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Cannabidiol attenuates the rewarding effects of cocaine in rats
by CB2, 5-HT,, and TRPV1 receptor mechanisms
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Abstract

Cocaine abuse continues to be a serious health problem worldwide. Despite intense research there
is currently no FDA-approved medication to treat cocaine use disorder. The recent search has been
focused on agents targeting primarily the dopamine system, while limited success has been
achieved at the clinical level. Cannabidiol (CBD) is a U.S. FDA-approved cannabinoid for the
treatment of epilepsy and recently was reported to have therapeutic potential for other disorders.
Here we systemically evaluated its potential utility for the treatment of cocaine use disorder and
explored the underlying receptor mechanisms in experimental animals. Systemic administration
(10-40 mg/kg) of CBD dose-dependently inhibited cocaine self-administration, shifted a cocaine
dose-response curve downward, and lowered break-points for cocaine self-administration under a
progressive-ratio schedule of reinforcement. CBD inhibited cocaine self-administration maintained
by low, but not high, doses of cocaine. In addition, CBD (3-20 mg/kg) dose-dependently
attenuated cocaine-enhanced brain-stimulation reward (BSR) in rats. Strikingly, this reduction in
both cocaine self-administration and BSR was blocked by AM630 (a cannabinoid CB2 receptor
antagonist), WAY 100135 (a 5-HT 1 receptor antagonist), or capsazepine (a TRPV1 channel
blocker), but not by AM251 (a CB1 receptor antagonist), CID16020046 (a GPR55 antagonist), or
naloxone (an opioid receptor antagonist), suggesting the involvement of CB2, 5-HT 5, and
TRPV1 receptors in CBD action. /n vivo microdialysis indicated that pretreatment with CBD (10—
20 mg/kg) attenuated cocaine-induced increases in extracellular dopamine (DA) in the nucleus
accumbens, while CBD alone failed to alter extracellular DA. These findings suggest that CBD
may have certain therapeutic utility by blunting the acute rewarding effects of cocaine via a DA-
dependent mechanism.
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1. Introduction

Cocaine is a commonly used psychostimulant worldwide. Despite several decades of intense
research, there is currently no U.S. Food and Drug Administration (FDA)-approved
medication to treat cocaine use disorder. Given that the rewarding effects of cocaine are
mediated mainly by blockade of dopamine (DA) transporters (DAT), most medication
development research has focused on DAT or DA receptors (Galaj et al., 2018; Newman et
al., 2012). However, limited success has been achieved at the clinical level.

Recent studies have shown that endocannabinoids modulate the mesolimbic DA system and
cocaine-related behaviors (Arnold, 2005; Manzanares et al., 2018; Wiskerke et al., 2008; Xi
et al., 2011), and therefore, the endocannabinoid system, particularly CB1 receptors, have
become new targets for the treatment of cocaine use disorder (Le Foll et al., 2009; Sloan et
al., 2017). CB1 receptor (CB1R) antagonists were reported to be promising therapeutics
since such compounds can attenuate cocaine reward, as assessed in conditioned place
preference (CPP), intracranial self-stimulation and self-administration paradigms (Xi et al.,
2008; Yu et al., 2011). Further, these compounds can inhibit reinstatement of cocaine-
seeking behavior (De Vries et al., 2001; Ward et al., 2009; Xi et al., 2006a). However,
clinical studies with the selective CB1R antagonist, rimonabant, have been terminated
worldwide due to significant adverse effects such as depression and suicidal tendencies
(Gaal et al., 2005; Le Foll et al., 2009). Therefore, many scientists have shifted their research
interests to other targets of the endocannabinoid system such as CB2 receptor (Jordan and
Xi, 2019; Manzanares et al., 2018), fatty acid amide hydroxylase (FAAH, the anandamide
degradation enzyme) (Chauvet et al., 2014; Deutsch, 2016), monoacylglycerol lipase
(MAGL, the 2-arachydonoylglycerol degradation enzyme) (Gil-Ordofiez et al., 2018), or
non-psychoactive phytocannabinoids (Mandolini et al., 2018; Sloan et al., 2017).

Cannabidiol (CBD) is a major constituent in cannabis devoid of psychotomimetic effects.
Recent research indicates that CBD has nanomolar allosteric binding affinity to CB1R and
CB2R (acting as negative allosteric modulator) (Martinez-Pinilla et al., 2017; Navarro et al.,
2018; Pertwee, 2008; Tham et al., 2019; Thomas et al., 2007). In addition, /n vitro binding
assays suggest that CBD can act as a GPR55 antagonist (Ryberg et al., 2007), transient
receptor potential vallinoid 1 (TRPV1) agonist (Bisogno et al., 2001), partial agonist to
serotonin 5-HT; A receptors (Russo et al., 2005), and allosteric modulator of mu opioid
receptors (MORs) (Kathmann et al., 2006). CBD is the first cannabinoid approved by the
U.S. FDA for the treatment of epilepsy. In addition, CBD has been shown to have
therapeutic utility for many other medical conditions such as neuropathic pain, anxiety,
schizophrenia, and substance use disorders (Crippa et al., 2018; Mandolini et al., 2018;
Russo, 2018; Sanmartin and Detyniecki, 2018). Unlike A%-tetrahydrocannabinol, the major
psychoactive component in cannabis, CBD does not produce psychotomimetic effects
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(Martin-Santos et al., 2012) nor does it have rewarding or abuse potential (Schoedel et al.,
2018), making it an attractive candidate for future clinical use. Preclinical research has
suggested that a single injection or repeated administration of CBD can 1) reduce the
rewarding effects of cocaine, methamphetamine or alcohol, 2) decrease drug intake (Hay et
al., 2018; Lujan et al., 2018; Viudez-Martinez et al., 2018a) and 3) attenuate relapse to drug-
seeking (Gonzalez-Cuevas et al., 2018; Hay et al., 2018; Ren et al., 2009; Viudez-Martinez
et al., 2018a). However, it was also reported that CBD has no effect on cocaine or heroin
self-administration and cue-induced reinstatement of cocaine-seeking behavior (Mahmud et
al., 2017; Ren et al., 2009).

In the present study, we systemically evaluated pharmacological effects of CBD on cocaine
reward as assessed by multiple models of cocaine self-administration with a wide range of
cocaine doses and CBD, by highly sensitive electrical brain-stimulation reward (BSR), and
in vivo microdialysis with HPLC to detect brain DA in response to cocaine or CBD. We also
explored the possible receptor mechanisms underlying CBD action in the intravenous self-
administration and BSR paradigms by targeting CB1R, CB2R, GPR55, TRPV1, 5-HT1 A,
and MOR based on their binding profiles /n vitro cell lines.

2. Materials and methods

2.1. Animals

2.2. Drugs

A total of 75 male Long—Evans rats (Charles River Laboratories, Frederick, MD) (initially
weighing 250-300 g) were used in our experiments. During experimentation animals were
housed individually in a climate-controlled animal colony room on a reversed 12-h light—
dark cycle (lights on at 7 a.m.) with free access to food and water. All experiments were
conducted during the animals’ active period (dark cycle). The housing conditions and care of
the animals were consistent with the Guide for the Care and Use of Laboratory Animals
(National Research Council, 2011). The protocols (16-BNRB-48) used in the present
experiments were approved by the National Institute on Drug Abuse Animal Care and Use
Committee.

Cocaine hydrochloride (provided by NIDA Pharmacy) was dissolved in 0.9% saline.
Cannabidiol (provided by NIDA Research Resources Drug Supply Program) was dissolved
in 5% cremophor. AM251 (CB1R antagonist; 3 mg/kg), AM630 (CB2R antagonist; 3 mg/
kg), CID16020046 (GPR55 antagonist; 3 and 5 mg/kg), capsazepine (TRPV1 antagonist, 3
and 5 mg/kg) were purchased from Tocris and dissolved in 5% cremophor. Naloxone (MOR
antagonist; 3 mg/kg) and WAY 100135 (5-HT; 4 antagonist; 3 mg/kg) were dissolved in
0.9% saline. All compounds were administered intraperitoneally (i.p.) in the volume of 1
ml/kg. The doses of CBD and antagonists and the intraperitoneal route of administration are
based on previous reports (Bi et al., 2019; Hay et al., 2018; Ren et al., 2009; Spiller et al.,
2019), our pilot studies, and the pharmacokinetics of CBD, assessed after i.p. administration.
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2.3. Surgery

Briefly, for the brain-stimulation reward experiment, under sodium pentobarbital anesthesia
(65 mg/kg i.p.) bilateral monopolar stainless-steel stimulation electrodes were implanted so
as their tip would be situated in the medial forebrain bundle at the level of the lateral
hypothalamus (AP -2.56, ML +1.9, and DV -8.6) as described in (Xi et al., 2008). For self-
administration experiments, as previously described in (Xi et al., 2008), a microrenathane
catheter was implanted in the right jugular vein and its free end fed subcutaneously along the
scapula was connected to a 22-gauge stainless connector that was mounted to the rat’s skull
using stainless steel screws and dental acrylic. For the microdialysis experiment, as
described previously (Xi et al., 2006a), two guide cannulae were surgically implanted into
the rat NAc (AP +1.6, ML +2.0, DV -5.0 mm, at 6° angle away from the midline) to collect
local extracellular fluid samples.

2.4. Apparatus

Cocaine self-administration sessions were conducted in standard operant conditioning
chambers (Med-Associates, VT, US), each housed in a sound-attenuating box. Each
chamber was equipped with two retractable levers, a white light above the active lever and a
drug line connected to a syringe pump (Razel, 3.33 rpm). Operant chambers for brain-
stimulation reward were equipped with one retractable lever and a stimulation line composed
of electrodes connected through a swivel commutator (PlasticsOne), and insulated wire to a
constant current stimulator (Med-Associates, VT, US).

2.5. Cocaine self-administration

2.5.1. Cocaine self-administration under a FR1 schedule of reinforcement—
After 5-7 days of recovery from surgery, we first assessed whether CBD can reduce cocaine
reward in rats self-administering cocaine under a fixed ratio 1 (FR1) schedule of
reinforcement. To facilitate the acquisition of self-administration, animals (n = 24) were
initially trained to self-administer cocaine (1.0 mg/kg/infusion) under a FR1 reinforcement
schedule for one week, and then they were switched to self-administer a lower dose of
cocaine (0.5 mg/kg/infusion). The 0.5 mg/kg/infusion is a routine dose that we use in our
laboratory since it maintains reliable and evenly-distributed cocaine self-administration
during daily 3 h sessions (Xi et al., 2006b). Responding on the active lever activated the
syringe pump for 4.65 s causing the delivery of cocaine and the illumination of the light
above the active lever. Responses on the inactive lever were counted but had no
consequences. During the infusion period, additional responses on the active lever were
recorded, but did not lead to additional infusions. Once animals demonstrated a pattern of
stable responding, defined as less than 20% variability in daily cocaine intake across three
consecutive sessions, and an active/inactive lever pressing ratio exceeding 2:1, they were
tested with different doses of CBD (Vehicle, n = 8; 20 mg/kg, n = 8; 40 mg/kg, n = 10).

2.5.2. Multiple-dose cocaine self-administration—A different group of rats (n =
12) was used to evaluate the effects of CBD on self-administration maintained by a full dose
range of cocaine (0.031, 0.0625, 0.125, 0.25, 0.5 and 1 mg/kg/infusion) under a FR2
schedule of reinforcement. A FR2 reinforcement schedule was chosen since self-
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administration for each cocaine dose lasted only 20 min, and the total numbers of infusions
and active lever responses for each dose cocaine could be too low to detect drug-induced
changes in cocaine self-administration. Elevation of the FR level from FR1 to FR2 would
increase the number of active lever responding for cocaine reward, and therefore, increases
sensitivity to measure drug-induced changes in self-administration behavior. Within each
session each rat self-administered multiple doses of cocaine in a daily 3-h session in an
ascending dose sequence (20 min at each dose with 10 min time intervals between different
doses of cocaine) (Keck et al., 2013). Cocaine concentration was adjusted by changes in the
infusion volumes and durations of pump activation. After stable cocaine self-administration
was achieved for at least 2—-3 days, animals received a systemic injection of CBD (0, 10 or
20 mg/kg, i.p.) 30 min prior to the test session. After each drug testing, the animals were
allowed to self-administer cocaine under the same conditions until the behavior was re-
stabilized for at least 2-3 days. Each animal was tested 3 times with time intervals of 5-7
days.

2.5.3. Cocaine self-administration under a PR schedule of reinforcement—
We then evaluated the effects of CBD on the rewarding effects of cocaine and/or motivation
for cocaine in additional groups of rats. Rats (n = 24) were initially trained under a FR1
schedule of reinforcement as outlined above. Rats with stable responding were then allowed
to self-administer cocaine (0.5 mg/kg/infusion) under a progressive ratio (PR) schedule of
reinforcement (Richardson and Raoberts, 1996). Given that CBD failed to significantly alter
PR cocaine self-administration maintained by 0.5 mg/kg/infusion, we then observed the
effects of CBD on PR responding maintained by lower doses of cocaine (0.25 mg/kg/
infusion). The number of lever presses required to receive a single infusion of cocaine was
increased according to the following schedule: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50 and so
on. Under this PR schedule the animals eventually stopped responding and reached a break-
point (BP) with final ratio. BP was operationally defined as a number of lever presses for the
last cocaine infusion before a 1-h period during which no cocaine reward was obtained. The
sessions lasted between 1 and 4 h and ended once the BP was reached. Once responding
stabilized with day-to-day variability in total infusions within 1 or 2 ratio increments for 3
consecutive days, animals were divided into 3 CBD dose groups (n = 6-10 per group).
Thirty min prior to a test session, rats were injected with one of the CBD doses (Vehicle, n =
8; 20 mg/kg, n = 7; 40 mg/kg, n = 6) and later allowed to press the lever for cocaine under
the PR schedule of reinforcement. The effects of CBD on BP for cocaine self-administration
were evaluated. We then repeated the PR experiment with a lower dose of cocaine (0.25
mg/kg/inf) where the animals were re-stabilized and tested with CBD (Vehicle, n = 7; 20
mg/kg, n = 6; 40 mg/kg, n = 10).

2.5.4. Cocaine self-administration in the presence of CBD and a receptor
antagonist—In this experiment, we explored the receptor mechanisms by which CBD
inhibits cocaine self-administration. Here rats (n = 36) self-administered multiple doses of
cocaine under the CBD treatment in the presence or absence of CB1, CB2R, GPR55,
TRPV1, 5-HT1 5 or MOR antagonism. Different groups of rats were tested with different
compounds, but each rat was exposed to all doses of cocaine within a session. Prior to the
test session rats were pre-treated (i.p) with one of the compounds: AM251 (a CB1R
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antagonist; 3 mg/kg), AM630 (a CB2R antagonist; 3 mg/kg), CID16020046 (GPR55
antagonist; 3 or 5 mg/kg), capsazepine (a TRPV1 antagonist; 3 or 5 mg/kg), naloxone (MOR
antagonist; 3 mg/kg) or WAY 100135 (a 5-HT1 5 antagonist; 3 mg/kg). Thirty minutes later
rats were injected with 20 mg/kg of CBD and later allowed to self-administer different doses
of cocaine. Six groups of animals (n = 6-9 per group; see more details in Figure legend 2)
were used to study the receptor mechanisms stated above, and each animal was tested for 3—
5 times in the presence or absence of CBD and/or a receptor antagonist.

Brain-stimulation reward

To confirm the findings observed in the above self-administration experiments, we also
assessed the effects of CBD on intracranial electrical brain-stimulation reward (BSR) itself
or on cocaine-enhanced BSR. The BSR procedures are the same as reported previously
(Spiller et al., 2019). Briefly, active lever pressing for electrical brain stimulation was shaped
by the delivery of a 500-ms train of 0.1-ms rectangular cathodal pulses (Hz) and the
illumination of a light above the lever. Responses made during the 500-ms stimulation
period were recorded but earned no additional stimulation. Current was initially adjusted for
each individual rat and held constant throughout the experiment at the lowest intensity that
maintained at least 45-60 responses/30 s. After optimizing current intensity, the stimulation
frequency, ranging from 141 to 25 Hz, was decreased in a series of 16 discrete 0.05 log
steps. At each pulse frequency, there were two 30-s trials, each followed by lever retraction
for 5 s. Response rate for each frequency was defined as the mean number of lever responses
during two 30-s trials. The BSR threshold (&) was defined as the minimum frequency at
which an animal responded for stimulation, calculated using the Gompertz sigmoidal model
(Coulombe and Miliaressis, 1987). Msq was defined as stimulation frequency for half
maximal lever responding (i.e., 50% Ymax). Ymax Was defined as the maximal rate of lever
responding. The testing phase began once stable BSR responding was achieved (<10%
variation in 6, over 5 consecutive days). On the test day animals received an intraperitoneal
(i.p.) injection of CBD alone (0, 3, 10 or 20 mg/kg) 30 min prior to testing or 30 min prior to
cocaine (2 mg/kg, i.p.). Fifteen min after cocaine injection animals were allowed to lever-
press for brain stimulation reward. After each test, animals received additional 5-7 days of
self-stimulation sessions until a new baseline &, was established, followed by the next drug
treatment.

To study the possible receptor mechanisms underlying CBD action in BSR, an additional
group (n = 12) was used to determine whether pretreatment with any of the receptor
antagonists stated above blocks CBD action in cocaine-enhanced BSR. The dose(s) of each
receptor antagonist (AM251, n = 7; AM630, n = 9; capsazepine, n = 7; naloxone, n = 7;
CID16020046, n = 7; WAY 100135, n = 7) were chosen based on our pilot studies or
literature reports. The doses of CBD (3, 10 and 20 mg/kg) and cocaine (2 mg/kg) were
chosen based on their pharmacological actions observed in this experiment. After each test,
rats were later allowed to press the lever for brain stimulation until the baseline was re-
established for the next test. The time intervals between different drug combination tests
were 3-5 days. The mean &y and Ymax values (% baseline) were used to evaluate drug
effects.

Neuropharmacology. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Galaj et al. Page 7

2.7. Invivo microdialysis with HPLC assays

We then further observed the effects of CBD alone on extracellular DA levels or on cocaine-
enhanced extracellular DA in the NAc in rats (n = 27). The procedures for brain
microdialysis were the same as we reported previously (Xi et al., 2006a). Briefly, unilateral
microdialysis probes were inserted into the left or right NAc 12 h before the start of
microdialysis. Microdialysate samples were collected every 20 min during baseline (total:
120 min) and after each rat was injected with CBD alone (Veh, n = 12) or CBD pretreatment
(10 mg/kg, n = 8; 20 mg/kg, n = 10, i.p.) 30 min prior to cocaine (10 mg/kg (Veh + Cocaine,
n=6; 10 mg CBD + Cocaine, n = 11; 20 mg CBD + Cocaine, n = 7). Three days later
microdialysis was performed again by collecting samples from the controlateral side of the
NAc in rats treated with different doses of CBD or (CBD + cocaine). After collection,
samples were frozen at —80 °C. Dialysate DA was measured with the ESA electrochemical
detection system (ESA, Chelmsford, MA), as described previously (Xi et al. 2006a,b). After
completion of the BSR and microdialysis experiments, placements of guide cannula were
histologically verified.

2.8. Data analysis

All data were expressed as means + S.E.M. One-way or two-way Analyses of Variance
(ANOVA) were used for data analysis based on different experimental designs or data sets.
Significant interactions and significant effects were followed by post-hoc Dunnett’s test or in
cases of group comparisons involving more than 3 groups we used Bonferroni tests with
correction for multiple group comparisons.

3. Results

3.1. CBD reduced self-administration maintained by low doses of cocaine

A previous study indicated that acute administration of lower doses of CBD (5, 10 mg/kg,
i.p.) failed to alter cocaine self-administration in rats (Mahmud et al., 2017). Therefore, in
this study, we examined whether higher doses of CBD are required to inhibit cocaine self-
administration. Fig. 1A shows that systemic administration of CBD (20, 40 mg/kg, i.p.) also
failed to alter cocaine self-administration under a FR1 schedule of reinforcement. A one-
way ANOVA revealed no significant CBD effect (F; 24 = 1.104; p= 0.349). CBD treatment
had no significant effect on active and inactive lever presses (see Fig. S1 in Supplementary
Materials). To determine whether such ineffectiveness of CBD could be due to a higher unit
dose of cocaine (0.5 mg/kg/infusion) used in self-administration, we then examined the
effects of CBD on a full dose range (1, 0.5, 0.25, 0.125, 0.06, 0.03 mg/kg/infusion) of
cocaine self-administration under a FR2 reinforcement schedule. We observed a typical
inverted U-shaped curve of cocaine self-administration across cocaine doses after the vehicle
treatment (Fig. 1B). Strikingly, treatment with CBD (10, 20 mg/kg) dose-dependently
decreased cocaine self-administration and shifted the cocaine self-administration dose-
response curve downward. A two-way ANOVA revealed a significant cocaine dose x CBD
treatment interaction (F10 120 = 2.33, p < 0.05). Bonferroni tests for multiple group
comparisons revealed that the 20 mg/kg dose of CBD significantly reduced self-
administration maintained by lower doses of cocaine (0.03, 0.06 and 0.12 mg/kg/infusion),
but not by higher doses of cocaine (0.25, 0.5 and 1 mg/kg/infusion).
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We then investigated whether CBD administration can lower the rewarding effects of
cocaine and/or motivation for cocaine as assessed by cocaine self-administration under a PR
schedule of reinforcement. Fig. 2C shows that CBD, at 20 or 40 mg/kg, failed to alter the PR
break-point for cocaine self-administration maintained by 0.5 mg/kg/infusion (one-way
ANOVA, F; 15 = 3.42; p=0.07). However, when the data were normalized to percent
change over baseline immediately before the testing session, CBD caused a reduction in
percent baseline of break-point for cocaine self-administration (F, 15 = 4.69; p = 0.02, where
20 mg/kg dose was significantly different from 40 mg/kg dose but not from the vehicle).
Next, we lowered a cocaine dose from 0.5 mg/kg/infusion to 0.25 mg/kg/infusion (Fig. 1-E,
F). We observed a dose-dependent reduction in either PR break-point (Fig. 1E, F3 2o = 6.25;
p<0.01) or % changes in PR break-point (Fig. 1F, F, 29 = 6.25; p < 0.01) after the same
doses of CBD administration. Post-hoc individual group comparisons revealed a significant
reduction in PR break-point after 40 mg/kg CBD administration (Fig. 1-E, F, p< 0.05).
Although CBD reduced break points for a lower dose of cocaine, it did not significantly
affect the total numbers of active or inactive lever presses throughout the session (see Fig.
S1).

3.2. CB2, 5-HT1 and TRPV1 receptors are responsible for CBD action in cocaine self-
administration

As stated above, /n vitro binding assays suggest that CBD has binding affinities to multiple
receptors and functional proteins such as CB1, CB2, GPR55, TRPV1, 5-HT;5 and MORs.
Here we determined whether blockade of each receptor attenuates CBD action in cocaine
self-administration /n vivo. Fig. 2A shows that CBD (20 mg/kg) caused a significant
downward shift of the cocaine dose—response curve, whereas a pretreatment with AM251 (a
CBI1R antagonist, 3 mg/kg, 30 min prior to CBD) failed to alter CBD-induced reductions in
cocaine self-administration. A two-way ANOVA revealed a significant cocaine dose x
treatment interaction (F10 100 = 3.09; p < 0.01). Post-hoc Bonferroni tests revealed that
(vehicle + CBD) and (AM251 + CBD) groups of rats self-administered similar amounts of
cocaine at each dose (p > 0.05), but significantly less cocaine than the (vehicle + vehicle)
control group at the 0 mg/kg/infusion (p < 0.01), 0.03 mg/kg/infusion (p < 0.05), 0.06
mg/kg/infusion (p < 0.01), and 0.12 mg/kg/infusion cocaine doses (p < 0.01).

In contrast to AM251, pretreatment with AM630 (a CB2R antagonist, 3 mg/kg, i.p., 30 min
prior to CBD) prevented 20 mg/kg CBD-induced reductions in cocaine self-administration
(Fig. 2B). A two-way ANOVA revealed a significant cocaine dose x treatment interaction
(F10,120 = 2.75, p< 0.01). Post-hoc Bonferroni tests for multiple comparisons revealed that
the (\Veh + CBD) group of rats self-administered significantly less cocaine at each cocaine
dose than the (vehicle + vehicle) control group or the (AM630 + CBD) group (v < 0.01).
There were no significant differences in cocaine self-administration at each cocaine dose
between the (vehicle + CBD) and (AM630 + CBD) groups. These findings suggest that the
CBD-induced reduction in cocaine self-administration is at least in part mediated by CB2Rs.

Fig. 2C shows that pretreatment with CID16020046 (a GPR55 antagonist, 3 or 5 mg/kg, i.p.
30 min prior to CBD) failed to alter CBD-induced reduction in cocaine self-administration.
A two-way ANOVA revealed a significant treatment x cocaine dose interaction (F1s5 150 =
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3.72, p<0.001). Post-hoc Bonferroni tests revealed that, although the (Veh + CBD) and
(CID + CBD) groups were significantly different from the (\eh + Veh) control group at 0.03
and 0.06 mg/kg/infusion doses of cocaine, they did not differ from each other, suggesting the
CBD action is not mediated by activation of GPR55.

Fig. 2D shows that pretreatment with capsazepine (a TRPV1 channel blocker, 3 or 5 mg/kg,
30 min prior to CBD) dose-dependently blocked CBD attenuating effects on cocaine self-
administration. A two-way ANOVA revealed a significant treatment x cocaine dose
interaction (F15 155 = 2.59, p < 0.01). Post-hoc Bonferroni tests revealed that (Veh + CBD)
and (3 mg/kg capsazepine + CBD) groups self-administered similar amounts of cocaine, but
were significantly different from the (Veh + Veh) group at 0.03 and 0.06 mg/kg/infusion
doses of cocaine. However, there was no difference between the (5 mg/kg capsazepine +
CBD) group and the (Veh + Veh) group, suggesting that the CBD action in cocaine self-
administration may require TRPV1 activation.

Similar to AM630 or capsazepine, pretreatment with WAY 100135 (a 5-HT 1 receptor
antagonist, 3 mg/kg, i.p., 30 min prior to CBD) also prevented the 20 mg/kg CBD-induced
reduction in cocaine self-administration (Fig. 2E). A two-way ANOVA revealed a significant
cocaine dose x treatment interaction Fyg 105 = 4.10, p < 0.001. Post-hoc Bonferroni tests
revealed that the (Veh + CBD) group self-administered significantly less cocaine than the
(\Veh + \eh) or (WAY + CBD) group at 0.03 (p < 0.05), 0.06 (p< 0.01) and 0.12 mg/kg
cocaine doses (p < 0.01), suggesting an involvement of 5-HTq in CBD action.

Fig. 2E shows that pretreatment with naloxone (an opioid receptor antagonist, 3 mg/kg, i.p.,
30 min prior to CBD) failed to prevent 20 mg/kg CBD-induced reduction in cocaine self-
administration. In contrast, naloxone treatment appeared to potentiate CBD-induced
reduction in cocaine self-administration. A two-way ANOVA revealed a significant cocaine
dose x treatment interaction (F1g 104 = 4.32, p < 0.001). Post-hoc Bonferroni tests revealed
that the (Veh + CBD) and (naloxone + CBD) groups self-administered similar amounts of
cocaine at each dose (p > 0.05) but significantly less cocaine than the (MVeh + \eh) control
group at 0.03 (p< 0.05), 0.06 (p< 0.01) and 0.12 mg/kg cocaine doses (o < 0.01). These
findings suggest that mu opioid receptors are unlikely involved in the CBD action in cocaine
self-administration. None of the combined treatments affected responding on the inactive
lever (see Fig. S3 in Supplementary Materials).

Blockade of CB1R, but not other tested receptors/channel, attenuated cocaine self-

administration

We then evaluated whether each antagonist alone used above also alters cocaine self-
administration. Fig. 3 shows that pretreatment with the same dose of AM251 (3 mg/kg)
alone also significantly reduced cocaine self-administration (Fig. 3A). A two-way ANOVA
revealed a significant AM251 treatment effect (F5 gg = 7.12, p< 0.001). Post-hoc Bonferroni
tests for multiple comparisons revealed that the AM251-treated group was significantly
different from the vehicle-treated group at the 0.03, 0.06 and 0.12 mg/kg/infusion doses of
cocaine (p< 0.05, p<0.001, p< 0.05, respectively), suggesting that CB1R mechanism is
also involved in cocaine reward as we reported previously (Xi et al., 2006a, 2008). In
contrast, treatment with AM630, CID16020046, capsazepine, WAY 100135, or naloxone
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alone, at the same doses as used above in Fig. 2, did not alter cocaine self-administration (p
> 0.05) (Fig. 3B-E).

3.4. CBD reduces cocaine-enhanced brain-stimulation reward (BSR)

To confirm the findings from the above cocaine self-administration experiment, we then
used another highly sensitive BSR paradigm to evaluate the interactions between cocaine
and CBD and the receptor mechanisms underlying CBD action. Fig. 4A shows
representative rate-frequency functions for BSR, indicating the BSR threshold 6y, Y max,
and the effects of cocaine in the presence or absence of CBD. Cocaine (2 mg/kg, i.p.)
significantly decreased the BSR threshold 8¢ value (i.e., shifted the curve to the left) without
affecting asymptotic rates of responding (aka no change in Ymax level), indicating
potentiation of the rewarding effects of brain stimulation after cocaine administration. While
CBD (20 mg/kg, i.p.) alone failed to alter BSR, pretreatment with the same dose of CBD
blocked cocaine-enhanced BSR. Fig. 4B shows that pretreatment with CBD significantly
and dose-dependently decreased cocaine-enhanced BSR. A one-way ANOVA revealed a
significant dose effect (F3 3p = 3.17; p < 0.05). Post-hoc individual group comparisons
showed that the 20 mg/kg CBD dose produced a significant reduction in cocaine-enhanced
BSR compared to the vehicle treatment group (p < 0.05). Fig. 4C shows CBD alone, at the
same doses as used above in Fig. 4B, failed to alter BSR (F3 31 = 0.062; p = 0.972).

To further confirm the above findings that CBD attenuating effects on cocaine self-
administration could be mediated by stimulation of CB2, TRPV1 and 5-HT 1 receptors, we
pretreated animals with antagonists of these receptors before treating them with CBD (20
mg/kg) and cocaine (2 mg/kg). As shown in Fig. 4D, CBD treatment reduced cocaine-
enhanced BSR. Pretreatment with AM251 failed to block the CBD-induced reduction in
cocaine-enhanced BSR whereas pretreatments with AM630, capsazepine or WAY 100135
blocked the CBD action. A one-way ANOVA showed a significant treatment effect (Fs 45 =
2.43, p<0.05). Post-hoc Bonferroni tests for multiple group comparisons revealed a
significant reduction in BSR (p < 0.05) only in the (CBD + cocaine) and (AM251 + CBD +
cocaine) groups, but not in other treatment groups. Neither AM251 nor AM630 alone altered
BSR (Spiller et al., 2019). WAY100135 or capsazepine alone, at 3 mg/kg, also failed to alter
BSR by themselves (Fig. S4).

3.5. CBD attenuates cocaine-induced dopamine in the nucleus accumbens

Finally, to determine whether CBD affects cocaine-enhanced DA in the NAc, we used /n
vivo microdialysis to measure cocaine- and/or CBD-induced changes in extracellular DA.
Fig. 5A shows that systemic injections of CBD alone (10, 20 mg/kg, i.p.) failed to
significantly alter extracellular DA level. A two-way ANOVA revealed a non-significant
CBD treatment main effect (F, 29 = 0.45; p = 0.64), time main effect (F11 319 = 2.00, p=
0.12), or treatment x time interaction (F22 319 = 0.93; p = 0.55).

Fig. 5B shows that cocaine (10 mg/kg) caused a rapid and significant increase in
extracellular NAc DA level in naive rats that lasted 2-3 h with a peak effect at 1 h after
cocaine injection. Pretreatment with CBD appeared to significantly attenuate cocaine-
induced increases in extracellular DA in the NAc. Given that CBD, at 20 mg/kg, slightly-to
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moderately elevated extracellular DA levels before cocaine administration, we renormalized
cocaine-induced changes in extracellular DA over the new baseline (mean values of two
samples) immediately before cocaine injection (Fig. 5C). A two-way ANOVA for repeated
measures over time revealed a significant time main effect (F7 147 = 8.37, p< 0.001) and
CBD treatment x time interaction (F14 147 = 4.28, p < 0.001), although the CBD treatment
main effect is not significant (F, 21 = 1.87, p> 0.05). Post-hoc multiple group comparisons
indicated that the cocaine-induced increase in extracellular DA was statistically significant
only in the (Veh + Cocaine) group, but not in the other two CBD treatment groups (Fig. 5C,
*** < 0.001). The differences between the vehicle and either dose of CBD pretreatment
groups were also statistically significant (Fig. 5C, " p< 0.001).

4. Discussion

In the present study we demonstrated that systemic administration of CBD dose-dependently
shifted the cocaine self-administration dose-response curve downward, lowed PR break-
points in responding for a low dose of cocaine, and attenuated cocaine-enhanced BSR. In
addition, CBD attenuated the rapid increase in extracellular NAc DA levels caused by a
cocaine injection. The observed reductions in cocaine-taking and BSR are not likely caused
by CBD-induced locomotor impairment since CBD pretreatment neither altered inactive
lever responding in the self-administration experiments nor altered Ymax in the BSR
experiments. CBD, at the same doses as used in the present study, significantly inhibited oral
sucrose self-administration only in WT or CB1-KO mice, but not in CB2-KO mice (Bi et
al., 2019). Together, these findings suggest that CBD has the ability to reduce the rewarding
effects of cocaine possibly via a DA-dependent mechanism.

4.1. CBD inhibits cocaine reward

Our above findings are consistent with previous reports that CBD also attenuates the
rewarding effects of alcohol (Viudez-Martinez et al., 2018a; 2018b), methamphetamine (Hay
et al., 2018), morphine (Katsidoni et al., 2013; Markos et al., 2018) and cocaine (Lujan et
al., 2018). We note another report that low doses of CBD (5, 10 mg/kg, i.p.) failed to alter
cocaine self-administration (Mahmud et al., 2017). We report here that higher doses of CBD
(10-40 mg/kg) are required to inhibit cocaine self-administration maintained by low, but not
high, doses of cocaine. Our findings are also consistent with previous reports that CBD
dose-dependently attenuates cue or stress-induced drug seeking during extinction (i.e. in the
absence of heroin or alcohol) (Gonzalez-Cuevas et al., 2018; Ren et al., 2009) and
reinstatement of methamphetamine-induced CPP (Karimi-Haghighi and Haghparast, 2018).
In addition, CBD also facilitates the extinction of cocaine- or amphetamine-induced CPP
(Parker et al., 2004), disrupts reconsolidation of context-associated drug memories (de
Carvalho and Takahashi, 2017) and attenuates impulsive discounting of delayed rewards
(Gonzalez-Cuevas et al., 2018). Furthermore, chronic treatment with CBD not only reduces
cocaine intake but also leads to long-term neuroplasticity of the mesolimbic system by
increasing the expression of hippocampal CB1Rs and brain derived neurotrophic factor
(Lujan et al., 2018). Clinical studies showed that CBD was well tolerated (Taylor et al.,
2018); it reduced heroin-induced drug cravings (Hurd et al., 2015), as well as the euphoric
effects of A%-THC (Dalton et al., 1976). Importantly, CBD itself lacks rewarding effects as it
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does not induce CPP on its own (Parker et al., 2004; Viudez-Martinez et al., 2019) nor does
it affect BSR in rodents (Katsidoni et al., 2013; present study). In healthy individuals, CBD
fails to produce A%-THC-like psychoactive effects (Martin-Santos et al., 2012), and in poly-
drug users it exhibits low abuse potential (Schoedel et al., 2018). CBD is also protective
against acute cocaine toxicity, particularly liver damage and seizures (Vilela et al., 2015).
Taken together, all these findings suggest that CBD is promising as a therapeutic for the
treatment of cocaine abuse and addiction.

4.2. Receptor mechanisms underlying CBD action in cocaine reward

Another important finding in this study is the multiple receptor mechanisms including CB2,
TRPV1 and 5-HTj p, involved in CBD action. This is based on the findings that pretreatment
with AM630, capsazepine or WAY 100135 blocked CBD-attenuating effects on cocaine
reward, while pretreatments with AM251, CID16020046 or naloxone did not block CBD
action. Furthermore, systemic administrations of AM630, CID16020046, capsazepine,
naloxone or WAY 100135 alone failed to alter cocaine self-administration, while AM251
alone significantly inhibited cocaine self-administration, suggesting an important role of
CB1Rs in cocaine reward. This is consistent with our previous reports (Xi et al., 2006a,
2008).

4.2.1. CBI1R involvement in CBD action—As stated above, although AM251 failed
to alter CBD-induced reduction in cocaine self-administration, we cannot completely
exclude the possible involvement of CB1Rs in CBD action. This is based on the following
reasons. First, CBD displays nM high affinity for the CB1R allosteric binding site and
behaves as a negative allosteric modulator (NAM) (or antagonist) at CB1Rs (Laprairie et al.,
2015; Straiker et al., 2015; Tham et al., 2019; Thomas et al., 2007), although it has low
affinity for the CB1R orthosteric binding site (Bisogno et al., 2001). Second, CBD or
AM251 alone inhibits cocaine self-administration, suggesting that CBD may inhibit cocaine
action by negative modulation of CB1Rs via its allosteric binding site. This is supported by
the finding that pretreatment with AM251 augmented CBD-induced reduction in sucrose
self-administration in WT mice (Bi et al., 2019) and genetic deletion of CB1Rs blocked the
pro-neurogenic effects of CBD in hippocampus (Wolf et al., 2010). However, the
combination of AM251 and CBD did not produce synergistic attenuating effects on cocaine
self-administration in the present study. This may be related to the use of high doses of
AM251 and CBD that produces maximal inhibitory effects. Thus, it is likely that
subthreshold doses of AM251 and CBD might be able to produce their additive or
synergistic effects. In addition, there are also conflicting reports that CB1R antagonism
either prevented (Casarotto et al., 2010; Stern et al., 2017) or failed to block
pharmacological effects of CBD (De Gregorio et al., 2019; Thapa et al., 2017). More studies
are required to further address this issue.

4.2.2. CB2R involvement in CBD action—In addition, CBD acts as a CB2R
antagonist or inverse agonist (Thomas et al., 2007; Pertwee, 2008), CB2R agonist or partial
agonist (Navarro et al., 2018; Tham et al., 2019), or a negative allosteric modulator of
CB2Rs with nM binding affinity (Martinez-Pinilla et al., 2017). In the present study, we
found that pretreatment with AM630 prevented CBD attenuating effects on cocaine self-
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administration and BSR, suggesting CB2R involvement in CBD action and CBD itself may
act as a functional CB2R agonist. This is consistent with our recent report indicating that
pharmacological blockade or genetic deletion of CB2R blocked CBD-induced reduction in
oral sucrose self-administration (Bi et al., 2019). Blockade of CB2R also attenuated CBD-
induced reduction in food intake, body weight and obesity (Ignatowska-Jankowska et al.,
2011; Ishiguro et al., 2010) and attenuated CBD-produced neuroprotection (Castillo et al.,
2010). Our findings also correspond with previous reports that stimulation of CB2Rs by
JWH133 inhibited cocaine self-administration and cocaine-induced CPP and locomotor
sensitization (Delis et al., 2017; Xi et al., 2011).

Growing evidence indicates that CB2Rs are expressed in the brain and are functionally
involved in drug reward and addiction (Jordan and Xi, 2019; Manzanares et al., 2018).
CB2Rs have been identified on the cell bodies of dopaminergic (DA) neurons in the ventral
tegmental area (VTA) (Zhang et al., 2014, 2017) as well as on the terminals of these neurons
in the nucleus accumbens (NAc) (Aracil-Ferndndez et al., 2012; Foster et al., 2016), two
brain regions critical for reward and addiction. We therefore hypothesized that a DA-
dependent mechanism may underlie CBD-induced reduction in cocaine reward via a CB2R
mechanism. This is supported by the finding that pretreatment with CBD significantly
attenuates cocaine-induced increases in extracellular DA in the NAc (present study) and that
intra-NAc microinjections of CBD inhibits VTA DA neuronal activity (Renard et al., 2016)
and attenuates amphetamine-induced hyperlocomotion (Renard et al., 2016). However,
systemic administration of the same doses of CBD alone failed to significantly alter
extracellular DA in the NAc in the present study. This may explain why CBD itself is not
rewarding and has no significant abuse potential. The ineffectiveness or a mild reduction
(~20%) in NAc DA after CBD administration could be an outcome of multiple receptor
mechanisms (see more discussion below) in addition to allosterically modulating CB2Rs.

It is worth noting that the VTA-NAc DA system is not the only one involved in CBD action.
As mentioned above, CBD has multiple binding sites, and therefore, it may act at many
other brain regions or neurotransmitter systems (see more discussion below).

4.2.3. 5-HT;a involvement in CBD action—In addition to DA, serotonin also plays
an important role in cocaine reward and addiction. Cocaine is well known to block
monoamine transporters, causing an increase in extracellular DA and serotonin (Andrews et
al., 2005; Andrews and Lucki, 2001; Muller et al., 2002). A number of serotonin receptors
have been implicated in cocaine-related behaviors (Cunningham et al., 2013; Fletcher et al.,
2008). Particularly, the 5-HT 4 receptor subtype has become a target in medication
development for the treatments of cocaine addiction since activation of 5-HT1 5 receptors by
buspirone, 8-OH-DPAT, or osemozotan attenuates cocaine self-administration in rats and
monkeys (Collins and France, 2018; Gold and Balster, 1992; Peltier and Schenk, 1993) and
cocaine-induced hyperlocomotion (Nakamura et al., 2006), whereas optogenetic activation
of 5-HT1 A autoreceptors on the dorsal raphe neurons abolishes cocaine CPP in mice (You et
al., 2016).

Russo et al. (2005) were the first to suggest that CBD could act as a 5HTq 4 receptor agonist.
Since then, a number of studies indicated the involvement of 5-HT 1 receptors in CBD
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action /n vivo, primarily its anxiolytic effects (You et al., 2016). In the present study, we
found that pretreatment with WAY-100135, a selective 5-HT1 5 receptor antagonist, blocked
CBD-induced reductions in cocaine self-administration and in cocaine-enhanced BSR,
suggesting an important role of 5-HT1 4 in the CBD action. We note that an early study using
the BSR paradigm indicated that CBD inhibited the rewarding effects of morphine, but not
cocaine, and this inhibitory effect was also blocked by 5-HTq o antagonism (Katsidoni et al.,
2013). This striking discrepancy in both the studies most likely derives from differences in
drug doses (10-20 mg/kg CBD in the present study versus5 mg/kg CBD in Katsidoni’s
study). In our hands, doses lower than 20 mg/kg failed to produce significant effects in the
BSR and self-administration paradigms. Our findings correspond with work of Viudez-
Martinez and colleagues who demonstrated that CBD can reduce the rewarding effects of
alcohol via stimulation of 5-HT1 5 receptors (Viudez-Martinez et al., 2018a, 2018b). It is
conceivable that activation of 5-HT A receptors by CBD attenuates reward-related
processing by reducing serotonin release and modulating the mesolimbic DA system. This
hypothesis is supported by the findings that intra-NAc CBD significantly inhibits
spontaneous mesolimbic DA neuronal activity and burst firing, which can be reversed by 5-
HT14 antagonism (Norris et al., 2016). Future studies should uncover the 5-HT; o-dependent
neuronal pathways through which CBD inhibits cocaine self-administration.

4.2.4. TRPV1 involvement in CBD—Our data also suggest that the CBD action might
be related to transient receptor potential channels of subfamily V1 (TRPV1) channel
activation. TRPV1 are nonselective catanion membrane channels primarily involved in the
transduction of somatosensory information such as taste, temperature, and pain (Tominaga et
al., 1998). TRPV1 can be activated by capsaicin or phytocannabinoids (e.g. CBD and
cannabidivarin) (lannotti et al., 2014).

Previous studies have shown that blockade of TRPV1 inhibits opioid reward as assessed by
morphine-induced conditioned place preference (Nguyen et al., 2014), but failed to alter
cocaine self-administration (Adamczyk et al., 2012). In the present study, we found that
CBD inhibited cocaine self-administration and brain-stimulation reward, an effect that was
blocked by a TRPV1 antagonist, suggesting that TRPV1 activation may contribute to the
therapeutic effects of CBD. The precise mechanisms through which TRPV1 underlies the
CBD action in cocaine self-administration and BSR are unclear. Activation of presynaptic
TRPV1 channels facilitates neurotransmitter release, while activation of postsynaptic
TRPV1 leads to depolarization of neurons (Edwards, 2014). Given that TRPV1 channels are
located on glutamatergic neurons in the frontal cortex and on striatal GABAergic neurons
(Edwards, 2014), one possibility is that activation and then desensitization of TRPV1 by
CBD may disrupt these processes, leading to a reduction in cocaine reward. Another
possibility is that CBD may act as a fatty acid amide hydrolase (FAAH) inhibitor or fatty
acid binding protein (FABPS) inhibitor, leading to an increase in the anandamide level
(Bisogno et al., 2001), which subsequently affects cocaine-taking and/or cocaine-seeking
(Adamczyk et al., 2009) by activation of both CB1Rs and TRPV1 channels (Fenwick et al.,
2017).
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4.2.5. Other mechanisms in CBD action—A body of literature suggests that
pharmacological effects of CBD might be related to many other receptor mechanisms such
as activation of GPR55 (Ryberg et al., 2007) or mu and delta opioid receptors (Kathmann et
al., 2006). GPR55 activation has been attributed to intracellular Ca?* stores and facilitation
of glutamate release, which can be suppressed by CBD (Bouron, 2018; Sylantyev et al.,
2013). Beneficial effects of CBD mediated by GPR55 appear to be mostly antiepileptic
(Kaplan et al., 2017) and anti-inflammatory (Li et al., 2013), with very limited evidence for
its therapeutic utility in treatment of addiction. Our data provide no direct evidence for the
involvement of GPR55 in CBD-attenuating effects on cocaine reward. Correspondingly, we
also failed to find strong supporting evidence for the role of MORs in CBD action. Although
the combined treatment of CBD and naloxone reduced cocaine self-administration to a
greater degree than CDB alone, differences between CBD and CBD + naloxone treatment
groups for any cocaine doses were not statistically significant. In line with our finding is a
previous report that CBD plus naltrexone also reduced motivation and alcohol self-
administration to a greater degree than CBD or naltrexone alone (Viudez-Martinez et al.,
2018b). In addition, CBD may indirectly activate CB1 and CB2 receptors through inhibition
of either FAAH, the enzyme that breaks down anandamide and/or fatty-acid-binding
proteins (FABPS), the intracellular “carries” that transport anandamide to FAAH (Deutsch,
2016). Although both mechanisms have been implicated in a number of drug-related
behaviors (Scherma et al., 2019), currently there is a lack of evidence for dysregulation of
these mechanisms by CBD as the primary means by which CBD attenuates the rewarding
effects of cocaine.

It is unknown exactly how such multiple receptor mechanisms mediate CBD-attenuated
effects on cocaine reward. One possibility is that CBD, at different doses, may produce its
therapeutic effects through different receptor mechanisms. At low doses, CBD may act
mainly through CB2 and TRPV1 receptors since it has higher binding affinity to these two
receptors (Thomas et al., 2007; Pertwee, 2008; Martinez-Pinilla et al., 2017; lannotti et al.,
2014), while at high doses CBD action might require the activation of other receptors such
as 5-HT 4 receptors (Russo et al., 2005). Another possibility is that different receptors may
form functional heterodimers or interact at intracellular signal molecule levels. Thus,
pharmacological blockade of one receptor affects CBD action on other receptors. More
studies are needed to address this issue.

In summary, the present findings suggest that CBD may have certain therapeutic potential in
treatment of cocaine addiction, but some limiting factors should be taken into consideration.
As demonstrated here, CBD has the ability to reduce cocaine self-administration maintained
by low doses of cocaine and motivation for cocaine seeking, but it is not effective for high
doses of cocaine. Such therapeutic effects may be related to multiple receptor mechanisms
including inhibition of CB1R and activation of CB2R, TRPV1 and 5-HTa. Although CBD
is not so potent in attenuation of high dose cocaine action, CBD itself has no abuse liability
or significant other side effects. Therefore, CBD deserves further study as a valuable
supplementary pharmacotherapy for cocaine abuse and addiction.
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HIGHLIGHTS

. CBD inhibited cocaine self-administration and shifted cocaine dose-response
curve downward under FR schedule of reinforcement.

. CBD lowered break-points cocaine self-administration under a PR schedule
of reinforcement.

. CBD dose-dependently attenuated cocaine-enhanced electrical brain-
stimulation reward (BSR).

. Blockade of CB2, 5-HT1a or TRPV1 receptors attenuated CBD action in
cocaine self-administration and BSR.

. CBD dose-dependently attenuated cocaine-induced increases in extracellular
dopamine in the nucleus accumbens.
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Fig. 1.

The effects of CBD on cocaine self-administration under different schedules of
reinforcement in rats. A. Mean numbers of cocaine infusions, indicating that CBD failed to
alter cocaine (0.5 mg/kg/infusion) self-administration under a FR1 schedule of
reinforcement (Vehicle, n = 8; 20 mg/kg, n = 8; 40 mg/kg, n = 10). B. Mean numbers of
cocaine infusions under a FR2 schedule of reinforcement for different doses of cocaine.
CBD dose-dependently inhibited self-administration maintained by lower doses of cocaine
and shifted the cocaine dose-response curve downward. N = 6 in each CBD dose group.
C/D: Mean numbers of break-point and % changes in break-point (over baseline) for
cocaine self-administration maintained by a high dose of cocaine (0.5 mg/kg/infusion) under
a PR schedule of reinforcement, indicating that CBD failed to alter PR cocaine self-
administration (Vehicle, n = 8; 20 mg/kg, n = 7; 40 mg/kg, n = 6). E/F: Mean numbers of
break-point and % changes in break-point (over baseline) for cocaine self-administration
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maintained by a low dose of cocaine (0.25 mg/kg/infusion), indicating that CBD dose-
dependently inhibited PR cocaine self-administration (Vehicle, n = 7; 20 mg/kg, n = 6; 40
mg/kg, n = 10). *p < 0.05, compared to the vehicle (0 mg/kg) control group.
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Fig. 2.

The effects of CBD (20 mg/kg, i.p.) on multiple doses of cocaine self-administration in the
presence or absence of a receptor antagonist. A: Pretreatment with AM251 (a CB1
antagonist, 3 mg/kg) failed to block CBD-induced reductions in cocaine self-administration.
Group sizes: (Veh + Veh, n =7; Veh + CBD, n = 9; AM251 + CBD, n = 7). B: Pretreatment
with AM630 (a CB2 antagonist, 3 mg/kg) blocked CBD-induced reductions in cocaine self-
administration (Veh + Veh, n=9; \eh + CBD, n =9; AM630 + CBD, n=9). C:
Pretreatment with CID16020046 (a GPR55 antagonist, 3 or 5 mg/kg) failed to block CBD-
induced reduction in cocaine self-administration. n = 9 in each dose group. D: Pretreatment
with capsezapine (a TRPV1 antagonist, 3 or 5 mg/kg) dose-dependently blocked CBD-
induced reductions in cocaine self-administration. n = 9 in each dose group. E: Pretreatment
with WAY100135 (a 5-HT1 4 antagonist, 3 mg/kg) blocked CBD-induced reductions in
cocaine self-administration (Veh + Veh, n = 7; \eh + CBD, n = 9; WAY 100135 + CBD, n =
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8). F: Pretreatment with naloxone (a MOR antagonist, 3 mg/kg) did not block CBD-induced
reductions in cocaine self-administration (\Veh + \eh, n = 9; Veh + CBD, n = 9; Naloxone +
CBD, n=#6). *p<0.05, **p<0.01, ***p < 0.001 as compared to (\eh + \eh) control

group.
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The effects of each receptor antagonist (tested above in Fig. 2) on multiple-dose cocaine
self-administration. A: Prereatment with AM251 (3 mg/kg) inhibited cocaine self-
administration. n = 9 in each dose group. B ~ F: Pretreatment with AM630 (3 mg/kg, n = 9)
(B), CID16020046 (5 mg/kg, n = 6) (C), capsazepine (Veh, n = 8; 5 mg/kg, n = 6) (D),

WAY 100135 treatment (3 mg/kg, n = 6) (E), or naloxone (\Veh, n = 8; 3 mg/kg naloxone, n =
6) (F) failed to alter cocaine self-administration. *p < 0.05, ***p < 0.001, compared to the
vehicle control group.
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Fig. 4.

Tr?e effects of CBD on electrical brain-stimulation reward (BSR). A. Representative rate-
frequency function curves for BSR, illustrating the BSR threshold 8p, Ymax, and the effects
of cocaine and/or CBD on BSR. Cocaine, at 2 mg/kg (i.p.) shifted the rate-frequency
function curve to the left, lowering the 8q value (i.e., enhancing BSR), without a change in
the Ymax level. Pretreatment with CBD (20 mg/kg) blocked cocaine-enhanced effect. B:
Percent changes in the &, value, indicating that cocaine significantly enhanced BSR, which
was dose-dependently attenuated by CBD treatment. n = 11 in each dose group. C: CBD
alone, at the doses of 3, 10, 20 mg/kg, failed to alter BSR. n = 8 in each dose group. D:
Pretreatment with AM630 (n = 9), WAY 100135 (n = 7) or capsazepine (n = 7), but not
AM251 (n =7), blocked CBD-induced reduction in cocaine-enhanced BSR. *p < 0.05,
compared to the (Veh + Cocaine) group.
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The effects of cocaine and CBD on extracellular DA in the NAc. A: Systemic administration
of CBD (0, 10, 20 mg/kg) did not significantly alter extracellular DA level in the NAc. B:
Effects of cocaine (10 mg/kg) and CBD on extracellular DA in the NAc. C: Renormalized
data (% change over new baselines immediately before cocaine injection, gray box),
illustrating that systemic administration of cocaine produced a significant increase in
extracellular DA in the NAc, which was dose-dependently attenuated by CBD pretreatment.
*** < 0.001, compared to baselines before cocaine injection; " p< 0.001, compared to

the (\eh + Cocaine) group.
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