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ABSTRACT 

Alcohol use disorder persists as a devastating public health problem; widely effective 

pharmacological treatments are needed. Evidence from rodent models suggests that 

stimulating NOP receptors can decrease ethanol drinking. We characterized the effects of 

MOP antagonist naltrexone, MOP agonist buprenorphine, bifunctional MOP/NOP agonist 

BU08028, and NOP agonist SCH 221510, in a translational nonhuman primate model of 

AUD. Female rhesus monkeys drank a 4% ethanol solution 6 hours per day, 5 days per 

week via an operant behavioral panel in their home cages. To assess behavioral 

selectivity, monkeys responded via a photo-optic switch to earn food pellets. After 

characterizing the acute effects of these drugs, naltrexone, BU08028, and buprenorphine 

were administered chronically using a model of pharmacotherapy assessment that 

incorporates clinical aspects of AUD and treatment. Acutely, buprenorphine, BU08028, 

and SCH 221510 selectively decreased ethanol intake; naltrexone decreased ethanol 

intake and food pellet deliveries. Chronically, effects of BU08028 and buprenorphine were 

maintained for several weeks without emergence of adverse effects. BU08028 was 

approximately 0.5 and 1.0 log units more potent in acute and chronic studies, respectively. 

These data demonstrate that bifunctional MOP/NOP agonists, which may have 

therapeutic advantages to MOP-selective drugs, can decrease alcohol drinking in 

nonhuman primates. 
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INTRODUCTION 

I. Alcohol 

Alcohol use disorder contributes to 88,000 deaths and costs the United States ~$250 

billion each year (HHS, 2016; Sacks et al., 2015). While alcohol use is the 4th leading 

preventable cause of death in the United States, only 8.3% of the 15 million adults 

diagnosed with AUD receive treatment (Mokdad et al., 2004; Schmidt, 2016; Stahre et al., 

2014). There are currently only three medications approved by the FDA for treatment of 

AUD: disulfiram, naltrexone, and Acamprosate (approved in 1949, 1994, and 2004, 

respectively). However, these drugs are not widely prescribed due to limited efficacy and 

adverse effects that limit compliance (Miller et al., 2011; Rezvani et al., 2012). The large 

prevalence and devastating societal impact of AUD create a critical need for the 

development of novel medications. This need was emphasized in the NIAAA’s 2017-2021 

strategic plan.  

I.i Neurobiology of alcohol 

Acute alcohol exposure has been shown to increase firing of dopaminergic VTA neurons 

and dopamine release in the NAc (Brodie et al., 1990; Gessa et al., 1985; Di Chiara & 

Imperato, 1988; Yim & Gonzales, 2000; Budygin et al., 2001). It is believed that alcohol 

exerts its rewarding effects by increasing mesolimbic dopamine transmission. This theory 

is supported by studies showing that local injection of a dopamine antagonist into the NAc 

will prevent alcohol self-administration in rats (Hodge et al., 1997; Rassnick et al., 1992). 

Interestingly, lesions of these dopamine neurons using 6-OHDA did not attenuate this 

behavior, suggesting that other pathways may also be involved in the rewarding properties 

of alcohol (Rassnick et al., 1993; Koistinen et al., 2001). Alcohol is also a potent enhancer 

of GABA neurotransmission, and exerts this effect by increasing GABA release, and 
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facilitating GABAA receptor activity (Gilpin & Koob, 2008). Alcohol exposure is also known 

to decrease levels of glutamate (Carboni et al., 1993). Chronic alcohol exposure leads to 

alterations of the GABA and glutamate systems, including changes in GABA receptor 

subunit expression – an effect that may be due to alcohol-induced increases in certain 

neurosteroids, and altered function of NMDA and mGluR5 receptors. (Biggio et al., 2007; 

Sanna et al., 2004; Lovingeret al., 1989; Blednov & Harris, 2008). Endogenous stress 

systems are also affected by chronic exposure to alcohol. Alcohol dependent rats have 

increased levels of the stress signal CRF in the CeA, and decreased levels of dopamine 

and NPY (an anti-stress signal) during withdrawal (Merlo-Pich et al., 1995; Roy & Pandey, 

2002; Melis et al., 2005; Volkow et al., 2007). 

I.ii Animal models of alcohol use disorder 

AUD has been described as “a spiraling distress-addiction cycle leading from 

social/recreational alcohol intake to compulsive alcohol seeking, consumption, and 

dependence via repeating phases of preoccupation/anticipation, binge/intoxication, and 

withdrawal/negative affect” (Goltseker et al., 2019). Simple alcohol self-administration 

studies cannot accurately model all aspects of such a complex disorder. Rodent models 

of AUD allow for controlled evaluation of specific aspects of AUD such as alcohol seeking, 

compulsive intake, dependence, relapse, and aversion-resistant drinking. The use of 

alcohol preferring strains of mice and procedures such as alcohol vapor exposure provide 

efficient and easily repeatable ways of modeling dependence.  

Although important knowledge can be gained about the neuropharmacology of alcohol in 

rodents, the ability to generate clinically relevant phenotypes related to long-term drinking 

is limited. Alternately, NHPs have several advantages that render them a useful 

translational bridge between rodents and potential clinical use. Old world monkeys are the 
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animal group evolutionarily closest to humans other than apes, and show important 

similarities to humans in terms of genetics, neuroanatomy, and pharmacokinetics, and 

show similar neurobiological consequences of long-term alcohol use (Thierry et al., 2004; 

Phillips et al., 2014; Weerts et al., 2007; Baker et al., 2014; Grant & Bennet, 2003; Vivian 

et al., 2001). NHPs provide the unique ability to study important sex differences in a model 

similar to humans; while rodents have four day estrous cycles (Steger & Peluso, 1987), 

female macaques have 28 day menstrual cycles, as well as patterns of ovarian hormones 

and menopause similar to that seen in human females (Goodman et al., 1977; Jewett & 

Dukelow, 1972; Downs & Urbanski, 2006; Gilardi et al., 1997; Johnson & Kapsalis, 1998). 

Rhesus monkeys in particular provide an excellent model for behavioral studies, as they 

live in large groups with well-established social hierarchies and display high levels of social 

intelligence and personality dimensions similar to humans (Thierry et al., 2004; Capitanio, 

1999). Important species differences also exist between rodents and NHPs. As it applies 

to this study, rodents and NHPs differ in the distribution and function of brain opioid 

receptors (Cremeans et al., 2012; Bowen et al., 2002; Ko et al., 2006; Mansour et al., 

1988). These differences can be of utmost importance when evaluating the potential of 

drugs for treating a human illness; for example, MOP/NOP receptor agonists including 

BU08028 have been shown to have rewarding/reinforcing effects in rodents, but not NHPs 

(Ding et al., 2016; Ding et al., 2018; Post et al., 2016; Phillips et al., 2014). 

II. NOP receptor system 

The NOP receptor (formerly known as opioid receptor-like 1 or ORL1) was deorphanized 

in 1995 with the discovery of its endogenous ligand, the heptadecapeptide N/OFQ 

(Reinscheid et al., 1995; Meunier et al., 1995). The receptor is classified as an opioid 

receptor largely based on sequence homology; no endogenous opioids or classical opioid 

drugs acting at the mu, kappa, or delta opioid receptors have appreciable affinity for the 
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NOP receptor (Mollereau et al., 1994; Toll et al., 2016; Butour et al., 1997). Since its 

discovery, importance of the NOP receptor has been implicated in a variety of psychiatric 

conditions including alcohol use disorder (Witkin et al., 2014; Helig & Egli, 2006; Aubin & 

Daeppen, 2013; Lambert, 2008). The NOP receptor system has drawn particular interest 

following the discovery that NOP receptor stimulation can produce analgesia in the 

absence of side effects associated with MOP receptor agonists such as respiratory 

depression, itch, and addiction (Ko et al., 2009). The potential of the NOP receptor as a 

target for drug abuse treatment development was realized following the discovery that i.c.v. 

administration of N/OFQ can block drug-induced dopamine release in the VTA and NAc, 

without affecting non-drug-induced increases in dopaminergic neurotransmision (Murphy 

et al., 1996; Di GIannuario et al., 1999).  

II.i Distribution 

The NOP receptor is highly expressed in the cortex, amygdala, habenula, hypothalamus, 

and locus coeruleus of rodents, and is expressed similarly in humans, with the greatest 

expression being in the amygdala and subthalamic nuclei (Meunier, 1997; Mollereau & 

Mouledous, 2000; Peluso et al., 1998). Prominent species differences in NOP distribution 

include relatively higher NOP binding in the human and non-human primate basal ganglia, 

frontal cortex, and amygdala (Peluso et al., 1998; Bridge et al., 2003) in contrast to 

relatively higher NOP receptor binding in the rodent midbrain (Florin et al., 2000; 

Letchworth et al., 2000; Maidment et al., 2002; Meunier et al., 1995). PET imaging studies 

using NOP receptor-selective radiotracers have been consistent with autoradiographic 

studies in supporting a similar distribution in NHPs and humans (Kimura et al., 2011; 

Hostetler et al., 2013; Narenden et al., 2017). 
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II.ii Cellular effects 

The NOP receptor exhibits signaling characteristics that are common to all opioid 

receptors, such as Na+ and GTP regulated binding, coupling with phosphokinase A, 

phosphokinase C, and mitogen-activated protein kinases (Adapa & Toll, 1997; Hawes et 

al., 1998). NOP receptors have also been shown to activate phospholipases A and C, and 

extracellular signal kinases 1 and 2 (Donica et al., 2013). NOP receptor binding inhibits 

voltage-gated Ca++ channels and increases the cell’s inwardly-rectifying K+ conductance 

(Nicol et al., 1995; Meunier, 1997; Hawes et al., 2000; Beedle et al., 2004). NOP-mediated 

Ca++ channel inhibition has been suggested to occur via a receptor-channel complex, and 

this hypothesis is supported by studies showing that the βγ–subunit of the receptor G-

protein directly inhibits these channels (Beedle et al., 2004; Toll et al., 2016). While there 

is some variability in signaling pathways across cell types, the effects on K+ and Ca++ 

channels are consistently reproducible across cell types and experimental methodologies. 

Another consistent finding is that NOP activation significantly inhibits adenylyl cyclase and 

cyclic-AMP production (Adapa & Toll, 1997; Meunier, 1997; Hawes et al., 1998; Connor & 

Christie, 1999; Hawes et al., 2000). The combination of these intracellular effects causes 

hyperpolarization which decreases the excitability of neurons. NOP-induced inhibition of 

Ca++ channels could also directly inhibit vesicular neurotransmitter release. These findings 

suggesting an inhibitory function of NOP receptor activity were supported further by 

studies showing that NOP stimulation inhibits neurotransmission in a variety of brain areas 

(Nicol et al., 1995; Itoh et al., 1999; Di Giannuario et al., 1999; Schlicker & Morari, 2000; 

Kallupi et al., 2014a; Kallupi et al., 2014b). 
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III. Alcohol and endogenous opioid systems 

It was suggested as early as 1976 that abnormalities in endogenous opioids might play a 

causal role in developing addiction (Goldstein, 1976). While this may not be precisely the 

case, it initiated research evaluating the role of endogenous opioid signaling in addiction. 

The main classes of endogenous opioids are endorphins, enkephalins, and dynorphins, 

which are the endogenous ligands of the MOP, DOP, and KOP receptors, respectively. 

As mentioned earlier, the endogenous ligand for the NOP receptor is N/OFQ. Alcohol has 

been shown to affect the binding properties of opioid receptors, as well as opioid peptide 

content and release (Herz, 1997). Alcohol increases endorphin levels in the NAc, an effect 

that is reversible by the administration of the opioid antagonist naltrexone (Olive et al., 

2001; Benjamin et al., 1993). However, 6-OHDA lesion of mesolimbic dopamine neurons 

did not prevent naltrexone from blocking alcohol-induced increases in dopamine in the 

NAc (Koistinen et al., 2001). These findings have led to the conclusion that endogenous 

opioids influence alcohol drinking behavior both independently and by interacting with 

mesolimbic neurotransmission, and that the efficacy of naltrexone to decrease drinking in 

the absence of mesolimbic neurotransmission suggests involvement of endogenous 

opioids (Olive et al., 2001; Koob, 2003). When developing medications for drug abuse 

disorders that target endogenous opioid signaling, it is important to take into account that 

stimulation of MOP and DOP receptors can be reinforcing, and stimulation of KOP 

receptors can be aversive (Herz, 1997).  

III.i MOP receptor 

One way alcohol is believed to exert its rewarding effects is by inducing endorphin release, 

which disinhibits dopamine release in the VTA via inhibition of GABA interneurons (Xiao 

et al., 2007). Long term exposure to alcohol upregulates MOP receptor expression in the 
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caudate/putamen, NAc, and striatum – areas that play important roles in reward circuitry; 

alcohol-preferring msP rats (which have lower MOP receptor availability in these areas at 

baseline) show an even greater upregulation of MOP receptors following alcohol exposure 

than non-preferring Wistar rats (Fadda et al., 1999; Turchan et al., 1999). Alcohol’s effects 

on the endorphin/MOP receptor system led to the study of MOP receptors as a potential 

target for AUD treatment development. Since alcohol increases endorphin release, the 

logical option for treatment development would be a MOP antagonist. Naltrexone is a 

nonspecific opioid antagonist with highest affinity for MOP receptors, but has shown 

variable efficacy in both preclinical and clinical studies; some studies have shown 

naltrexone to be efficacious in decreasing drinking, the subjective effects of alcohol, or 

reinstatement of drinking in both animals and humans (Omalley et al., 1992; Volpicelli et 

al., 1992; Anton et al, 1999; Kornet et al., 1991; Williams et al., 2001), while others have 

shown it to be ineffective in reducing the same measures (Krystal et al., 2001; de Wit et 

al., 1999; Doty & de Wit, 1995; Doty et al., 1997; Rush & Ali, 1999).The efficacy of 

naltrexone seems to be  dependent on the severity of an individual’s dependence on 

alcohol, as well as the context of treatment. There is also evidence that there is a 

pharmacogenetic component of naltrexone’s efficacy in human populations (Oslin et al., 

2006). Specific MOP antagonists have also been shown to decrease alcohol self-

administration and seeking (Giuliano et al., 2015; Ripley et al., 2015).  

In rodents, low doses of MOP agonists increase drinking, while high doses decrease 

drinking (Williams et al., 2001; Hubbell et al., 1988, Hubbell et al., 1993; Reid, 1996; 

Volpicelli et al., 1991). It is believed that low doses may potentiate the rewarding effects 

of alcohol, while the decrease in drinking observed at higher doses is likely not a specific 

effect on alcohol consumption, but due to a general decrease in behavior. In monkeys 

however, it was shown that low doses of morphine will decrease voluntary consumption 
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of alcohol without affecting other behaviors (Kornet et al., 1992). Buprenorphine, a partial 

agonist at the MOP receptor, has also been shown to decrease drinking in NHPs (Carrol 

et al., 1992), while in rodents it was shown to have a similar effect as other MOP agonists: 

low doses increased drinking while higher doses decreased drinking (Ciccocioppo et al., 

2007). This apparent species differences in the effects of MOP agonists on alcohol 

consumption warrants further investigation into the potential of MOP agonists for treating 

AUD. However, MOP agonists typically have high abuse potential and would therefore be 

unsuitable for treating AUD, so little research has been done to evaluate MOP agonists 

as potential treatments. 

III.ii DOP receptor 

DOP receptors were evaluated as a potential treatment target for AUD due to their well-

known interactions with the MOP receptor system. DOP agonists have been shown to 

potentiate the antinociceptive efficacy of MOP agonist, and DOP antagonists can reduce 

the development of tolerance and dependence to MOP agonists (Feng et al., 2002). 

Following chronic alcohol exposure, the same upregulation of DOP receptors occurs as 

described above for MOP receptors, including differences between preferring and non-

preferring strains of rats (Fadda et al., 1999). DOP showed potential as a viable treatment 

target, as antagonists were shown to decrease alcohol self-administration and seeking in 

rodent models (Froehlich et al., 1991; Nielsen et al., 2008; Ciccocioppo et al., 2002). 

However research targeting DOP receptors was short lived following discovery that the 

two DOP receptor subtypes have competing behavioral effects, and that the delta-1 

receptor subtype is likely a MOP heterodimer (Van Rijn & Whistler, 2009).  
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III.iii KOP receptor 

KOP receptors have also been implicated as a treatment target for AUD due to their role 

in stress circuitry, and ability to modulate the abuse-related effects of alcohol (Herz, 1997; 

Anderson & Becker, 2017; Karkhanis et al., 2017; Kissler et al., 2016). While MOP and 

DOP agonists can induce conditioned place preference, KOP agonists induce conditioned 

place aversion (Mucha & Herz, 1985). KOP receptors located on dopaminergic terminals 

in the NAc act to inhibit dopamine release (Spanagel et al., 1992). Chronic alcohol 

exposure upregulates the KOP receptor/dynorphin system in rodents (Walker et al., 2012; 

Bruijnzeel, 2009; Lindholm et al. 2000), and increases the sensitivity of KOP receptors in 

NHPs (Siciliano et al., 2015). The KOP receptor/dynorphin system is hyperactive during 

withdrawal and immediately following cessation of alcohol exposure (Karkhanis et al., 

2016; Rose et al., 2016; Bruijnzeel, 2009). KOP receptor agonists have been shown to 

increase alcohol self-administration and can be used to pharmacologically induce stress 

(Funk et al., 2014; Anderson et al., 2018). In some instances, KOP agonists have 

increased food and water consumption, highlighting the importance of using behavioral 

controls when conducting self-administration experiments (Wee & Koob, 2010).  

KOP antagonists decrease alcohol self-administration in alcohol-preferring and alcohol 

dependent non-preferring, but not in naïve non-preferring rodents (Rose et al., 2016; 

Walker & Koob, 2008; Kissler et al., 2014; Doyon et al., 2006; Domi et al., 2018). KOP 

antagonists show promise particularly in preventing relapse, which is not surprising given 

the KOP receptor/dynorphin system’s role in stress. KOP antagonists have been shown 

to prevent stress and withdrawal-induced increases in alcohol self-administration, as well 

as reduce reinstatement of alcohol consumption and seeking induced by cues, withdrawal, 

or stress (Holter et al., 2000; Funk et al., 2014; Domi et al., 2018; Schank et al., 2012). 

These effects likely occur via the same mechanism through which antagonists reduce 
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withdrawal-induced anxiety (Domi et al., 2018; Walker et al., 2012; Schank et al., 2012; 

Rose et al., 2016; Berger et al., 2013). Taken together the results of these studies suggest 

that prolonged alcohol exposure results in upregulation of the KOP receptor/dynorphin 

system, which leads to increased drinking and dependence. KOP antagonists then serve 

to return KOP signaling to normal levels, preventing escalation of drinking following 

withdrawal or various methods of reinstatement. 

III.iv NOP receptor 

The most recently discovered of the opioid receptors, the NOP receptor, has also been 

implicated as a potential target for treating AUD. Repeated exposure to alcohol has not 

been shown to cause significant alterations in N/OFQ levels in alcohol preferring mice, 

although significant decreases N/OFQ immunoreactivity were seen in the VTA and PFC 

5 and 21 days into alcohol withdrawal, respectively (Ploj et al., 2000; Lindholm et al., 2002). 

Interestingly, alcohol preferring strains of mice have increased levels of hippocampal 

N/OFQ relative to non-preferring strains, and chronic alcohol self-administration increases 

hippocampal N/OFQ immunoreactivity in these non-preferring strains, suggesting 

involvement of the hippocampus in N/OFQ’s ability to modulate the reinforcing effects of 

drugs (Ploj et al., 2000; Lindholm et al., 2002).  

I.c.v. administration of N/OFQ decreases alcohol self-administration and seeking in 

alcohol preferring and dependent non-preferring rats (Ciccocioppo et al., 1999; 

Ciccocioppo et al., 2004; Econmidou et al., 2006; Martin-Fardon et al., 2000). More 

recently, a potent, highly selective NOP agonist MT-7716 was shown to decrease alcohol 

self-administration in preferring rats, an effect that lasted ~2 weeks after cessation of 

treatment (Ciccocioppo et al., 2014). MT-7716 has also been shown to decrease alcohol 

seeking, and both cue and yohimbe-induced reinstatement in alcohol-preferring msP rats 
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and alcohol dependent non-preferring Wistar rats (Ciccocioppo, 2014 et al.; de Guglielmo 

et al., 2015). Another selective NOP agonist SR-8993, was shown to have similar effects 

in alcohol dependent Wistar rats, as well as decreased withdrawal-induced anxiety and 

decreased breakpoint when animals were self-administering alcohol on a progressive-

ratio schedule of reinforcement (Aziz et al., 2016). Two studies evaluated the effects of 

NOP receptor stimulation on alcohol-induced neurochemical and neurophysiological 

changes in the amygdala (Kallupi et al,, 2014a; Kallupi et al., 2014b), a brain region with 

high NOP receptor density and known to play an important role in the rewarding effects of 

alcohol (Meunier, 1997; Peluso et al., 1998; Mollereau & Mouledous, 2000; Yoshimoto et 

al., 2000; Merlo-Pich et al., 1995; Koob, 2003). These studies found that NOP receptor 

stimulation prevented alcohol-induced increases in GABAergic IPSPs in the CeA (Roberto 

& Siggins, 2006; Kallupi et al., 2014a; Kallupi et al., 2014b).  

Interestingly, antagonism or genetic deletion of the NOP receptor will also reduce alcohol 

self-administration (Rorick-Kehnet al., 2016; Kallupi et al., 2017), and a NOP receptor 

antagonist made it to phase II clinical trials for treating AUD (Post et al., 2016). These 

results suggest that NOP receptor internalization and/or desensitization may be 

responsible for the behavioral effects seen in agonist studies (Rorick-Kehn et al., 2016). 

The complex pharmacology of NOP receptors merits further research, particularly in the 

context of developing AUD medications. 

IV. Present study 

The present studies characterized the effects of the MOP/NOP receptor agonist BU08028 

and its parent compound buprenorphine in a nonhuman primate model of AUD. Drugs 

were administered to rhesus monkeys in a self-administration paradigm in which ethanol 

was freely available in six-hour sessions five days per week. To assess whether 
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alterations in consumption resulted from behavioral effects unrelated to ethanol 

reinforcement, monkeys also responded using a photo-optic switch to receive food pellets 

during drinking sessions. At MOP receptors, BU08028 and buprenorphine have similar 

affinities and efficacies, however at NOP receptors BU08028 has ~10-fold higher affinity 

and higher efficacy (see Table I). Both drugs block DOP and KOP receptors with affinities 

similar to their MOP receptor affinity (Khroyan et al., 2011). It is important to note that 

species differences have been documented in the effects of drugs that target MOP and 

NOP receptors (Cremeans et al., 2012; Bowen et al., 2002; Ko et al., 2006; Mansour et 

al., 1988). For example, although the antinociceptive effects of buprenorphine are 

mediated in part by NOP receptors in rodents, NOP receptors do not appear to play a role 

in buprenorphine-induced antinociception in monkeys (Cremeans et al., 2012; Khroyan et 

al., 2009). Thus, the comparison of buprenorphine and BU08028 permits an assessment 

of how the effects of a MOP receptor partial agonist on ethanol consumption differ from 

those of a bifunctional MOP/NOP receptor agonist. In addition, we compared the acute 

effects of these drugs to those of the NOP receptor agonist SCH 221510, which exhibits 

217-fold selectivity in binding and 58-fold selectivity in stimulating NOP vs. MOP receptors 

(Varty et al., 2008), and the MOP receptor antagonist naltrexone. Combined acute 

treatment with BU08028 and naltrexone was used to evaluate the role of BU08028’s NOP 

agonist activity in the observed behavioral effects. 

Although acute administration of drugs provides an initial indication of potential clinical 

effectiveness, assessment of the effects of chronic treatment is critical for predictive 

validity with respect to the results of clinical trials (Haney & Spealman, 2008; Czoty et al., 

2016a). Considerations include whether tolerance is observed to the therapeutic effects 

of drugs and whether any adverse drug effects emerge. Thus, we examined the effects of 

chronic treatment with BU08028 and buprenorphine using a translational model of 
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pharmacotherapy evaluation that incorporates aspects of AUD and treatment (Czoty et al., 

2011; Czoty et al., 2013; Czoty et al., 2016b). Clinically relevant features of the model 

include: subjects’ extensive history of ethanol use, an individual-subject design wherein 

the dose of treatment drug is adjusted based on effect rather than a group design in which 

all monkeys receive identical treatment regimens, and concurrent measurement of food-

maintained responding to monitor potential adverse effects. This paradigm has 

demonstrated good predictive validity with respect to the results of clinical trials for cocaine 

use disorder (Czoty et al., 2011; Czoty et al., 2013; Gould et al., 2011).
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MATERIALS AND METHODS 

1.1 Subjects 

Five female adult rhesus monkeys (Macaca mulatta) were housed individually in 0.76 x 

0.83 x 0.83m stainless steel cages in a vivarium maintained at 24°C and ~30% humidity 

with a 12:12 hour light/dark cycle. All monkeys had been trained to drink a solution of 4% 

ethanol in water using schedule-induced polydipsia (see below) (Vivian et al., 2001; Grant 

et al., 2008; Thomas & Czoty, 2019) and had been consuming ethanol 5 days per week 

for approximately 1.5 years with a mean (± SD) lifetime intake of 815.5 ± 81.6 g/kg. 

Monkeys were fed nutritionally complete banana-flavored pellets (Bio-serv; Flemington, 

NJ), delivered during the behavioral session (see below), supplemented with 

fruit/vegetables. Monkeys received enough food to maintain healthy weights as 

determined by visual inspection and periodic veterinary examinations. All procedures were 

approved by the Wake Forest University Animal Care and Use Committee and were 

performed in accordance with the 2011 National Research Council Guidelines for the Care 

and Use of Mammals in Neuroscience and Behavioral Research. 

1.2 Apparatus 

Each monkey’s cage contained an operant behavioral panel (Med-Associates; St. Albans, 

VT) that provided access to ethanol and food pellets during each session (see Vivian et 

al., 2001). Each panel contained two drinking spouts, two sets of three lights (red, amber, 

and green) positioned above each spout, a photo-optic switch positioned below one of the 

spouts, and a centrally positioned opening containing a dowel. For all experimental 

sessions described below only one spout was active and provided the 4% ethanol solution; 

the monkeys had ad libitum access to water via a lixit separate from the operant panel. 

Each panel was connected to a 0.5-gallon ethanol bottle positioned atop a balance that 
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continuously monitored its weight. Pulling a dowel activated a solenoid that allowed 

ethanol to flow. The ethanol was gravity-fed through the spout while the dowel was 

displaced. Application of negative pressure could increase the rate of flow through the 

spout, allowing the monkey to have complete control over the volume and rate at which 

she consumed.  

1.3 Training/Induction 

 Monkeys were trained to operate the drinking panel and then induced to drink water and 

later ethanol (4% w/v in water). Availability of food and fluid was signaled by colored 

stimulus lights; white signaled an active panel, red for food, green for fluid. Fluid was 

available through a single active spout, and food pellets were available at a fixed ratio 1 

schedule of reinforcement. Monkeys were trained to respond on the panel for their meals. 

Training was considered complete when monkeys would consistently drink from the spout 

and respond for the totality of their meals. Monkeys were also trained to present their leg 

through an opening in the front of the cage for blood collection via the saphenous vein for 

determining blood ethanol concentrations. The session variables were controlled by a 

computer program (LabVIEW; National Instruments; Austin, TX) that created a ‘‘record’’ 

each time a pellet was delivered, or drinking occurred (fluid displacement measured). 

During the induction phase, the monkeys were induced to drink water for 30 days, followed 

by 30-day epochs each of 0.5 g/kg, 1.0 g/kg, and 1.5 g/kg ethanol as 4% ethanol (w/v). At 

the start of each session, only the ethanol solution was available to the monkeys. After 

drinking the allotted amount of ethanol, water became available. Polydipsia was induced 

by food pellets during the session, which were available at a fixed ratio 1 schedule of 

reinforcement. If at any point during the session a monkey went 300 seconds without 

responding for a food pellet, the system would automatically deliver one. Following each 

training session water was available and monkeys were allowed to respond for any of their 
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diet that may have remained. After completion of the induction phase the monkeys 

underwent 22-hour self-administration sessions during which the responded on the panel 

for their diet and for alcohol, while having free access to water. The self-administration 

sessions were then decreased to six hours prior to the start of these studies.  

1.4 Self-administration sessions 

Sessions began at approximately 11:00 am Monday through Friday with illumination of the 

lights above the ethanol spout. Throughout the six-hour session, ethanol was freely 

available while the dowel was pulled. Monkeys also self-administered food pellets under 

a fixed-ratio 1 schedule of reinforcement using the photo-optic switch. The daily food pellet 

allotment was divided into three “meals” which began 0, 120, and 240 minutes after the 

start of the session. Each meal lasted until 1/3 of the daily ration had been delivered or 

until the next meal period began. 

1.5 Acute experiments 

When daily ethanol intakes and food pellet deliveries were stable, a single dose of 

BU08028 (0.001-0.01 mg/kg), buprenorphine (0.003-0.056 mg/kg), SCH 221510 (0.03-

1.0 mg/kg), naltrexone (1.7-5.6 mg/kg), or vehicle was administered as an intramuscular 

injection 30 minutes prior to the start of the session (60 minutes for BU08028). For the 

combination experiment, naltrexone (0.56 mg/kg) and BU08028 (0.10 mg/kg) were 

administered simultaneously 30 minutes prior to the session start. Typically, drugs were 

administered on Tuesday and Fridays, and vehicle was administered on Thursdays. Each 

monkey received each dose and vehicle at least twice, with replicates averaged within a 

monkey for analysis.  
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1.6 Chronic experiments  

Once alcohol intake and food pellet deliveries were stable, treatment with naltrexone, 

buprenorphine, or BU08028 commenced. The starting dose was chosen based on each 

monkey’s sensitivity during acute dosing. A dose of naltrexone, buprenorphine, or 

BU08028 was administered at the same time each day (30 minutes prior to the start of the 

session for buprenorphine and naltrexone, 60 minutes prior for BU08028). Drinking 

sessions were conducted five days per week (Monday through Friday). For BU08028 the 

initial dose was administered every other day for two weeks. This q.o.d. dosing regimen 

was used because the analgesic effects of BU08028 have a duration of action of ~48 

hours (Ding et al., 2016). After two weeks, effects indicated that daily dosing was 

necessary (see Figure 5). At the end of each week of treatment the average alcohol 

consumption of the last three days was calculated and compared to baseline using a t-

test. A decision was made, based on the observed effects (or lack thereof) on ethanol 

intake and food-maintained responding, whether to increase the dose of treatment drug 

the following week. When a dose was reached that resulted in persistent decreases in 

ethanol consumption treatment was terminated and drinking was measured for an 

additional three weeks.  

1.7 Data analysis 

For acute studies each drug was analyzed separately. Data for ethanol consumed and 

food pellets delivered were analyzed separately using a one-way repeated-measures 

ANOVA with post-hoc Dunnett’s test to determine which doses produced effects 

significantly different from the vehicle. For each drug, ethanol intake across the six hours 

of the session was analyzed using a two-way repeated-measures ANOVA with dose and 

hour as factors with post-hoc Holm-Sidak multiple comparisons tests. For the BU08028 
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and naltrexone combination experiment the data were analyzed using a one-way repeated 

measures ANOVA with post-hoc Tukey’s multiple comparisons test to determine if 

significant differences existed in ethanol intake following treatment with vehicle, BU08028 

alone, or BU08028 and naltrexone.  

For chronic studies, three time points: baseline, the week with the largest drug treatment 

effect, and the third week after the end of treatment, were compared with a one-way 

ANOVA followed by a post-hoc Tukey’s multiple comparisons test. In all cases, differences 

were considered significant when p<0.05. 

1.8 Determination of blood ethanol concentrations 

Several blood samples were collected during the months before drug testing began. For 

each monkey, 20 μL samples were collected from the saphenous vein 6 hours after the 

onset of the behavioral session. Blood samples were sealed in airtight vials containing 

500 μL of ultrapure HPLC water and 20 μL of 200 mg% isopropanol (internal standard) 

and stored at -4°C until assayed using gas chromatography (Agilent 789-A GC system 

with G1888 Network Headspace Autosampler; Santa Clara, CA) supplied with a flame 

ionization detector and Agilent ChemStation integrator. Once all of the data for this study 

had been collected, several more samples were collected from each monkey. The goal of 

these collections was to determine if ethanol metabolism changed over time, which could 

occur due to chronic administration of opioid compounds, long-term ethanol consumption, 

passage of time, or a combination of factors.  

1.9 Drugs 

Ethanol (95% ethyl alcohol; The Warner-Graham Company; Cockeyville, MD) was diluted 

each morning in water purified by reverse osmosis. BU08028 HCl was dissolved in a 

solution of dimethyl sulfoxide/10% (mass/volume) (2-hydroxypropyl)-β-cyclodextrin in a 
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ratio of 3:97 as previously described (Cami-Kobeci et al., 2011). SCH 221510 (Tocris 

Bioscience; Bristol, United Kingdom) was prepared at a final concentration of 5mg/mL in 

a vehicle (15% Tween80, 15% DMSO and 70% sterile water) as follows: solid SCH 

221510 was dissolved in 100% DMSO, then Tween80 was added; the mixture was heated 

and vortexed until clear, then water was added and the vial was heated and vortexed until 

the compound was completely dissolved. Naltrexone HCl and buprenorphine HCl 

(National Institute on Drug Abuse) were dissolved in sterile water. 
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Table I. Binding profiles for agonist treatments. For efficacy, % stimulation is relative to a full agonist at 

the receptor; N/OFQ, DAMGO, DPDPE, and U69593, respectively.  Data modified from (Khroyan et al., 2011; 

Varty et al., 2008)

 Affinity (Ki, nM) Efficacy (% stimulation GTPγS) Potency (EC50, nM) 

 NOP μ δ κ NOP μ δ κ NOP μ δ κ 

Buprenorphine 77.4 1.52 6.13 2.50 15.5 28.7 --- --- 251 10.2 >10,000 >10,000 

BU08028 8.46 2.14 1.59 5.63 48.0 21.1 10.8 --- 78.6 8.03 -* >10,000 

SCH 221510 0.3 65 2854 131 95.1 76.8  82.7 12 693 8071 683 
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RESULTS 

2.1 Acute experiments 

2.1.1 BU08028 

When BU08028 was administered prior to the drinking session, there was a main effect of 

dose on ethanol intake (F3,12=13.33, p<0.001) but not food pellets delivered (Figure 1, left 

column). Post-hoc testing revealed that ethanol intake was significantly reduced by 0.01 

mg/kg BU08028. When hourly ethanol consumption data were analyzed across the 

session, there was a main effect of BU08028 dose (F2,8=18.19, p=0.001; Figure 4), but not 

hour, and an interaction that approached significance (p=0.059). During the first hour 

ethanol intake was decreased from baseline by 0.01 mg/kg BU08028.  

2.1.2 Buprenorphine 

When buprenorphine was administered prior to the drinking session, there was a main 

effect of dose on ethanol intake (F3,12=23.45, p<0.001) but not on food pellets delivered 

(Figure 1, middle column). Post-hoc testing revealed that ethanol intake was significantly 

reduced by 0.03 and 0.056 mg/kg buprenorphine. When ethanol intake data were 

analyzed across the session, there was a main effect of both buprenorphine dose 

(F2,8=28.57, p<0.001), and hour (F5,20=3.71, p=0.015), and a significant interaction 

(F10,40=6.94; p<0.001; Figure 4). Hourly ethanol intake was significantly decreased from 

baseline in the first hour of the session by both 0.03 (not shown) and 0.056 mg/kg 

buprenorphine. Intake was also lower than baseline in hour three after 0.056 mg/kg 

buprenorphine. 
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2.1.3 Naltrexone  

When naltrexone was administered prior to the drinking session, there was a main effect 

of drug on both ethanol intake (F3,12=10.16, p=0.001) and food pellets delivered (F3,12=7.83, 

p=0.004) (Figure 1, right column). Both were decreased significantly after 3.0 and 5.6 

mg/kg naltrexone. When ethanol intake data were analyzed across the session there was 

a main effect of naltrexone dose (F2,8=4.45, p=0.05), but not hour, and a significant 

interaction between dose and hour (F10,40=2.22, p=0.036; Figure 4). Hourly ethanol intake 

was significantly decreased from the same hour’s baseline in the first hour of the session 

after both 1.7 (not shown) and 3.0 mg/kg naltrexone.  

Figure 1. Effects of acute BU08028, buprenorphine, and naltrexone on ethanol 

drinking and food pellet deliveries. Top row, ethanol intake. Bottom row, food pellet 

deliveries. Treatment with BU08028 (0.01 mg/kg) and buprenorphine (0.03 and 0.056 

mg/kg) resulted in behaviorally selective decreases in ethanol intake. Doses of naltrexone 

that decreased ethanol intake (3.0 and 5.6 mg/kg) also decreased food pellet deliveries. 

Bars represent mean ± SEM (n=5); * indicates p<0.05 compared to vehicle (V).  
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2.1.4 SCH 221510 

When SCH 221510 was administered prior to the drinking session, there was a main effect 

of dose on ethanol intake (F2,8=8.30, p=0.016) but not food pellets delivered (Figure 2). 

When ethanol intake data were analyzed across the session there was a main effect of 

SCH 221510 dose (F2,8=8.206, p=0.012), but not hour (Figure 4). Ethanol intake was 

significantly decreased by 1.0 mg/kg SCH 221510 in hours one and six. 

For all four drugs, no clear relationships were observed between baseline behavior 

(ethanol intake and food pellet deliveries) and individual differences in treatment potency 

or efficacy.  

 

 

 

 

 

 

 

 

 

 

Figure 2. Effect of acute SCH 221510 on ethanol drinking and food pellet deliveries. 

SCH 221510 (1.0 mg/kg) significantly decreases ethanol intake and has no effect on food 

maintained responding. Bars represent mean ± SEM (n=5); * indicates p<0.05 compared 

to vehicle (V). 
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2.1.5 BU08028 and naltrexone 

When 0.01 mg/kg BU08028 and 0.56 mg/kg naltrexone were both administered prior to 

the drinking session, there was a main effect of condition on ethanol intake (F2,8=30.71, 

p=0.003), but not on food pellets delivered (Figure 3). Post-hoc testing revealed that 

ethanol intake following combination treatment with BU08028 and naltrexone was 

significantly different from vehicle. Although ethanol intake was higher following treatment 

with BU08208 and naltrexone than when treated with BU08028 alone, this difference was 

not significant. 

 

 

 

 

 

 

 

 

Figure 3. Effect of BU08028 and naltrexone coadministration on ethanol drinking. 

Coadministration of 0.56 mg/kg naltrexone and 0.01 mg/kg BU08028 significantly reduced 

ethanol intake relative to vehicle but was not significantly different from 0.01 mg/kg 

BU08028 alone. Bars represent mean ± SEM (n=5); * indicates p<0.05 compared to 

vehicle (V). 
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Figure 4. Effects of acute BU08028, buprenorphine, naltrexone, and SCH 221510 on 

hourly ethanol intake. Only dosages with significant effects on ethanol intake are shown. 

All treatments decreased ethanol consumption in the first hour of access. Significant 

decreases were also seen in hour three following treatment with 0.056 mg/kg 

buprenorphine, and hour six following 1.0 mg/kg SCH 221510. Error bars represent mean 

± SEM (n=5); * indicates p<0.05 compared to the same hour when given vehicle.  

2.2 Chronic experiments 

2.2.1 BU08028 

Effects of chronic BU08028 treatment are shown in Figure 5. In four subjects a significant 

decrease in drinking was observed after one week of q.o.d. administration. However, 

tolerance developed to this effect in all four animals. During q.o.d dosing, it was common 

to see a greater effect on the day of drug administration than on the day that drug was not 

given (e.g., Figure 5, R-1680). Based on these observations, BU08028 was subsequently 
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administered daily. In R-1543 ethanol intake was decreased by 0.003 mg/kg BU08028 

and further decreased when the dose was raised to 0.01 mg/kg. In R-1680, 0.01 mg/kg 

BU08028 produced a significant decrease in ethanol drinking during the first week which 

was maintained for two additional weeks of treatment. In R-1624 daily treatment with 0.017 

mg/kg BU08028 significantly decreased ethanol intake. In R-1544 ethanol intake was 

decreased during the first week of treatment with 0.01 mg/kg BU08028, and further 

decreased when the dose was raised to 0.017 mg/kg. In these four subjects, minimal or 

no effects on food-maintained responding were observed during BU08028 treatment and 

ethanol returned to baseline by week two after discontinuation of treatment. In contrast to 

these four subjects, no persistent effects of BU08028 were observed in R-1542. In this 

monkey, drinking tended to decrease on day 4 and 5 of treatment but returned to baseline 

by day 7. Interestingly this monkey was the most sensitive to the effects of BU08028 on 

food-maintained responding. In all monkeys, a transient decrease in food-maintained 

responding was observed upon termination of treatment. When ethanol drinking data from 

the week of the largest BU082028 effect were averaged across monkeys and compared 

to baseline and the third week after termination of treatment (Figure 5, lower right), there 

was a main effect of condition (F2,8=19.54, p=0.008). Post-hoc testing indicated that the 

week of BU08028 was significantly different from baseline.  

2.2.2 Buprenorphine 

Effects of chronic buprenorphine treatment are shown in Figure 6. In R-1543 and R-1624, 

buprenorphine decreased ethanol intake during the first week of treatment. This effect was 

maintained or slightly increased when the dose as increased by one log unit over the 

subsequent six weeks. In R-1680, a significant decrease in ethanol intake was observed 

during treatment with 0.01 mg/kg buprenorphine, but tolerance developed to this effect. 

Eventually treatment was terminated after a significant decrease in ethanol intake was 
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observed after two weeks of treatment with 0.3 mg/kg buprenorphine. In R-1544 tolerance 

developed to decreases that were observed during treatment with 0.1 mg/kg 

buprenorphine. In this monkey no decrease was observed after increasing the dose to 0.3 

mg/kg for two weeks. Finally, as was observed with BU08028, R-1542 was the least 

sensitive to buprenorphine. Ethanol intake was slightly but significantly lower than baseline 

during the second week of treatment with 0.3 mg/kg buprenorphine, but there was no 

significant difference when the dose was increased to 0.56 mg/kg. When drinking data 

from the week of the largest buprenorphine effect were averaged across monkeys and 

compared to baseline and the third week after termination of treatment (Figure 6, lower 

right), there was a main effect of condition (F2,8=7.57, p=0.033). Post-hoc testing indicated 

that the week of buprenorphine treatment was significantly different from baseline. Across 

monkeys, other similarities to BU08028 treatment included a general lack of effect on food-

maintained responding during drug administration (except for R-1542), and some 

disruption in pellets delivered upon termination of treatment. In two monkeys (R-1543 and 

R-1680) buprenorphine-induced decreases in ethanol drinking persisted for three weeks 

following termination of treatment. 

2.2.3 Naltrexone 

Effects of chronic naltrexone are shown in Figure 7. In R-1543, a significant increase in 

ethanol intake was observed during week two of treatment with 1.0 mg/kg naltrexone. In 

R-1680, ethanol intake was significantly lower than baseline during both weeks of 

treatment with 2.5 mg/kg naltrexone, but there was no significant difference when the dose 

was increased to 3.0 mg/kg. Interestingly, although 3.0 mg/kg naltrexone had no effect on 

ethanol intake, R-1680 showed a significant decrease in ethanol intake following 

termination of treatment. In R-1624, a significant decrease in ethanol consumption was 

observed during the second week of treatment with 2.0 mg/kg naltrexone, and this 
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decrease was maintained over the subsequent four weeks during which the treatment 

dose was increased to 2.5 and then 3.0 mg/kg. Although there was a consistent effect of 

naltrexone on ethanol intake in R-1624, the magnitude of this difference was very small 

and not dose-dependent. In R-1544, a decrease in drinking was observed during the 

second week of treatment with 3.0 mg/kg naltrexone. As was seen with BU08028 and 

buprenorphine, R-1542 was the least responsive to treatment, showing no significant 

difference in ethanol intake during any week of treatment. Unlike acute studies with 

naltrexone, no effect on food-maintained responding was observed at any dose. When 

drinking data from the week of the largest naltrexone effect were averaged across 

monkeys and compared to baseline and the third week after termination of treatment 

(Figure 7, lower right), no significant effect was found. 
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Figure 5. Effects of chronic BU08028 treatment on ethanol drinking and food pellet 

deliveries. For the first five graphs, left ordinate: ethanol intake (circles, filled circles 

represent data collected during BU08028 treatment); right ordinate: food pellets delivered 

(squares); abscissa: day of exposure to each condition, which is indicated across the top 

of each panel. Point above BL represents the mean (±SD) ethanol dose consumed at 

baseline before BU08028 treatment began. Vertical dotted lines indicate days during 

q.o.d. treatment on which BU08028 was administered. Asterisks indicate weeks when 

average ethanol intake differed significantly from baseline. Lower right: mean (±SEM) 

ethanol intake at baseline, during the week of maximum BU08028 effect, and during the 

third week after BU08028 treatment ended. n=5; *, p<0.05. 
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Figure 6. Effects of chronic buprenorphine treatment on ethanol drinking and food 

pellet deliveries. For the first five graphs, left ordinate: ethanol intake (circles, filled circles 

represent data collected during buprenorphine treatment); right ordinate: food pellets 

delivered (squares); abscissa: day of exposure to each condition, which is indicated 

across the top of each panel. Point above BL represents the mean (±SD) ethanol dose 

consumed at baseline before buprenorphine treatment began. Asterisks indicate weeks 

when average ethanol intake differed significantly from baseline. Lower right: mean 

(±SEM) ethanol intake at baseline, during the week of maximum buprenorphine effect, 

and during the third week after buprenorphine treatment ended. n=5; *, p<0.05. 
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Figure 7. Effects of chronic naltrexone treatment on ethanol drinking and food pellet 

deliveries. For the first five graphs, left ordinate: ethanol intake (circles, filled circles 

represent data collected during naltrexone treatment); right ordinate: food pellets delivered 

(squares); abscissa: day of exposure to each condition, which is indicated across the top 

of each panel. Point above BL represents the mean (±SD) ethanol dose consumed at 

baseline before naltrexone treatment began. Asterisks indicate weeks when average 

ethanol intake differed significantly from baseline. Lower right: mean (±SEM) ethanol 

intake at baseline, during the week of maximum naltrexone effect, and during the third 

week after naltrexone treatment ended. n=5; *, p<0.05. 
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2.3 Ethanol pharmacokinetics 

The relationship between ethanol consumed and resulting BEC was compared between 

samples collected in the months prior to initiation of drug testing and samples collected 

after all drug testing was completed. There was no significant difference in either the 

slopes or y-intercepts of the two regression lines (Figure 8).  

 

Figure 8. Relationship between amounts of ethanol consumed and blood ethanol 

concentrations. Points represent single determinations from individual subjects (n=5), 

one shape per subject: R-1542, ●; R-1543, ■; R-1544, ▲; R-1624, ▼; R-1680, ♦. Solid 

symbols and line represent data collected before the last drug treatment, Open symbols 

and dashed line depict samples collected after the drug treatments began. Lines represent 

best fit linear regression.  
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DISCUSSION 

Efforts to develop analgesics safer than currently used opioids have identified “bifunctional” 

MOP/NOP receptor agonists, including BU08028, as drugs that can provide pain relief 

with reduced side effects (Ding et al., 2016; Ding et al., 2018; Lin & Ko, 2013; Zaveri, 2016; 

Khroyan et al., 2011). Beyond their role in analgesia, and in part because the NOP peptide 

can inhibit the beta-endorphin neurons that may mediate alcohol abuse (Herz, 1997; 

Wagner et al., 1998), NOP receptors have been investigated in rodent models of AUD. 

These studies have consistently demonstrated that stimulating NOP receptors can 

decrease the abuse-related effects of ethanol (Aziz et al., 2016; Ciccocioppo et al., 1999; 

Ciccocioppo et al., 2004; Ciccocioppo et al., 2007; Ciccocioppo et al., 2014; de Guglielmo 

et al., 2015; Economidou et al., 2006; Kuzmin et al., 2007). The present studies compared 

the effects of the MOP receptor agonist buprenorphine, the bifunctional MOP/NOP agonist 

BU08028, and the MOP receptor antagonist naltrexone in rhesus monkeys who had free 

access to a 4% ethanol solution six hours per day, five days per week. Monkeys consumed 

~3.0 g/kg per day, equivalent to approximately ~12 drinks per day. Despite this relatively 

high ethanol intake, the lack of observed withdrawal signs on weekends indicated that 

monkeys were not physically dependent on ethanol. Moreover, the relationship between 

ethanol consumed and resulting BECs did not change over the course of these 

experiments, indicating that no metabolic tolerance occurred. In addition, neither the 

duration of monkeys’ menstrual cycles nor pattern of drinking across the cycle was altered 

during these experiments (Thomas & Czoty, 2019). 

Acute administration of both BU08028 and buprenorphine decreased ethanol drinking, 

consistent with previous studies of NOP receptor agonists and buprenorphine in rodents 

(Aziz, 2016 et al.; Ciccocioppo et al., 1999; Ciccocioppo et al., 2004; Ciccocioppo et al., 

2007; Ciccocioppo et al., 2014; de Guglielmo et al., 2015; Economidou et al., 2006; 
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Kuzmin et al., 2007; June et al., 1998) and buprenorphine in monkeys (Carrol et al., 1992). 

Acutely, BU08028 was ~0.5 log units more potent that buprenorphine. Importantly, 

decreases in ethanol drinking were observed at doses that did not significantly alter food-

maintained responding. All treatments that significantly reduced ethanol intake in acute 

studies exerted this effect primarily be reducing intake in the first hour; on vehicle days 

monkeys consumed more ethanol on average during hour one than any other hour during 

the session (Figure 4). The lack of effect of buprenorphine on food-maintained responding 

is consistent with most studies in nonhuman primates (e.g., Negus et al., 2002; Paronis & 

Bergman, 2011), although effects on food-maintained responding have been observed 

under some conditions depending on the monkeys’ experimental history and the schedule 

of reinforcement used (Mello et al., 1985; Schwienteck et al., 2019; Withey et al., 2018). 

The behavioral selectivity observed in the present study supports the conclusion that 

decreases in drinking were due to reductions in the reinforcing/motivational effects of 

ethanol rather than to sedation, motor impairments or other behavioral effects.  

A critical aspect of testing potential medications is the assessment of effects of chronic 

administration (Haney & Spealman, 2008; Czoty et al., 2016a). In the context of this study, 

it was important to assess whether tolerance would develop to the ability of BU08028 and 

buprenorphine to decrease ethanol drinking and whether any adverse effects would 

emerge. In four of five monkeys, BU08028 significantly decreased ethanol intake without 

tolerance development. Buprenorphine produced decreases in ethanol drinking in the 

same four subjects, although the effect was modest in one subject (R-1680) and in another 

subject (R-1544) tolerance developed. In chronic studies, BU08028 was more potent in 

most monkeys and somewhat more efficacious over the range of doses tested. 

Termination of drug treatment resulted in temporary disruption of food-maintained 

responding and a gradual return to baseline levels of ethanol consumption, although 
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reductions of drinking persisted longer after buprenorphine treatment. Interestingly, in R-

1542, no persistent decreases in ethanol consumption were produced by either drug, 

despite disruption of food-maintained responding. No distinguishing characteristics have 

been identified to indicate why results in this monkey differed from the other four subjects. 

Overall, chronic naltrexone treatment showed no effect on ethanol intake. Contrarily, 

increases in drinking were observed following termination of treatment in three out of five 

subjects. In one subject (R-1624) treatment did result in a consistent decrease in ethanol 

intake, but the magnitude of this decrease was marginal and did not change when the 

naltrexone dose was increased. This may suggest that baseline drinking in this subject 

was measured during an unusually high period of drinking, or that there was a ceiling 

effect of naltrexone’s efficacy to reduce drinking in this individual.  

As described above, BU08028 and buprenorphine have been characterized in vitro as 

MOP and NOP receptor partial agonists (Khroyan et al., 2011). However, the contribution 

of NOP receptors to the behavioral effects of buprenorphine appears to differ between 

rodents and monkeys. In contrast to results in rodents (Khroyan et al., 2009; Hansjewson 

et al., 2006), blocking NOP receptors in rhesus monkeys did not alter buprenorphine-

induced antinociception, respiratory depression or scratching (Cremeans et al., 2012). 

Thus, although a role for NOP receptors has been demonstrated in the ability of 

buprenorphine to decrease ethanol drinking in rats (Ciccocioppo et al., 2007), it is likely 

that its effects on ethanol consumption in the present and only previous nonhuman primate 

study (Carrol et al., 1992) resulted primarily from activity at MOP receptors. The observed 

decreases are consistent with previous studies of the effects of buprenorphine on alcohol 

consumption. In a previous rodent study (Ciccocioppo et al., 2007), ethanol drinking was 

increased by low doses of buprenorphine, whereas higher buprenorphine doses 

decreased ethanol intake. The authors suggested that this biphasic effect resulted from 
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stimulation of MOP at lower doses and NOP at higher doses. That study used rats 

genetically bred for high ethanol intake and have upregulated NOP receptor function 

(Hansson et al., 2006; Economidou et al., 2008). In another study using outbred rats, low-

to-intermediate buprenorphine doses increased ethanol intakes under some conditions 

and decreased drinking under others (June et al., 2016). In addition to rat strain there were 

several differences in experimental design that may have contributed to the discrepant 

effects including extent of daily ethanol access and time before the session that 

buprenorphine was administered. In contrast, in the present and previous nonhuman 

primate studies (Carrol et al., 1992), lower buprenorphine doses did not increase ethanol 

intakes. Nonetheless, in all four studies as well as one other rodent study that tested only 

one dose (Martin et al., 1983), higher doses of buprenorphine decreased ethanol drinking. 

Taken together the present data suggest that the ability of buprenorphine to decrease 

ethanol drinking is shared by the bifunctional MOP/NOP receptor agonist BU08028. In 

acute studies, BU08028 was more potent than buprenorphine. In addition, in chronic 

studies, BU08028 was more potent in most monkeys and somewhat more effective. In 

general, the findings support the view developed from studies of the analgesic effects of 

these drugs that combining NOP and low-efficacy MOP agonists could prove 

advantageous compared to MOP agonists alone (Ding et al., 2016; Ding et al., 2018; Lin 

& Ko, 2013; Zaveri, 2016; Khroyan et al., 2011). For example, addition of NOP receptor 

activity could permit use of lower doses of a MOP receptor agonist, enhance efficacy in 

decreasing alcohol drinking, widen the therapeutic window, reduce the rate or magnitude 

of tolerance development and reduce side effects including abuse potential. For example, 

although remifentanil, oxycodone and buprenorphine maintained self-administration in 

rhesus monkeys under a progressive-ratio schedule, BU088028 did not function as a 

reinforcer (Ding et al., 2016; Ding et al., 2018). 



24 

 

Future studies will be necessary to characterize the relative contribution of MOP and NOP 

receptors to the therapeutic effects of bifunctional MOP/NOP agonists like BU08028. In 

the present studies, the acute effects of SCH 221510, a NOP receptor agonist with 217-

fold selectivity in binding and 58-fold selectivity in stimulating NOP versus MOP receptors 

(Varty et al., 2008), was shown to significantly decrease ethanol intake. Coadministration 

of BU08028 and naltrexone also caused a significant reduction in ethanol intake. These 

results may suggest that NOP receptor stimulation alone is sufficient to reduce alcohol 

drinking, in agreement with rodent studies (Ciccocioppo et al., 2014; de Guglielmo et al., 

2015; Kuzmin et al., 2007). However, the dose of SCH 221510 required to reduce ethanol 

drinking was higher than the dose needed to produce antinociception in a previous study 

(Kangas & Bergman, 2014). Although the discrepancy might be explained by different 

efficacy requirements between the two assays, the large potency difference could also 

indicate that the reduction in drinking resulted from activity at other receptors.  

Interactions between MOP and NOP receptors are not fully understood. In vitro, MOP and 

NOP receptors share large portions of intracellular signaling pathways (Hawes et al., 

1998). This, in part provides some explanation for observed heterologous desensitization 

of NOP receptors by MOP stimulation, and vice-versa (Donica et al., 2013). Recent 

studies have provided evidence that these interactions may play a role in the behavioral 

effects of drugs acting at both receptors. As discussed above, NOP receptor stimulation 

is believed to play a role in buprenorphine’s behavioral effects in rodents. Acute 

administration of buprenorphine in rats trained to self-administer cocaine significantly 

decreased cocaine intake (Kallupi et al., 2018). This effect was only reversed by 

pretreatment with naltrexone and a NOP receptor antagonist; neither drug alone had any 

effect on buprenorphine-induced decreases in cocaine in cocaine intake (Kallupi et al., 

2018). A study in NHPs showed that a NOP receptor agonist was not antinociceptive itself, 
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but enhanced the antinociceptive properties of MOP receptor agonists buprenorphine, 

nalbuphine, and methadone; this NOP agonist-induced potentiation of MOP receptor 

mediated antinociception was only NOP antagonist-reversible in nalbuphine, suggesting 

that some interaction may occur when MOP and NOP receptors are activated 

simultaneously (Cornelissen et al., 2019). In the present study, the difference in ethanol 

intake between ethanol intake following treatment with BU08028 alone, and BU08028 and 

naltrexone, approached significance. Further study is needed to determine whether the 

effects of BU08028 are mediated by activity at one receptor, or an interaction that requires 

concomitant stimulation of both MOP and NOP receptors. These findings suggest the 

MOP/NOP receptor interactions may play an important role in the behavioral effects of 

drugs acting at both receptors, and that these bifunctional compounds show promise as 

treatments for pain and drug abuse. 

Additional study of NOP receptor-selective agonists, administered chronically, and 

combination studies of bifunctional MOP/NOP receptor agonists with NOP and MOP 

receptor antagonists will be required to fully understand the relative contributions of MOP 

and NOP receptors to the behavioral effects of bifunctional agonists. Moreover, it will be 

important to assess the involvement of KOP receptors, which can mediate and modulate 

the abuse-related effects of ethanol (Anderson & Becker, 2017; Karkhanis et al., 2017; 

Kissler et al., 2016). This is particularly important because buprenorphine and BU08028 

are KOR antagonists with relatively high affinity (see Table I). Finally, it will be important 

to examine whether MOP/NOP and NOP receptor agonists selectively decrease alcohol 

intake in males; sex differences have been observed in the effects of low-efficacy MOP 

receptor agonists on antinociception and on rates of food-maintained responding 

(Schwienteck et al., 2019; Negus & Mello, 1999). Other limitations include variables of our 

NHP model that have not been thoroughly investigated, but have been well established 
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by Grant and colleagues, such as: session start time, the use of a 4% ethanol in water 

solution, step-wise increase in alcohol intake during induction, and the imposition of meals 

during the behavioral session. Monkeys responding for food at a fixed-ratio 1 schedule of 

reinforcement did not allow for evaluation of potential drug effects on rate of responding, 

although rates of food pellet deliveries following the start of each meal did not differ 

between baseline or any treatment condition. 

Due to the enormous need for non-abusable analgesics in response to the ongoing 

epidemic of opioid abuse, it is likely that clinical development of bifunctional MOP/NOP 

receptor agonists will be prioritized. NOP-acting drugs were included in the list of NIDA’s 

medication development priorities as part of the NIH HEAL (Helping to End Addiction 

Long-term) Initiative (Rasmussen et al., 2019). The results of the present studies extend 

promising results from rodent models that suggest that such drugs are candidates as novel 

medications for AUD. 
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