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Abstract

Introduction: There is considerable interest in utilizing cannabis-based products as adjuvants to
opioid agonist therapies as phytocannabinoids like A%-tetrahydrocannabinol (THC) or synthetic
cannabinoid receptor agonists enhance the pain-relieving effects of opioids without enhancing
problematic effects of opioids. Cannabis is a pharmacologically complex plant with hundreds of
compounds, some of which may have interactive effects. Therefore, studying compounds like
THC in isolation does not accurately reflect the clinical use of cannabis.

Methods: This study examined the effects of THC and cannabidiol (CBD), the two most
prominent compounds in cannabis, on the reinforcing effects of fentanyl in rhesus monkeys in
a food versus drug choice procedure. Responding on one lever was reinforced by delivery of

a sucrose pellet and responding on another lever by delivery of an i.v. infusion of fentanyl. In
each monkey, the largest dose of fentanyl that produced less than 20% drug choice, and the
smallest dose of fentanyl that produced more than 80% drug choice was determined. Effects of
pretreatment with THC and CBD, alone and in mixtures, were then examined.

Results: THC, CBD, and THC:CBD mixtures did not reliably enhance or diminish choice

for fentanyl up to doses that suppressed responding in most monkeys, though some individual
differences were observed, with THC and THC:CBD mixtures decreasing choice for large doses of
fentanyl in one monkey and increasing choice for small doses of fentanyl in another.

Address correspondence to: Charles P. France, Department of Pharmacology, University of Texas Health Science Center at San

Antonio, 7703 Floyd Curl Drive, Mail Code 7764, San Antonio, Texas 78229, Telephone: (210) 567-6969, france@uthscsa.edu.
Indicates co-first author

Author Contributions

Participated in research design: Maguire, France

Conducted experiments: Carey, Maguire

Performed data analysis: Carey, Maguire

Wrote or contributed to the writing of the manuscript: Carey, Maguire, France



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Carey etal. Page 2

Conclusions: Phytocannabinoids like THC and CBD, administered alone or in mixtures, do not
appear to reliably alter the reinforcing effects of opioids.
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1. Introduction

Despite tremendous research efforts, opioid use disorder (OUD) remains a significant public
health issue in the United States and the escalating nature of this problem in the wake of

the COVID-19 pandemic indicates novel strategies to treat OUD are desperately needed.
Means to alleviate the burden of OUD could include enhancing their therapeutic (e.g.
antinociceptive) effects, minimizing their reinforcing effects, alleviating opioid withdrawal,
or preventing individuals from relapsing once opioid use has ceased. Cannabis and
cannabinoid receptor agonists represent one potential means to achieve these goals (Wiese
and Wilson-Poe, 2018).

Cannabinoid receptor agonists such as the phytocannabinoid THC as well as synthetic
agonists enhance the antinociceptive effects of opioids in nonhuman primates (Li et al.,
2008; Maguire and France, 2014; Maguire et al., 2013; Nilges et al., 2019). In rodents
cannabis-derived, and synthetic cannabinoid receptor agonists, cannabinoid type 1 (CB1)
receptor positive allosteric modulators, and inhibitors of endocannabinoid degradation
enhance the antinociceptive effects of opioids (Cichewicz et al., 1999; Cichewicz and
McCarthy, 2003; Cichewicz et al., 2005; Cox et al., 2007; Finn et al., 2004; Maguire and
France, 2018a; Pugh et al., 1996; Slivicki et al., 2020; Slivicki et al., 2018; Smith et al.,
1998; Smith et al., 2007; Welch and Stevens, 1992; Williams et al., 2006; Wilson-Poe et al.,
2013; Wilson et al., 2008). The analgesic effects of opioids in humans are also enhanced

in some studies by smoked or vaporized whole cannabis (Abrams et al., 2011; Cooper et
al., 2018). Although these results are promising, combinations of opioid and cannabinoid
receptor agonists would be of limited value in clinical scenarios were they to simultaneously
enhance problematic effects of opioids as well. Fortunately, while cannabinoid receptor
agonists enhance the antinociceptive effects of opioids they do not appear to enhance other
effects including ventilatory depression (Weed et al., 2018), discriminative-stimulus effects
(Li et al., 2008; Maguire and France, 2016b; Maguire et al., 2013), effects on cognition
and impulsivity (Minervini and France, 2018, 2020), or physical dependence (Gerak and
France, 2016). Moreover, cannabinoids do not appear to markedly alter the reinforcing
effects of opioids. Under single lever self-administration procedures, cannabinoid receptor
agonists decrease opioid intake (Li et al., 2012; Maguire and France, 2016a; Maguire et al.,
2013), and do not enhance the reinforcing potency of opioids when self-administered as a
mixture (Gerak et al., 2019; Maguire and France, 2018b, 2020). These results indicate that
opioid/cannabinoid mixtures might not have greater (and perhaps lesser) abuse potential
compared with an opioid alone. Choice procedures offer advantages over single lever
self-administration paradigms, especially when investigating the effects of drugs like THC,
well known for producing sedative/rate decreasing effects. Concurrent access to a non-drug
reinforcer (food) in the present studies allows determination of whether phytocannabinoids
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alter the reinforcing properties of fentanyl (indicated by a reallocation of responding from
drug to food reinforcers) or generally disrupt responding (indicated by decreased response
rates and trials completed).

Cannabis is a pharmacologically complex plant containing hundreds of active compounds
(e.g. phytocannabinoids, terpenes), the pharmacological actions of the majority of which are
poorly understood. Therefore, studying phytocannabinoids such as THC in isolation likely
does not accurately represent the effects of cannabis. Therefore, the present studies sought
to investigate effects of THC and CBD, the two most prominent phytocannabinoids, on the
reinforcing effects of fentanyl in rhesus monkeys working under a food versus drug choice
procedure. Unit doses of fentanyl maintaining less than 20% drug choice (small dose) and
greater than 80% drug choice (large dose) were determined individually for each monkey
and the effects of THC and CBD alone and in mixtures of 1:10 and 1:32 parts THC to CBD
on choice of both doses of fentanyl were examined. Blockade of p-opioid receptors with
naltrexone reduced choice selectively for the large dose of fentanyl without altering choice
for the small dose of fentanyl. THC and CBD, administered alone or in mixtures, did not
reliably enhance choice for a small dose of fentanyl or decrease choice for a large dose

of fentanyl. The results of this study indicate THC and CBD, alone or in mixtures, do not
appear to reliably impact the abuse potential of opioids.

2. Materials and Methods

2.1. Subjects.

Four adult male rhesus monkeys were housed individually in stainless steel cages with
interior space measuring 81 cm tall by 81 cm wide by 72 cm deep; the home cage also
served as the experimental chamber (details provided under “Surgery and equipment”). Two
monkeys (MO and WI) previously participated in food versus drug choice experiments,
including administration of opioids and cannabinoids (Maguire and France, 2018b); the two
other monkeys (IP, AS) had no experience with the food versus drug choice procedure and
had not participated in any experiment for 3 months prior to training. The colony room was
maintained under a 14/10-hr light/dark cycle with lights on at 0600 hr. Chow (High Protein
Monkey Diet; Harlan Teklad, Madison, WI, USA), fresh fruit, peanuts, and treats were
provided daily after the experimental session in amounts that maintained healthy weights,
and water was continuously available. Experiments were conducted in accordance with
guidelines set forth by the Guide for the Care and Use of Laboratory Animals (8th edition;
2011) and protocols were approved by the University of Texas Health Science Center at San
Antonio Institutional Animal Care and Use Committee.

2.2. Surgery and equipment.

Intravenous (i.v.) catheters were implanted under aseptic conditions as described previously
(Maguire and France, 2018b, 2020). Briefly, monkeys were sedated with 10 mg/kg
ketamine, and anesthesia was maintained under oxygen and isoflurane. A 5-french
polyurethane catheter (Access Technologies, Skokie, IL, USA) was inserted into a vein
(e.g., jugular or femoral) and tunneled subcutaneously to an exit point in the back. The
exteriorized part of the catheter was passed through a stainless-steel tether and connected to
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an 18-g stainless-steel fluid channel swivel mounted on the rear wall; monkeys wore a jacket
that protected the catheter and secured the tether (Lomir Biomedical, Quebec, Canada). The
swivel was attached to a syringe mounted in a pump (PHM-108, Med Associates, Fairfax,
VT, USA) that infused at a rate of 3.6 ml/min. A custom-made 20 cm by 28 cm stainless
steel instrument panel was mounted on one side wall. The panel contained two horizontally
aligned response levers (ENV-610M, Med Associates), and two stimulus lights (ENV-621L,
Med Associates), one red and one green, were horizontally aligned above each of the

two levers. Directly above the instrument panel was an aperture through which 300-mg
raspberry flavored sucrose pellets (5TUT, Test Diet, Richmond, IN, USA) were delivered via
activation of a pellet dispenser.

Food versus drug choice procedure.

Daily sessions comprised 2 forced trials followed by up to 30 choice trials; both forced
trials had to be completed before choice trials were presented. The first forced trial began
with illumination of one green stimulus light signaling the beginning of a response period,;
30 consecutive responses on the lever located directly below the light turned that light off,
delivered the reinforcer associated with that lever for that session (1 food pellet or an i.v.
infusion), and initiated 5-minute timeout during which all lights were off and responding
had no programmed consequence. At the end of the timeout, the green light above the other
lever was illuminated, signaling the beginning of the second forced trial; 30 consecutive
responses on the lever located directly below that light turned the light off, delivered the
reinforcer associated with that lever during that session, and initiated a timeout. The order in
which options were presented during forced trials varied randomly across sessions. Choice
trials began only after both forced trials were completed. During choice trials, both green
lights were illuminated, and 30 consecutive responses on one lever delivered the reinforcer
associated with that lever, turned off both lights, and initiated a timeout. Responses on one
lever reset the response requirement for the other lever. For all sessions, responding on one
lever delivered one food pellet, and responding on the other lever delivered an i.v. infusion.
There was no time limit for completing individual trials; sessions ended after 32 trials (2
forced trials plus 30 choice trials) were completed or 3 hours, whichever occurred first.

2.4. Experimental design.

Baseline measures for food versus fentanyl choice were examined in individual monkeys
to determine the largest dose of fentanyl producing no more than 20% drug choice (small
dose; 0.0001 mg/kg/infusion for all 4 subjects), and the smallest dose of fentanyl producing
at least 80% drug choice (large dose; 0.001 mg/kg/infusion for subjects MO and IP, 0.0032
mg/kg/infusion for subjects W1 and AS). Percent drug choice for each dose was deemed
stable when values did not differ by more than 20% for 3 consecutive days. Pretreatment
tests were separated by 5 days of daily choice training sessions. Test days were conducted
only if percent drug choice for the 3 preceding choice sessions did not differ by more than
20% of the average of baseline levels for each respective dose of fentanyl, and percent drug
choice. Under choice procedures, protracted periods of responding on one lever can occasion
a bias towards responding on that lever. Therefore, saline substitutions were conducted
occasionally (2-5 instances across monkeys) when the large dose of fentanyl was otherwise
available during the first part of the study to ensure sensitivity of responding to reinforcing
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effects of the infusion; saline remained available until percent infusion choice for a single
session was not more than 20%. Likewise, in the second part of the study, when the small
dose of fentanyl was available, choice sessions were conducted with the large dose of
fentanyl substituted occasionally between tests (4-9 instances across monkeys) until percent
drug choice for a single session was at least 80%. The order of testing was as follows:

large dose fentanyl + naltrexone vehicle, naltrexone (0.032 mg/kg), CBD vehicle, CBD (10,
17.8 mg/kg), THC vehicle, THC (0.32, 1, 0.1, 0.032 mg/kg), naltrexone (0.032 mg/kg), 1:10
THC:CBD (0.32:3.2, 0.032:0.32, 0.1:1 mg/kg), naltrexone (0.032 mg/kg), 1:32 THC:CBD
(0.32:10.24, 0.1:3.2, 0.032:1.02 mg/kg), naltrexone (0.032 mg/kg). Small dose fentanyl +
naltrexone (0.032 mg/kg), CBD (10 mg/kg), THC vehicle, THC (0.32, 1, 0.032, 0.1 mg/kg),
1:10 THC:CBD (0.32:3.2 mg/kg), 1:32 THC:CBD (0.32:10.24 mg/kg).

2.5. Data analyses.

Percent drug choice was calculated by dividing the number of trials completed on the drug
lever during choice trials by the total number of choice trials completed and multiplying
by 100. Total trials completed indicate the total number of trials completed on both levers
during each session. The effects of pretreatments on percent drug choice or total trials
completed were analyzed by paired samples t-test or a repeated measures one-way analysis
of variance, as appropriate, with the effects of pretreatments on small and large doses of
fentanyl being analyzed separately. Analyses were conducted and figures were generated
using GraphPad Prism 9 software (San Diego, CA).

2.6. Drugs.

THC base, CBD base, naltrexone hydrochloride, and fentanyl hydrochloride were
generously provided by the National Institute on Drug Abuse Drug Supply Program.
Naltrexone and fentanyl were dissolved in saline. THC and CBD were initially dissolved

in 100% ethanol, then were diluted further in a vehicle of ethanol, emulphor and saline
(1:1:9 respectively). All pretreatments were filtered with sterile 0.2 um syringe filters,

then administered i.v. 15 minutes prior to choice sessions, a timepoint corresponding to
maximum plasma levels in non-human primates for naltrexone (Reuning et al., 1979), THC
(Ginsburg et al., 2014) and CBD (Gray et al., 2022).

3. Results

Under control conditions (baseline), the small dose of fentanyl occasioned 5% drug choice
with an average of 32 trials completed, whereas the large dose of fentanyl occasioned
approximately 97% drug choice with an average of 22 trials completed. The average %
infusion choice on the first session of saline substitution, when the large dose of fentanyl
was available otherwise, ranged from 19.3-47.2% across monkeys, with a group mean of
32.6. Mean drug choice on the first day of substitution with the large dose of fentanyl,
when the small dose of fentanyl was otherwise available, ranged from 64.5-100% across
individual monkeys, with a group mean of 86.3%. Naltrexone (0.032 mg/kg, i.v.) reduced
choice for the large dose of fentanyl (t3=7.862, p=0.004, Figures 1A, 2A), and increased
the number of trials completed, though effects on trials completed failed to reach statistical
significance (p=0.07, Figures 1B, 2B). When administered in combination with the small

Drug Alcohol Depend. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Carey etal.

Page 6

dose of fentanyl, naltrexone did not alter percent drug choice (p=0.39, Figures 1A, 2A) or
the number of trials completed (p=0.18, Figures 1B, 2B).

Administered alone, CBD did not alter choice for the large (p=0.66, Figures 1C, 2C) or
small dose of fentanyl (p=0.39, Figures 1C, 2C). CBD similarly did not alter the number of
trials completed when given with the large (p=0.45, Figure 1B, 2B) or small (p=0.32, Figure
1B, 2B) dose of fentanyl. Some individual differences were observed in the effects of CBD
with the 10 mg/kg dose decreasing choice for the large dose of fentanyl by approximately
40% in one monkey (MO, Figure 2C).

Administered alone, THC did not reliably alter choice for the large (p=0.36, Figures 1E,
2E) or small (p= 0.36, Figures 1E, 2E) dose of fentanyl. THC also did not alter the

number of trials completed in combination with the large (p=0.14, Figures 1F, 2F) or small
(p=0.17, Figures 1F, 2F) dose of fentanyl. Individual differences in effects of THC were
observed; however, 0.1 and 0.32 mg/kg decreased choice for the large dose of fentanyl by
approximately 83% and 88%, respectively, in monkey AS (Figure 2E) and increased choice
for the small dose of fentanyl by 35% and 75%, respectively, in monkey WI (Figure 2E).

In monkey IP, 0.1 and 0.32 mg/kg THC in combination with the large dose of fentanyl
eliminated responding (Figure 2F). In combination with the small dose of fentanyl, 0.032
mg/kg THC reduced the number of trials completed by approximately 60%, 0.1 and 0.32
mg/kg THC eliminated responding in monkey IP, and 0.32 mg/kg THC reduced the number
of trials completed by approximately 66% in monkey MO (Figure 2F).

The 1:10 THC:CBD mixtures did not alter choice for the large (p=0.42, Figures 1G, 2G) or
small (p=0.39, Figures 1G, 2G) dose of fentanyl. The 1:10 THC:CBD mixtures, on average,
decreased the number of trials completed in combination with the large (p=0.06, Figures
1H, 2H) and small (p=0.067, Figures 1H, 2H) doses of fentanyl, though these differences
failed to reach statistical significance. Individual differences were observed in the effects

of the 1:10 THC:CBD mixtures. For example, the 0.32:3.2 mg/kg mixture reduced choice
for the large dose of fentanyl by approximately 82% in monkey MO (Figure 2G). When
administered in combination with the large dose of fentanyl, 0.1:1 and 0.32:3.2 mg/kg
mixtures eliminated responding in monkey IP whereas the 0.32:3.2 mg/kg mixture decreased
responding by 93% in monkey AS (Figure 2H). In combination with the small dose of
fentanyl, the 0.32:3.2 mg/kg mixture decreased the number of trials completed by 28% or
37% in monkeys MO and IP, respectively (Figure 2H).

The 1:32 THC:CBD mixtures did not alter choice for the large (p=0.45, Figures 11, 21I)

or small (p=0.33, Figures 1I, 2I) dose of fentanyl. Though failing to reach statistical
significance, the 1:32 THC:CBD mixtures produced a modest decrease in the number of
trials completed in combination with the large dose of fentanyl (p=0.072, Figure 1J, 2J),
but failed to alter the number of trials completed when administered in combination with
the small dose of fentanyl (p=0.11, Figures 1J, 2J). Again, individual differences in the
effects of these mixtures were apparent. In combination with the large dose of fentanyl, the
0.1:3.2 mg/kg mixture decreased percent drug choice by approximately 76% (Figure 2I),
whereas the 0.32:10.24 mg/kg mixture eliminated responding in monkey AS (Figure 2J).
Rate suppressing effects were also observed in monkey IP following the 0.032:1.02, 0.1:3.2
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and 0.32:10.24 mg/kg mixtures in combination with the large dose of fentanyl, decreasing
the number of trials completed by approximately 26, 37, and 85%, respectively (Figure

2J). The 0.32:10.24 mg/kg mixture also suppressed responding in monkey MO, reducing
the number of trials completed by approximately 69% (Figure 2J). In combination with the
small dose of fentanyl, the 0.32:10.24 mg/kg mixture increased percent drug choice by 53%
in monkey W1 (Figure 21). The 0.32:10.24 mg/kg mixture also decreased the number of
trials completed by 60% in monkey MO, 35% in monkey AS, and eliminated responding in
monkey IP (Figure 2J).

4. Discussion

Mounting evidence suggests phytocannabinoids might be a safe and effective means for
managing pain alone and as adjuvants to opioid agonist therapies for the treatment of pain.
Besides representing a non-opioid strategy for pain management, phytocannabinoids like
THC and synthetic cannabinoid receptor agonists enhance the antinociceptive potency of
opioids in rodents (Cichewicz et al., 1999; Cichewicz and McCarthy, 2003; Cichewicz et
al., 2005; Cox et al., 2007; Finn et al., 2004; Maguire and France, 2018a; Pugh et al.,

1996; Smith et al., 1998; Smith et al., 2007; Welch and Stevens, 1992; Williams et al.,
2006; Wilson-Poe et al., 2013; Wilson et al., 2008), nonhuman primates (Li et al., 2008;
Maguire and France, 2014; Maguire et al., 2013; Nilges et al., 2019), and possibly humans
(Abrams et al., 2011; Cooper and Haney, 2010), raising the possibility of treating pain with
combinations of an opioid and a cannabinoid. Critically, several studies have demonstrated
phytocannabinoids and synthetic agonists do not appear to enhance other effects of opioids
including ventilatory depression (Weed et al., 2018), physical dependence and withdrawal
(Gerak and France, 2016), discriminative stimulus effects (Li et al., 2008; Maguire and
France, 2016b; Maguire et al., 2013) or positive reinforcing effects (Gerak et al., 2019; Li
et al., 2012; Maguire and France, 2016a, 2018b, 2020; Maguire et al., 2013). However,
previous studies examined the effects THC or synthetic cannabinoid receptor agonists in
isolation. As THC is one of several hundred compounds present in the cannabis plant, some
of which might have interactive effects, studying the effects of individual compounds in
isolation likely does not accurately reflect the effects of cannabis. Given this complexity,
recapitulating the pharmacological effects of cannabis in a laboratory setting is challenging.
The present studies examined the effects of THC and CBD, the two most prominent
phytocannabinoids present in cannabis, alone and in combination, on the reinforcing effects
of fentanyl in rhesus monkeys performing a food versus drug choice procedure. While these
efforts do not completely recapitulate the pharmacological effects of cannabis, they are an
important step forward in investigating potential interactions between phytocannabinoids in
regard to their potential modulation of the abuse-related effects of opioids. Over a range

of doses, THC, CBD, and THC:CBD mixtures did not reliably alter choice for large or
small doses of fentanyl, although some individual differences were apparent. THC and CBD
failed to reliably alter fentanyl choice up to (and exceeding) doses used in human clinical
studies. . For example, doses of THC tested in the present studies (0.032-0.32 mg/kg,
corresponding to approximately 2.5-25 mg for an average adult male human) encompass
subeffective (de Vries et al., 2017), to analgesic doses (Cooper et al., 2013), as well as doses
that enhance the pain relieving effects of opioids in human clinical trials (Narang et al.,
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2008). The doses of CBD examined in these studies (approximately 800-1,400 mg for an
average adult male human) also encompass (and surpass) doses of CBD effective at reducing
cue-induced opioid craving and anxiety in humans with heroin use disorder (Hurd et al.,
2019). Moreover, the suppression of responding observed following THC administration
indicates behaviorally active doses were tested, while CBD was studied up to maximally
tolerable doses.

In previous studies utilizing a single-response self-administration procedure, cannabinoid
receptor agonists including THC reduced opioid intake in rodents (Braida et al., 2001;
Nguyen et al., 2019) and nonhuman primates (Li et al., 2012; Maguire and France,

2016a; Maguire et al., 2013), suggesting a possible reduction in the reinforcing effects

of opioids. However, this interpretation is complicated by the fact that compounds like

THC can have sedative or rate-decreasing effects. For this reason, the present studies
utilized a choice procedure wherein the dependent measures of percent drug choice and

total trials completed allow the differentiation of whether reductions in drug intake are

due to allocation of responding towards non-drug reinforcers (indicating a reduction in the
reinforcing effects of fentanyl) or a non-specific suppression of responding (rate-decreasing
effects). THC administration in the current study reduced the number of trials completed in
2 of 4 subjects, though substantial individual differences in sensitivity to the rate-decreasing
effects of THC were observed. These results are generally consistent with a previous study
(Maguire and France, 2018b) indicating reductions in opioid intake observed following THC
administration are likely due to a suppression of behavior rather than altered reinforcing
effects. However, in one monkey (AS) several doses of THC and a single dose of the

1:32 THC:CBD mixture reduced choice for the large dose of fentanyl without reducing

the number of trials completed. This shift in behavioral allocation from drug to food
reinforcers might indicate a reduction in the reinforcing effects of fentanyl in this individual.
Conversely, in another monkey (WI), THC and some THC:CBD mixtures dose-dependently
increased choice for the small dose of fentanyl. Modest increases in the abuse-related effects
of opioids following cannabis consumption have been reported in clinical studies (Babalonis
et al., 2019; Cooper et al., 2018). Intriguing lines of evidence suggest that prior experience
with cannabis might qualitatively alter interactions between the opioid and cannabinoid
systems For example, in individuals who use cannabis, naltrexone blunted the intoxicating
effects of small doses of THC and enhanced the anxiogenic effects of large doses of THC
(Haney, 2007). Conversely, in non-cannabis smokers, naltrexone had the opposite effect
where it enhanced the intoxicating effects of small doses of THC and blunted the anxiogenic
effects of large doses of THC. Other studies in cannabis users have indicated blockade of
opioid receptors enhances the abuse liability of cannabis (Cooper and Haney, 2010; Haney
et al., 2003). Therefore, it is conceivable that prior experience with cannabinoids might
have contributed to the individual differences observed in the present study (e.g., THC
reducing or enhancing the choice of fentanyl). For example, one monkey (AS) had no prior
experience with cannabinoids and showed a decrease in choice for the large dose of fentanyl
following several doses of THC and one dose of THC:CBD mixtures. whereas another
monkey (WI) had prior exposure to THC as well as other cannabinoid receptor agonists
(Maguire and France, 2018b), and showed an increase in choice for low doses of fentanyl
following several doses of THC and one dose of THC:CBD mixtures.. However, monkey
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MO also had prior experience with THC, which neither increased nor decreased choice for
either dose of fentanyl.

CBD, which was studied up to the maximally tolerable dose in this study, did not reliably
alter choice of either dose of fentanyl or the number of trials completed. The lone exception
was observed in one monkey (MO), in whom 10 mg/kg CBD reduced choice for the large
dose of fentanyl by approximately 40%. The lack of effect of CBD on fentanyl intake is
consistent with a prior report in rodents (Ren et al., 2009) indicating that CBD does not alter
heroin self-administration even at doses that reduce reinstatement of cue-induced responding
previously reinforced by heroin. In humans, CBD alone reduced cue-induced anxiety and
craving in abstinent individuals undergoing treatment for heroin use disorder (Hurd et al.,
2019).

During these experiments, given the experimental conditions of short access to low doses
of fentanyl, none of the animals studied displayed any indication of being physically
dependent. As conditions of physical dependence and withdrawal can bidirectionally
modulate opioid reinforcement (Carrera et al., 1999; Chen et al., 2006; Cooper et al., 2010;
Cooper et al., 2008; Griffiths et al., 1981; Lenoir et al., 2013; McConnell et al., 2021;
Negus, 2006; Negus and Rice, 2009; Townsend et al., 2021), future studies may examine
whether THC, CBD, and THC:CBD mixtures alter the reinforcing effects of opioids such
as fentanyl under conditions of physical dependence and withdrawal. Additionally, all

the subjects in these experiments were male. The therapeutic and abuse-related effects

of cannabis may differ as a function of sex in both humans and rodents (for review

(Cooper and Craft, 2018). However, the individual differences in the effects of THC on
response rate and percent drug choice are likely to overshadow any differences based on
sex. One final caveat to address is the influence cannabinoids on feeding (for review see
(Tarragon and Moreno, 2019). Phytocannabinoids like THC, under some conditions, induce
hyperphagia (Farrimond et al., 2010; Jarbe and DiPatrizio, 2005) or increase the palatability
of sucrose (De Luca et al., 2012; Jarrett et al., 2005). The effects of CBD on appetitive
behaviors are mixed with some reports suggesting CBD enhances sucrose intake (Bi et

al., 2020) and others failing to confirm this effect and suggesting CBD attenuates the
hyperphagic effects of THC (Scopinho et al., 2011). However, in the present experiment

no systematic enhancement in sucrose consumption was evident following THC, CBD, or
THC:CBD mixture pretreatments. Under a few limited circumstances, THC or select doses
of THC:CBD mixtures decreased choice for larger doses of fentanyl, or in other words
enhanced choice for sucrose reinforcers. Whether these reductions in drug choice were due
to a decrease of the reinforcing value of fentanyl, or an enhancement of the reinforcing value
of sucrose cannot be ascertained using a food versus drug choice procedure.

Overall, the results of this study indicate that the phytocannabinoids THC and CBD,
administered alone or in mixtures, do not reliably alter fentanyl choice over food in
nonhuman primates, adding to the body of literature suggesting cannabis or cannabis
constituents might be a safe and effective means to enhance the antinociceptive potency

of opioids without enhancing abuse potential. Ongoing studies aim to determine whether
phytocannabinoids like THC and CBD are effective at combating other aspects associated
with opioid use disorder in humans including physical dependence, withdrawal, and relapse.
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Figurel.
Individual subjects data for the large dose fentanyl alone and in combination with

naltrexone, CBD, THC, and THC:CBD mixtures. Triangles represent subject MO, inverted
triangles subject IP, circles subject W1, squares subject AS, and horizontal lines the

group mean. Open symbols represent animals choosing between 0.001 mg/kg/infusion

of fentanyl and food, closed symbols represent animals choosing between 0.0032 mg/kg/
infusion of fentanyl and food. N=4. NTX: naltrexone, CBD: cannabidiol, THC: A®-
tetrahydrocannabinol.
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Figure2.
Individual subjects data for the small dose of fentanyl alone and in combination with

naltrexone, CBD, THC and THC:CBD mixtures. Triangles represent subject MO, inverted
triangles subject IP, circles subject WI, squares subject AS and horizontal lines the

group mean. Small dose fentanyl was 0.0001 mg/kg/infusion for all subjects. N=4. NTX:
naltrexone, CBD: cannabidiol, THC: A%-tetrahydrocannabinol.
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