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Abstract

Introduction: Cannabidiol (CBD) is a major cannabinoid extracted from Cannabis sativa with no abuse potential.
Data from recent rodent studies suggest that amelioration of alcohol-motivated behaviors may be one of the
numerous pharmacological effects of CBD. This study was designed to contribute to this research, assessing
the effect of CBD on operant oral alcohol self-administration in selectively bred Sardinian alcohol-preferring
(sP) rats, a validated animal model of excessive alcohol consumption. In addition, this study investigated the
effect of CBD on operant self-administration of a highly palatable chocolate solution in Wistar rats.

Materials and Methods: Male sP rats were trained to lever respond for alcohol (15% v/v) under the fixed ratio 4
(FR4) schedule of reinforcement. Once lever responding had stabilized, rats were exposed to test sessions under
the FR4 and progressive ratio (PR) schedules of reinforcement. Test sessions were preceded by acute treatment
with CBD (0, 6.25, 12.5, and 25 mg/kg or 0, 25, 50, and 100 mg/kg, i.p.,; each dose range was tested in an inde-
pendent experiment). Male Wistar rats were trained to lever respond for a chocolate solution (5% w/v chocolate
powder) under the FR10 schedule of reinforcement. Once lever responding had stabilized, rats were exposed to
test sessions under the same schedule. Test sessions were preceded by acute treatment with CBD (0, 6.25, 12.5,
and 25 mg/kg or 0, 25, 50, and 100 mg/kg, i.p., in two independent experiments).

Results: Under the FR schedule, treatment with doses of CBD = 12.5 mg/kg markedly reduced lever responding
for alcohol and amount of self-administered alcohol. Under the PR schedule, treatment with CBD produced a
slight tendency toward a decrease in lever responding and breakpoint for alcohol. Finally, no dose of CBD
affected lever responding for the chocolate solution and amount of self-administered chocolate solution.
Discussion: These results extend previous data on CBD ability to affect alcohol-motivated behaviors to an animal
model of genetically-determined proclivity to high alcohol consumption. Because of the predictive validity of sP
rats, these results may be of relevance in view of possible future studies testing CBD in patients affected by al-
cohol use disorder.
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Introduction fects of the prototypic cannabinoid CB, receptor antag-

The role of the endocannabinoid (eCB) neurotransmit-
ter system in the regulation of several alcohol-related
behaviors is well documented and summarizable with
cannabinoid CB, receptor antagonists/inverse agonists
inhibiting and cannabinoid CB; receptor agonists
stimulating alcohol drinking, operant alcohol self-
administration, and reinstatement of alcohol seeking
in rats and mice."™ The adverse neuropsychiatric ef-

onist/inverse agonist, rimonabant, have regrettably
prevented a proper translation to patients affected by
alcohol use disorder (AUD) of the large number of
remarkably consistent rodent studies reporting its “an-
tialcohol” properties.

A role for the cannabinoid CB, receptor has also
been proposed, with the cannabinoid CB, receptor ag-
onist, JWHO15, increasing alcohol drinking in mice.’
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Over recent years, research in the eCB pharmacology
field has been enriched by an increasing interest in can-
nabidiol (CBD), a major cannabinoid extracted from
Cannabis sativa with no abuse potential.>” CBD acts
as inverse agonist® and negative allosteric modulator’
at both CB; and CB, cannabinoid receptors. CBD
also affects the eCB system by blocking uptake of the
endogenous cannabinoid receptor ligand, anandamide,
and inhibiting its enzymatic hydrolysis."’

In the alcohol research field, to date, CBD has been
tested in a limited number of preclinical studies.'"'?
Specifically, acute and/or repeated treatment with
CBD attenuated (i) context- and stress-induced rein-
statement of alcohol seeking in rats,” (ii) alcohol drink-
ing in mice exposed to the “alcohol versus water” choice
regimen,'* (iii) binge-like drinking in mice exposed to
the “drinking-in-the-dark” procedure," and (iv) oper-
ant oral alcohol self-administration in mice.'*'® It is
therefore of interest to test CBD in additional animal
and experimental models of AUD, with the intent of
better characterizing its “antialcohol” potential before
possibly moving to clinical studies.

To this end, this study was designed to investigate
the effect of treatment with CBD on operant oral alco-
hol self-administration in selectively bred Sardinian
alcohol-preferring (sP) rats.'” Rats of the sP line appear
to constitute a proper animal model for this investiga-
tion, as—in this rat line—(i) genetically determined
differences in the eCB system contribute to high alco-
hol preference and consumption'®; (ii) treatment with
rimonabant reversed alcohol-induced dysfunctions of
eCB'%; and (iii) alcohol self-administration proved
highly sensitive to pharmacological manipulation of
the CB; receptor, with rimonabant treatment effec-
tively suppressing lever responding for alcohol."

As an additional aim, this study investigated the
effect of CBD on operant self-administration of a choc-
olate solution in Wistar rats. Previous studies reported
contrasting results on the ability of CBD to affect sucrose
intake and self-administration in rodents,”®~** leaving
open the question as to whether CBD may modulate
the appetitive and consummatory aspects of palatable
food. The relevance of this study may reside in the ex-
perimental model: self-administration of a chocolate so-
lution possessing addictive-like properties and inducing
exaggerated lever responding in rats.”’

Materials and Methods
The experimental procedures employed in this study
fully complied with European Directive No. 2010/63/
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EU and subsequent Italian Legislative Decree No. 26,
March 4, 2014, on the “Protection of animals used
for scientific purposes” and have been approved by
the Italian Ministry of Health (authorization no. 342/
2016-PR of April 1, 2016, and the subsequent integra-
tion of February 22, 2018).

Animals

Male sP (bred in our laboratory) and Wistar (Envigo,
San Pietro al Natisone, Italy) rats were used. Rats
were 55 days old at the start of each experiment. Rats
of the sP line were from the 101st and 108th genera-
tions and alcohol naive at the start of the study. Rats
were housed 3 per cage in standard plastic cages with
wood chip bedding. The animal facility was under an
inverted 12:12-h light/dark cycle (lights on at 5:00
p.m.), at a constant temperature of 22°C+2°C and rel-
ative humidity of ~60%. Standard rat chow (Envigo,
San Pietro al Natisone, Italy) was always available in
the homecage. Tap water was also always available, ex-
cept as noted below. Rats were extensively habituated
to handling and intraperitoneal injections.

Apparatus

Self-administration sessions were conducted in stan-
dard, modular chambers (Med Associates, St. Albans,
VT) described in detail elsewhere.?* Chambers used
in “alcohol” experiments were equipped with two re-
tractable response levers, connected to two syringe
pumps located outside the chamber. For half of the
rats, right and left levers were associated with alcohol
and water, respectively; the opposite condition was
applied to the other half of the rats. Chambers of “choc-
olate” experiments were equipped with one retractable
response lever and the retractable spout of a liquid sip-
per bottle located outside the chamber.

In the alcohol self-administration sessions, achieve-
ment of the response requirement (RR) resulted in activa-
tion of alcohol or water pumps, delivery of 0.1 mL fluid,
and illumination of the stimulus light. In the chocolate
self-administration sessions, achievement of RR resulted
in 5-s exposure of the sipper spout of the chocolate-
containing bottle and illumination of the stimulus light.

Experimental procedures

Alcohol self-administration in sP rats

Training and maintenance phases. Rats were initially
exposed to the homecage 2-bottle “alcohol (10% v/v)
versus water” choice regimen with unlimited access for
24h/day over 10 consecutive days. This initial phase
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was (i) part of the conventional procedure of alcohol
self-administration employed in our laboratory with sP
rats, and (ii) conducted to accustom rats to the taste of
alcohol and to experiencing its psychopharmacological
effects with the aim of potentially shortening the subse-
quent autoshaping phase in the operant chambers.**

Subsequently, rats were trained to lever respond for
alcohol. Daily self-administration sessions lasted
30 min (with the sole exception of the very first session,
which lasted 120 min). Rats were water deprived exclu-
sively during the 12 h before the first session in the op-
erant chamber. Rats were initially exposed to a fixed
ratio 1 (FR1) schedule of reinforcement for 10% alcohol
(v/v) for 4 daily sessions. FR was then increased to FR2
and FR4 over 4 sessions. In sessions 9 and 10, the alco-
hol solution was presented at a final concentration of
15% (v/v). Rats were then exposed to four sessions dur-
ing which the water lever alone or alcohol lever alone
was available every other day; water and alcohol were
available on FR1 and FR4, respectively.

From then onward, both levers were concomitantly
available (maintenance phase) for a total of 20 sessions
conducted with FR4 and FR1 on the alcohol and water
lever, respectively. On completion of these 20 self-
administration sessions, rats displaying the most sta-
ble responding behavior were selected for use in
CBD experiments.

Testing under the FR schedule. Two different experi-
ments were performed, each testing a different CBD
dose range and using independent sets of rats. On the
test days, rats of each set were divided into four subgroups
of n=10-12, and treated acutely with either 0, 6.25, 12.5,
and 25 mg/kg or 0, 25, 50, and 100 mg/kg CBD. The ex-
periment testing the higher dose range was designed once
data from the experiment testing the lower dose range
were available, with the intent of clarifying whether
doses of CBD >25mg/kg would produce a reduction
in alcohol self-administration of magnitude larger than
that observed when testing the lower dose range.

In both experiments, CBD (THC Pharm, Frankfurt
am Main, Germany) was suspended in a 5:5:7:83 mix-
ture of DMSO, 1,2-propanediol, Cremophor EL, and
saline and administered intraperitoneally (injection
volume: 4 mL/kg) 30 min before the start of the test ses-
sion. Test sessions were conducted immediately after
completion of the maintenance phase and were identi-
cal to those of the maintenance phase.

Measured variables were number of responses on each
lever and amount of self-administered alcohol (expressed
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in g/kg pure alcohol). The latter was estimated from the
number of earned reinforcers (assuming that each rein-
forcer was entirely consumed). Data were statistically
evaluated by one-way ANOVA, followed by Tukey’s
test for post hoc comparisons, or Kruskal-Wallis test.

Testing under the progressive ratio schedule. Two dif-
ferent experiments were performed, each testing a dif-
ferent CBD dose range and using independent sets of
rats. On the test days, rats of each set were divided
into four subgroups of n=8-14, and treated acutely
with either 0, 6.25, 12.5, and 25 mg/kg or 0, 25, 50,
and 100 mg/kg CBD. In both experiments, CBD was
suspended and administered as described above.

Test sessions were conducted immediately after com-
pletion of the maintenance phase and lasted 60 min. In
test sessions, RR on the alcohol lever was increased pro-
gressively according to a procedure slightly adapted
from that described by Richardson and Roberts®’;
namely, RR was increased as follows: 4, 9, 12, 15, 20,
25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219, etc. The
water lever was inactive.

Measured variables were number of responses on
each lever and breakpoint for alcohol, defined as the
lowest RR not achieved by the rat. Data were statisti-
cally evaluated by one-way ANOVA.

Chocolate self-administration in Wistar rats

Training and maintenance phases. The chocolate solu-
tion was prepared by diluting powdered Nesquik®
(Nestle Italiana, Milan, Italy; main ingredients: sugar,
cocoa powder, soy lecithin, and natural flavors) in tap
water. Concentration of Nesquik chocolate powder
was 5% (w/v) throughout the study; this concentration
resulted in a highly preferred beverage with limited
caloric intake (~ 0.8 k]J/ g).23

Daily self-administration sessions lasted 60 min.
Rats were water deprived exclusively during the 12h
before the first session in the operant chamber.
Lever responses were initially shaped under FR1 for
2 sessions; FR was progressively increased from FR1
to FR10 over 10 sessions. Subsequently, 20 additional
sessions with FR10 were conducted (maintenance
phase). On completion of these 20 self-administration
sessions, rats displaying the most stable responding
behavior were selected for use in CBD experiments.

Testing under the FR schedule. Similarly to the “alco-
hol” study, two different experiments were performed,
each testing a different CBD dose range and using
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independent sets of rats. On the test days, rats of each
set were divided into four subgroups of n=8-10, and
treated acutely with either 0, 6.25, 12.5, and 25 mg/kg
or 0, 25, 50, and 100 mg/kg CBD. The experiment testing
the higher dose range was designed once data from the
experiment testing the lower dose range were available,
with the intent of clarifying whether doses of CBD
>25mg/kg would affect chocolate self-administration.
In both experiments, CBD was suspended and adminis-
tered as described above.

Test sessions were conducted immediately after com-
pletion of the maintenance phase and were identical
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to those of the maintenance phase. Measured variables
were as follows: number of lever responses for the
chocolate solution and amount of self-administered
chocolate solution (expressed in mL/kg). Data were sta-
tistically evaluated by one-way ANOVA, followed by
Tukey’s test for post hoc comparisons.

Results

Alcohol self-administration in sP rats

Testing under the FR schedule. Treatment with the
low dose range of CBD (0, 6.25, 12.5, and 25 mg/kg)
reduced the number of lever responses for alcohol
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FIG. 1. Effect of acute i.p. treatment with two different dose ranges of CBD on number of lever responses
for alcohol (A, €) and amount of self-administered alcohol (B, D) in male sP rats trained to lever respond
for alcohol (15%, v/v) under the FR4 schedule of reinforcement in daily 30-min sessions. Once lever
responding had stabilized, rats were tested with CBD under the same FR schedule of reinforcement. Each
bar is the mean £ SEM of n=10-12 rats. %p <0.05, #p<0.01, §p<0.005, and +p<0.0001 in comparison with
the rat subgroup treated with 0 mg/kg CBD (Tukey’s test). CBD, cannabidiol; sP, Sardinian alcohol-preferring;
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[one-way ANOVA: F(3,36)=5.17, p<0.005] (Fig. 1A).
During post hoc analysis, statistical significance was
reached by treatment with 12.5 and 25mg/kg CBD;
compared with vehicle treatment, magnitude of the re-
ducing effect averaged ~ 55% and 45% in the rat groups
treated with 12.5 and 25mg/kg CBD, respectively.
Reduction in number of lever responses resulted in a
proportional decrease in the amount of self-administered
alcohol [one-way ANOVA: F(3,36)=4.16, p<0.05]
(Fig. 1B). During post hoc analysis, statistical significance
was reached only by treatment with 12.5 mg/kg CBD.

Lever responding for water was negligible (averaging
<5 per session in all rat groups) and not altered by
treatment with CBD [Kruskal-Wallis test: F(3,36)=
3.93, p>0.05] (data not shown).

Treatment with the high dose range of CBD (0, 25,
50, and 100 mg/kg) reduced the number of lever re-
sponses for alcohol [one-way ANOVA: F(3,44) =6.45,
p<0.001] (Fig. 1C). During post hoc analysis, all 3
doses of CBD reduced the number of lever responses
for alcohol; compared with vehicle treatment, magni-
tude of the reducing effect averaged ~ 35%, 45%, and
55% in the rat groups treated with 25, 50, and
100 mg/kg CBD, respectively. Reduction in number of
lever responses resulted in a proportional decrease in
the amount of self-administered alcohol [one-way
ANOVA: F(3,44)=7.21, p<0.0005] (Fig. 1D). During
post hoc analysis, statistical significance was reached
by treatment with 50 and 100 mg/kg CBD.

Lever responding for water was negligible (averag-
ing <4 per session in all rat groups) and not altered
by treatment with CBD [Kruskal-Wallis test: F(3,44) =
1.24, p>0.05] (data not shown).

Testing under the progressive ratio sched-
ule. Treatment with the low dose range of CBD (0,
6.25, 12.5, and 25 mg/kg) failed to alter both number
of lever responses for alcohol [F(3,52)=1.57, p>0.05]
(Fig. 2A) and breakpoint for alcohol [F(3,52)=1.93,
p>0.05] (Fig. 2B). A slight tendency toward a dose-
unrelated reduction was observed in both variables.
Responding on the inactive lever was modest (averag-
ing <12 per session in all rat groups) and not altered
by treatment with CBD [F(3,52)=2.67, p>0.05] (data
not shown).

Treatment with the high dose range of CBD (0, 25, 50,
and 100 mg/kg) failed to alter both number of lever re-
sponses for alcohol [F(3,31)=1.70, p>0.05] (Fig. 2C)
and breakpoint for alcohol [F(3,31)=1.46, p>0.05]
(Fig. 2D). A slight tendency toward a dose-unrelated
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reduction was observed in both variables. Responding
to the inactive lever was modest (averaging <11 per
session in all rat groups) and not altered by treatment
with CBD [F(3,31) =1.66, p>0.05] (data not shown).

Chocolate self-administration in Wistar rats
Treatment with the low dose range of CBD (0, 6.25, 12.5,
and 25mg/kg) failed to alter both number of lever
responses for the chocolate solution [F(3,28)=2.31,
p>0.05] (Fig. 3A) and amount of self-administered
chocolate solution [F(3,28)=0.81, p>0.05] (Fig. 3B).
Treatment with the high dose range of CBD (0, 25,
50, and 100 mg/kg) failed to alter both number of lever
responses for the chocolate solution [F(3,36)=1.04,
p>0.05] (Fig. 3C) and amount of self-administered
chocolate solution [F(3,36) =0.66, p>0.05] (Fig. 3D).

Discussion

Acute treatment with CBD reduced operant oral alcohol
self-administration in sP rats, one of the few rat lines se-
lectively bred worldwide for high alcohol preference and
consumption and proposed, because of its predictive
validity, as an animal model for testing drugs with ther-
apeutic potential.”® The effect of CBD on alcohol self-
administration was more evident when rats were ex-
posed to the FR schedule of reinforcement (measure
of the reinforcing properties of alcohol).”” Under
this schedule, and embracing the two tested dose
curves, the reducing effect of CBD ranged from the
minimally effective dose of 12.5-100 mg/kg.

The effect of CBD was selective for alcohol, as none
of these doses of CBD affected self-administration of
the chocolate solution. The latter data indicate that
the reducing effect of CBD on alcohol self-
administration was not secondary to any sedative or
unspecific effect.

Conversely, when rats were exposed to the PR sched-
ule of reinforcement (measure of the motivational
properties of alcohol),”” the effect of CBD was limited
to a slight tendency toward a reduction in lever
responding and breakpoint for alcohol. Together,
these data suggest that the reinforcing and motivational
properties of alcohol are, at least in sP rats, differen-
tially sensitive to the reducing effect of CBD.

The results of this study confirm, and extend to a
model of genetically determined excessive alcohol drink-
ing, previous experimental data indicating the ability of
CBD to attenuate different alcohol-motivated behaviors
in rodents, including reinstatement of alcohol seeking in
rats"> and alcohol drinking and self-administration in
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FIG. 2. Effect of acute i.p. treatment with two different dose ranges of CBD on number of lever responses
for alcohol (A, C) and breakpoint for alcohol (B, D) in male sP rats initially trained to lever respond for
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achieved by the rat. Each bar is the mean £ SEM of n=_8-14 rats. RR, response requirement.

03]
©
=

1

_I

Breakpoint for alcohol
N B
b =

0 6.25 12,5 25
Cannabidiol doses (mg/kg)

o
3

_I

Breakpoint for alcohol
n -~
ol b

0 25 50 100
Cannabidiol doses (mg/kg)

mice.'*™'® Notably, all the studies conducted to date
(including the present investigation) have used experi-
mental procedures proved to model different aspects of
human AUD," " conferring translational validity to
the collected results.

Anxiolysis is a major pharmacological effect of CBD,
with potential clinical application.”*** CBD-induced
amelioration of anxiety-related behaviors has repeat-
edly been reported in rodents."***** Anxiolysis may
also provide a key to understanding the mechanism
underlying the reducing effect of CBD on alcohol

self-administration in sP rats. Besides high alcohol
preference and consumption, sP rats display inherent
predisposition to anxiety-related behaviors.*>™*® Vol-
untarily consumed alcohol markedly reduced these
anxiety-related behaviors,”>*" suggesting that alcohol-
induced anxiolysis is a major factor driving sP rats to
seek and consume alcohol. Accordingly, it is conceiv-
able that the anxiolytic effects of CBD may have substi-
tuted for those of alcohol, making alcohol seeking and
drinking less urgent and resulting in the observed re-
duction in alcohol self-administration. If theoretically
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FIG. 3. Effect of acute i.p. treatment with two different dose ranges of CBD on number of lever responses
for a chocolate solution (A, C) and amount of self-administered chocolate solution (B, D) in male Wistar rats
trained to lever respond for the chocolate solution [5% (w/v) Nesquik® powder in water] under the FR10
schedule of reinforcement in daily 60-min sessions. Once lever responding had stabilized, rats were tested
with CBD under the same FR schedule of reinforcement. Each bar is the mean = SEM of n=8-10 rats.

transposed to humans, these data suggest that CBD
would represent a potentially effective therapeutic op-
tion for those patients with comorbid anxiety and AUD.

Besides the eCB system, CBD is known to interact
with diverse signaling systems that contribute to medi-
ating its multiple pharmacological effects.*” These sys-
tems include serotonin 5-HT,, receptor, nuclear
peroxisome proliferator-activated receptor-y, transient
receptor potential of the melastatin type 8 channel,
transient receptor potential of ankyrin type 1 channel,
transient receptor potential of vanilloid types 1 and 2
channels, o; and o, glycine receptor, adenosine A, re-
ceptor, G protein-coupled receptor-55, and u and o
opioid receptor.*’

Notably, several of these signaling systems are part of
the neural substrate mediating the central effects of al-
cohol,”* and their pharmacological activation or block-
ade modulates alcohol-seeking and -drinking behaviors
in rodents,*> and—at least as far as the opioid receptor
system is concerned—in humans.** The reducing effect
of CBD on alcohol self-administration observed in this
study might therefore be the sum of several different
actions of CBD at multiple molecular targets.

The experiments testing the effect of CBD on choco-
late self-administration intended to address two different
research questions: (i) to assess the selectivity of the
reducing effect of CBD on alcohol self-administration,
using a nondrug reinforcer as a comparison (see
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above); (ii) to contribute new experimental data to a
relevant research issue such as the ability of CBD to
modulate the appetitive and consummatory aspects
of palatable food. Despite the large dose range tested
(considering both experiments), data indicate that no
dose of CBD altered chocolate self-administration.

These results apparently contrast with those suggest-
ing the ability of CBD to reduce consumption or self-
administration of sucrose solutions in rats and
mice.””*"** Differences in the experimental procedures
may certainly contribute to explaining these differ-
ences in CBD efficacy on consumption and self-
administration of palatable food. For example, the
chocolate solution used in this study generates
addictive-like high levels of lever responding. Levels
of lever responding as high as those recorded under
this experimental procedure, averaging > 2000,
have seldom been observed even with the most addic-
tive drugs and are indicative of remarkably strong rein-
forcing and motivational properties. Vernacularly
speaking, in a theoretical hierarchy of substances induc-
ing strong reinforcing and motivational properties, this
chocolate solution would equate to, or even surpass,
several highly addictive drugs. It is therefore conceiv-
able that the antiaddictive attributes of CBD are insuf-
ficient to affect reinforcing properties as strong as those
generated by this chocolate solution, being conversely
effective on those—much weaker—produced by sucrose
solutions.”!

Finally, with the caution needed when comparing an-
imal and human data, one can speculate that the lack of
effect of CBD treatment on chocolate self-administration
observed in this study resembles the inability of a CBD-
enriched Cannabis preparation to modify ad libitum in-
take of the most preferred chocolate milk-like drink in
humans®; inhalation of this CBD-enriched Cannabis
preparation also failed to alter sweet taste intensity per-
ception and liking of the favorite drink.*

Conclusion

The results of this study indicate that acutely adminis-
tered CBD effectively and selectively reduced the
reinforcing properties of alcohol in selectively bred
alcohol-preferring sP rats. These results extend to an
animal model of excessive alcohol consumption the
recent lines of experimental evidence on the reducing
effects of CBD on alcohol-motivated behaviors. Con-
versely, acute treatment with a high dose range of
CBD failed to affect the reinforcing properties of a
highly palatable food in rats.
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