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Abstract

We recently reported an economic choice task in which squirrel monkeys chose between 

differing amounts of remifentanil, a fast-acting opioid, or a food reward to develop a preclinical 

screen for evaluating potential pharmacotherapies for opioid dependence. Herein, two known 

opioid addiction treatments are evaluated using this task, as well as a potential new agent, 

cariprazine, a dopamine D2/D3 receptor partial agonist currently used to treat bipolar disorder 

and schizophrenia. Preclinical rodent studies suggest this class of compounds may reduce opiate 

self-administration. Squirrel monkeys were pretreated daily with clinically relevant doses of each 

compound during the five days of treatment evaluation using the economic choice task. Shifts in 

drug preference were measured as changes in subjects’ indifference values, where the probability 

of drug and milk choice are equivalent. Buprenorphine produced a significant shift in indifference 

value between baseline and treatment weeks, indicating a decrease in drug preference. Subjects 

treated with methadone and cariprazine did not show any significant shift in drug preference. 

Differences between the buprenorphine and methadone results likely reflect a lack of opioid 

dependence in the subjects. The cariprazine results suggest that it does not alter opioid reward in 

non-dependent primates over a five day period.

Corresponding author: Dr. Charles W. Bradberry: charles.bradberry@nih.gov.
*equal contribution

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Declaration of Interest: None.

HHS Public Access
Author manuscript
Addict Neurosci. Author manuscript; available in PMC 2024 March 01.

Published in final edited form as:
Addict Neurosci. 2023 March ; 5: . doi:10.1016/j.addicn.2023.100065.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

opioid; opioid maintenance therapy; remifentanil; economic choice task; buprenorphine; 
methadone; cariprazine

1. Introduction

For pharmacotherapeutic treatment of opioid use disorder, opioid maintenance therapy is the 

most common approach. Evidence has shown it to be effective in reducing opioid use and 

associated withdrawal symptoms (1–3). Currently, the only FDA approved treatments for 

opioid maintenance therapy are buprenorphine and methadone. Buprenorphine is a partial 

mu-opioid agonist, and methadone is a full mu-opioid agonist. Both drugs have much longer 

half-lives than opiates such as heroin, allowing them to decrease symptoms of withdrawal 

with once-daily treatment (4). However, chronic use of either opioid can lead to unpleasant 

physical side effects, with patients regularly reporting constipation, nausea, and respiratory 

system depression (5, 6). Like all opioid agonists, these drugs have potential for abuse 

and overdose (7); therefore, there is a need to research alternative mechanisms that can be 

targeted.

One potential target is the dopamine D3 receptor (8). A recent study in rats found 

that a high affinity D3 partial agonist attenuated heroin-enhanced hyperactivity, heroin 

self-administration, heroin-induced reinstatement, and cue-induced reinstatement of heroin-

seeking (9). In humans, studies have shown that partial D2/D3 agonists can reduce stimulant 

use, specifically with methamphetamine (10). Cariprazine, an FDA approved antipsychotic 

and D3-preferring D2/D3 partial agonist (11), has also been shown to reduce comorbid 

stimulant use when studying its effects in pilot studies of patients with psychosis (10, 12). 

Based on these results in both animal and human models, cariprazine may be a viable 

treatment for opioid use disorder. Because cariprazine is an existing treatment, it could be 

quickly examined in clinical trials if promising results were found in a preclinical study 

looking strictly at its effects on opioid use.

There is a growing recognition of the inadequacy of many preclinical approaches when 

evaluating novel treatments for drug abuse. Common approaches, such as drug self-

administration and reinstatement, bear little resemblance to real-world situations, reducing 

their predictive validity (13). Drug vs. non-drug choice procedures offer advantages in 

avoiding any rate-altering effects of agents being evaluated, instead evaluating the allocation 

of choices toward alternative reinforcers. In this regard, these approaches can be considered 

models for contingency management, a highly effective behavioral approach to treating 

addiction (14). To increase confidence in the reliability of a given preclinical approach 

to therapeutic development, it has been proposed that the reverse translation of existing 

treatments can help to validate the current task (13).

Using an economic choice task with the rapidly metabolized mu-opioid receptor agonist 

remifentanil (15), the aim of this study was to: 1) reverse translate existing opioid-based 

therapies, methadone and buprenorphine, to evaluate the ability of the task to identify 
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previously established, clinically useful treatments; and 2) evaluate the non-opioid treatment 

cariprazine to alter drug choice on an economic choice task.

2. Materials and Methods

2.1 Subjects:

All procedures in animal subjects were carried out in accordance with the Guide for the 

Care and Use of Laboratory Animals (8th ed.). This study utilized eleven male squirrel 

monkeys (Saimiri sciureus; body weight 700-1200 g) housed individually in a temperature 

and humidity-controlled environment with a 12:12 hour light cycle, beginning with lights 

on at 7:00 am. Subjects were provided with water ad libitum, as well as a diet consisting 

of Teklad biscuits (8794; Envigo; Indianapolis, IN) given once daily, with additional daily 

fruit and vegetable enrichment. Each monkey was equipped with either a polyvinyl chloride 

(TYGON®; inner diameter, 0.38mm; outer diameter, 0.89mm) or polyurethane catheter 

(inner diameter, 0.6mm; outer diameter, 0.9mm) inserted into a jugular or femoral vein, 

externalized at their back. Catheters were protected by a jacket (Ludomed Inc.; Canada) 

fitted to each monkey with a zipper in the back for easy access. Catheters were flushed 

with saline between experiments, and “locked” on Fridays with 0.3 ml of either a 100 UI/ml 

heparin dextrose solution or a taurolidine solution (TCS; Norfolk Access Technologies).

2.2 Drug-Milk Choice Task:

As previously described (15), subjects were placed in a custom-made acrylic chair in 

an enclosed chamber fitted with a fan for ventilation, speaker for white-noise, and a 

touchscreen (Elo TouchSystems; Menlo Park, CA). Two syringe pumps (Harvard Apparatus; 

South Natick, MA) were located outside the chamber, one of which delivered remifentanil 

hydrochloride dissolved in 0.9% saline (0.5μg/ml), while the other delivered 30% sweetened 

condensed milk (food reward). Remifentanil has a 2-3 min half-life in humans (16) 

permitting repeated administration with minimal accumulation that might alter behavior 

on subsequent trials. It was administered intravenously through the catheter and the 

condensed milk was delivered into a milk well located directly in front of the subjects. 

All data collection and programming were done using either E-Prime Professional 3.0 or 

MonkeyLogic, a NIMH MATLAB-based software.

The study utilized the drug-milk choice task previously published in Brown et al. (15). 

Briefly, subjects chose between two stimuli corresponding to either a remifentanil or 

a milk reward. Remifentanil reward magnitude was represented by 1-4 green triangles 

which corresponded to different unit doses of remifentanil (0.08-0.32 μg/kg/infusion). Milk 

rewards were indicated with 1-4 red circles, which corresponded to different amounts of 

milk (75-300 μl/kg). For the methadone and buprenorphine studies, the options remained on 

the screen until one stimulus was selected. In subsequent cariprazine studies, a limited hold 

(5 sec) was added, followed by a 2 sec blank screen and repetition of the same stimuli if no 

choice was made. In all experiments, the response latency was calculated as the time that 

the stimuli were present on the screen, from stimulus onset until the selection of a stimulus. 

Once the subject made a choice, it received its selected reinforcer, and a 60 second inter-trial 

interval (ITI) was initiated. A completed session consisted of 108 completed trials, with each 

Amirali et al. Page 3

Addict Neurosci. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



drug-milk reward choice being presented randomly in a counterbalanced manner, 8 times. 

Every third trial was a choice between two different milk quantities (1:2, 1:3, 1:4, 2:3) to 

provide additional time for clearance of remifentanil and to provide a trial type in which 

drug was not an option. For all studies, drug effects were determined by comparison to a 

contemporaneous baseline from the week prior.

As previously described (15), choice allocation (probability of drug choice) was plotted 

vs. a “reward contrast” defined as (# drug stimuli - # milk stimuli)/(# drug stimuli + # 

milk stimuli). This created a non-categorical representation of choice options that permitted 

logistical regression to describe drug choice as a function of offer type. Using this approach, 

an indifference value (IndV) could be calculated at which the probability of drug and milk 

choice are equivalent. Change in IndV between weeks with and without drug pretreatment 

was the primary outcome measure.

2.3 Pretreatments:

Doses of methadone (1.0 mg/kg, n = 9), buprenorphine (0.1 mg/kg, n = 11; 0.32 mg/kg, 

n = 8), and cariprazine (10μg/kg, n = 7; 30 μg/kg, n = 8; 100 μg/kg, n = 6) were 

administered intravenously, twenty-two hours prior to the task, for five consecutive days. 

Each buprenorphine pretreatment dose was followed by at least a two-week washout 

period, and cariprazine doses were administered following a minimum three-week washout. 

Methadone and buprenorphine dosing was based on clinical studies (3, 17, 18), while 

cariprazine dosing was based on preclinical PET studies of D3 receptor occupancy in NHPs 

and clinically recommended doses (19, 20).

2.4 Analysis:

Treatment and baseline weeks were analyzed by using the last three days of each week to 

allow time for subjects to adjust to experimental manipulations. Paired t-tests were used to 

assess the significance of the shifts in IndV’s from baseline to treatment weeks. The 2-way 

repeated measure ANOVAs analyzed the differences between baseline and treatment weeks, 

looking at each subject’s average indifference value and response latencies, with subject and 

reward contrasts as the repeated factors. To limit the impact of attentional lapses on response 

latencies, the reported values reflect the average of latencies below the 90th percentile.

3. Results

Administration of 0.1 mg/kg buprenorphine produced an increase in the mean IndV by 29 +/

− 0.09, indicating that the subjects’ preferences significantly shifted away from remifentanil 

and towards milk (t(10) = 2.23, p = 0.01) (figure 1A). Similarly, following 0.32 mg/kg 

buprenorphine pretreatment, IndV increased by 0.35 +/− 0.07 (t(7) = 2.36, p = 0.002) (figure 

1B). While the higher dose did have a larger increase in IndV, it was not significantly 

different from the change following the lower dose. Response latencies were not affected by 

either dose, with no differences between baseline or treatment weeks observed. There were 

no systematic day by day progressions of effect across the five days of treatment, as can be 

seen in supplemental fig. 1.
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Methadone administered at 1.0 mg/kg had no significant effect on IndV (figure 1C). 

There was also no difference in response latencies between baseline and treatment weeks. 

Administration of a higher dose of methadone (2.0 mg/kg) was found to cause acute lethargy 

and impaired motor function in pilot subjects and was not pursued further.

Cariprazine was administered in three doses (10 mg/kg, 30 mg/kg, & 100 mg/kg). No dose 

examined produced a significant change in IndV (figure 2A–C). Response latencies were 

also not affected. A higher dose of 300 mg/kg revealed lethargy and impaired motor function 

as well as decreased appetite.

4. Discussion

In the present study, we used a novel approach, drug vs. non-drug economic choice 

in squirrel monkeys to measure shifts in choice allocation after pre-treatment with 

buprenorphine, methadone, and cariprazine. Given the efficacy of the two opioids as clinical 

treatments, this is a “reverse-translation” to evaluate the choice procedure’s ability to track 

shifts in drug choice allocation. Cariprazine was also examined in order to determine its 

potential therapeutic efficacy. Buprenorphine significantly reduced drug choice, whereas 

methadone and cariprazine had no effect.

Our reverse-translation of two clinically effective opioid agonist approaches provide a mixed 

review of the economic choice procedure. Results from the study are congruent with what 

is observed in clinical settings. Clinically, methadone treatment at higher dosages (60-100 

mg/day) is more effective for those dependent on opioids (21, 22), validating the dose 

used in this study. Being a full agonist rather than a partial agonist, its lack of effect is 

consistent with previous studies, which suggest that full agonists have greatest efficacy in 

drug dependent subjects (23). The current study used remifentanil for opioid reward, and 

due to its short half-life, remifentanil is quickly metabolized and has no active metabolites 

(24), thereby reducing the likelihood of dependence. The subjects in this study did not show 

signs of withdrawal when treated with naltrexone (unpublished observations, Brown et al), 

and in our previous study (15), morphine, another full agonist, had no effect on choice 

allocation. This is also consistent with previous literature in non-dependent rats (25) and 

primates (23, 26, 27). In dependent animals, there is an effect of a full agonist to reduce drug 

choice [25], presumably through a negative reinforcement mechanism in which the need to 

increase drug choice to relieve withdrawal is obviated by the agonist pretreatment (28). The 

lack of dependence must be viewed as a limitation of our approach to adequately model 

relief of withdrawal. Buprenorphine’s ability to shift drug choice is likely a consequence of 

its partial agonist nature. We previously demonstrated that opiate antagonists dramatically 

shift drug preference (15), and buprenorphine can clearly partially block agonist effects as 

shown in rat choice procedure (29), and given that in clinical use, care must be taken not 

to precipitate withdrawal in highly dependent individuals. Thus, overall, we consider our 

economic choice approach to be most informative with respect to the acute rewarding effects 

of the agonist remifentanil.

Given that there were no significant differences in response latencies, these results are 

consistent with our dosing regimen being below a point that would produce non-specific 
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effects on motor function (30–32). It could be argued that our 22-hour pretreatment regimen 

might be too long prior to testing; however, clinical evidence suggests methadone is cleared 

as slowly as buprenorphine, with an average half-life of approximately 38 hours (4, 33). We 

do not have pharmacokinetic information on these drugs in squirrel monkeys; but given that 

buprenorphine was effective, and each test compound was administered at doses lower than 

those that cause non-selective effects, we do not believe clearance is the reason methadone 

had no effect.

Cariprazine also showed no effects on choice allocation. While there is less clear 

dependence of opiate reward on dopaminergic mechanisms, D3 receptor partial agonists 

and antagonists have helped decrease oxycodone and heroin taking and seeking 

behaviors in rodents (9, 34, 35), and there is an ongoing phase 2 clinical trial (https://

clinicaltrials.gov/ct2/show/NCT05063201) investigating cariprazine and its effects on those 

with opioid use disorder. It is important to note, however, that opioid reward mechanisms 

are not limited to interactions between mu-opioid receptors in the mesolimbic dopamine 

pathway, a region where D3 receptors are highly concentrated (36). There are three 

important differences between our current study and prior studies with rodents suggesting 

possible efficacy of a D3 partial agonist. First, those previous studies used oxycodone, which 

has a longer half-life and is abused in humans. The shorter half-life of remifentanil would 

not prevent a mu-agonist mediated reward, and extensive studies in macaques have utilized 

remifentanil as a mu-agonist in evaluating potential treatments for opioid abuse (37, 38). 

Second, ours utilized a choice allocation procedure, while the rodent studies used more 

traditional rate-dependent approaches. Third, and most important, there are often differences 

in drug effects and predictive accuracy of potential treatments between rodents and primates. 

Locomotor and neurochemical sensitization with repeated treatment is a widely observed 

phenomenon in rodents that is not observed in human (39) or non-human (40) primates. 

Potential addiction treatments that look promising in rodents, such as CRF antagonists, fail 

in primate choice studies (41) or in the clinic (42). Our opinion is that a species difference 

is the most likely explanation. Given the sensitivity of our choice procedure to shifts in 

mu-opioid reward, our interpretation of the cariprazine results is that it does not alter acute 

opiate reward.

In conclusion, we were able to further confirm the predictive validity of an economic choice 

paradigm for identifying potential therapeutic approaches that alter acute opiate reward, 

which is reflected in shifts in drug choice allocation. Our results for cariprazine were not 

consistent with previous rodent results, which suggested cariprazine’s ability to acutely 

reduce opiate reward. Further clinical trials in populations with other psychiatric disorders 

with comorbid opiate dependence will potentially reveal therapeutic uses our approach does 

not speak to.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Choice allocation curves of buprenorphine and methadone pretreatments compared to 

contemporaneous baseline. Curves represent the group average choice over the last 3 days of 

each respective week. A) Buprenorphine 0.1 mg/kg produced a significant shift in IndV, p = 

0.01. B) Buprenorphine 0.32 mg/kg also produced a significant shift in IndV, p = 0.002. C) 
Methadone at 1.0 mg/kg did not change choice allocation between remifentanil and milk.
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Figure 2: 
Choice allocation curves of cariprazine pretreatments for baseline and treatment weeks, as 

presented in Fig. 1 A) Cariprazine at 10 μg/kg, B) 30 μg/kg, and C) 100 μg/kg did not 

change choice allocation between remifentanil and milk.
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