effects of these phar-
macological agents are mediated by distinct neurocircuitries.

In the present study, intra-VTA administration of LY2817412
reduced alcohol drinking. As far as we know, the effect of intra-VTA
administration of a NOP receptor agonist on alcohol drinking has not
been previously investigated. However, intra-VTA administration of
N/OFQ was reported to attenuate dopamine release in the NAc
(Murphy & Maidment, 1999), whereas intracerebroventricular N/JOFQ
administration increase in

suppressed the morphine-induced


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=9082
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5432
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1684
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1067
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1369
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=940

BORRUTO ET AL.

BRITISH
1534 PHARMACOLOGICAL
SOCIETY

extracellular dopamine levels in the NAc (Di Giannuario & Pieretti,
2000). We recently found that the selective blockade of NOP by
LY2940094 completely blocked the ability of alcohol to evoke dopa-
mine release in the NAc (Rorick-Kehn et al., 2016). The effects of
NOP receptor antagonists on basal mesolimbic dopamine release
are mixed, in which they were shown to increase extracellular dopa-
mine levels in some studies but decrease them in others (Koizumi,
Midorikawa, Takeshima, & Murphy, 2004; Koizumi, Sakoori, Mid-
orikawa, & Murphy, 2004; Marti et al., 2004). Overall, these findings
suggest that NOP receptor agonists and antagonists, at least under
some circumstances, are both able to modulate the mesolimbic
dopamine system and reduce NAc dopamine release that is elicited
by drugs of abuse.

An alternative hypothesis is that the exogenous administration of
non-physiological doses of NOP receptor agonists depresses N/OFQ
transmission through receptor desensitization. If so, then NOP recep-
tor agonism may result in paradoxical functional antagonism. Although
highly speculative, this hypothesis is supported by data showing that
NOP receptors undergo rapid desensitization that can occur within
minutes after high-dose agonist administration or after chronic ago-
nist treatment (Toll, Bruchas, Calo', Cox, & Zaveri, 2016). Desensitiza-
tion of NOP receptors depends crucially on the ligand that is used,
which may explain why different agonists may sometimes produce
different effects (Donica, Awwad, Thakker, & Standifer, 2013). Nota-
bly, nociceptin fragments, such as NC(1-13)NH(2) that is endowed
with partial agonist activity, produce less receptor desensitization and
thus are less effective against alcohol drinking (Ciccocioppo et al.,
2002; Corbani, Gonindard, & Meunier, 2004; Okawa et al., 1999; Toll
et al., 2016). Importantly, a previous study investigated the effect of
chronic administration of the potent and selective NOP receptor ago-
nist MT-7716 and found that pharmacological effects progressively
emerged during repeated administration with alcohol drinking, and
alcohol intake remained low for several days after MT-7716 treat-
ment discontinuation (Ciccocioppo, Stopponi, et al., 2014). The NOP
receptor desensitization hypothesis is also indirectly supported by
data that demonstrated that msP rats have a higher propensity than
Wistar rats to excessively consume alcohol, and they also exhibit
higher N/OFQ and NOP receptor mRNA expression in numerous
mesolimbic brain areas, including the CeA and VTA (Ciccocioppo, de
Guglielmo, et al., 2014; Economidou et al., 2008). Furthermore, Wistar
rats that were exposed to chronic intoxicating concentrations of alco-
hol exhibited a greater propensity to excessively consume alcohol and
exhibited the up-regulation of NOP receptor transcripts in the CeA
and BNST (Aujla et al., 2013; Sommer et al., 2008). Thus, the increase
in alcohol intake in genetically selected rats and in animals with a
post-dependent phenotype may be attributable to an increase in N/
OFQ transmission in specific brain areas (e.g., CeA and VTA). Notably,
animal models that are characterized by heightened alcohol drinking
and the overexpression of NOP receptor have been shown to be
more sensitive to NOP receptor agonist treatment (Cruz, Herman,
Kallupi, & Roberto, 2012; de Guglielmo et al., 2015). This observation
may be attributable to more pronounced receptor down-regulation

(or more pronounced consequences associated with it) when NOP

receptors, which are to a large extent not functional and are rather
stored at the intracellular level, become activated (Ozawa et al., 2015).

In summary, the present results indicate that pharmacological
modulation of the N/OFQ-NOP receptor system attenuates alcohol
drinking through mechanisms that involve CeA and VTA neurotrans-
mission. The inhibitory effect of LY2817412 on alcohol intake was
observed in both male and female msP rats and specific to alcohol
drinking, in which food and water intake were unaffected by
LY2817412 treatment. The reasons why agonists and antagonists are
both effective and produce similar effects on alcohol-motivated
behaviours require further investigation. However, based on the pre-
sent data, NOP receptor desensitization may occur after NOP recep-
tor agonist administration. NOP receptor blockade may thus
represent one alternative and possibly a safer approach to the treat-

ment of AUD, compared with NOP receptor agonism.
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