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Abstract

Rationale—N-acylethanolamine acid amidase (NAAA) is an intracellular cysteine hydrolase that 

terminates the biological actions of oleoylethanolamide (OEA) and palmitoylethanolamide (PEA), 

two endogenous lipid-derived agonists of the nuclear receptor, peroxisome proliferator-activated 

receptor-α. OEA and PEA are important regulators of energy balance, pain and inflammation, but 

recent evidence suggests that they might also contribute to the control of reward-related behaviors.

Objectives and Methods—In the present study, we investigated the effects of systemic and 

intracerebral NAAA inhibition in the two-bottle choice model of voluntary alcohol drinking and 

on operant alcohol self-administration.

Results—Intraperitoneal injections of the systemically active NAAA inhibitor ARN19702 (3 and 

10 mg/kg) lowered voluntary alcohol intake in a dose-dependent manner, achieving ≈ 47% 

reduction at the 10 mg/kg dose (p<0.001). Water, food or saccharin consumption was not affected 

by the inhibitor. Similarly, ARN19702 dose-dependently attenuated alcohol self-administration 

under both fixed-ratio 1 (FR-1) and progressive ratio schedules of reinforcement. Furthermore, 

microinjection of ARN19702 (1, 3 and 10 μg/μl) or of two chemically different NAAA inhibitors, 

ARN077 and ARN726 (both at 3 and 10 μg/μl), into the midbrain ventral tegmental area produced 

dose-dependent decreases in alcohol self-administration under FR-1 schedule. Microinjection of 

ARN19702 into the nucleus accumbens had no such effect.
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Conclusion—Collectively, the results point to NAAA as a possible molecular target for the 

treatment of alcohol use disorder.

Introduction

The amides of long-chain fatty acids with ethanolamine (fatty acid ethanolamides, FAEs) are 

a family of lipid-derived signaling molecules that participate in the control of various 

physiological and pathological processes, including energy balance, pain initiation and 

inflammation (Calignano et al. 1998; Fotio et al. 2019; Piomelli 2003; Piomelli and Sasso 

2014; Rodriguez de Fonseca et al. 2001). Two members of this family, 

palmitoylethanolamide (PEA) and oleoylethanolamide (OEA), are produced in various cell 

types by the action of the zinc-containing hydrolase, N-acylphosphatidylethanolamine 

phospholipase D (NAPE-PLD) (Okamoto et al. 2004), and exert antinociceptive and anti-

inflammatory effects in animal models and in humans (Artukoglu et al. 2017; Gabrielsson et 

al. 2016; LoVerme et al. 2006; Suardiaz et al. 2007). Such effects are primarily due to the 

ability of PEA and OEA to engage the ligand-operated transcription factor, peroxisome 

proliferator-activated receptor-α (PPARα) (Fu et al. 2003; LoVerme et al. 2005).

A growing body of evidence suggests that OEA and PEA might also participate in the 

regulation of reward-related behaviors (Coppola and Mondola 2013; Grosshans et al. 2014; 

Melis et al. 2008). For example, habit-forming substances such as alcohol and nicotine may 

alter OEA and PEA content in brain regions involved in reward (Bilbao et al. 2016; 

Buczynski et al. 2013; Melis et al. 2008), while exogenous administration of these 

compounds has been shown to reduce the intake of alcohol and nicotine (Bilbao et al. 2016; 

Melis et al. 2008). In addition, OEA and PEA may prevent the activation of dopaminergic 

neurons in the ventral tegmental area (VTA), a key node in the brain reward circuitry (Gilpin 

and Koob 2008; Ikemoto 2007; 2010), through a PPARα-dependent mechanism (Melis et al. 

2008).

The actions of OEA and PEA are terminated via enzyme-mediated hydrolysis, which can be 

catalyzed by either of two distinct intracellular enzymes: N-acylethanolamine acid amidase 

(NAAA) and fatty acid amide hydrolase (FAAH) (Piomelli et al. 2020a). Even though 

NAAA and FAAH share the ability to cleave lipid-amide bonds, they differ in primary 

structure, substrate selectivity and cellular localization. NAAA is an N-terminal nucleophile 

cysteine amidase that displays a strong preference for PEA and, to a lesser extent, OEA 

(Tsuboi et al. 2005). FAAH, on the other hand, is a member of the serine amidase signature 

family of enzymes and preferentially hydrolyzes polyunsaturated FAEs such as the 

endocannabinoid anandamide (Cravatt et al. 1996; Desarnaud et al. 1995). Moreover, NAAA 

is primarily localized to the endosomal/lysosomal compartment of macrophages and other 

immune cells (Tsuboi et al. 2007), whereas FAAH is found on the outer face of 

mitochondria and endoplasmic reticulum of most mammalian cells (Gulyas et al. 2004; 

McKinney and Cravatt 2005).

While there is a growing appreciation for the role of FAAH in the control of the motivational 

and rewarding properties of alcohol (Best et al. 2020; Cippitelli et al. 2008; Stopponi et al. 

2018; Zhou et al. 2017), it is still unknown whether inhibition of NAAA activity might also 
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regulate these properties. To address this question, in the present study we utilized the 

benzothiazole derivative ARN19702, a selective and reversible NAAA inhibitor that is able 

to access the brain (Migliore et al. 2016; Piomelli et al. 2020a). Our results show that 

systemic administration of ARN19702 decreased voluntary alcohol drinking and alcohol 

self-administration in male alcohol-preferring Marchigian Sardinian rats. We further found 

that microinjection into the VTA of three chemically distinct NAAA inhibitors – 

ARN19702, ARN077 or ARN726 (Piomelli et al. 2020) – reduced alcohol self-

administration, whereas microinjection of ARN19702 into the nucleus accumbens (NAc) 

had no such effect. The results point to NAAA as a possible molecular target for the 

treatment of alcohol use disorder (AUD).

Materials and Methods

Animals

Ten to eleven-week-old male Marchigian Sardinian alcohol-preferring (msP) rats (Ntotal = 

98) weighing 250–280g were used for this study. This strain is characterized by spontaneous 

alcohol binge drinking and is highly vulnerable to reinstatement from stress or presentation 

of environmental stimuli that predict alcohol availability (Ciccocioppo et al. 2006). MsP rats 

were bred and housed in a reverse 12h light/dark cycle at the vivarium of the University of 

Camerino, at controlled temperature (22°C) and humidity (55%). Food (4RF18, Mucedola, 

Settimo Milanese, Italy) and water were available ad libitum. Before starting the 

experiments, animals were pair housed in conventional clear plastic cage and standard 

bedding. The experiments were conducted during the dark phase of the light/dark cycle and 

procedures were carried out in accordance with directives on care and use of laboratory 

animals of the European Community Council and the National Institutes of Health. Formal 

approval was obtained from the Italian Ministry of Health and the Internal Ethical 

Committee for the Laboratory Animal Protection and Use of the University of Camerino. All 

efforts were made to minimize animals suffering and distress.

Chemicals and treatments

Alcohol (95%, FL Carsetti SNC, Italy) and saccharin (Sigma, Italy) were dissolved in tap 

water to obtain final solutions at 10% (v/v) and 0.2% (w/v) respectively. The NAAA 

inhibitors ARN19702, ARN726 and ARN077 were synthesized as described (Migliore et al. 

2016). ARN077 and ARN726 are defined by the presence of a chemical warhead – β-

lactone (ARN077) or β-lactam (ARN726)– that can react covalently with NAAA’s catalytic 

cysteine to form a thioester bond. While these compounds are potent and selective for 

NAAA, the reactive warhead lowers their metabolic stability and limit their use as oral 

drugs. ARN19702 instead is a benzothiazole-piperazine derivatives that inhibits NAAA in a 

potent and selective manner via a non-covalent mechanism. Moreover, it displays high oral 

bioavailability and crosses the blood-brain barrier (Bandiera et al. 2014; Piomelli et al. 

2020). For these reasons we used ARN19702 as our inhibitor of choice. The later was 

dissolved in a mixture of polyethylene glycol-Tween 80-distilled water (15%−15%−70%, by 

volume) and was administered at the doses of 3 and 10 mg/kg intraperitoneally (i.p.) 1 h 

prior to behavioral testing. For intracranial treatments, ARN726 and ARN077 were 

dissolved in a mixture of dimethyl sulfoxide-Tween 80-distilled water (5%−5%−90%, by 
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volume) and delivered into the ventral tegmental area (VTA) and the nucleus accumbens 

(NAc) through a stainless-steel injector that was 1.5 mm longer than the guide cannula. A 

volume of 0.5 μl of solution per site was injected bilaterally into these brain areas, using a 10 

μl injection syringe (Hamilton® 1700) mounted on an automated micropump (Harvard 

Apparatus®, Pump 11 Elite).

Intracranial surgeries

Animals were anesthetized by intramuscular injection (100–150 μl) of a solution containing 

tiletamine (58.17 mg/ml) and zolazepam (7.5 mg/ml). Bilateral guide cannulae (0.65 mm 

outside diameter) aimed at the VTA and NAc were implanted and cemented onto the skull. 

Stereotaxic coordinates (from bregma) of the VTA (anterior/posterior: −5.8 mm; medial/

lateral: +/− 2.2 mm; dorsal/ventral: −7.4 mm; Angle 12°) and NAc (anterior/posterior: +1.2 

mm; medial/lateral: +/−1 mm; dorsal/ventral: −6.1 mm) were chosen according to recent 

reports (Borruto et al. 2020; Stopponi et al. 2018). Following surgeries, animals received a 

single injection of ketoprofen (2.5 mg/kg, subcutaneous, s.c.) and were allowed to recover 

for 1 week in their home cage. During this period, rats were handled daily and habituated to 

the injection procedure, which consisted of inserting a stainless-steel injector unit into the 

guide cannulas, for at least 3 days prior to the beginning of tests. The injector was left in 

place for 20 s after injection to allow diffusion of the solution to occur. After completion of 

the experiments, animals were anesthetized with isoflurane and black India ink (0.5 μl) was 

injected into the brain region of interest. The animals were then immediately euthanized and 

brains were collected for histological analysis of cannula placement.

Two-bottle choice paradigm

The two-bottle choice (2-BC) paradigm (free choice between water and 10% alcohol) was 

used to measure voluntary alcohol drinking and preference (Cannella et al. 2019; Leeman et 

al. 2010). Animals were single housed in experimental chambers (30 cm long × 30 cm wide 

× 30 cm high) for a week of habituation before the beginning of the test. They were given 

free access to water and alcohol (10% by volume) for the following 15 days to establish a 

stable baseline and preference for alcohol (80–90% preference vs water). Fluids were 

offered through graduated drinking tubes equipped with metallic spouts and intake was 

measured by reading the volume consumed at specific time points (2, 8 and 24 h) following 

initiation of the active phase. The drinking tubes were switched daily to avoid the 

development of side preference. Animals had also free access to food and its consumption 

was measured by weighing the food container and considering spillage weight. Alcohol, 

water, and food intakes were calculated as absolute values of consumption at each time 

interval and were expressed as g/kg body weight (Devgun and Dunbar 1990).

Operant Alcohol and Saccharin Self-Administration

Operant chambers were used on a daily based 30-min session to establish alcohol and 

saccharin self-administration under fixed-ratio one (FR-1) schedule of reinforcement (Domi 

et al. 2019; Fotio et al. 2020; Stopponi et al. 2018). Each chamber was equipped with an 

active and an inactive lever symmetrically centered on the side panel. Responding at the 

active lever activated the infusion pump (Razel Sci., Stamford, CT) and released 0.1 ml of 

alcohol (10 % v/v) or saccharin (0.2 % w/v) in a liquid drop receptacle located between the 
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two levers. Presses at the inactive control lever were recorded, but did not activate the 

infusion pump. During the infusion a stimulus light located above the active lever was turned 

on for 5 s, considered as the time-out period. Lever pressing during the time-out was scored, 

but did not lead to further infusions. When rats achieved a stable baseline of self-

administration for both alcohol and saccharin over the last 3 days of training, we evaluated 

the effects of intracranial microinfusions of NAAA inhibitors every 4 days using a 

counterbalance Latin squared design.

Progressive ratio schedule of reinforcement

In this experiment, msP rats (n=11) were tested under a progressive ratio (PR) schedule of 

reinforcement to measure their motivation for alcohol intake. Animals were first trained to 

self-administer 10% alcohol solution under an FR-1 schedule of reinforcement. After 

acquisition of a stable baseline of alcohol responding, the animals went through the PR 

schedule in which the number of lever responses or the ratio required to receive one infusion 

of alcohol was increased according to the following progression: for the first 4 alcohol 

deliveries the ratio was increased by 1; for the next 4 deliveries, the ratio increased by 2 and 

for the all the following deliveries the ratio was increased by 4. Hence, the arithmetic 

progression of the ratio was as follows: 1, 1, 1, 1, 2, 2, 2, 2, 4, 8, 12, 16, 20, 24, 28, 32, 36, 

40, 44, 48, 52, 56, 60 etc. (Economidou et al. 2006b; Fotio et al. 2020). Sessions were 

automatically terminated 30 min after the last reinforced response. The point in the series at 

which responding ceases is termed ‘break point’ and presumably reflects the maximum 

effort that an animal is willing to perform to earn a reward (Arnold and Roberts 1997; Hodos 

1961).

Statistical analyses

Data analysis was planned as part of the experimental protocol (Michel et al. 2020). Results 

are expressed as mean ± S.D and analysis of variance (ANOVA) was followed by a 

Dunnett’s multiple comparisons test when appropriate. All experiments were conducted in a 

counterbalanced Latin-squared design. Effect of NAAA inhibition on voluntary alcohol 

drinking was assessed by two-way repeated-measures ANOVA with “time” and “treatment” 

as within-subject factors. Effects of systemic or intracranial NAAA inhibition on alcohol and 

saccharin self-administration were analyzed by 1-way repeated measures ANOVA with 

“treatment” as a within-subject factor. During intracranial treatments, only data collected 

from rats with cannulas correctly placed were included in statistical analyses. Statistical 

significance was set at p < 0.05 vs vehicle. Analyses were performed using GraphPad prism 

version 8.0 (GraphPad Software Inc., San Diego, CA).

Results

Effects of systemic NAAA inhibition on two-bottle choice alcohol drinking

To investigate the impact of NAAA blockade on voluntary alcohol drinking, we used the two 

bottle-free choice (2-BC) paradigm, in which msP rats (n=10) had free choice between water 

and alcohol (10% by volume). As shown in Fig. 1A, alcohol drinking was decreased in a 

dose- and time-dependent manner by administration of the systemically active NAAA 

inhibitor ARN19702 (3 and 10 mg/kg, i.p.). The magnitude of this effect was not correlated 
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with the baseline alcohol drinking (data not shown). ANOVA revealed a significant effect of 

time [F (2, 18) = 174.2; ***p < 0.0001], treatment [F (2, 18) = 12.76; ***p < 0.001] and 

their interaction [F (4, 36) = 9.752; ***p < 0.0001]. A Dunnett’s post hoc test demonstrated 

that the effect of ARN19702 on voluntary alcohol drinking was statistically detectable 24 h 

after treatment. Moreover, the effect could not be attributed to a non-selective reduction in 

activity, since the drug did not alter water intake [Fig. 1B; time: F (2, 18) = 8.983; **p < 

0.01, treatment: F (2, 18) = 0.3532; p = 0.7072 (ns) and their interaction: F (4, 36) = 0.7396; 

p = 0.5712 (ns)] or food intake [Fig. 1C; time: F (2, 18) = 103.5; ***p < 0.0001, 

treatment :F (2, 18) = 0.4184; p = 0.6643 (ns) and their interaction: F (4, 36) = 0.3814; p = 

0.8204 (ns)].

Effects of systemic NAAA inhibition on fixed ratio alcohol and saccharin self-
administration

To further assess the impact of NAAA inhibition on alcohol intake, we treated msP rats 

(n=13) with ARN19702 (3 and 10 mg/kg, i.p.) or its vehicle in a counterbalanced Latin 

squared design, and then let the rats undergo the alcohol self-administration protocol. Fig. 

2A shows that the animals acquired robust alcohol self-administration under an FR-1 

schedule of reinforcement, which was significantly attenuated by ARN19702 [F (2, 24) = 

14.89; ***p < 0.0001]. A Dunnett’s post hoc test revealed that the effect of ARN19702 on 

FR-1 alcohol self-administration was dose-dependent. Responses at the inactive lever were 

negligible and were not affected by NAAA blockade [F (2, 24) = 0.7347; p = 0.4901; Fig. 

2B].

Another group of rats (n=10) was trained to self-administer a saccharin solution (0.2% 

weight/volume) under an FR-1 schedule, and subsequently received ARN19702 (3 and 10 

mg/kg, i.p.) or its vehicle in a counterbalanced Latin squared design. ANOVA showed that 

there was no effect of the drug on either the number of saccharin infusions earned [F (2, 18) 

= 1.85; p = 0.186; Fig. 3A] or responding at the inactive lever [F (2, 18) = 0.1368; p = 0.873; 

Fig. 3B], confirming the selectivity of ARN19702 in reducing alcohol intake.

Effects of systemic NAAA inhibition on progressive ratio alcohol self-administration

We used a progressive ratio (PR) schedule to explore the impact of systemic NAAA 

blockade on the motivation of msP (n= 11) rats to obtain alcohol. Animals underwent an 

operant self-administration task in which they were required to progressively increase the 

number of active lever presses between 2 successive alcohol rewards until they reached a 

break point. As shown in Fig. 4, ARN19702 dose-dependently reduced the break point, 

compared to vehicle-treated animals [F (2, 20) = 11.06; ***p < 0.0001]. A Dunnett’s 

multiple comparison analysis showed that the effect of ARN19702 alcohol self-

administration under a PR schedule was more pronounced at 10 mg/kg.

Effects of intra-VTA NAAA inhibition on alcohol self-administration

Next, we sought to identify potential brain areas involved in the alcohol-suppressing effect 

of ARN19702. We microinfused ARN19702 (1, 3 and 10 μg/μl) or its vehicle into the VTA 

of msP rats. Twelve rats were used in this experiment, but 3 had incorrect cannula 

placements, thus only 9 animals were included in the analyses. ANOVA showed that intra-

Fotio et al. Page 6

Psychopharmacology (Berl). Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



VTA administration of ARN19702 reduced alcohol self-administration in a dose-dependent 

manner [F (3, 24) = 7.814; ***p < 0.0001; Fig. 5A]. Responding at the inactive lever was 

small and unchanged by the treatment [F (3, 24) = 1.443; p = 0.2612; Fig. 5B].

To confirm that the effect of intra-VTA injections of ARN19702 was mediated by NAAA 

blockade, we microinjected 2 additional NAAA inhibitors, ARN726 (3 and 10 μg/μl) and 

ARN077 (3 and 10 μg/μl), which are chemically distinct from ARN19702 (Piomelli et al. 

2020a). Twelve rats were used to test each compound, but only 10 (for ARN726) and 9 (for 

ARN077) had cannulas correctly positioned and were included in the analyses. The number 

of rewards earned was significantly reduced in a dose-dependent manner by both ARN726 

[F (2, 18) = 11.17; ***p < 0.001; Fig. 6A] and ARN077 [F (2, 16) = 9.74; **p < 0.01; Fig. 

6C]. A Dunnett’s post hoc test showed that all injected doses of NAAA inhibitors lowered 

alcohol self-administration. By contrast, inactive lever responding was not changed 

[ARN726: F (2, 18) = 0.2635; p = 0.7094; Fig. 6B and ARN077: F (2, 16) = 1.905; p = 

0.1846; Fig. 6D].

Effects of intra-NAc NAAA inhibition on alcohol self-administration

An additional group of animals (n=12) received intra-NAc injections of ARN19702 (1, 3 

and 10 μg/μl) or its vehicle in a counterbalanced Latin squared design. Four rats were 

excluded because of incorrect cannula placement. ANOVA did not detect significant changes 

in alcohol intake following intra-NAc administration of ARN19702 [Fig. 7A; F (3, 21) = 

1.818, p = 0.1747 (ns)] or alteration of the responses at the inactive lever [Fig. 7B; F (3, 21) 

= 1.745; p = 0.1885 (ns)].

Discussion

AUD is a chronic disease of the brain that urgently needs safe and effective new therapies 

(Hasin et al. 2013; Weiss and Porrino 2002). In the present study, we showed that systemic 

administration of the brain-permeant NAAA inhibitor, ARN19702 (Migliore et al. 2016), 

lowered alcohol intake in male alcohol-preferring msP rats. Using the two-bottle choice 

model, we found that pretreatment with ARN19702, attenuated voluntary alcohol drinking 

but not water or food consumption. To investigate this further, we administered ARN19702 

to two groups of rats trained to self-administer alcohol or saccharin under an FR-1 schedule 

of reinforcement. We found that ARN19702 substantially reduced alcohol but not saccharin 

intake. We interpret these results as suggesting that NAAA inhibition attenuates the 

motivation of msP rats to obtain alcohol. This possibility was further supported by findings 

showing that ARN19702 reduced in a dose-dependent manner the break point in animals 

undergoing an operant self-administration task under a progressive ratio schedule of 

reinforcement. Finally, we found that microinjection into the VTA of ARN19702 or two 

additional NAAA inhibitors – ARN077 and ARN726 (Piomelli et al. 2020a) – decreased 

alcohol self-administration, whereas microinjection of ARN19702 into the NAc had no such 

effect. The results support a role for NAAA in the control of alcohol intake and point to this 

intracellular cysteine amidase as a possible molecular target for the treatment of AUD.

Several lines of evidence suggest that the present findings might be relevant to AUD. Human 

studies have shown that the plasma concentrations of PEA and OEA are higher in alcohol 
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binge drinkers than in non-drinkers (Anton et al. 2018; Garcia-Marchena et al. 2017). 

Similarly, experiments in mice suggested that acute or chronic alcohol consumption 

increases levels of OEA in plasma and in the NAc (Bilbao et al. 2016), a central locus of the 

brain reward circuit (Gardner 2011; Wise 2002). Based on these findings, it has been 

suggested that endogenous PEA and OEA may serve a protective function in the response to 

alcohol intake. If this is the case, then pharmacological strategies aimed at enhancing the 

intrinsic actions of these lipid messengers might provide a novel approach for the treatment 

of AUD. Consistent with this possibility, administration of OEA decreased alcohol intake 

and negative alcohol withdrawal symptoms in rats (Anton et al. 2018; Bilbao et al. 2016). 

However, the low bioavailability, rapid degradation and lack of brain penetration of OEA 

and PEA limit their therapeutic use. A possible alternative might be to magnify endogenous 

OEA and PEA signaling by protecting these lipid amides from NAAA-mediated 

degradation. The present findings demonstrate that systemic or intracerebral NAAA 

blockade reduces alcohol intake, provisionally validating this approach. Unlike OEA, whose 

suppressive effects extend to feeding and the motivation for high caloric foods (Bilbao et al. 

2016), the NAAA inhibitor ARN19702 did not affect water intake, food intake or operant 

saccharin self-administration, arguing against non-specific actions (e.g. on malaise or motor 

activity) and highlighting its selective impact on alcohol consumption (June and Gilpin 

2010; Nadal et al. 2002).

The mesocorticolimbic system consists of dopamine neurons that from the VTA project to 

various neural structures involved in reward processing, including the NAc and the medial 

prefrontal cortex (Ikemoto 2010; Wise 2002). Dopamine neurons in the VTA encode 

behaviors associated with alcohol consumption via changes in burst firing (Brodie et al. 

1990; Di Chiara and Imperato 1985), indicating that this region may be a key node to control 

AUD. To test whether the VTA could be involved in the alcohol suppressive effects of 

NAAA blockade, we microinjected in this structure three chemically distinct NAAA 

inhibitors – ARN19702, ARN077 and ARN726 (Piomelli et al. 2020). The results show that 

each of these agents dose-dependently decreased alcohol self-administration, whereas 

microinjection of ARN19702 into the NAc had no such effect. These findings implicate the 

VTA as a potential neural substrate for the effects of NAAA inhibitors on alcohol drinking. 

Of note, Sagheddu and collaborators have recently proposed a similar role for the VTA in 

the suppressive effects of NAAA blockade on nicotine reward (Sagheddu et al. 2019). These 

investigators found that NAAA blockade inhibits the formation of nicotine-induced 

conditioned place preference, an effect that was linked to the ability of NAAA inhibition to 

magnify endogenous PEA and OEA activity at PPAR-α. A similar mechanism might be 

implicated in the alcohol-suppressing effects of ARN19702.

The present study has several limitations. First, we used a strain of rats that has a genetically 

determined preference for alcohol. Though widely used in alcohol research (Borruto et al. 

2020; Domi et al. 2019; Economidou et al. 2006a; Fotio et al. 2020; Kirson et al. 2018; 

Logrip et al. 2018; Stopponi et al. 2013; Stopponi et al. 2018), this strain suffers from the 

inherent limitations of a genetic model. Thus, studies in other strains should be carried out to 

confirm the external validity of our findings. Second, we did not measure PEA and OEA 

content in brain tissue following administration of NAAA inhibitors. Mitigating this 

weakness, however, we showed that three chemically distinct NAAA inhibitors produce a 
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similar inhibition of alcohol intake, making it unlikely that the observed reduction of alcohol 

consumption may be due to a shared off-target effect. Moreover, previous work from our lab 

demonstrated that these same agents effectively inhibit NAAA activity and elevate PEA and 

OEA levels in mouse and rat tissues, including the brain (Bonezzi et al. 2016; Migliore et al. 

2016; Ribeiro et al. 2015; Sasso et al. 2013). Finally, we did not address the molecular 

mechanism(s) engaged by NAAA blockade in reducing alcohol intake. While PEA- or OEA-

mediated activation of PPAR-α is a likely possibility, NAAA inhibitors might engage also 

other mechanisms such as TRPV1 channels and GPR-119 (Ahern 2003; Godlewski et al. 

2009) or reduced formation of palmitic acid (Piomelli et al. 2020). Additional 

experimentation is needed to parse out these different possibilities.

Despite these limitations, our findings do suggest that NAAA inhibition attenuates the 

rewarding and motivational properties of alcohol through a mechanism that involves the 

VTA, and identify NAAA as a potential new molecular target for the treatment of AUD.
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Figure 1: 
Effects of systemic NAAA inhibitor ARN19702 (3 and 10 mg/kg, i.p.) on voluntary alcohol 

drinking. MsP (n=10) rats received the drug 1 h before testing. Voluntary intake of (A) 

alcohol, (B) water and (C) food were monitored at various time points after treatment (2, 8 

and 24 h). Results are expressed in g/kg of body weight and represented as Box and 

Whiskers (5–95 percentile). *p < 0.05 and ***p < 0.001 vs vehicle controls (Veh).
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Figure 2: 
Effects of systemic NAAA inhibitor ARN19702 on alcohol self-administration. MsP rats 

(n=13) were treated in a counterbalanced Latin squared design with ARN19702 (3 and 10 

mg/kg, i.p.) and were subjected to alcohol (10%, by volume) self-administration under an 

FR-1 schedule of reinforcement. Results are expressed as mean (±SD) of the number of 

rewards earned at the active lever (A) or responses at the nonreinforced inactive lever (B). 

**p < 0.01 and ***p < 0.001 vs vehicle controls (Veh).
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Figure 3: 
Effects of systemic NAAA inhibitor ARN19702 on saccharin self-administration. MsP rats 

(n=10) were treated in a counterbalanced Latin squared design with ARN19702 (3 and 10 

mg/kg, i.p.) and subjected to saccharin (0.2%, weight/volume) self-administration under an 

FR-1 schedule. Results are expressed as mean (±SD) of the number of infusion (A) or 

responses at the inactive lever (B).
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Figure 4: 
Effect of systemic NAAA inhibitor ARN19702 on motivation for alcohol seeking. MsP rats 

(n=11) were treated in a counterbalanced Latin squared design with ARN19702 (3 and 10 

mg/kg, i.p.) and subjected to alcohol (10%, v/v) self-administration under a progressive ratio 

(PR) schedule. Results are expressed as the mean (±SD) of the last ratio completed by 

animals for alcohol (break point). *p < 0.05 and **p < 0.01 vs vehicle controls (Veh).
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Figure 5: 
Effect of microinjection of NAAA inhibitor ARN19702 into the VTA on alcohol self-

administration. Bilateral cannulas aimed at the VTA were implanted in MsP rats (n=9), 

which were then subjected to alcohol self-administration. Following microinjection of 

ARN19702 (1, 3 and 10 μg/μl), the number of rewards earned at the active lever (A) and 

responses at the inactive lever (B) were recorded. Results are expressed as the mean (±SD). 

**p < 0.01 and ***p < 0.001 vs vehicle controls (Veh).
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Figure 6: 
Effect of NAAA inhibitors ARN726 and ARN077 on alcohol self-administration. ARN726 

(3 and 10 μg/μl) and ARN077 (3 and 10 μg/μl) were injected into the VTA of msP rats (n=10 

for ARN726 and n=9 for ARN077) through guide cannulas. Results are expressed as the 

mean (±SD). (A) and (C): number of rewards earned by animals at the active lever. (B) and 

(D): responses at the inactive lever. **p < 0.01 and ***p < 0.001 vs vehicle controls (Veh).
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Figure 7: 
Effect of intra-NAc microinjection of NAAA inhibitor ARN19702 on alcohol self-

administration. ARN19702 (2.5, 5 and 10 μg/μl) was injected into the NAc and msP rats 

(n=8) were subjected to alcohol self-administration. The number of rewards earned at the 

active lever (A) and responses at the inactive lever (B) were recorded. Results are expressed 

as mean (±SD); no statistically detectable differences were noted.
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