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Abstract: The pharmacological modulation of the cannabinoid receptor 2 (CB2r) has emerged as a
promising potential therapeutic option in addiction. The purpose of this review was to determine
the functional involvement of CB2r in the effects produced by drugs of abuse at the central nervous
system (CNS) level by assessing evidence from preclinical and clinical studies. In rodents, several
reports suggest the functional involvement of CB2r in the effects produced by drugs of abuse such
as alcohol, cocaine, or nicotine. In addition, the discovery of CB2r in brain areas that are part of
the reward system supports the relevance of CB2r in the field of addiction. Interestingly, animal
studies support that the CB2r regulates anxiety and depression behavioral traits. Due to its frequent
comorbidity with neuropsychiatric disorders, these pharmacological actions may be of great interest
in managing SUD. Preliminary clinical trials are focused on exploring the therapeutic potential of
modulating CB2r in treating addictive disorders. These promising results support the development
of new pharmacological tools regulating the CB2r that may help to increase the therapeutic success
in the management of SUD.
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1. Introduction

Substance use disorder (SUD) is a chronic and relapsing mental illness characterized
by compulsive drug seeking and the repeated achievement of episodes of intoxication
and withdrawal. It is a clinical entity diagnosed according to the criteria of the fifth
edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-V) [1]. Such
measures enter into the following subgroups: (1) alterations in the control of substance use,
(2) impairment of the social component, (3) use under risk conditions, and (4) development
of tolerance. These may include the lack of control of substance use occurring often or
more extended periods than initially planned. These alterations may also have an intense
desire and a high degree of impulsivity, which translate into an almost exclusive dedication
to the search, consumption, and recovery of the effects induced by the substance.

According to the latest report issued by the United Nations Office on Drugs and Crime
(UNODC), approximately 275 million people worldwide consumed some drug of abuse at
least once during 2019 [2]. Thirty-one million people who use drugs meet diagnostic criteria
for SUD and are candidates for treatment. According to the World Health Organization
(WHO) data, deaths directly related to SUD amounted to 167,750 in 2015, representing a
60% increase over the previous figure of 2000. Opioids produce the highest morbidity and
mortality among the drugs consumed, accounting for 76% of the deaths mentioned above
(mainly due to overdose). On the other hand, alcohol constitutes the most consumed legal
drug, globally ranking seventh as a cause of death or loss of quality of life [3]. Likewise,
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cannabis is the illegal drug with the highest percentage of users, amounting to 192 million
during 2016 [2].

One of the most significant difficulties accompanying the therapeutic approach to SUD
is the low rate of people who, meeting diagnostic criteria, finally receive adequate treatment,
currently estimated as seven in eight people [2]. A worrying fact is the lack of suitable drugs
to reach complete dishabituation or significant reduction in consumption, minimizing the
associated risks. Proof of this is the absence of approved treatments for withdrawal from
cannabis, cocaine, or amphetamine derivatives. In these cases, symptomatic approaches
may reduce characteristic components after cessation of use, such as anxiety or irritability.
Even for drugs officially approved to treat alcohol, tobacco, or opiate dependence by the
leading regulatory agencies Food and Drug Administration (FDA) in the United States, or
the European Medicines Agency (EMA) in Europe, the percentage of patients recovering
entirely or partially is significantly reduced. In this sense, it is essential to improve our
knowledge of the neurobiological bases underlying the addictive process for all these
reasons. In this regard, it is crucial to identify the mechanisms regulating the reward
system in the mesolimbic/mesocortical pathway (from the ventral tegmental area (VTA)
to the nucleus accumbens (NAcc) and or the prefrontal cortex (PFC)). Information on
new targets that the consumption of different abuse substances may modify is critical for
developing pharmacological strategies.

The Endocannabinoid System: Role in SUD

ECS is a ubiquitous lipid signaling system distributed throughout the organism that
participates in multiple intracellular signaling pathways [4,5]. Cannabinoid receptors,
endogenous ligands or endocannabinoids (eCBs), and their synthesizing and degrading
enzymes are the main components of the ECS, present in the central and peripheral nervous
system [6,7], and in many other peripheral tissues regulating distinct functions [8].

The CB1 cannabinoid receptor (CB1r) is the most abundant G protein-coupled receptor
in the brain [9]. Physiological actions of endocannabinoids in the CNS are mediated by
the activation of CB1r [10]. Its expression in the CNS is widespread and heterogeneous
and have crucial roles regulating brain function and disease processes [11-13]. The CB2
cannabinoid receptor (CB2r) was initially considered as a peripheral cannabinoid receptor
due to its high expression in the rat spleen [14] and leukocyte subpopulation in humans [15],
participating in the regulation of the immune system [16]. The first findings identified the
presence of CB2r in the CNS only under pathological conditions such as in senile plaques
in Alzheimer’s disease [17], activated microglial cells/macrophages in multiple sclerosis,
spinal cord in amyotrophic lateral sclerosis [18] and in the vicinity of tumors [19]. However,
Van Sickle and colleagues revealed that CB2r is expressed in neurons of the brainstem of
mice, rats and ferrets under normal conditions [20]. This finding significantly increased the
interest of CB2r in the regulation of brain function [21-25]. Interestingly, CB2r was detected
not only in microglia [26] but also in neurons [25,27,28] and astrocytes [29].

The eCBs are lipid messengers acting as in paracrine, autocrine and probably endocrine
mode, because their lipid nature allows them to diffuse and cross membranes [4-6,30,31].
eCBs are agonists of CB1r and CB2r that are not accumulated in secretory vesicles but rather
synthesized under tonic or phasic (on demand) modes, and released to the extracellular
space following physiological and pathological stimuli [32]. The two main eCBs are deriva-
tives of polyunsaturated fatty acids, N-arachidonoylethanolamine (anandamide, AEA) [33]
and 2-arachidonoylglycerol (2-AG), being the most abundant eCBs in the brain [34].

The ECS has received particular attention in recent years [35]. Numerous publications
initially focused on the therapeutic potential of CB1r [36-39]. Several authors showed
how the blockade of this receptor in animal models could regulate the reinforcing and
motivational properties of alcohol [40—-43]. Indeed, clinical trials were conducted to test
its potential therapeutic utility [44,45], but the lack of efficacy in patients and the occur-
rence of specific adverse severe effects forced the abandonment of this strategy. Among
the alternatives that were sought, pharmacological modulation of the CB2r emerged as
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a promising option in the field of addiction following the results obtained so far [46-51].
The activation of the CB2r does not induce the addictive properties of the CB1r (reinforc-
ing effects, cognitive alterations), exhibits anti-inflammatory [52,53] and neuroprotective
potential [54,55]. Furthermore, the modulation of CB2r induces anxiolytic [56,57] and
antidepressant activity [24,58] that may be of great interest in the management of SUD
because of its frequent comorbidity with other neuropsychiatric disorders such as anxiety,
depression, and psychosis.

2. Methods

The literature review consisted of a search for scientific information in the Medline
database (PubMed) employing Medical Subject Headings (MeSH). A total of three search
boxes were employed according to the total of drugs included in the review: alcohol
(“Ethanol” [MeSH]), cocaine [MeSH], and nicotine [MeSH]. These terms were combined
with “Receptor, Cannabinoid, CB2” [MeSH] by the Boolean operator “AND”. All the
results for each search were critically analyzed by all the authors to decide the selection
of each reference according to the adequacy of its content with the subject matter of the
study. No PubMed filters were applied to maximize the selection of all the available and
appropriate information. All original articles, systematic reviews or meta-analyses focusing
on the role of CB2r on drug addiction were accepted. Those articles not related to the topic
of interest, not written in English or to which access was not possible were discarded.

3. Expression, Distribution, and Functional Involvement of CB2r in the Reward System

Since the publication of van Sickle et al. [20] describing for the first time the presence
of CB2r in brainstem neurons of mice, rats, and ferrets under normal conditions, numerous
studies have been carried out to determine its expression, distribution and functional
involvement in different brain areas. George Uhl’s group was the first to describe the
distribution of CB2r in different brain areas of the rat brain using immunohistochemical
techniques [21]. Subsequently, this same group analyzed the gene expression of CNR2
isoform A (brain-tissue-specific) in human NAcc, cerebral cortex (CCx), amygdala (Amy),
and mouse striatum and PFC [59]. One year later, our group demonstrated that under
normal conditions, the gene encoding for CB2r is expressed in different mouse brain areas
related to the regulation of emotional response (Amy, hippocampus, and raphe nuclei) or
reward (NAcc and VTA) [24]. Among the findings obtained shortly after that, the discovery
of CB2r in regions related to the reward system was of great interest, suggesting its possible
role in regulating addictive processes. These results suggested the involvement of CB2r
in the regulation of various functional aspects at the brain level, highlighting the possible
modulation of the reinforcing and motivational effects of drugs of abuse.

Subsequently, Xi et al. [60] provided information on the regulation of dopaminergic
neurotransmission in the NAcc mediated by CB2r. Both systemic and intracerebral (NAcc)
administration of the compound JWH133 (3, 10 and 20 mg/kg, intraperitoneal (i.p.) ad-
ministration; 1, 10, 100 and 1000 M, intraNAcc administration), a selective and potent
CB2r agonist, attenuated the increase in dopamine concentrations in the NAcc induced
by cocaine self-administration in mice. The authors proposed two hypotheses that may
explain this effect. First, there was a reduced basal expression of CB2r in mesolimbic
dopaminergic neurons of the VTA, whose activation would produce an inhibitory effect
reducing dopamine release in the NAcc. Second, activation of CB2r located in microglia
or astrocytes of the VTA or the NAcc could indirectly inhibit dopamine release in the
NAcc due to the release of cytokines and inflammatory factors. In this regard, further
work has shown that CB2r is expressed in both neurons and astrocytes in the VTA and
NAcc of ICR wild-type (WT) mice (Figure 1) [48]. Furthermore, this same study revealed
that CB2r colocalizes with dopaminergic receptor 2 (D2R) in neurons, suggesting that
CB2r might functionally cooperate with the mesolimbic dopaminergic system. Indeed,
studies by Zhang et al., employing a multidisciplinary approach first in mice [25] and
then in rats [61], confirmed that CB2r is present in VTA dopaminergic neurons projecting
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to the NAcc. Functionally, activation of CB2r by administration of the agonist JWH133
under ex vivo and in vivo conditions (10 and 20 mg/kg, i.p.; 1 and 3 ng/side, intraVTA
administration; 1 and 10 M, in vitro experiments with brain slices containing the VTA),
reduced the firing rate and dopamine release in VTA dopaminergic neurons. Furthermore,
local administration of JWH133 (1 and 3 pg/side) in the VTA significantly reduced co-
caine self-administration. More recently, it was suggested that CB2r could modulate the
excitability of VTA dopaminergic neurons through both synaptic and intrinsic mechanisms,
involving the reduction of presynaptic glutamate release as well as the enhancement of
postsynaptic neuronal M-type K* currents [62]. These results confirm the role of the CB2r
on the regulation of dopaminergic neurotransmission and suggest this receptor as a new
therapeutic target for SUD management.

100 pm

Figure 1. Confocal photomicrographs showing immunolabeling for CB2 receptors (CB2r), neuronal
nuclei (NeuN) and glial fibrillary acidic protein (GFAP) in the ventral tegmental area (VTA) and the
nucleus accumbens (NAcc) of wild-type (WT) mice. Double labeling CB2r-NeuN (yellow cells in c) in
the VTA and the NAcc and CB2r-GFAP (yellow cells in i) in the VTA indicates the existence of CB2r
in neurons and astrocytes. Image adapted from Aracil-Fernandez et al. Neuropsychopharmacology
(2012) 37, 1749-1763.

4. Therapeutic Potential of CB2r in the Management of Substance Use Disorders

The information mentioned so far suggests that CB2r may present a relevant role in
the functional regulation of the reward system. Evidence accounting for its involvement in
the regulation of the reinforcing actions of substances such as alcohol, cocaine, or nicotine is
detailed in this section. In addition, CB2r participates in other mechanisms closely related
to the addictive process. For instance, this receptor is involved in the regulation of cognitive
processes [63,64], the control of impulsive behavior [65], aggressiveness [66] or emotional
responsiveness [24,56,57,67].

4.1. CB2r and Alcohol

The first reference related to the involvement of CB2r in addiction, and more specifi-
cally with the effects of alcohol, was described by Emmanuel Onaivi’s group [51,68]. Using
a model of voluntary alcohol consumption (also called two-bottle choice test, one contain-
ing water and the other a defined concentration of alcohol that is progressively increased),
it was observed that mice that consumed a higher amount of alcohol were characterized
by a lower gene expression of CNR?2 at the mesencephalic level. Furthermore, the authors
evaluated the effect of systemic administration of the CB2r agonist JWHO015, 20 mg/kg,
i.p.) on alcohol consumption in mice previously exposed to a chronic mild stress model
(CMS). A marked increase in alcohol consumption was observed in stressed mice with no
change in unstressed mice. The effects of the CB2r antagonist (AM630, 3 mg/kg, i.p.) were
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also analyzed without finding differences in either of the two groups evaluated. This same
study describes for the first time the association between the CNR2 polymorphism, Q63R,
and alcoholism in a population of Japanese patients. This polymorphism would be related
with a reduced CB2r-mediated response and, consequently, a greater vulnerability for the
development of alcoholism.

Subsequent studies reinforced the relationship between lower CB2r expression and
higher alcohol consumption. In a model of continuous (liquid diet with 10% alcohol,
15 days) or intermittent (liquid diet with 10% alcohol, 5 days/week, 3 weeks) alcohol
access, the effects of alcohol withdrawal, after 6 or 24 h, on CNR2 gene expression in the
Amy of male Wistar rats were evaluated, showing a reduction that was more emphasized
at 24 h [69]. Similarly, intermittent alcohol exposure (ethanol (EtOH) 20% w/v, 3 g/kg, i.p.,
4 days/week, 4 weeks) of male Wistar rats produced a marked reduction of CNR2 gene
expression in the striatum and hippocampus, which was assessed 2 weeks after the end
of the procedure [70]. In a complementary manner, post-mortem studies analyzed CNR2
gene expression in the dorsolateral PFC and NAcc of patients with alcohol dependence
criteria [71], revealing a reduction in both regions. These changes could be attributed to
prolonged consumption and the greater vulnerability of these patients to the reinforcing
effects of alcohol. Another approach used to investigate the role of CB2r in regulating
the reinforcing properties of alcohol is the use of genetically modified animals. In this
regard, the study performed with Swiss ICR mice devoid of the CNR2 gene in the central
nervous system, CB2-/-, shows how the absence of CB2r is related to a greater preference
for the conditioned compartment in the conditioning place preference (CPP) test, greater
preference, and alcohol consumption in the two-bottle system, and greater motivation and
alcohol consumption in the oral ethanol self-administration test [50]. Moreover, the results
obtained in the self-administration paradigm were replicated in other CB2-/- mice in the
central nervous system but based on C57BL/6], a strain characterized by a high vulnerabil-
ity for alcohol consumption. Therefore, these results revealed that genetic deletion of CNR2
significantly increased the vulnerability of the animals to the reinforcing and motivational
stimuli of alcohol.

These findings may not be explained by possible alterations in the peripheral me-
tabolization of ethanol, as no differences were found in plasma ethanol concentrations,
after administration at different doses, between the CB2-/- mice and their corresponding
control group. On the other hand, gene expression analyses showed that basally CB2-/-
mice presented a higher expression of the p-opioid receptor (MOr) in the NAcc than their
control group. In addition, after administration of different doses of ethanol, a marked
increase of tyrosine hydroxylase (TH) gene expression in the VTA and MOr in the NAcc
was observed. These data indicate that these alterations may be related, at least in part, to
the increased alcohol consumption and motivation of CB2-/- mice.

Subsequently, forced (one bottle with EtOH 16% v/v, 5 months), intermittent (one
bottle with EtOH 16% v/v, 4 days/week, 5 months), and voluntary (two bottles with water
or EtOH 8% v/v, 3 months) drinking models were employed in CB2-/- mice under both
group housing and isolation conditions [72]. The results showed no differences in the
forced consumption paradigm considering both genotype and housing conditions. In
contrast, in the intermittent drinking model, a significant increase in alcohol consumption
was observed in group-stabled CB2-/- mice, with no differences found in isolated mice.
These results indicate that the absence of CB2r would be responsible for increased alcohol
consumption despite group housing, a condition that is usually associated with a lower
consumption rate compared to isolation. This result is consistent with previous studies that
highlighted the involvement of CB2r in the regulation of the stress response [57,67]. Finally,
contrary to the previously discussed results [50], in the voluntary consumption paradigm,
a significant reduction in the level of consumption and preference (10-12 weeks) was found
in CB2-/- mice. The causes that may explain finding an opposite alcohol consumption
profile between the two studies are unknown. Considering that they employ the same
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mouse strain and genotype, possible differences in the performance of the experimental
procedures or the mice’s housing conditions could be responsible for these discrepancies.

Apart from CB2-/- animals, pharmacological studies were performed with com-
pounds that selectively activated or blocked CB2r. Thus, Powers et al. [73] again employed
CB2-/- mice, replicating their increased degree of conditioning by the environment in
which they receive alcohol (20%, 2 g/kg, i.p.). They also assessed the effects of adminis-
tration of drugs with agonist (JWH133, 10 and 20 mg/kg) or antagonist (AM630, 10 and
20 mg/kg) action on CB2r in WT mice (HS/Ibg strain). Pharmacologically, the authors
found no effect on alcohol consumption or place preference conditioning. This finding
suggested that neurodevelopmental modifications in CB2-/- mice were likely behind
the changes in vulnerability to the reinforcing effects of alcohol. However, Al Mansouri
et al. [74] demonstrated that administration of 3-caryophyllene, a selective CB2r agonist,
significantly reduced voluntary alcohol consumption and conditioned place preference in
males C57BL/ 6] strain mice, effects that were blocked by the antagonist AM630. Similarly,
Liu et al. [28] also showed that administration of JWH133 (5 mg/kg, i.p.) completely
blocked place preference induced by alcohol administration. Recently, it has been shown
how pharmacological modulation of CB2r by the antagonist AM630 (1 mg/kg, i.p.) signifi-
cantly increased the number of lever activations, as well as the level of alcohol consumption
and motivation in the oral self-administration experimental paradigm [75]. These findings
agree with the profile observed in CB2-/- mice [50] and are related to reducing CNR2 ex-
pression levels upon alcohol exposure in different experimental conditions [69,70]. In this
same study;, it is shown how CB2r activation mediated by the agonist JWH133 (1 mg/kg,
i.p.) produces the opposite effects, significantly reducing alcohol self-administration,
a result consistent with those obtained previously [28,74], as well as more recently in
the CPP paradigm where CB2r activation reduced alcohol-rewarding behaviors [76]. It
should be noted that these changes were accompanied by bidirectional modifications in
the gene expression of brain targets intimately related to the regulation of the reinforcing
effects of alcohol such as TH in the VTA, and MOr and CNR1 and CNR2 in the NAcc
(Figure 2). Discrepancies regarding the effects of pharmacological regulation of CB2r on
alcohol consumption and motivation may be due to various experimental circumstances.
We may use different mouse strains (HS/Ibg or C57BL/6]) or different procedures to
assess alcohol consumption (two-bottle system, place preference conditioning, or oral self-
administration). Additionally, pharmacological aspects such as the dose, route, or adminis-
tration schedule could play an important role. In short, further studies exploring new exper-
imental conditions and contributing to elucidate the neurobiological mechanisms involved
are needed.

A conditional knockout mouse was recently generated in which CNR2 expression was
explicitly knocked down in DAT-Cnr2-/- dopaminergic neurons [77]. This was achieved
using a recombinant expression system (Cre-LoxP) that utilized the dopamine transporter
(DAT) promoter, producing DAT-Cnr2-/- mice. This approach is of great interest to
elucidate the specific role of CB2r in dopaminergic neurons. DAT-Cnr2-/- mice show
a significant elevation of motor activity, depressive-like behavior, or a lower level of
anxiety. However, they are more vulnerable to the reinforcing effects of cocaine (place
preference conditioning). Relative to the reinforcing effects of drugs such as alcohol or
cocaine, DAT-Cnr2-/- mice develop less alcohol-induced place preference conditioning
and exhibit a lower preference for the alcohol-containing bottle in a voluntary drink-
ing paradigm (two-bottle system). Another finding of great interest is the altered inter-
action with environmental factors such as stress exposure. DAT-Cnr2-/- mice do not
show a different alcohol consumption after exposure to the chronic mild stress model for
7 weeks, contrary to WT mice. Therefore, it could be hypothesized that the absence of
CB2r would alter the processes of emotional response regulation [57,67], interfering with
the increased vulnerability for alcohol consumption that usually occurs upon exposure to
stressful stimuli.



Biomolecules 2021, 11, 1556 7 of 18

J,,_._-\l_”}Lf_ff_),q_ Oral alcohol self
5 4 administration
"~ )*\ .

N, » 1 TH in VTA
[ J Number of reinforcements 1 1MO in NAcc
) Light -I Con_sun.1ptinn of alcohol 8% 1 rCB, in NAcc
AMG30 - Motivation =rCB, in NAcc

Lmg/ke, 1.p. C57BL/6 “@

CB, receptor antagonist Receptacle
‘ . Inactive Active

L B lever lever
“ — o
e, N
T ] " / -/
— _

,'-.0/ i

Vi ri
’ AN Vi vl Number of reinforcements
JWH133 — 4 7 - l Consumption of alcohol 8%
1 mg/kg, i.p. C57BL/6) Motivation
CB, receptor agonist \}

Figure 2. Representative picture of the experimental procedure and the main findings obtained with pharmacological
modulation of CB2 receptors (CB2r) in the oral ethanol self-administration paradigm. Image adapted from Navarrete et al.
Biochemical Pharmacology (2018) 157, 227-234.
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Finally, it is essential to highlight that CB2r also seems to be involved in protective
processes against the adverse effects of chronic alcohol consumption at hepatic and cen-
tral levels. In 2011, it was first described that CB2-/- mice were more vulnerable to the
development of steatosis and fibrinogenesis in the liver [78]. It was later proposed that
pharmacological activation of CB2r, expressed in liver macrophages (Kupffer cells), pro-
tected against alcohol-induced steatosis by inhibiting various inflammatory processes [79].
At the brain level, only one study specifically explored the role of CB2r in the reduction
of neuroplasticity and neurogenesis processes induced by alcohol, suggesting that CB2r
activation increases the number of neurons in the subgranular zone of the hippocampus
and the subventricular zone of mice chronically exposed to alcohol [80]. Therefore, such
effects would further substantiate the potential therapeutic utility of pharmacological
manipulation of CB2r in alcohol use disorder (AUD) (Table 1).

Table 1. Main findings supporting the involvement of CB2r in the regulation of the reinforcing and motivational effects

of alcohol.
CB2r & Alcohol-ANIMAL STUDIES
Genetic Manipulation CB2r
Genetic manipulation Specie Experln?ental Results References
paradigm
CPP 1 Conditioned place preference
. Swi
CB2r deletion, I C;{v ;sr? d Ve T Voluntary ethanol [50]
knock-out (CB2-/- and CNR2 KO) C57BL/6] mice consumption and preference
OESA 1 Motivation to drink ethanol
CBor del 111:31133 No differences
r deletion,
! C57BL/6] mice 72
knock-out (CNR2 KO) J Ve 1 Alcohol drinking in [72]
group-housing conditions
CB2r deletion, . ..
knock-out (CNR2 KO) C57BL/6] mice CPP 1 Conditioned place preference [73]
CB2r deletion, CPP 1 Conditioned place preference
in dopaminergic neurons, knock C57BL/6] mice Ve [77]

out condicional (DAT-Cnr2-/-)
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Table 1. Cont.

Pharmacological manipulation of CB2r

Doses Specie ExpermTental Results References
paradigm
ol c CPP J Conditioned place preference
[-caryophyllene, CB2r agonist .
(25,50 and 100 mg/kg) C57BL/6] mice Ve } Voluntary ethanol [74]
consumption and preference
i CPP No differences
JWH133, CB2r agonist HS/Ibg mice (73]
(10y 20 mg/kg) vC No differences
JWH133, CB2r agonist (5 mg/kg) C57BL/6] mice CPP J Conditioned place preference [28]
JWH133, CB2r agonist (1 mg/kg) C57BL/6] mice OESA J Motivation to drink ethanol [75]
CB2r & Alcohol-Human Studies
Diagnosis Population Variable Results References
Q63R (CB2r)
SUD Japanese polymorphism 1 Incidence [51,68]
association-SUD
SUD Caucasian Relative gene 1 DLPFCx y NAcc (71]

expression (CB2r)

T increase, |: decrease, CPP: Conditioned Place Preference, VC: Voluntary Consumption, ESA: Oral Ethanol Self-Administration, FD:
Forced Drinking, IFD: Intermittent Forced Drinking, SUD: Substance Use Disorder, DLPFCx: Dorsolateral Prefrontal Cortex, NAcc:

Nucleus Accumbens.

4.2. CB2r and Cocaine

Several studies highlight the functional importance of CB2r in the actions produced
by psychostimulant drugs such as cocaine. Genetically modified mice overexpressing CB2r
in the central nervous system (CB2xP) were exposed to different experimental paradigms
to analyze the motor (motor sensitization), reinforcing (place preference conditioning), and
motivational (intravenous self-administration) effects of cocaine. The results indicated that
overexpression of CB2r significantly reduced motor sensitization, CPP, and the number of
cocaine infusions. Furthermore, these behavioral alterations were associated with increased
TH and DAT gene expression in the VTA of CB2xP mice compared to their controls. These
differences could be related, at least in part, to the lower vulnerability of CB2xP mice for
the motor, reinforcing, and motivational effects of cocaine. However, these effects were
not related to the possible regulation of dopamine release in the NAcc. The microdialysis
studies showed an increase in dopamine levels following cocaine administration in both
genotypes [48].

The intravenous cocaine self-administration model analyzed the effects of the CB2r
agonist JIWH133 (10 and 20 mg/kg, i.p.) in WT mice and knockout mice lacking the gene
coding for CB1r (CB1-/-) and CB2r (CB2-/-). Activation of CB2r by JWH133 significantly
reduced the number of cocaine injections in WT mice. The fact that this effect was not
modified by simultaneous administration of a CB1r antagonist (AM251, 3 mg/kg, i.p.),
nor was it observed in CB1-/- mice, allowed us to rule out the involvement of CB1r. In
contrast, the effects of JWH133 were blocked with the CB2r antagonist AM630 and were
not observed in CB2-/- mice, confirming the involvement of CB2r. Likewise, using another
CB2r agonist (GW405833, 3 and 10 mg/kg, i.p.), it was possible to replicate the results
obtained with JWH133 injection. Regarding cocaine-induced motor hyperactivation, it is
also noteworthy that in WT and CB1-/- mice, a significant reduction in distance traveled
was observed in those mice administered JWH133 (20 mg/kg, i.p.), whereas no differences
were obtained in CB2-/- mice [60].

In a complementary manner, the effects of the CB2 antagonist SR144528 (0.1, 0.3, and
1 mg/kg, i.p.) were evaluated in the intravenous cocaine self-administration test. No
change was observed in the number of cocaine injections and no change in relapse induced
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by the presentation of a conditioned stimulus. However, when the cocaine-triggered re-
lapse process (10 mg/kg, i.p.) was analyzed after an extinction period (10 days), CB2r
blockade did produce a significant reduction [81]. Likewise, a subsequent study described
how pharmacological activation of CB2r by administration of the agonist O-1966 (1, 3, 5,
10 and 20 mg/kg, i.p.) blocked cocaine-induced conditioning place preference (10 mg/kg,
i.p.) [82]. These findings suggest that overexpression or pharmacological activation of
CB2r can reduce the stimulant, reinforcing, and motivational properties of cocaine in the
different animal models employed in mice. Significantly, these effects may be related to
a reduction in dopamine release in the NAcc, a phenomenon that occurs when JWH133
(20 mg/kg, i.p.) is administered both under basal conditions and after cocaine administra-
tion. This effect appears to be specific to CB2r as the antagonist AM630 successfully blocks
it and does not occur in CB2-/- mice, but it is present in CB1-/- mice [60].

Subsequently, it was shown that administration of the agonist JWH133 (10 and
20 mg/kg, i.p.) significantly reduced the number of cocaine infusions in male C57BL/6]
mice as the animals” motivation to obtain the drug. However, in male Long—Evans rats,
pharmacological activation of CB2r did not change the number of injections and even sig-
nificantly increased motivation. This finding could be due to differences in gene structure,
mRNA splicing mechanisms, or even the protein’s structure and amino acid composition
that makes up CB2r between mice and rats. In addition to the two known isoforms of the
gene coding for CB2r (CNR2a and CNR2b), two additional rat-specific isoforms (CNR2c
and CNR2d) were found. Differences in the gene expression profile of CB2r (isoforms A
and B) were also identified in the striatum of mice and rats, a fact that explained, at least in
part, the differential effects found in the self-administration paradigm [83].

In order to further explore the implication of CB2r in the regulation of cocaine effects,
changes in its gene expression were evaluated following different administration patterns.
In a recent study, specific times during the adolescent stage of male Sprague-Dawley rats
were selected, in which cocaine (15 mg/kg, i.p.) was administered for 7 days. Analysis of
CB2r protein expression in the PFC showed a significant reduction in expression only in
those rats treated between days 33 and 39 from birth. However, such alteration does not
persist in the adult stage, although it probably produces functional alterations that may
reflect the response by cocaine consumption with possible implications in the development
of the addictive process [84]. On the other hand, Bystrowska et al. [85] used male Wistar
rats to evaluate the changes induced by cocaine after two types of experimental designs:
(1) intravenous self-administration for 14 days, and (2) intravenous self-administration for
14 days followed by 10 days of quenching. Immunohistochemical techniques in the brain
samples analyzed the levels of CB2r. The results revealed a significant decrease in CB2r
levels in areas of the mesolimbic system, such as the NAcc and the PFC, in rats exposed to
the extinction period after the self-administration procedure.

Finally, DAT-Cnr2-/- mice lacking CB2r in dopaminergic neurons were recently used
to evaluate the effects of different psychostimulant drugs such as cocaine [86]. In DAT-Cnr2-
/- mice, acute cocaine administration increased motor hyperactivation. On the other hand,
in a motor sensitization model, DAT-Cnr2-/- mice increased sensitivity to the stimulatory
effects of cocaine compared to WT mice. This effect occurred when the lowest dose of
cocaine (10 mg/kg, i.p.) was administered, whereas the result was the opposite when the
highest dose (20 mg/kg, i.p.) was used. Although the authors do not discuss the possible
mechanisms underlying these differences, the deletion of CB2r in dopaminergic neurons
could likely induce functional alterations not yet elucidated that modify the sensitivity
to the psychomotor effects of high doses of cocaine. In the same study, we analyzed the
reinforcing effects in the CPP paradigm, finding a more extended time spent in the cocaine-
conditioned compartment (7.5 mg/kg, i.p., 4 days) of DAT-Cnr2-/- mice. Furthermore,
the JWH133 agonist (3 mg/kg, i.p., 4 days) and cocaine (5 mg/kg, i.p., 4 days) were co-
administered during the conditioning phase in WT mice, and the characteristic reinforcing
effect was blocked.
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The results available so far suggest that the absence of CB2r may be associated with
increased vulnerability to the stimulant and reinforcing effects of cocaine. In contrast,
overexpression or pharmacological activation of CB2r may benefit significantly reducing
the actions induced by cocaine (Table 2). However, further studies are needed to understand
better the neurobiological mechanisms underlying these effects and expand the therapeutic
potential that functional modulation of CB2r would have in treating cocaine addiction.

Table 2. Main findings supporting the involvement of CB2r in the regulation of the reinforcing and motivational effects of cocaine.

CB2r & Cocaine-Animals Studies

Genetic Manipulation CB2r

Genetic manipulation Specie E)g)ai:;r;;nmtal Results References
SM J Cocaine-induced motor
o  the C sensitization
verexpression of the CB2r . .
P (CByxP) Swiss ICR mice CPP J Conditioned place preference (48]
ISA J Motivation for cocaine
consumption
MA 1 Cocaine-induced hyperactivity
q CBZ'r dele;tion in MS 1 Cocaine-induced motor
e g i i OOt 1
(DAT-Cnr2-/-) J Cocaine-induced motor
CPP sensitization (20 mg/kg)

1 Conditioned place preference

Pharmacological manipulation of CB2r

Doses Specie Experm.nental Results References
paradigm
ISA J Motivation for

JWH133, CB2r antagonist

cocaine Consumption
C57BL/6] mice [60]

(10 and 20 mg/kg) } Cocaine-induced
MA
locomotor effect
GW405833, CB2r agonist . | Motivation for cocaine
(3 and 10 mg/kg) C57BL/6] mice ISA consumption [81]
No differences in motivation for
. cocaine consumption
SR&;? 55 83’ a(f:lz; z;l;lta/ior;lst Wistar rats ISA J Cocaine-triggered relapse
o &/X8 (not conditioned
stimulus-triggered relapse)
0-1966, CB2r antagonist . -
(1,3,5,10 and 20 mg,/kg) C57BL/6] mice CPP J Conditioned place preference [82]
. C57BL/6] mice ISA | Motivation foF cocaine
JWH133, CB2r agonist consumption (3]
(10 and 20 mg/kg) 1 Motivation for cocaine
Long-Evans rats ISA .
consumption
J WHlf’; ,H?g]3/21:ga)gomst C57BL/6] mice CPP J Conditioned place preference [86]

1 increase,|: decrease, MS: Motor Sensitization, CPP: Conditioned Place Preference, ISA: Intravenous Self-Administration, MA:

Motor Activity.
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4.3. CB2r and Nicotine

In recent years, there has been growing interest in exploring the involvement of the
ECS in nicotine dependence. More specifically, several research groups focused on clarify-
ing the possible role of CB2r in the acquisition of nicotine dependence and the processes of
abstinence and relapse. The first approach to investigate the involvement of both CB1r and
CB2r in the reinforcing effects of nicotine was published in 2006 [87]. This study employed
an intravenous self-administration model in male Wistar rats, with which animals were
trained to discriminate between self-administration of saline or nicotine (0.025-0.4 mg/kg).
Once the animals acquired the learning criteria, the effect of administration of different
drugs acting on nicotinic acetylcholine receptors and cannabinoid receptors was evaluated.
The authors observed that administration of CB1r (rimonabant, 10 mg/kg, i.p.) and CB2r
(SR144528, 3 mg/kg, i.p.) antagonist drugs produced no effect on the discrimination task,
which initially suggested that cannabinoid receptors were not involved in modulating the
reinforcing actions of nicotine.

Subsequently, Gamaleddin et al. [88] conducted a study in male Long—Evans rats
to reassess the involvement of cannabinoid receptors in nicotine-induced reward effects
focusing on the motivation to obtain the drug, as well as its pursuit after a period of
abstinence. They performed an intravenous self-administration of nicotine to achieve the
stated objectives by evaluating the effects of administering a nonselective CB1r and CB2r
agonist, WIN55,212-2 (0.1, 0.3, and 1 mg/kg, i.p.), on the number of infusions. Agonist
administration reduced nicotine self-administration in the fixed-ratio phase but increased
it in the progressive-ratio phase, reaching statistical significance with the highest dose
(1 mg/kg, i.p.). Likewise, relapse induced by both nicotine readministration and the pre-
sentation of nicotine-conditioned stimuli was markedly enhanced by the administration
of WIN55,212-2. In a complementary manner, and to assess whether CB1r, CB2r, or both
mediated the effects observed in the relapse phase, pretreatment with selective antagonists
of both receptors (rimonabant (1 mg/kg, i.p.) and AM630 (5 mg/kg, i.p.), respectively) was
performed. Although CB1r blockade succeeded in abrogating the relapse of the animals
induced by nicotine or conditioned stimuli, no changes occurred when the CB2r antagonist
was administered. Thus, it was concluded that CB2r would not be involved, diverting at-
tention to CB1r. The same authors published another study in 2012 [89] to evaluate whether
CB2r could play any relevant role in modulating the reinforcing motivational effects of nico-
tine. To do so, they again employed an intravenous nicotine self-administration paradigm,
analyzing the effects of administration of a CB2r agonist (AM1241, 1 to 10 mg/kg, i.p.) and
an antagonist (AM630, 1.25 to 5 mg/kg, i.p.). The results obtained were consistent with
those previously published since neither activation nor blockade of CB2r modified nicotine
self-administration (fixed and progressive ratio). Likewise, neither did relapse induced by
re-exposure to the drug or drug-conditioned stimuli vary. Therefore, the authors reaffirmed
their previous conclusion, suggesting that their results did not support the involvement
of CB2r in self-administration or nicotine-seeking behavior. However, a year later, our
group published a study that unequivocally supported the active involvement of CB2r in
the regulation of nicotine’s reinforcing properties [49]. Different experimental paradigms
were employed to assess reinforcement (CPP), motivation (intravenous self-administration
of nicotine), and withdrawal (assessment of somatic signs) induced by nicotine. A ge-
netic approach was employed to analyze the role of CB2r, using CB2-/- mice and their
respective WT mice, and a pharmacological approach was performed by administering
the CB2r antagonist AM630 to WT mice. The results showed that nicotine could not in-
duce conditioning place preference in CB2-/- mice at any of the doses tested (0.5, 0.7, and
1 mg/kg, i.p.). Likewise, AM630 (1 mg/kg, i.p.) blocked nicotine-mediated effects. On the
other hand, CB2-/- mice hardly self-administered nicotine, and their level of motivation in
the progressive ratio phase was much lower than WT mice. Furthermore, administration
of AM630 (1 and 3 mg/kg, i.p.) reduced intravenous self-administration in both fixed and
progressive ratio phases. Finally, and concerning the evaluation of the nicotine withdrawal
syndrome precipitated by the administration of a specific nicotinic antagonist (mecamy-
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lamine), the results again showed that CB2-/- mice hardly presented the characteristic
somatic signs and that these were significantly and dose-dependently reduced by AM630
(1 and 3 mg/kg, i.p.).

The brain changes related to the behavioral effects derived from the genetic deletion
of CNR2 were evaluated by real-time PCR in CB2-/- and WT mice. Gene expression of
WT and &3 and o4 subunits of the nicotinic cholinergic receptor were analyzed in the
VTA. The results indicated that gene expression of both TH and nicotinic subunits was
significantly reduced in CB2-/- mice. Moreover, the possible colocalization of CB2r with
these subunits in the VTA and NAcc of WT mice was evaluated. The results revealed
colocalization of CB2r with the o3 and «4 subunits of the nicotinic cholinergic receptor in
areas of the reward system (Figure 3). This finding could suggest the functional cooperation
of both receptors and their involvement in regulating nicotine effects at the mesolimbic
level. Shortly after that, another paper was published [82], confirming that CB2r regulated
nicotine-induced conditioning place preference effects. Consistent with our results [49],
both genetic deletion (CB2-/- mice) and pharmacological blockade (administration of the
CB2r antagonist SR144528) completely abolished nicotine-induced place preference.

3-nAChR

100 gm

a3-nAChR

100pm

ad4-nAChR

100 pm

a4-nAChR

Figure 3. Confocal photomicrographs showing immunolabeling for CB2 receptors (CB2r) and «3 and
a4 subunits of the cholinergic nicotinic receptor («3-nAChR and «4-nAChR) in the ventral tegmental
area (VTA) and the nucleus accumbens (NAcc) of wild-type (WT) mice. Double labeling (yellow cells
in panels aC, bC, cC and dC) indicates that «3- and «4-nAChRs colocalize with CB2r immunoreactive
cells. Image adapted from Navarrete et al. Neuropsychopharmacology (2013) 38(12), 2515-2524.

Furthermore, it is noteworthy that administering a CB2r agonist (O-1966) and a subef-
fective dose of nicotine increased the stay in the drug-conditioned compartment. However,
in this case, CB2-/- mice showed a similar response profile to WT mice when nicotine with-
drawal syndrome was pharmacologically precipitated by mecamylamine administration.
Therefore, the authors concluded that CB2r is necessary to induce nicotine conditioning
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preference, apparently not regulating withdrawal-associated symptomatology. The discrep-
ancies between the two studies may be due to different experimental circumstances, such
as using another mouse strain (C57BL/6] vs. Swiss ICR) or the different duration of nico-
tine administration before the precipitation of withdrawal syndrome with mecamylamine
(7 days vs. 14 days).

Recently, Canseco-Alba et al. [86] reported the absence of nicotine-induced place
preference conditioning in DAT-Cnr2-/- mice, suggesting an effect that reproduces the
behavior shown by CB2-/- mice [49,82]. Similarly, pretreatment with the agonist JWH133
(83 mg/kg, i.p.) blocked such conditioning in WT mice. This effect was similar to that
obtained after administration of the antagonist AM630 (3 mg/kg, i.p.) [49], probably
because of differences in the timing and pattern of administration (repeatedly during the
conditioning sessions or punctually in the postconditioning session).

In summary, the work carried out in recent years has allowed us to deepen our
understanding of the relationship between the different phases of nicotine dependence and
CB2r (Table 3), pointing to dopaminergic transmission as a possible interaction pathway.
However, further studies are needed to explore whether CB2r could be helpful as a new
pharmacological target in the therapeutic approach to nicotine dependence.

Table 3. Main findings supporting the involvement of CB2r in the regulation of the reinforcing and motivational effects of nicotine.

CB2r & Nicotine-Animal studies

Genetic manipulation CB2r

Genetic manipulation Specie E;gf:gilgﬂtal Results References
CPP J Conditioned place preference
CB2r deletion, knock-out (CB2-/-) Swiss ICR mice ISA .+ Motivation for [49]
nicotine consumption
WS 1 Withdrawal signs
CB2r deletion, knock-out (CB2-/-) C57BL/6] mice CPP J Conditioned place preference [82]
CB2r deletion in dopaminergic
neurons, conditional knock-out C57BL/6] mice CPP J Conditioned place preference [86]

(DAT-Cnr2-/-)

Pharmacological manipulation of CB2r

Doses Specie Experimental Results References
paradigm
SR144528, CB2r agonist Wistar Rats DT No differences [87]
(3 mg/kg)
WINS5,212-2, CB1r/CB2r agonist 1+ WIN55,212-2-induced nicotine
( I?‘g/ kg) + Rimonabant, CB1r Long-Evans rats ISA relapse, blocked by rimonabant [88]
agonist (1 mg/kg) or AM630, CB2r but not by AM630
antagonist (5 mg/kg) y
AM1241, CB2r agonist (1-10 mg/kg) Long-Evans rats ISA No differences [89]
AM630, CB2r agonist ~ .
(1.25-5 mg /Kg) Long-Evans rats ISA No differences
CPP J Conditioned place preference
AMS630, CB2r antagonist (1 mg/kg) Swiss ICR mice ISA | Motivation for [49]
nicotine consumption
WA 1 Withdrawal signs
SR144528, CB2r antagonist C57BL/6] mice CPP | Conditioned place preference
(3 mg/kg) ) — [82]
0-1966, CB2r agonist (1-20 mg /kg) C57BL/6] mice CPP 1 Conditioned place preference

DT: Discrimination Task, ISA: Intravenous Self-Administration, WS: Withdrawal Syndrome, CPP: Conditioned Place Preference, 1: increase,

J: decrease.
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5. Discussion

The results compiled in this article suggest the functional involvement of CB2r in
the effects produced by drugs of abuse such as alcohol, cocaine, or nicotine at the CNS
level. First, the discovery of the presence of CB2r in brain areas that are part of the
reward system, its colocalization with receptors involved in mediating the reinforcing and
motivational effects of different substances of abuse, and the findings on its involvement in
the regulation of dopamine release at the mesolimbic level, support the relevance of CB2r in
the field of addiction. Secondly, the experimental approaches carried out at the preclinical
level employing genetic and/or pharmacological manipulation of CB2r allowed us to
understand the role played by this receptor in the regulation of different behavioral traits
related to the addictive process such as reinforcement, motivation, relapse, psychomotor
effects or withdrawal symptoms.

Despite the advances made in recent years, mainly through animal models, further
studies are still needed to improve our knowledge about the involvement of CB2r in
SUD. From a pharmacological perspective, designs that assess more comprehensive dose
ranges and more prolonged treatment durations are required to analyze CB2r activation
or blockade effects in the longer term. Likewise, behavioral procedures that specifically
evaluate traits associated with relapse, abstinence, or psychomotor sensitization will be
advantageous due to their greater translational power towards clinical problems. On the
other hand, it will be essential to elucidate the neurobiological mechanisms underlying
the effects mediated by CB2r, being necessary to apply multidisciplinary experimental ap-
proaches that help to understand better the processes involved. According to the previously
mentioned findings, the functional regulation of dopaminergic neurotransmission in brain
areas of the reward system such as the VTA or the NAcc would play an important role.

In addition to preclinical studies, it is essential to analyze samples from patients
diagnosed with SUD. The results obtained from the analysis of biological samples (blood,
cerebrospinal fluid) or postmortem brain samples, and from the information provided
by studies using neuroimaging techniques or evaluating different psychophysiological
aspects, will be unquestionably valuable to improve our knowledge of the role of CB2r in
the addictive process. Likewise, advances in preclinical approaches could lead to clinical
trials to assess the safety and tolerability of compounds acting at the level of CB2r and
finally analyze their efficacy. In this regard, it should be noted that there are currently
precedents for the administration in patients of a compound with CB2r agonist properties
(GW842166X; reference of the clinical trial published on the clinicaltrials.gov website:
NCTO00511524), a fact that partly paves the way for the future development of related
molecules that could be useful in the treatment of SUD. It is also important to note that
currently available CB2r agonist and antagonist compounds can also act on CB1r depending
on the administered dose. This is a limitation given the possibility of characteristic adverse
effects (reinforcing properties, cognitive alterations, psychotic disorders). Therefore, the
synthesis of substances that act as allosteric modulators may be of great utility rather
than agonists or antagonists. This approach would confer advantages such as better
pharmacological selectivity and functional modulation dependent on the presence of
endocannabinoids in specific brain regions [90].

In conclusion, there is a growing interest in exploring the therapeutic potential of
strategies to modulate CB2r-mediated effects in treating addictive disorders. In this sense,
the future development of new pharmacological tools focused on CB2r may help to have
more specific approaches that, alone or in combination with the treatments already known,
increase the therapeutic success in the management of SUD.
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