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Abstract

Cannabis is the third most used psychoactive drug worldwide. Despite being legally scheduled as a drug with high harm potential
and no therapeutic utility in countries like the USA, evidence shows otherwise and legislative changes and reinterpretations of
existing ambiguous laws make this drug increasingly available by legal means. Nevertheless, this substance is able to generate
clear addiction syndromes in some individuals who use it, which are accompanied by brain alterations resembling those caused
by other addictive drugs. Moreover, there is no available pharmacological treatment for this disorder. This fact motivates a deep
study and comprehension of the neural basis of addiction-relevant cannabinoid effects. Interestingly, the cerebellum, a hindbrain
structure which involvement in functions not related to motor control and planning is being increasingly recognized in the last
decades, seems to be involved in the effects of addictive drugs and addiction-related processes and also presents a high density of
cannabinoid receptors. Preclinical research on the involvement of the cerebellum in cannabis’ effects has focused in the drug’s
motor incoordinating actions, potentially underestimating its participation in addiction. Therefore, this review addresses the
studies reporting cerebellar involvement in cannabis effects both in experimental animals and human subjects and the possible
relevance of these changes for addiction. Additionally, future experimental approaches will be proposed and hopefully this work
will stimulate research on the cerebellum in cannabis addiction and help recognizing it as an important part of the neural circuitry

affected in cannabis-related disorders.
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Introduction

Cannabis is the third most used recreational drug worldwide,
with recent epidemiological surveys and studies showing that
up to 232 million people have used it recently [1]. In Europe,
out of 80 million people that have used illicit drugs during
2013, 75.1 million (93.87%) used cannabis [2]. This drug is
obtained from the plant Cannabis sativa, which belongs to the
family of Cannabaceae and it is thought to be endemic from
Himalaya Mountains [3]. It is normally administered via in-
halation of the smoke produced by its combustion. The pre-
sentation forms of the drug include marijuana, the dried
C. sativa flowers which are shredded before smoking them
mixed with tobacco or not, and hashish, a preparation
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consisting in the compact resin of the plant, which is also
smoked mixed with tobacco or not [4].

In countries like the USA, this drug is placed on the
Schedule I of the Controlled Substances Act. This classifica-
tion means it is considered to have no medical value and high
harm potential [5], as compared to substances like cocaine or
methamphetamine. The latter drugs are placed in Schedule II
and are, legislation-wise, considered to present more medical
uses and less harm potential than Schedule I substances.
Nevertheless, available evidence does not seem to support
such a classification for cannabis, which is indeed indicative
of a relatively low harm potential and several therapeutic ap-
plications [6-9]. Accordingly, many governs have made
changes on legislations regarding cannabis so that it is becom-
ing legal for medical purposes or even for recreational use in
several countries [10—12]. It should be noted, however, that
the apparent low-risk profile of cannabis does not imply it is
exempt of risks. It is a substance with recognized capacity of
creating addiction syndromes [13, 14], for which no medica-
tions are available. Its continued use is associated with
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modifications in brain structure and functioning similar to
those caused by other addictive drugs [15-17].

Interestingly, the cerebellum, a hindbrain structure that
contains more neurons than the rest of the entire brain [18]
is starting to be recognized as an important part of the addic-
tion circuitry in light of data coming from addicts and animal
studies [19-22]. This cerebellar involvement in addiction-
related processes may be partially explained by the connec-
tions this area has with other parts of the brain considered as
part of the addiction circuitry. This is the case for ventral
tegmental area [23, 24], striatal zones [25, 26], prefrontal cor-
tices [27, 28], amygdala [29, 30], and hippocampus [31, 32]. It
is also noteworthy that the cerebellum presents a high density
of cannabinoid receptors, the proteins through which canna-
binoids like A9-Tetrahydrocannabinol (THC) exert their ef-
fects on neural function [33]. Figure 1 depicts the distribution
of the main cannabinoid receptor in the cerebellum. Note
widespread receptor expression in the molecular layer. There
is also intense expression in the Purkinje cell layer localized in
pinceau formations. The granule cell layer shows negligible
receptor expression levels.

These reasons make the cerebellum a brain structure that is
likely to be responsible for some effects of acute and repeated
THC administration. Therefore, it can also be participating on
the neural processes related to cannabis addiction.
Nevertheless, most of the research on the effects of cannabis
and THC on the cerebellum, especially at the preclinical level,
has focused on cannabis and cannabinoids’ effects related to
motor coordination and performance. Probably, this has been
influenced by the well-established role of the cerebellum in
motor coordination and planning [34-37]. These highly en-
grained views of the cerebellum as a structure exclusively
devoted to motor functions may have contributed generating
a biased approach to studying the cerebellar role in the effects

Fig. 1 Cerebellar CB1 receptor expression. Receptors are preferentially
distributed in the molecular layer and in the pinceau formations in the
Purkinje cell layer. Adapted from histosearch.com. ML, molecular layer;
PCL, Purkinje cell layer; GCL, granule cell layer
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of cannabis and THC. As a result, its possible involvement in
cannabis addiction could have been underestimated.

Therefore, this review provides the first compilation of
studies reporting cerebellar involvement in the effects of acute
and repeated THC exposure in experimental animals and
humans, including those performed in cannabis addicts.
Posteriorly, the findings derived from these studies will be
discussed, highlighting its possible relevance for addiction.
Future experimental approaches aimed at extending the
knowledge of the cerebellum as a relevant brain structure for
cannabis addiction will be proposed. This would help provid-
ing a more accurate picture of cannabis addiction-related cir-
cuitry and the generated knowledge could ultimately contrib-
ute to developing pharmacological therapies for disorders as-
sociated with continuous cannabis use.

Involvement of the Cerebellum in the Effects
of Acute and Repeated Cannabis and THC
in Experimental Animals

Due to the late discovery of the cannabinoid receptors in the
brain, investigations that revealed a possible participation of
the cerebellum in the acute effects of cannabis or its main
psychoactive compound are anterior to the characterization
of the receptors. Results are summarized in Table 1.

To the best of the author’s knowledge, the first study
pointing to an involvement of the cerebellum in the acute ef-
fects of cannabis was the one performed by Ho and colleagues
in 1972. They report that a single administration of doses of
THC ranging from 0.5 to 10 mg/kg was able to reduce seroto-
nin levels in the cerebellum of monkeys [38]. Other early stud-
ies found a reduction of blood flow reaching the cerebellum of
THC-exposed rats [39]. Also, acute administration of varying
THC doses was found to produce biphasic effects on the levels
of cyclic adenosine 3',5'-monophosphate (CAMP) in the cere-
bella of THC-treated mice. Doses lower than 1 mg/kg in-
creased the levels and higher concentrations (2—-10 mg/kg) re-
duced them [40]. The activity of the mitochondrial NADH
oxidase was also significantly reduced when THC was applied
to preparations of rat cerebellar tissue [41]. Interestingly, ex-
posing rats repeatedly to marijuana smoke also provoked neu-
rochemical changes in the cerebellum of rats, increasing ace-
tylcholinesterase and total RNA levels [55].

The already mentioned discovery of the cannabinoid recep-
tors and its presence in the cerebellum [33], later confirmed at
the transcript level [56], importantly promoted the study of
mechanisms underlying THC effects. Regarding the effects
of acute THC administration on cerebellar cannabinoid recep-
tor availability and functionality, a first study found an in-
crease in binding capacity after a 3-mg/kg dose administration
to rats [42], but further studies using a higher dose (10 mg/kg)
showed no changes in either binding capacity [43] or receptor
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Table 1 Studies describing involvement of the cerebellum in the effects of acute THC
Species Drug Dose Main results Reference number
Monkey THC 0.5-10 mg/kg Reduction of cerebellar serotonin content [38]
Rat THC 1 mg/kg Reduction of blood flow reaching the cerebellum [39]
Mouse THC 0.1-10 mg/kg Low doses (0.1-1 mg/kg) cAMP increase; High [40]
doses (2-10 mg/kg) cAMP reduction
Rat (tissue) THC 107° M (in vitro) Reduction of NADH oxidase activity [41]
Rat THC 3 mg/kg Increased CB1 receptor availability [42]
Rat THC 10 mg/kg Unchanged CBI1 receptor availability [43]
Rat THC 10 mg/kg Unchanged CBI receptor functionality [44]
Rat THC 5 and 10 mg/kg Increased levels of pPCREB [45]
Rat THC 15 mg/kg Increased levels of pCREB and pERK, [46]
increased c-fos expression
Rat THC 15 mg/kg Unchanged levels of cAMP, PKA [47]
Rat THC 2.5and 10 mgkg  Reduced cerebellar metabolism [48]
Mouse THC 0.001 mg/kg Increased levels of pERK » [49, 50]
Mouse THC 0.001 mg/kg Reduced levels of pERK, and ERK phosphatases [51]
Mouse THC (intracerebellar) 15 pg Motor incoordination, adenosine 1 receptor-dependent [35]
Mouse THC (intracerebellar) 20 pg Motor incoordination, nicotinic cholinergic-dependent (x2(34) [52, 53]
Mouse THC 4 mg/kg Improvement of motor deficits in Purkinje cell-defective [54]

transgenic animals

functionality as assessed by agonist-stimulated [35S]GTPyS
binding [44]. Nevertheless, additional variables help clarify-
ing and reinforcing the participation of the cerebellum in the
acute effects of THC. Acute administration of 5 or 10 mg/kg
of THC to rats was able to increase the levels of phosphory-
lated CREB (pCREB) in the granule cell layer of the cerebel-
lum [45]. A 15-mg/kg dose had the same effect and also en-
hanced the levels of phosphorylated extracellularly regulated
kinase (ERK) and c-fos expression [46] while leaving unaf-
fected cAMP levels and protein kinase A (PKA) activity [47].
Another study described a dose-dependent reduction of rat
cerebellar metabolism after acute THC administration [48].

Interestingly, various studies that examined the possible
effects of very low doses of THC also reported cerebellar
changes. Administering 0.001 mg/kg of THC caused a signif-
icant increase in phosphorylated ERK (pERK), observed both
after 24 [49] and 72 h [50]. These changes were accompanied
by parallel changes in enzymes responsible for initiating or
repressing the activity of ERK [51].

The motor disturbances caused by THC [57] have also
been associated with the cerebellum. Indeed, the effect
shown by systemic THC administration was also obtained
when cannabinoids were delivered into the cerebellum, and
it involved CBI1 receptors [34]. Further studies using
intracerebellar THC delivery confirmed more neurotrans-
mission systems to participate. Cannabinoid-induced mo-
tor incoordination was shown to be modulated by cerebel-
lar adenosine A1 receptors [35, 58] and alpha4beta2 nico-
tinic cholinergic receptors [52, 53]. Acute THC

administration also improved motor deficits in mutant mice
displaying a selective loss of cerebellar Purkinje cells [54].

On the other hand, repeated THC exposure had more pro-
found effects in cerebellar function. The main results are sum-
marized in Table 2.

Regarding receptor availability and functionality, adminis-
tering 3 mg/kg of THC during 5 days produced an increase in
CBI1 receptor availability [42], but giving 10 mg/kg for the
same time caused a reduction in cannabinoid receptor-binding
capacity [43]. Injecting this same dose for 21 days decreased
binding capacity of CB1 receptors [59] and their functionality
[44, 59, 60]. These changes were paralleled by an increase in
CB1 mRNA in one study [60]. Reducing the duration of the
administration regimen [36], increasing the dose [47], chang-
ing the administration route to intravenous infusion [61], or
applying ascending doses of systemic THC [36, 62] produced
the same pattern of receptor downregulation and desensitiza-
tion. Heat shock proteins could mediate receptor availability
changes. A protein named activator of heat shock 90 kDa
protein ATPase homolog 1 (AHA1) was upregulated in the
cerebellum of THC-treated animals, and it was shown to con-
trol CB1 receptor internalization/externalization dynamics
in vitro [63].

Additional changes reported as a result of repeated THC
administration include a decrease of the levels of phosphory-
lated CREB in the granule cell layer of THC-treated rats when
compared to vehicle-treated animals [45]. In addition, a pro-
tein responsible for nucleotide exchange named RASGFR1
was also differentially altered [64].
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Table 2  Animal studies describing involvement of the cerebellum in the effects of repeated THC

Species Drug Dose Administration schedule Main results Reference
number
Rat THC 3 mg/kg 1 adm/day for 5 days Increased CBI1 receptor availability [42]
Rat THC 10 mg/kg 1 adm/day for 5 days Reduced CBI receptor availability [43]
Rat THC 10 mg/kg 1 adnv/day for 21 days Reduced CBI receptor functionality [44]
Rat THC 10 mg/kg 1 adm/day for 21 days Reduced CBI receptor availability and [59]
functionality
Rat THC 10 mg/kg 1 adm/day for 21 days Reduced CBI receptor functionality [60]
Rat THC 10-60 mg/kg 2 adm/day for 6.5 days (ascending) Reduced CBI1 receptor functionality [36]
Rat THC 15 mg/kg 2 adm/day for 6 days Increased cAMP and PKA levels [47]
Rat THC 12.5-100 mg/kg 1 adm/day for 4 days (ascending) Reduced CBI receptor availability [61]
Rat THC 10-160 mg/kg 2 adm/day for 15 days (ascending) Reduced CBI receptor availability [62]
Rat THC 5.6 mg/kg 1 adm/day for 40 days Increased AHA1 levels [63]
Rat THC 10 mg/kg 1 adm/day for 28 days Reduced pCREB levels [45]
Mouse THC 10 mg/kg 2 adm/day for 4.5 days Reduced levels of RASGRF1 [64]
Mouse THC 10 mg/kg 2 adm/day for 4.5 days Increased levels of beta-arrestins and [65]
G-protein-coupled receptor kinases
Rat THC 10 mg/kg 2 adm/day for 4.5 days Decreased basal NT release probability, [66]
facilitation mGluR 1-dependent currents,
diminished efficacy of
cannabinoid-targeting compounds
Mouse THC 20 mg/kg 2 adm/day for 5 days Increased expression of microglial [37]
and neuroinflammatory markers
Mouse THC+CBl 20 mg/kg THC, 10 mg/kg 2 adm/day for 5.5 days + post-treatment Increased basal, calcium and [67]
antagonist CBI antagonist antagonist single administration forskolin-stimulated
adenylyl cyclase levels
Mouse THC+CBI1 10 mg/kg THC, 10 mg/kg 1 adm/day for 5 days + post-treatment Increased forskolin-stimulated [68]
antagonist CBI antagonist antagonist single administration adenylyl cyclase levels
Mouse THC+CBI 20 mg/kg THC, 10 mg/kg 2 adm/day for 5.5 days + post-treatment Increased basal, calcium and [69]
antagonist CB1 antagonist antagonist single administration forskolin-stimulated
adenylyl cyclase and PKA levels
Rat THC 5-40 mg/kg 1 adm/day for 5 days (ascending) Increased CB1 receptor availability [70]
and functionality
Rat THC 5 mg/kg 1 adm/day for 40 days Impaired astrocyte maturation, [71-73]

(GD5 to PD20)

AMPA receptor subunit
expression and glutamate synthesis
and uptake enzymes

Importantly, the decreases in receptor functionality and
availability present in the cerebellum in some of the studies
were paralleled by a progressive decrease in some effects of
THC administration [36, 47], an effect known as tolerance.
Tolerance plays a role in the development of addiction that
will be discussed later. Studies in which tolerance to THC
was developed involve the cerebellum as well. Tolerance to
the analgesic effects of THC was associated with an increase
in cAMP levels and PKA activation in the cerebellum [47],
and a tolerance-inducing regimen was able to enhance the
levels of G protein-coupled receptor kinases and beta-
arrestins as well [65]. A similar regimen also showed the
ability of altering the physiological properties of cerebellar
cells and synapses. An increase in the basal release probabil-
ity of the parallel fiber-Purkinje cell synapse was reported.
This observation came together with a facilitation of
mGluR1-dependent currents and a decreased efficacy of
CBI1 agonists in inhibiting synaptic transmission from paral-
lel fibers to Purkinje cells [66]. Interestingly, this tolerance
development seems to be mediated by non-neuronal

GRO @ Springer

cerebellar cells involved in neuroinflammatory processes,
as increases in microglial activation and neuroinflammatory
markers were present in the cerebellum of mice treated with
a tolerance-inducing regimen [37].

Withdrawal is another addiction-relevant feature that links
repeated THC administration with the cerebellum. Withdrawal
can be defined as the appearance of symptoms opposed to the
ones a drug produces once its repeated use is discontinued.
Despite cannabis does not present a very pronounced physical
withdrawal syndrome, some symptoms like sleeping trouble,
lack of appetite, and anxiety might appear in cannabis addicts
who stop using the drug, and animal studies also report cere-
bellar changes associated with THC withdrawal. Antagonist-
precipitated withdrawal in mice receiving repeated THC was
associated with an increase in basal and stimulated adenylyl
cyclase activity in the cerebellum [67, 68]. Posteriorly, it
showed to be accompanied with increased cerebellar cAMP
levels and PKA activity as well, and the blockade of cerebellar
cAMP upregulation reduced the expression of withdrawal and
PKA activation [69].
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Additionally, behavioral sensitization to THC has also been
associated to changes in the cerebellum. Sensitization, as op-
posed to tolerance, is the time-dependent increase in the mag-
nitude of drug effects appearing with repeated administration.
It is also thought to play a role in the development of addiction
[74]. The appearance of this sensitized response in THC-
treated rats was associated with an increase in cerebellar
CBI1 receptor availability and functionality, but not with
cAMP-mediated signaling [70].

Finally, exposure to THC during development has also
shown to affect neuronal and non-neuronal cells in the cere-
bellum. Repeated pre/perinatal THC administration disrupted
astrocyte maturation, reduced the levels of enzymes responsi-
ble for glutamate synthesis and uptake in Bergmann glial cells,
and also downregulated the expression of GluR1 and GluR2/3
AMPA receptor subunits in Bergmann glial and Purkinje cells,
respectively [71-73]. Figure 2 depicts a schematic represen-
tation of the main molecular mechanisms involved in poten-
tially addiction-relevant, THC-induced cerebellar changes.

The Cerebellum, THC, and Cannabis
in Humans

The already discussed involvement of the cerebellum in the
effects of acute and repeated THC in experimental animals
receives crucial support from studies performed in human
subjects to further strengthen this notion. In fact, evidence
for cerebellar participation of the acute effects of THC and
cannabis was reported some decades ago. A first PET study
conducted in healthy volunteers demonstrated an increase in
cerebellar metabolism after intravenous THC administration,
which correlated with the feelings of being high and with THC
plasma levels [75]. This finding is consistent with the increase
in cerebellar activity fluctuations in a posterior magnetic res-
onance imaging experiment [76]. A study assessing

connectivity changes as a result of THC exposure showed
increased connectivity between the cerebellum and
cognition-related brain areas like the precuneus or the parietal
cortices [77]. Nevertheless, some interindividual differences
have been reported regarding the reported cerebellar activa-
tion. In one of these studies, although THC administration was
associated with increased cerebellar metabolism as in previous
studies, it was found that some subjects that presented altered
time perception also showed decreased cerebellar metabolism
[78]. A similar pattern of results was found when participants
were split in two groups regarding the ability of THC to in-
duce a psychotic-like state [79]. Additional evidence comes
from investigations assessing the effect of smoking marijuana
on brain metabolic activity and attentional functions. Despite
smoking marijuana did not affect attentional performance, in-
creased cerebellar metabolism was observed after the partici-
pants had smoked the drug [80, 81]. A cognitive function that
appeared to be impaired by acute THC and linked to cerebellar
changes is working memory. THC administration was associ-
ated with a reduction in working memory performance, and
this result was accompanied by a disruption of the linear rela-
tionship between cerebellar activity and working memory
load found in the placebo condition [82]. In addition, in line
with the study that linked cerebellar metabolism with altered
time perception, smoking marijuana increased the pace of a
finger-tapping task that was associated with cerebellar activity
changes [83].

Regarding studies that assess the effect of repeated canna-
bis or THC exposure, a number of investigations have report-
ed cerebellar alterations. These changes were found even
when marijuana exposure took place at prenatal stages. A
correlation between cerebellar activity and amount of prenatal
exposure was reported while subjects performed a working
memory task [84]. This correlation was found to be negative
when subjects were performing an inhibitory control task [85],
and it was also described that connectivity of the medial

Fig. 2 Main mechanisms ACUTE THC REPEATED THC THC WITHDRAWAL
involved in potentially addiction- y y y y
relevant THC-induced cerebellar g g N o
changes. Mechanisms showing *  Minimal CB1 receptor *  CB1 receptor * /" Basal adenylyl
differential changes as a function changes availability cyclase levels
of THC administration schedule + J Serotonin content *  CB1 receptor * Calcium-
are highlighted in bold +J Blood flow to the functionality stimulated adenylyl
cerebellum * 4 cAMP, PKA levels cyclase levels
* J Cerebellar * < pCREB levels * T Forskolin-
metabolism + U RASGRF1 levels stimulated adenylyl
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cerebellum with striatal and insular cortical areas was altered
by prenatal marijuana exposure [86].

Nevertheless, investigations on frequent cannabis users
(including daily heavy users) provide the most substantial
amount of evidence linking different types of cerebellar
changes with cannabis use patterns potentially indicative
of addiction.

One source of evidence comes from studies assessing
changes in gray and white matter densities. It was reported
that adolescent users under a 4-week abstinence period had
enhanced cerebellar gray matter density in the cerebellar ver-
mis [87], and this cerebellar zone was found to have increased
gray matter in non-abstinent young adults [88]. Another report
found a more extended cerebellar increase in gray matter den-
sity, including clusters in the cerebellar hemispheres as well
[89]. Cannabis use seems to have the opposite effect on neu-
ronal densities in schizophrenic subjects, as cerebellar gray
and white matter were reduced in cannabis-using schizophre-
nia patients [90, 91], and concomitant cigarettes and cannabis
use was shown to reduce cerebellar gray matter volume [92].

Cerebellar metabolism in resting condition seemed to be
diminished in chronic cannabis abusers, but after marijua-
na consumption it increased and correlated with the feeling
of being high [93]. Long-term daily cannabis users showed
an increase in cerebellar blood volume [94] which
persisted after 4 weeks of abstinence [95]. Further investi-
gations demonstrated additional cerebellar changes in
baseline conditions in adolescents under cannabis addic-
tion treatment [96], and alterations in cerebellar activity
exhibited high discriminative power when differentiating
between regular users and non-users [97]. These activity
patterns might have been influenced by the altered connec-
tivity found between the cerebellum and the posterior cin-
gulate cortex in cannabis-dependent subjects [98].

Cannabis users showed also impaired performance in a
cerebellum-dependent task such as eyeblink conditioning
[99], and deficits in this task were observable even in former
users [100]. In another task requiring of classical motor cere-
bellar functions, adolescent cannabis users demonstrated de-
creased cerebellar activation while performing it [101].
Investigations on reactivity of the cerebellum of cannabis
abusers to psychostimulant administration showed these sub-
jects to present both diminished behavioral and cerebellar re-
sponses to methylphenidate [102]. These reductions were
more pronounced in female abusers [103].

Interestingly, the study of possibly impaired cognitive
functions in chronic users also pointed towards cerebellar al-
terations that may be of relevance for cannabis addiction.
Chronic marijuana use did not seem to affect attentional capa-
bilities, but drug abusers showed altered cerebellar activity
while performing the task. Remarkably, this activity correlated
with the estimated total amount of marijuana use and the age
at which the drug was used for the first time [104]. A study on
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short-term memory demonstrated some deficits in marijuana
users that were associated with cerebellar blood flow increases
[105], whereas one on inhibitory control also reported im-
paired performance in chronic users [106]. In this study,
chronic users also presented heightened correlations between
cerebellum and parietal cortices associated with recent canna-
bis use. Reward-related decision-making was also studied in
chronic abusers. Drug use was negatively associated with per-
formance in a gambling task, and users presented enhanced
cerebellar activity as compared to non-using controls [107].
This pattern of general cerebellar hyperactivity during
decision-making was replicated in a posterior study [108],
but reward losses were accompanied by lower cerebellar ac-
tivity in chronic cannabis users [109].

Finally, the evaluation of neural reactivity to cannabis-
associated cues in addict subjects also provide a potentially
relevant source of cerebellar involvement in cannabis addic-
tion, as the presentation of drug-related cues is thought to play
an important role in the maintenance of the disorder. The first
study assessing addicts’ brain responses to cannabis cues re-
ported widespread cerebellar activation when they were pre-
sented with those cues [16]. These activation patterns were
correlated with subjective craving ratings in posterior studies
[110, 111]. Cannabis-dependent individuals also showed en-
hanced functional connectivity with the nucleus accumbens
when they upon cannabis cue presentation [112].
Additionally, cerebellar activity during cannabis cue exposure
correlated with the presence of risk alleles of genes encoding
proteins of the endocannabinoid system, associated with in-
creased risk of cannabis dependence [113]. Additionally, a
study in which heavy users performed an approach-bias task
using cannabis cues as distractors demonstrated enhanced cer-
ebellar activity in users while performing it [114].

Possible Involvement of the Cerebellum
in Multiple Stages of the Development
of Cannabis Addiction

Overall, the previously discussed studies provide substantial
evidence to consider the cerebellum as an important part of the
brain circuits involved the acute and chronic effects of THC
and cannabis. Nevertheless, some methodological factors may
have had an influence in the discussed results. In neuroimag-
ing studies, variables such as the number of subjects, their age,
1Q scores, socioeconomic status, gender, amount of drug used,
total time using the drug, age at which the drug was used for
the first time, and duration of abstinence are not comparable in
some studies. Differences in the neuroimaging techniques
used for tracking brain activity, including PET and fMRI scans
and differences within the studies using the same technique
(different tracers for PET scans, different intensities of mag-
netic fields in fMRI studies) might have also had an effect in
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the described findings. In animal studies, the use of different
doses of THC and different chemical substances with known
effects on physiology and behavior (such as dimethyl sulfox-
ide or ethanol) as solvents for THC might also limit the com-
parability of these results.

Nevertheless, there seems to be a high degree of consisten-
cy between studies, as similar behavioral and neurobiological
alterations induced by THC are found in studies in different
species [36, 47], and variations in administered drug dose [43,
47], or in the administration schedule [43, 59] also demon-
strate similar results.

In human studies, consistency is also observed. Variables
such as an enhanced cerebellar activity after use [75, 93],
effects on gray matter densities [87, 89], activation when can-
nabis cues are presented [16, 110, 111], or when regular users’
cognitive functions are assessed [105, 107, 108] point towards
the same direction despite some methodological variability.

Interestingly, some of the discussed findings involving the
cerebellum in the effects of THC and cannabis are linked with
different features of relevance for addiction.

First, there is converging evidence between animal and
human studies for an involvement in the direct psychoactive
actions of THC. Animal studies demonstrate that the main
observable behavioral phenotype induced by systemic drug
administration in rodents is also achieved by intracerebellar
drug administration. Moreover, this effect is also dependent
on specific neuromodulating systems within this brain area
[35, 52]. These findings might not allow concluding directly
that the cerebellum is involved in the psychoactive effects that
human users seeck when they take the drug but support the
cerebellum being a substrate for the acute effects of THC.
Nonetheless, studies in human subjects confirm this involve-
ment, as cerebellar activity was positively correlated with the
sense of feeling high induced by drug administration both in
non-using subjects and regular users [75, 93]. Notably, these
direct pleasant psychoactive effects are what drug users seek
during the first episodes of drug use. Consequently, they exert
a role in repeating the experience of drug taking that charac-
terizes initial steps of the development of addiction [115-118].
Therefore, in light of the previously mentioned studies, it is
likely that the cerebellum contributes to the development of
cannabis addiction at very early stages of the process.

The development of tolerance to the psychoactive effects of
THC has also been linked to changes in the cerebellum like
CBI receptor desensitization and downregulation [36, 47].
Being in a tolerant state implies that, for achieving an effect
of similar magnitude to the one obtained while the subject was
in a non-tolerant state, the amount of drug needed will be
higher than in the non-tolerant state. This tolerance then con-
tributes to an increasing amount of drug used, which is
thought to enable the triggering of neuroadaptations that will
contribute to the development of the addicted state character-
ized by compulsive drug-seeking and -taking [118-121].

Hence, the cerebellar alterations caused by tolerance-
inducing regimens of THC administration might as well con-
tribute to the establishment of a pattern of increased drug use
necessary for the transition to an addict state.

Withdrawal symptoms caused by THC have also been as-
sociated to cerebellar changes, especially in preclinical stud-
ies. Importantly, these studies include a demonstration of a
reduction of THC withdrawal caused by preventing the acti-
vation of signaling pathways within the cerebellum, thereby
providing direct evidence for the cerebellar role in THC with-
drawal [69]. Despite cannabis does not present a very marked
withdrawal syndrome, cannabis withdrawal can be accompa-
nied by non-psychological symptoms such as lack of appetite
or nausea, and psychological features such as restlessness,
dysphoria, and anxiety are common. It is thought that psycho-
logical withdrawal symptoms like those often observed in
abstinent cannabis users might play a more important role in
the maintenance of addiction than physical withdrawal symp-
toms [118, 120]. Notably, the cerebellum has been involved in
the withdrawal symptoms caused by other drugs such as opi-
oids [122, 123] and ethanol [124, 125]. Therefore, cerebellar
participation in cannabis withdrawal might as well be contrib-
uting to the maintenance of continued drug use that leads to
addiction in cannabis users as in users of other drug types.

Another process of relevance for addiction with reported
cerebellar participation in studies on THC and cannabis is
sensitization [70]. Sensitization is a phenomenon that can be
described as a progressive increase in the magnitude of drug-
induced symptoms with repeated drug exposure. This phe-
nomenon has also been associated with the maintenance of
addiction. It has been proposed that the appearance of sensi-
tized responses to drug administration and drug-related cues
could be reflecting an increasing incentive salience attributed
to drug and drug-associated stimuli [74]. This incentive sa-
lience attribution to drug-related stimuli allows them acting
as powerful behavior drivers, eliciting approach towards them
and narrowing the interest of the subject to drug-associated
stimuli when they are present in the environment.
Accordingly, this mechanism has been proposed to underlie
drug craving and relapse [126]. Given that the cerebellum also
plays a role in sensitization to other drugs of abuse [127, 128],
it could also be possible that the cerebellar involvement in
THC-induced sensitization plays a role in the development
of cannabis addiction.

In addition, neuroimaging studies on cannabis-dependent
subjects have demonstrated that presentation of cannabis-
associated cues reliably activates the cerebellum of these sub-
jects [16, 110, 111, 114]. The appearance of drug-related cues
in the addicts’ environment is a reliable inductor of drug crav-
ing. Craving, in turn, can lead to drug use in non-abstinent
addicts and can precipitate relapse in abstinent addicts [22],
highlighting the importance of drug-related cues for the main-
tenance of addiction [129, 130]. Interestingly, in some of the
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studies describing cerebellar responsivity to cannabis cues,
cerebellar activation correlated with craving scores [110,
111]. This cerebellar responsivity to drug-related cues is ob-
served in addicts to other types of drugs [19, 131, 132], so it is
conceivable that the cerebellum is also part of the neural cir-
cuits contributing to relapse to cannabis use when a cue is
encountered in the environment.

Despite these studies show a potential involvement of the
cerebellum in multiple cannabis addiction phases, there would
be some experiments that would help strengthening the notion
of the cerebellum as an important part of the brain circuits
underlying cannabis-related disorders. In studies with human
addicts combining exposure to cannabis-related cues with
temporary modifications of cerebellar activity via transcranial
magnetic stimulation while monitoring craving levels would
help providing a more causal sort of evidence. It could also be
of interest to perform magnetic resonance spectroscopy stud-
ies on the cerebellum of cannabis addicts to shed light on the
neurochemical basis of altered cerebellar function in addicts.

Preclinical studies could also help reinforcing the role of
the cerebellum in processes of relevance for cannabis addic-
tion. Akin to one study demonstrating that THC withdrawal
could be reduced by counteracting a biochemical modifica-
tion occurring in the cerebellum [69], attempting to counter-
act THC-induced tolerance or sensitization by specific cere-
bellar manipulations would be of use for strengthening the
relevance of the cerebellum in cannabis addiction-relevant
processes. It is also worth to mention that, in comparison
with other addictive drugs, the level of development of pre-
clinical models of THC addiction and relapse is low.
Probably, this is influenced by the fact that THC is not read-
ily self-administered in rodents [133]. Nonetheless, there ex-
ist a number of studies reflecting technological developments
that might help overcome this underdevelopment. Some re-
cent works show that THC can be effectively delivered to
rodents via inhalation, the preferred human administration
route [134-136]. Importantly, administering THC through
the pulmonary route was able to shift the conditioned aver-
sion generated by intraperitoneal THC administration to-
wards conditioned preference [134], a result that points to
enhanced rewarding properties of THC when delivered
through this route. This is similar to what is observed with
other addictive drugs that are readily self-administered [21].
An interesting possibility for establishing a reliable model of
THC self-administration would be to combine this delivery
method with operant responding as it has already been done
for opioids [137], nicotine [138], and alcohol [139]. If stable,
high THC self-administration rates could be obtained with
this method, it would be possible to study processes like the
acquisition of responding for THC- or cue-induced relapse
and their underlying brain mechanisms. Disruptions of cere-
bellar function by means of pharmacological deactivations or
lesions, or more modern approaches like optogenetics or
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DREADDs, could definitely contribute to verify a crucial
role for the cerebellum in cannabis addiction as well.

In conclusion, cannabis addiction is a condition that seri-
ously impairs lives of the one afflicted from it, and it might be
lacking effective treatments because of an incomplete under-
standing of its neurobiological substrates. Data on the cerebel-
lum and THC and cannabis effects in experimental animals
and humans indicate its involvement in several addiction-
relevant functions, well beyond being a substrate for its motor
incoordinating effects. Characterizing in depth the involve-
ment of the cerebellum in different cannabis addiction-
relevant processes will definitely help to provide a more ac-
curate picture of the neural circuitry underlying this disorder,
which, in turn, could be the ground for developing improved
treatment strategies for cannabis addiction.
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