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Abstract

The aim of this study was to evaluate the effects of cannabidiol (CBD) on the behavioural and gene expression changes in a new
animal model of spontaneous cocaine withdrawal. For this purpose, male CD-1 mice were exposed to progressive increasing
doses of cocaine for 12 days (15 to 60 mg/kg/day, i.p.), evaluating spontaneous cocaine withdrawal 6 h after the last cocaine
administration. The effects of CBD (10, 20, and 40 mg/kg, i.p.) were evaluated on cocaine withdrawal-induced alterations in
motor activity, somatic signs, and anxiety-like behaviour. Furthermore, gene expression changes in dopamine transporter (DAT)
and tyrosine hydroxylase (TH) in the ventral tegmental area, and in cannabinoid receptors 1 (CNR1) and 2 (CNR2) in the nucleus
accumbens, were analysed by real-time PCR. The results obtained in the study showed that mice exposed to the spontaneous
cocaine withdrawal model presented increased motor activity, somatic withdrawal signs, and high anxiety-like behaviour.
Interestingly, the administration of CBD normalized motor and somatic signs disturbances and induced an anxiolytic effect.
Moreover, the administration of CBD blocked the increase of DAT and TH gene expression in mice exposed to the cocaine
withdrawal, regulated the decrease of CNR1 and induced an additional upregulation of CNR2 gene expression. Thus, this model
of spontaneous cocaine withdrawal induces clear behavioural and gene expression changes in mice. Interestingly, CBD alleviates
these behavioural and gene expression alterations suggesting its potential for the management of cocaine withdrawal.
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withdrawal, and craving, resulting in excessive drug use [4].
The most common symptoms reported by cocaine users are
cardiac with cocaine addiction standing out as the leading
cause of death among adults using illicit substances. Indeed,
cocaine use was reported as a risk factor in 25% of nonfatal
myocardial infarctions in younger people [3]. Moreover, when
patients quit using this drug after a long period of consump-
tion, cocaine withdrawal causes both somatic physical and
emotional symptoms [5]. People with most severe withdrawal
symptoms and the highest scores on the Cocaine Selective
Severity Assessment scale are more likely to drop out of treat-
ment prematurely or to have a worse response to the selected
treatment [6—10]. The severity of cocaine withdrawal syn-
drome could be correlated to the degree of dependence or
increased sensitivity to its effects [11]. Thus, given the ab-
sence of specific pharmacological tools for treating CUD,
managing cocaine withdrawal could be an effective way to
break the cycle of addiction and prevent relapse.

In this sense, appropriate animal models could be essential
tools for improving the knowledge and understanding of the
behavioural and neurobiological mechanisms involved in co-
caine withdrawal. Unfortunately, only a few current animal
models of cocaine withdrawal have been described in the lit-
erature. Some studies simulated cocaine abstinence by admin-
istering the same dose of cocaine for several days or by in-
creasing cocaine doses once a day combined with periods of
abstinence [12—16]. However, human users take cocaine sev-
eral times a day at increasing doses, and abstinence syndrome
appears soon after drug consumption stops. Therefore, these
animal models only partially reproduce the principal clinical
features of human cocaine addiction [17], highlighting the
need for new animal models to better simulate cocaine with-
drawal syndrome from a translational point of view. These
should reproduce the frequent and escalating doses of cocaine
consumed over a long period of time and the appearance of
withdrawal symptoms within a few hours after cessation. The
development of a suitable animal model of cocaine withdraw-
al can help generate more precise knowledge of the neurobi-
ological mechanisms underlying this complex phase of co-
caine addiction, enabling the identification of new therapeutic
targets and specific pharmacological strategies.

No regulatory agencies have approved specific drugs with
established efficacy for treating cocaine withdrawal.
However, several recent preclinical and clinical studies have
shown that cannabidiol (CBD), a main constituent of the
Cannabis sativa plant without potential for becoming a drug
of abuse [18], may be a promising therapeutic tool for CUD
management. CBD can interact with more than 65 different
targets, producing anxiolytic, antidepressant, antipsychotic,
and neuroprotective effects [19]. In addition, CBD has been
proposed as a pharmacological candidate for treating sub-
stance use disorders [20-22]. Several preclinical reports have
also suggested that CBD attenuates cue-induced cocaine
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seeking in rats after withdrawal [23] along with cocaine-
induced conditioned place preference [24, 25]. Researchers
have also pointed to the efficacy of CBD for reducing
cocaine consumption and the progressive ratio in a co-
caine self-administration paradigm [25]. Therefore, more
studies to assess CBD for the pharmacological treatment
of CUD are warranted.

The main aim of this study was to evaluate the effects of
CBD on behavioural and gene expression in a new model of
spontaneous cocaine withdrawal in mice, induced by repeated
administration of increasing doses of cocaine for 12 days.
Anxiety-like behaviour (light-dark box), motor activity (dis-
tance travelled in the open-field test) and somatic withdrawal
signs (number of rearings, rubbings, groomings, and diggings)
were assessed 6 h after the last cocaine administration.
Furthermore, gene expression analyses were carried out by
real-time polymerase chain reaction (real-time PCR) to eval-
uate changes induced by cocaine withdrawal in specific tar-
gets involved in cocaine addiction and withdrawal. Relative
gene expression analyses of dopamine transporter (DAT) and
tyrosine hydroxylase (TH) in the ventral tegmental area
(VTA), and cannabinoid receptors 1 (CNR1) and 2 (CNR2)
in the nucleus accumbens (NAcc), were also performed.

Methods
Mice

A total of 100 CD1 male mice were purchased from Charles
River laboratories (Lille, France). Mice, weighing 20-25 g,
were housed in individual cages (40 cm X 25 cm x 22 c¢m)
under controlled environmental conditions (temperature, 21

+ 2 °C, relative humidity, 60 + 10%, and 12 h light-dark cycle,
lights on from 08:00 to 20:00). One week after mice adapta-
tion to the animal room, cocaine administration was initiated.
Behavioural evaluations were carried out during the light cy-
cle. All studies complied with the Spanish Royal Decree 53/
2013, the Spanish Law 32/2007, and the European Union
Directive of 22 September 2010 (2010/63/UE) regulating the
care of experimental animals and were approved by the ethics
committee of Miguel Hernandez University.

Drugs

Cocaine (cocaine hydrochloride) was obtained from the
Spanish Drugs Agency (AEMPS, Madrid, Spain) and dis-
solved in saline (0.9% sodium chloride) to prepare required
doses immediately before intraperitoneal (i.p.) administration.
Cannabidiol (CBD) was obtained from STI Pharmaceuticals
(Essex, UK) and was dissolved in ethanol:cremophor:saline
(1:1:18) immediately before use to obtain the required doses
of 10, 20 and 40 mg/kg (i.p.). CBD was given 90 min before
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any behavioural evaluation, according to the pharmacokinet-
ics of CBD [26] and previous studies from our laboratory [20,
21, 27].

Animal Model of Spontaneous Cocaine Withdrawal

Spontaneous cocaine withdrawal was induced by first admin-
istering increasing doses of cocaine starting with 15 mg/kg/
day at day | and rising to 60 mg/kg/day at day 11 (Fig. 1).
Cocaine was administered 3 times a day, every 5 h during the
light cycle for 12 consecutive days. Spontaneous cocaine
withdrawal-induced behavioural and gene expression alter-
ations were evaluated 6 h after the last cocaine administration
at day 12 (20 mg/kg) during the light cycle (Fig. 1).

Experimental Design

Motor Activity and Somatic Withdrawal Signs A set of 50 CD1
mice were used to evaluate motor activity and somatic with-
drawal signs in the open-field paradigm. For this purpose, 6 h
after the last cocaine administration (day 12, 20 mg/kg), mice
were placed into individual methacrylate boxes (25 cm x
25 ¢cm % 25 ¢cm) and videotaped for 15 min to evaluate somatic
signs associated with abstinence (number of rearings, rub-
bings, groomings, and diggings). Simultaneously, motor re-
sponses were also evaluated by measuring the total distance
travelled for 15 min with the SMART programme (Panlab).
Ninety minutes before the behavioural evaluation, CBD (10,
20, and 40 mg/kg) or its corresponding vehicle were adminis-
tered (i.p.) to assess their effects on spontaneous cocaine with-
drawal signs and motor activity.

Light-Dark Box Test An additional set of 50 CD1 mice were
used to evaluate anxiety-like behaviour changes induced by
cocaine abstinence. Four and a half hours after last cocaine
administration (day 12, 20 mg/kg), CBD (10, 20, and
40 mg/kg) or its corresponding vehicle was administered
and 90 min later mice were individually tested for 5 min in
the light-dark box paradigm. The time spent in the lighted box
and the number of transitions were recorded for each session.

Days
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1 2 3 4 5 6 7 8 9 12

10
10
10

15
10
15

15
15
15

20
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20

20
20
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20 | 20

2 | muu)

20 |

2:00 PM 5 5 5

7:00 PM 5 5

After this behavioural evaluation, mice were sacrificed by
cervical dislocation and brain samples were removed to ana-
lyse relative gene expression in the targets of interest.

Relative Gene Expression Analyses by Real-Time PCR

Relative gene expression analyses of DAT and TH in the
VTA, and CNR1, and CNR2 in the NAcc, were carried out
in vehicle and cocaine-treated mice to assess the effects of
spontaneous cocaine withdrawal on anxiety-like behaviour
and its pharmacological modulation by CBD administra-
tion. Briefly, mice were sacrificed 150 min after adminis-
tration of CBD or vehicle and brain samples were removed
from the skull and frozen at —80 °C. These samples were
used to obtain coronal sections (500 um) of regions of in-
terest in a cryostat (— 10 °C) according to Paxinos and
Franklin’s atlas [28]. Brain nuclei of interest were microdis-
sected following Palkovits’s method and as previously
modified by our group [29, 30]. Total RNA was extracted
from brain micropunches with TRI Reagent (Applied
Biosystems, Madrid, Spain) and reverse transcription was
carried out to obtain the complementary DNA (cDNA)
(4374966, High-Capacity cDNA Reverse Transcription
Kit with RNase Inhibitor, Applied Biosystems, Madrid,
Spain). To perform the real-time PCR, 6.25 pl of water with
DEPC (diethyl pyrocarbonate, RNAase inhibitor), 5 pl of
the ¢cDNA, 11.25 pl of the Tagman™ Master Mix
(4369514, Applied Biosystems, Madrid, Spain), and
1.25 ul of the corresponding Tagman assay were added in
each well (4346907, Applied Biosystems, Madrid, Spain).
Quantitative analyses of the relative expression of DAT
(MmO00438388 ml), TH (Mm00447546_m1), CNR1
(MmO00432621 _s1), and CNR2 (Mm00438286_m1) genes
were performed on the StepOne Sequence Detector System
(Applied Biosystems, Madrid, Spain). All reagents were
used following the manufacturer’s instructions. The refer-
ence gene used was 18S rRNA (Mm03928990 g1), and
data for each target was normalized to the endogenous ref-
erence gene. The fold change in target gene expression was
calculated using the 22" method [31].

CBD (10, 20 and 40 mg/kg, i.p.)
1.5 h before behavioural evaluation

6 h after the last
cocaine
administration
(20 mg/kg, i.p.)

ﬂ Motor activity and somatic withdrawal signs

Brain extraction and
relative gene

1h
Light-dark box =——

1 ’ Cocaine (mg/kg. i.p.) |

Fig. 1 Timeline diagram of the experimental procedure used for the
development of an animal model of spontaneous cocaine withdrawal
syndrome. Cocaine administration (15 mg/kg/day—60 mg/kg/day, i.p.)
was performed during 12 consecutive days. Six hours after last cocaine

12 days

expression analyses

dose, the effects of CBD (10, 20 and 40 mg/kg, i.p.) on spontaneous
cocaine withdrawal syndrome were evaluated by the open-field and
light-dark box paradigms
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Data and Statistical Analyses

Statistical analyses were performed using one-way ANOVA
followed by Student-Newman-Keul’s test when comparing
different experimental groups. Differences were considered
significant if the probability of type-I error or alpha was less
than 5%. SigmaPlot 11 software (Systat software Inc.,
Chicago, IL, USA) was used for all statistical analyses.

Results

Effects of CBD on Motor Activity and Somatic Signs
Induced by Spontaneous Cocaine Withdrawal

Open-Field Paradigm Mice exposed to the spontancous co-
caine withdrawal model showed significantly increased total
distance values compared with vehicle-treated mice. CBD ad-
ministration fully blocked this increase at all three adminis-
tered doses (Fig. 2(A), one-way ANOVA, Fi4 45=4.173,
P=0.006).

Withdrawal Somatic Signs The one-way ANOVA showed an
increase in the number of rearings and diggings after
cocaine treatment cessation compared with the vehicle-
treated group. All three doses of CBD (10, 20, and
40 mg/kg) completely normalized the increased number
of rearings (Fig. 2(B), one-way ANOVA, F( 45 =
4.589, P=0.003), whereas only 20 and 40 mg/kg doses
of CBD significantly reduced the number of diggings
(Fig. 2(E), one-way ANOVA, Fu. 45,=15.025,
P<0.001). Mice exposed to the spontaneous cocaine
withdrawal model presented a reduced number of rub-
bings (Fig. 2(C), one-way ANOVA, Fu, 43,=5.856,
P<0.001) and groomings (Fig. 2(D), one-way
ANOVA, Fu, 45)=06.248, P<0.001), which were nor-
malized only with the lowest employed dose of CBD
(10 mg/kg).

Effects of CBD on Anxiety-Like Behaviour Induced by
Spontaneous Cocaine Withdrawal

After the cessation of cocaine treatment, cocaine + vehicle-
treated mice exhibited a significant decrease in the time spent
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Fig. 2 Evaluation of CBD (10, 20 and 40 mg/kg) effects on motor
activity and somatic signs alterations induced by the spontaneous
cocaine withdrawal model, in the open-field paradigm. Columns repre-
sent the means and vertical lines + SEM of the total distance recorded
(cm) (A) and the number of rearings (B), rubbings (C), groomings (D)
and diggings (E). *, values from COCA-VEH-treated group that are
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significantly different from VEH-VEH controls (one-way ANOVA,
P <0.05). #, values from COCA-CBD-treated groups that are significant-
ly different from COCA-VEH-treated group (one-way ANOVA,
P <0.05). &, values from COCA-CBD (20 and 40 mg/kg)-treated groups
that are significantly different from COCA-CBD 10 mg/kg treated group
(one-way ANOVA, P <0.05). Number of mice per group n =9-10
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in the lighted box. The administration of 10 and 20 mg/kg
doses of CBD fully blocked this anxiety-like behaviour, while
the dose of 40 mg/kg induced an additional anxiolytic effect
(Fig. 3(A), one-way ANOVA, F4, 48,=12.573, P<0.001).
Furthermore, no changes were observed in the number of
transitions between the five groups (Fig. 3(B), one-way
ANOVA, Fi4, 43,=0.326, P=0.859).

Effects of CBD on Changes in the DAT, TH, CNR1, and
CNR2 Gene Expression Induced by Spontaneous
Cocaine Withdrawal

Compared with control mice, mice exposed to the animal
model of spontaneous cocaine withdrawal showed an increase
in DAT relative gene expression, which was normalized with
CBD (40 mg/kg) (Fig. 4(A), one-way ANOVA, F4 47y=
5.019, P<0.01). In addition, spontaneous cocaine withdrawal
induced an increase in TH relative gene expression which was
completely normalized with all three administered doses of
CBD (10, 20, and 40 mg/kg) (Fig. 4(B), one-way ANOVA,
Fu, 42=4.878, P<0.01).

One-way ANOVA revealed decreased CNR1 relative gene
expression in mice exposed to the animal model of spontane-
ous cocaine withdrawal. CBD produced a significant upregu-
lation of CNR1 gene expression at the dose of 40 mg/kg (Fig.
4(C), one-way ANOVA, F4 47)=7.292, P<0.001). In addi-
tion, CNR2 relative gene expression increased in mice with
spontaneous cocaine withdrawal, and CBD administration
produced an additional increase, reaching statistical signifi-
cance at the dose of 40 mg/kg (Fig. 4(D), one-way
ANOVA, F4, 45=8.484, P<0.001).
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Fig. 3 Evaluation of CBD (10, 20 and 40 mg/kg) effects on increased
anxiety-like behaviour induced by the spontaneous cocaine withdrawal
model, in the light-dark box paradigm. Columns represent the means and
vertical lines £ SEM of the time spent in the lighted box (s) (A) and the
number of transitions (B). *, values from COCA-VEH-treated mice that
are significantly different from VEH-VEH-treated mice (one-way

Discussion

The results of the present study reveal that the administration
of CBD significantly regulated the behavioural and gene ex-
pression alterations induced in a new animal model of spon-
taneous cocaine withdrawal. These findings are supported by
the following observations: (i) 6 h after cessation of cocaine
administration, mice presented increased motor activity, num-
ber of rearings, and diggings, and anxiety-like behaviour,
along with decreased rubbing and grooming behaviours; (ii)
the administration of CBD reduced motor activity, normalized
the spontancous cocaine withdrawal-induced somatic signs
and induced an anxiolytic effect; and (iii) the administration
of CBD blocked the increase of DAT and TH relative gene
expression in the VTA, modulated the decrease of CNR1 gene
expression in the NAcc and produced an additional increase of
CNR?2 gene expression in the NAcc induced by the spontane-
ous cocaine withdrawal.

The development of new animal models of cocaine with-
drawal is critical for identifying new therapeutic targets. In
this study, we designed a new animal model of spontaneous
cocaine withdrawal by using increasingly high doses of co-
caine for 12 days. The escalation was carefully planned to
increase the morning dose first to avoid coinciding with the
peak night-time activity and to minimize adverse cardiac ef-
fects [32]. Furthermore, the administration of cocaine every
5 h during the light cycle contrasts with other reported cocaine
withdrawal models where cocaine was given three times in the
morning, 1 h apart [14, 15, 33]. We believe that the pattern
used in our study simulates more closely the intermittent con-
sumption of cocaine described in cocaine users avoiding long
periods of abstinence [34]. Finally, considering the

[ Vehicle + Vehicle
Il Cocaine + Vehicle
[ Cocaine + CBD
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CBD (mg/kg)

ANOVA, P<0.001). #, values from COCA-CBD-treated groups that
are significantly different from COCA-VEH-treated group (one-way
ANOVA, P<0.001). &, values from COCA-CBD (40 mg/kg)-treated
group that are significantly different from COCA-CBD (10 and
20 mg/kg) groups (one-way ANOVA, P <0.05). Number of mice per
group n=9-10
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Fig. 4 Relative gene expression analyses of dopamine transporter (DAT)
(A) and tyrosine hydroxylase (TH) in the ventral tegmental area (VTA)
(B), and cannabinoid receptors 1 (CNR1) (C) and 2 (CNR2) (D) in the
nucleus accumbens (NAcc). Columns represent the means and vertical
lines + SEM of 2724, #_ values from COCA-VEH-treated group that
are significantly different from VEH-VEH-treated group (one-way

pharmacokinetic properties of cocaine and the clinical onset of
the abstinence, the evaluation of cocaine withdrawal-induced
disturbances was carried out 6 h after the last administration.
This allowed the detection of enhanced withdrawal signs such
as increased motor activity and anxiety-like behaviour
[13—15]. Interestingly, during cocaine withdrawal, we found
an increase in the number of rearings and diggings and a
decrease in the number of rubbings and groomings.
Furthermore, the evaluation of spontaneous cocaine with-
drawal (6 h after the last administration) revealed significantly
increased anxiety-like behaviour unlike other models where
anxiety-like behaviour was assessed days after the last admin-
istration [13—15].

In recent years, several studies have focused on the poten-
tial of CBD for treatment of substance use disorders. This is
probably because of its anxiolytic, antidepressant, antipsy-
chotic, and neuroprotective actions [35] and the lack of risk
for becoming a drug of abuse [18]. Indeed, CBD effectively
modulates the reinforcing and motivational properties of dif-
ferent drugs of abuse such as alcohol, cannabis, or opiates [20,
21, 36-38], along with context- and stress-induced cocaine
seeking in rats [23], and cocaine self-administration [25]. In
this study, the administration of CBD normalized the increase
in motor activity induced by spontaneous cocaine withdrawal.
The intervention significantly reduced the number of rearings
and diggings at intermediate and high doses and normalized
the number of rubbings and groomings at the lowest dose.
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ANOVA, P<0.01). #, values from COCA-CBD-treated group that are
significantly different from those treated with COCA-VEH (one-way
ANOVA, P<0.05). &, values from COCA-CBD (40 mg/kg)-treated
group that are significantly different from groups treated with COCA-
CBD (10 mg/kg) (one-way ANOVA, P<0.01). Number of mice per
group n=8-10

This dose-dependent modulation of withdrawal signs could
be explained, at least in part, by the bell-shaped dose-response
curve of CBD-mediated regulation of anxiety-like behaviour
[35]. In a previous study, our group found that CBD regulated
hypothalamic-pituitary-adrenal (HPA) axis activation after an
acute stress only at the lowest dose [27]. Moreover, CBD
normalized the increased anxiety-like behaviour in mice ex-
posed to the spontaneous cocaine withdrawal model, reaching
an additional anxiolytic action at the highest dose.

Gene expression analyses were performed to identify alter-
ations in specific targets that may give rise to the withdrawal-
induced behavioural disturbances and their regulation by
CBD. We found increased DAT relative gene expression in
vehicle-treated mice exposed to the cocaine withdrawal mod-
el. The main mechanism of action of cocaine is the blockade
of the DAT function preventing dopamine reuptake and lead-
ing to an upregulation after repeated administration [39-42].
Interestingly, CBD (40 mg/kg) completely normalized DAT
gene expression, suggesting an inhibitory action consistent
with a previous study that inferred that CBD may act as a
low-potency inhibitor of DAT in rat striatal terminals [43].
Considering its crucial role in the actions induced by cocaine,
it is possible to hypothesise that this effect may be closely
related with the CBD-mediated improvement of cocaine with-
drawal behaviours.

Previous results suggested that CBD modulates dopami-
nergic neurotransmission in the mesolimbic system. First of
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all, microdialysis perfusion of CBD into the lateral hypothal-
amus increases dopamine extracellular levels in the NAcc
[44]; secondly, the administration of CBD into the NAcc
blocks VTA dopaminergic neuronal sensitization induced by
the amphetamine [45], and finally, CBD attenuates cocaine-
induced increases in extracellular dopamine in the NAcc [46].
Accordingly, cocaine withdrawal also significantly increases
TH gene expression in the VTA and this action is completely
blocked by all doses of CBD. Our group has already reported
the potential of CBD to reduce enhanced TH gene expression
in animal models of alcohol consumption [21, 37]. Taken
together, it is tempting to suggest that the CBD-mediated reg-
ulation of cocaine-induced mesolimbic dopaminergic activa-
tion may be involved in the regulation of behavioural alter-
ations during cocaine withdrawal.

Since both CB1r and CB2r may be involved in the mech-
anism of action of CBD and in cocaine addiction, several
studies measured their gene expressions in the NAcc
[47-53]. Some authors reported the involvement of CB1r in
the reinforcing and motivational properties of cocaine
[54-57]. CNR1 gene expression was lower in mice exposed
to the cocaine withdrawal model and upregulated with CBD.
A similar effect was found in the hippocampus of CBD-
treated mice exposed to a cocaine self-administration para-
digm [58]. Our group already reported on the normalization
of CNRI1 gene expression changes in the NAcc [20, 21, 37].
Indeed, CBD acts as an indirect agonist of CB1r by the inhi-
bition of FAAH activity and the blockade of anandamide re-
uptake [59]. Some reports also suggest that CBD might act as
anegative allosteric modulator of CB1r [60, 61]. Further stud-
ies are needed to identify the mechanism involved in the ac-
tions of CBD on CNR1 gene.

Cocaine withdrawal syndrome was associated with in-
creased CNR2 gene expression in the NAcc. Overexpression
of CB2r has resulted in cocaine-induced conditioned place
aversion and reduced cocaine-self-administration in mice
[49]. Furthermore, the use of conditional knockout mice to
delete the CNR2 gene in midbrain DA neurons revealed the
critical involvement of CB2r in attenuating psychomotor and
rewarding effects of cocaine [56]. Recently, it was reported
that the CB2r agonist JWH133 inhibited the acquisition and
expression of cocaine sensitization and conditioned place
preference [57]. A plausible hypothesis is that cocaine
withdrawal-induced upregulation of CNR2 gene expression
may be related with a homeostatic compensatory effect.
Interestingly, in this study, the administration of CBD addi-
tionally increased CNR2 gene expression. This effect may be
due, at least in part, to the inverse agonism, or antagonism on
CB2r produced by CBD [62]. A recent report suggested that
the attenuation of cocaine rewarding effects induced by CBD
was mediated by CB2r [46]. It is plausible that CBD-induced
CNR2 upregulation is at least partly responsible for modulat-
ing cocaine withdrawal.

In conclusion, the results of this study provide unequivocal
evidence of the efficacy of CBD for improving anxiety-like
behaviour, motor activity, and somatic sign alterations in-
duced by a new animal model of spontaneous cocaine with-
drawal. Gene expression analyses provide relevant informa-
tion about the neurobiological basis of this model and of the
mechanisms involved in the actions of CBD. The most impor-
tant limitation of our study was the use of a single strain of
male mice, so further research aimed at assessing the suitabil-
ity of this promising animal model of cocaine withdrawal
could include female mice to evaluate gender-dependent ef-
fects or explore potential strain-dependent differences in the
behavioural and brain gene expression alterations induced by
spontaneous cocaine withdrawal. In addition, future studies
are needed to clarify the neurobiological mechanisms in-
volved in cocaine withdrawal and facilitate the development
of new drugs to prevent relapse and to explore the potential of
CBD to treat cocaine withdrawal.
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