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Abstract

Although cerebellar alterations have been consistently noted in the addiction literature, the
pathophysiology of this link remains unclear. The cerebellum is commonly classified as a motor
structure, but human functional neuroimaging along with clinical observations in cerebellar stroke
patients and anatomical tract tracing in non-human primates suggest its involvement in cognitive
and affective processing. A comprehensive literature search on the role of the cerebellum in
addiction was performed. This review article (1) considers the potential role of the cerebellum in
addiction, (2) summarizes the cerebellar structural alterations linked to addiction, (3) presents the
functional neuroimaging evidence linking the cerebellum with addiction, and (4) proposes a model
for addiction that underscores the role of the cerebellum. The data implicate the cerebellum as an
intermediary between motor and reward, motivation and cognitive control systems, as all are
relevant etiologic factors in addiction. Furthermore, consideration of these findings could
contribute to deeper and more sophisticated insights into normal reward and motivational function.
The goal of this review is to spread awareness of cerebellar involvement in addictive processes,
and to suggest a preliminary model for its potential role.
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1. Introduction

Over the past two decades, a convergence of clinical (Manto, 2012; Phillips et al., 1987) and
basic research investigations of addictive substances (Kihn et al., 2012; Miquel et al., 2009;
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Strick et al., 2009; Sullivan et al., 2000; Volkow et al., 1997) have implicated the cerebellum
in addiction. Though cerebellar findings are frequent in such studies, they are often
marginalized, as the structure is not typically thought of as having a key role in addiction. In
more extreme cases, the cerebellum is not even captured in some neuroimaging studies,
eliminating it entirely from scientific consideration. With the availability of freely available
cerebellar spatial registration software (Diedrichsen et al., 2011; Diedrichsen et al., 2010),
improved acquisition parameters designed to capture the whole brain (U§urbil et al., 2013),
and cerebellar neuroimaging atlases (Diedrichsen et al., 2009; Diedrichsen, 2006), few
barriers remain to consider significant imaging effects often found in this structure. This
paper will review the structural and functional neuroimaging literature that implicates the
cerebellum in addiction, and will discuss these findings in the context of contemporary
theories of affective and cognitive cerebellar function. Although the cerebellum has received
little attention in the context of addiction, this review turns the focus towards the cerebellum
to highlight its potential involvement. A model for addiction will be presented, that features
the cerebellum as a key modulator of behavior.

The role the cerebellum may play in addiction may be inferred from its involvement in non-
motor function, which has been extensively reviewed (Ramnani, 2012; Schmahmann, 2004;
Stoodley, 2012; Strick et al., 2009). In brief, the cerebellum receives extensive afferent input
from the pontine nuclei, which receive input from prefrontal and association cortices in the
cerebrum. Lesions to the posterior cerebellar hemispheres can lead to cerebellar cognitive
affective syndrome, which features higher-level deficits beyond motor planning and
execution. Resting state neuroimaging has shown that the cerebellum contains a variety of
functional networks associated with many parts of the neocortex, beyond motor areas. fMRI
studies have shown that the cerebellum also activates with a variety of functions, even those
unassociated with a motor component. Cerebellar mechanisms of addictive drug action have
been previously reviewed in the context of molecular and cellular investigations (Miquel et
al., 2009). Collectively, the evidence suggests that the cerebellum may be intertwined with
brain processes related to addiction, such as reward, motivational drive, saliency, inhibitory
control, and insight. As summarized here, morphological and functional studies on human
subjects with compulsive drug abuse indicate that the cerebellum is prominently involved in
addiction.

2. Gross cerebellar anatomy

In the human, the cerebellum consists of two hemispheres connected by a midline structure,
the vermis (Figure 1). These hemispheres are divided into lobules, with the primary fissure
defining anterior and posterior lobes. The lobule immediately anterior to the horizontal
fissure is identified as crus I, with crus Il on the opposite side of the fissure. Like the
cerebral cortex, the cerebellum has an outer cortical layer made up of gray matter, and with
an inner layer of white matter scaffolding. The white matter tracts appear like stalks of
broccoli, with the highly convoluted cortical gray matter extruding as if they were leaves,
leading to the term cerebellar folia. The cerebellar peduncles form a thick trunk of white
matter that connects the cerebellum to the brainstem. The cerebellar cortex has a highly
conserved lattice structure consisting of three layers (Molecular, Purkinje cell, and Granular
layers) with different cytoarchitectural features. Purkinje cells are inhibitory neurons that
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project to the deep cerebellar neurons, and regulate their efferent signals output to the
brainstem and cerebral cortex. Currently, standard neuroimaging methods are able to
differentiate gray and white matter macrostructure, and can define the paths of white matter
tracts.

The cerebellum receives input through two major brainstem afferent relays, the inferior olive
and the pontine nuclei, through the climbing fibers and mossy fiber pathways respectively
(Figure 1). The climbing fiber pathway enters the cerebellum through the inferior cerebellar
peduncle, and the mossy fiber pathway enters through the middle cerebellar peduncle. Both
pathways convey projections from the cerebral cortex to the cerebellum, with the pontine
nuclei receiving a larger proportion of input from non-motor cortical regions (please see
(Schmahmann, 1996) for detailed review), but also showing reciprocal connections with the
basal ganglia (Bostan & Strick, 2010).

3. Cerebellar mechanisms related to addiction

Cerebellar function has traditionally been ascribed to motor coordination, including postural
control, eye movements, motor learning, and time keeping associated with motor tasks. In
this capacity, the cerebellum receives sensory inputs from the spinal cord and integrates
them with cortical inputs to execute complex motor tasks (Courchesne & Allen, 1997;
Doyon et al., 2003; Ito, 2006; Ivry, 1997). Dysmetria, a symptom of cerebellar dysfunction,
reflects an inability to execute intended motor tasks due to a lack of sensory-motor
coordination. The cerebellum's role in motor learning, as studied in the context of classical
conditioning, has also been extended to include reinforcement learning and the
establishment of motivational behavior (Bauer et al., 2011; Swain et al., 2011; Thoma et al.,
2008).

The cerebellum has been hypothesized to have a single generalizable function (D'Angelo &
Casali, 2012; Ito, 2006; Schmahmann, 2004), given its strikingly uniform arrangement of
neurons. This singular function has been theorized to be modulation, which would extend to
different domains based on the variety of functional inputs the cerebellum receives. This
theory suggests that the cerebellum could optimize performance by modulating behavior
according to context, acting as an oscillation dampener. For example, the cerebellum may
modulate emotional processes by integrating positive and negative affective inputs in the
same way that it modulates fine motor control by integrating sensory inputs. Different parts
of the cerebellum receive inputs from different parts of the brain, leading to a functional
topography within the cerebellum that may reflect compartmentalization of modulatory
processes (Stoodley & Schmahmann, 2009). For example, depending on the location,
cerebellar lesions can result not only in movement disorders such as ataxia and dysmetria,
but also disrupted affect and cognitive ability (Schmahmann & Sherman, 1998;
Schmahmann, 1991; Schmahmann, 2004). Similarly, cerebellar abnormalities are observed
in patients with obsessive-compulsive disorder and attention deficit hyperactivity disorder
(Seidman et al., 2011; Zarei et al., 2011). Given their relationship with cerebellar
abnormalities, comorbidities between these disorders and substances of abuse may produce
interactions that manifest in the cerebellum.
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The cerebellar areas Crus I, Lobule VI, and VIIb are associated with functional resting state
networks (RSNs) that are related to executive and associative processing in the cerebral
cortex (Buckner et al., 2011). RSNs represent coherent signal fluctuations that are measured
across different networks at rest that imply functional relationships between brain regions
(Figure 2). In a dataset of 1000 healthy subjects, Buckner and colleagues identified
functional connectivity between the cerebellum and 7 major RSNs in the cerebrum. Crus I,
Lobule VI, and VI1Ib were all correlated with brain regions related to cognitive control, such
as the dorsolateral prefrontal cortex and the dorsomedial prefrontal cortex. Functional
correlations between these areas in the cerebellum and the prefrontal cortex have also been
observed in other functional connectivity studies using fewer subjects (Habas et al., 2009;
Krienen & Buckner, 2009; O'Reilly et al., 2010; Sang et al., 2012), which complements
anatomical tracer studies in non-human primates that show reciprocal connections between
these areas (Kelly & Strick, 2003; Middleton & Strick, 1994, 2001). Furthermore, both Crus
I and Lobule VI were correlated with an RSN that included the anterior insula and anterior
cingulate cortex, structures related to stimulus salience (Habas et al., 2009; Mouraux et al.,
2011) and, in the case of the insula, interoception (Craig, 2009). The cerebellum may play
an influential modulatory role in reward/saliency, as it also shares reciprocal connections
with dopaminergic systems in the basal ganglia (Bostan & Strick, 2010). The functional
correlations between these cerebellar areas with cerebral structures related to executive
control, drug craving, response selection, and salience (Goldstein & Volkow, 2002, 2011,
Habas et al., 2009; Volkow et al., 2010) further highlight the cerebellum's potential role in
addiction.

Addiction includes a breakdown in motivational homeostasis, a disruption in reward and
aversive processing and their modulation (Koob, 1996). Recent functional neuroimaging
findings indicate that the cerebellum may modulate motivational processing (Moulton et al.,
2011). In healthy volunteers, aversive heat and unpleasant pictures activated overlapping
areas in the cerebellum, specifically in Crus I, Lobule VI, and VIIb. This functional overlap
between different unpleasant sensory modalities suggests that the cerebellum contains
specific regions in encoding generalized aversive process. In this case, cerebellar activation
of these areas was interpreted as reflecting aversion rather than stimulus salience, as a
control analysis of pleasant pictures did not replicate activation observed with unpleasant
pictures. Not only were these areas commonly activated by aversive stimuli, but their
activity coincided with decreased activity in brain areas related to emotional and
motivational processing, including the hypothalamus, the subgenual anterior cingulate
cortex, and the parahippocampal gyrus. This response pattern suggests that the cerebellum
could modulate the flow of aversive information and motivational processing (Figure 3),
complementing clinical observations of disrupted affective and cognitive processing in
stroke patients (Schmahmann & Sherman, 1998; Schmahmann, 1991; Schmahmann, 2004).

Interestingly, prescription opioid-dependent patients have decreased functional connectivity
at rest between reward structures and the cerebellum, including Crus | (Upadhyay et al.,
2010). In opioid dependent patients, cerebellar functional connectivity with the nucleus
accumbens and the amygdala decreased relative to age-gender matched controls. This
change in functional correlation suggests that these reward regions are decoupled from

Addict Biol. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Page 5

cerebellar activation, indicating that opioid dependent patients have disrupted
communication between these regions.

4. Addiction and neuroimaging measures of cerebellar structure

The primary neuroimaging techniques to assess changes in cerebellar structure in vivo in
humans are magnetic resonance imaging (MRI) based methods, such as volumetric MRI,
and diffusion tensor imaging (DTI). Volumetric MRI is a morphometric approach that uses
3D T1-weighted images to measure changes in the volume of specific anatomical structures,
either in terms of total volume, grey matter, or white matter. One type of method to analyze
volumetric MRI is voxel-based morphometry (VBM), a method that compares grey or white
matter volume between brain states (e.g. addicted vs. healthy) based on MRI signal intensity
in a voxel-by-voxel manner. Another volumetric method measures cortical thickness, a gray
matter measure of the distance between the pial surface and the underlying white matter,
calculated using computationally rendered 3D brain surfaces based on T1-weighted images.
Though a refined measure, cortical thickness has not been practically applied to the
cerebellum, primarily due to the lack of adequate spatial resolution to capture the exquisite
complexity of cerebellar folia. In addition to measures of brain volume, MRI can be used to
measure the axonal organization of white matter tracts with DTI. DTI acquisitions measure
the directional diffusion of water, which is highly directional in proximity to white matter
tracts. The hydrophobic phospholipid bilayer of the myelin sheath restricts the flow of water
perpendicular to axonal processes, which results in anisotropic diffusion. DTI can be used to
calculate measures of diffusion, such as fractional anisotropy (FA), which reflects white
matter integrity or structure.

Volumetric MRI studies have documented that users of addictive substances tend to have
smaller cerebellums (Table 1). Previous studies that have used whole-brain neuroimaging to
identify addiction-related circuits have, with few exceptions, downplayed findings in the
cerebellum in favor of better-understood motivational pathways. In the context of structural
changes, significant decreases in gray matter in the cerebellum have been detected with
long-term exposure to cocaine (Barrés-Loscertales et al., 2011; Sim et al., 2007), heroin (Lin
et al., 2012; Walhovd et al., 2007), nicotine (Brody et al., 2004; Gallinat et al., 2006; Kihn
etal., 2012), and alcohol (Chanraud et al., 2007; Chanraud et al., 2010; Mechtcheriakov et
al., 2007; Shear et al., 1996; Sullivan et al., 2000; Sullivan et al., 2010). These gray matter
decreases occur in the cerebellar cortices, but have not been linked to specific cerebellar cell
groups given the spatial resolution limitations of MRI. A few studies have proposed that
these cerebellar deficits could relate to motor deficits (Sullivan et al., 2000; Sullivan et al.,
2010), executive function deficits (Chanraud et al., 2007; Lin et al., 2012; Sim et al., 2007;
Sullivan et al., 2000), or dysfunctional processing of drug-related cues (Kihn et al., 2012).
The structural differences in the posterior cerebellum are reoccurring across volumetric MRI
studies, suggesting that (1) the cerebellum either reduces in volume as a consequence of
chronic drug use, or (2) small cerebellums are a risk factor in the development drug
addictions.
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4.1 Cocaine exposure

Cocaine is a crystalline tropane alkaloid derived from the coca plant, and acts as a serotonin-
norepinephrine-dopamine reuptake inhibitor. Both serotonin receptors and norepinephrine
receptors are expressed in the cerebellum. A VVBM study on cocaine use and brain structure
(Sim et al., 2007) suggests that drug use impacts specific regions within the cerebellum. This
study compared gray and white matter in 40 cocaine abusers and 41 matched healthy
controls, and found that abusers had significantly reduced gray matter in Lobule VI, Crus I,
and Crus 1. The finding of reduced gray matter in Lobule VI in cocaine abusers was also
corroborated recently in another VBM study (Barrds-Loscertales et al., 2011). Lobule VI,
Crus I, and Crus Il are located in the posterior cerebellar hemispheres, which have been
related to modulation of affect and cognition in clinical studies on cerebellar stroke
(Schmahmann & Sherman, 1998).

4.2 Opioid exposure

Opioids such as heroin act on opioid receptors in the brain, of which mu- and kappa-
varieties are present in the human cerebellum (Schadrack et al., 1999). Regarding the impact
of opiates on structure, the volume of cerebellar cortex is significantly reduced in children
who were exposed to heroin in utero (Walhovd et al., 2007). In this study, gray matter
differences were evaluated in 14 exposed vs. 14 control children using a region of interest
analysis. When accounting for age, gestational age, and gender, cerebellar white matter and
cerebellar cortex showed a significant loss in gray matter, along with the accumbens,
putamen, pallidum, amygdala, and cerebral cortex overall. Though these structural changes
were reported as the main findings, the only significant effect was in the cerebellar cortex
when intracranial volume was included as a factor. Considering that intracranial volume is
highly variable in children of different ages, this serves to highlight the vulnerability of the
cerebellum to heroin exposure during prenatal development.

A recent DTI study in ex-heroin users reported a reduction in mean FA in the cerebellum
(Bora et al., 2012). Using DTI, 30 ex-heroin users on either methadone or buprenorphine
maintenance medication were compared with 29 age-gender matched healthy controls. Bora
et al. found lower FA, degraded white matter integrity, in the superior and middle cerebellar
peduncles. These cerebellar peduncles serve as major pathways for afferent and efferent
neural information flow between the cerebellum and the midbrain, including the pons. The
implication that these white matter tracts are degraded with a history of heroin abuse
suggests that addiction is related to a disruption in cerebellar processing and connectivity
with other brain regions.

4.3 Nicotine exposure

Nicotine is a parasympathomimetic alkaloid, which acts as a nicotinic acetylcholine receptor
agonist. In the cerebellum, these receptors control the release of the neurotransmitters
glutamate, gamma-aminobutryic acid (GABA), and norepinephrine. VBM studies in
cigarette smokers vs. healthy controls have demonstrated reduced gray matter in the
posterior cerebellar hemispheres, specifically in Lobule VI (Brody et al., 2004; Gallinat et
al., 2006) and Crus | (Kuhn et al., 2012). Gray matter volume in Crus | was also found to be
correlated negatively to the magnitude of nicotine dependence (Kuhn et al., 2012). The
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effect of nicotine on cerebellar structure has recently been reviewed in detail (Gallinat et al.,
2006).

4.4 Alcohol exposure

Ethanol binds to the GABA-A receptor to increase the inhibitory effects of the
neurotransmitter GABA, and GABA-A receptors are expressed in the cerebellum.
Cerebellar structural deficits have been frequently characterized clinically in alcoholism,
with structural MRI studies (Chanraud et al., 2007, 2010; De Bellis et al., 2005; Gallucci et
al., 1989; Mechtcheriakov et al., 2007; Shear et al., 1996; Sullivan et al., 2000; Sullivan et
al., 2010) and computed tomography studies in living patients (Haubek & Lee, 1979;
Hillbom et al., 1986; Ramos et al., 1987) complementing findings from post-mortem studies
(Phillips et al., 1987; Yokota et al., 2006). In these studies, chronic alcoholism is linked to
gray and white matter deficits in the anterior superior cerebellar vermis, though deficits in
the inferior vermis and the cerebellar hemispheres have also been reported. A VBM study
found that patients with severe alcohol dependence showed significant gray matter deficits
in Crus 1, along with white matter deficits in Lobule VI (Chanraud et al., 2007). These
deficits were correlated with the neuropsychological measures of degraded executive
function. Note that the deficits observed with chronic alcoholism in Crus Il and Lobule VI,
located in the posterior cerebellar hemispheres, have also been observed with cocaine and
heroin use, as noted above. As a caveat, these structural changes may also be associated with
vitamin B deficiency and other aspects of poor nutritional status (Martin et al., 2006).

4.5 Marijuana exposure

The cerebellum contains the cannabinoid receptors CB1 and CB2, inhibitory G-protein
coupled receptors that bind to cannabinoids, the psychoactive chemical in marijuana.
However, a consistent pattern of cerebellar changes with marijuana usage has not been
apparent across structural studies (Block et al., 2000; Cousijn et al., 2012; Matochik et al.,
2005; Medina, Nagel, & Tapert, 2010; Solowij et al., 2011; Tzilos et al., 2005; Wilson et al.,
2000), nor across resting state metabolism studies using PET (Block et al., 2000; Sneider et
al., 2008). When cerebellar structural changes are detected, they appear as increases in the
anterior cerebellum (Cousijn et al., 2012) and the inferior posterior vermis (Medina et al.,
2010), decreases in white-matter volume (Solowij et al., 2011). Some evidence suggests that
the posterior cerebellum has lower resting cerebral blood flow in marijuana users after
monitored abstinence vs. controls (Block et al., 2000).

4.6 Premorbid Cerebellar Volume and Addiction

Recent structural evidence indicates that abnormal cerebellar volume may reflect genetic
risk to addiction. Fifty siblings of stimulant-dependent individuals compared with fifty
unrelated healthy controls had more cerebellar gray matter (Ersche et al., 2012). These
siblings were not users of addictive substances, yet they showed significant differences in
the posterior cerebellar hemispheres compared to healthy volunteers. This suggests that the
cerebellar abnormalities may identify individuals genetically at risk to develop dependence.
However, stimulant-dependent individuals themselves showed no significant differences
with controls in the cerebellum. In either case, the data from this study indicate that
cerebellar structure may influence the potential to develop addiction. This has also been
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suggested with alcoholism (Benegal et al., 2007; Hill et al., 2011; Tessner & Hill, 2010),
where individuals at high risk for developing alcohol dependence have altered cerebellar
gray matter volume relative to controls. Cerebellar indications are also observed in
neurological assessments of patients with substance dependence to cocaine and heroin as
well (Manto, 2012).

5. Addiction and neuroimaging measures of cerebellar function

The neuroimaging techniques frequently used to measure functional activation are positron
emission tomography (PET) and functional MRI (fMRI). PET relies on radiolabelled tracers
to localize measures of brain activity. Examples of such tracers include radiolabelled water
to measure regional cerebral blood flow (rCBF), and fluorodeoxyglucose (FDG) to measure
glucose metabolism. Instead of radioactive tracers, fMRI uses the magnetic properties of
oxygenated as compared to deoxygenated hemoglobin to track neural activity. This indirect
measure is also referred to as the blood oxygen level dependent (BOLD) signal. Both of
these techniques have measured physiological responses in the cerebellum in response to
drugs of abuse or drug cues.

5.1 Acute drug exposure

While cerebellar structural deficits could be argued to be non-specific, as certain commonly
used drugs (e.g. alcohol, nicotine) share a similar pattern of deficits, the cerebellum's rapid
functional response to the exposure of a wide variety of drugs suggest specific acute effects.
Functional imaging findings indicate that the cerebellum is activated acutely by drugs of
abuse (Table 2), including cocaine (Risinger et al., 2005), methylphenidate (\Volkow et al.,
1997, 1999; Volkow et al., 2003; VVolkow et al., 2006), marijuana (Mathew et al., 1998;
Mathew et al., 2002; Volkow et al., 1991, 1996), and nicotine (Domino et al., 2000; Zubieta
et al., 2005). Few studies comment on cerebellar involvement, though a role in conditioned
responses has been suggested (Bonson et al., 2002; Schneider et al., 2001; Volkow et al.,
2003; Volkow et al., 2006; Wang et al., 1999). These studies suggested that cerebellar
responses were related to drug conditioning, based on the finding that cocaine abusers, and
not non-drug abusing subjects, showed a cerebellar response to a drug expectation condition.
However, the functional implication of conditioned responses in the cerebellum remains
unclear.

5.1.1 Methylphenidate (cocaine analog)—The cerebellum was brought front and
center into the addiction literature by its conspicuous response to methylphenidate (VVolkow
etal., 1997, 1999, 2003, 2006), a psychostimulant similar to cocaine in that it inhibits the
reuptake of dopamine and norepinephrine. Intravenous cocaine itself has also been reported
to activate the cerebellum (Risinger et al., 2005). In a series of PET studies using FDG as a
tracer, the largest effects of intravenous infusion of methylphenidate occur in and throughout
the entire cerebellum. These cerebellar responses occur regardless if the drug is administered
in plain view or with a hidden infusion, suggesting that the response is driven
pharmacologically rather than by expectation. The cerebellum is mostly devoid of dopamine
transporters, and is not considered as part of the mesocorticolimbic reward circuitry. Based
on this, the authors suggest that methylphenidate's cerebellar effects are either a downstream
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effect of activation of the striatum, or are due to blockade of cerebellar norepinephrine
transporters. The robust responses to methylphenidate and cocaine suggest that the
cerebellum is acutely affected by these drugs, and could play a central role in the
mechanisms underlying addiction.

Methamphetamine, a pharmacologically-related psychostimulant, has yet to be related to
cerebellar effects in humans, but has been shown to enhance tyrosine hydroxylase
expression in the cerebellar cortex of mice (Ferrucci et al., 2006), and chronic treatment
significantly depresses the discharge rate of cerebellar Purkinje neurons in rats (Sorensen et
al., 1982).

5.1.2 Marijuana—Infusion of delta-9-tetrahydrocannabinol (THC), the primary
psychoactive constituent of cannabis, has repeatedly been reported in PET studies to
produce increases in cerebellar activity in healthy subjects (Volkow et al., 1991, 1996) and
marijuana users (Mathew et al., 1998; Mathew et al., 2002; Volkow et al., 1996). This is
consistent with animal and human studies that demonstrate that cannabinoid (CB1) receptors
are localized to the molecular layer of the cerebellum (Herkenham et al., 1990), and are
found on inhibitory interneurons that modulate Purkinje cells (Ashton et al., 2004). As
measured with FDG, increases in cerebellar metabolism were significantly correlated with
subjective reports of THC intoxication and blood plasma THC concentration (Volkow et al.,
1991, 1996), and not motor incoordination.

Perhaps incidentally, a few case reports indicate that acute marijuana use can result in
cerebellar infarctions in teenage males (Geller et al., 2004). The incidence of stroke in this
age group is very low, about 6 per 100,000 per year. At one hospital, three cases over the
course of five years were documented of cerebellar stroke associated with marijuana use.
Interestingly, the focal acute hemorrhages were localized to the posterior cerebellar
hemispheres.

5.1.3 Nicotine—More precise localization of cerebellar responses was observed with
nicotine than with cocaine, methylphenidate, and marijuana (Domino et al., 2000; Zubieta et
al., 2005). A PET study contrasted rCBF in smokers after their first cigarette of the day
following 12 hours of overnight abstinence vs. baseline (Zubieta 2005). In this contrast, the
posterior cerebellum showed elevated rCBF, localized to Lobule VI, Crus I, and Crus II.
These functional activations complement the spatial localization of the gray matter deficits
reported with cocaine and alcohol abuse, as well as the acute cerebellar infarctions observed
with marijuana use. Co-localization of acute functional activation and gray matter deficits
suggest that repetitive activation of these regions by these agents may result in neuronal
excitotoxicity. This possibility has not yet been evaluated.

5.2 Drug craving

A cerebellar role in drug craving has been demonstrated with cues for heroin (Lou et al.,
2012; Sell et al., 2000), cocaine (Anderson et al., 2006; Bonson et al., 2002; Grant et al.,
1996; Kilts et al., 2001; Risinger et al., 2005; Wang et al., 1999), and alcohol (Schneider et
al., 2001)(Table 3). On the few occasions when spatial coordinates are reported for
cerebellar responses to craving, the activations are reported in the posterior cerebellum,
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similar to acute drug use. Cerebellar activity has been correlated with self-reports of “feeling
tense” and “withdrawal symptoms” during cue evoked craving in heroin users (Sell et al.,
2000). Again, limited interpretations for cerebellar involvement are suggested, with the
predominant explanations touching on conditioned responses (Bonson et al., 2002;
Schneider et al., 2001; Volkow et al., 2003; Volkow et al., 2006; Wang et al., 1999) and
selective attention (Anderson et al., 2006).

Craving is particularly acute in heroin users, and evidence suggests that cerebellum has a
role in opioid craving. A PET study in 10 male active heroin users measured rCBF
responses to drug related and neutral video cues presented in separate scans (Sell et al.,
2000). After each scan, subjective ratings were collected on a scale from 1-10 for a variety
of sensations, including withdrawal symptoms, and feeling tense. Across both drug and
neutral video cues, cerebellar blood flow was correlated with self-reports of severity of
withdrawal symptoms and feeling tense. These findings suggest that cerebellar activation
may reflect aversive sensations that are not specific to drug craving per se. A recent fMRI
study compared responses to drug image cues in short-term vs. long-term abstinence in 19
male heroin users (Lou et al., 2012). Greater cerebellar activation was found to heroin vs.
neutral cues with short-term abstinence, yet cerebellar deactivation was observed with long-
term abstinence. The authors suggested that this meant that long-term abstinence decreased
the salience of conditioned cues, with the cerebellar activation presumably reflecting
stimulus salience. Though neither study explicitly related cerebellar responses to craving,
they did relate them to drug-related cues.

An fMRI study found posterior cerebellar BOLD responses in abstinent alcoholics while
presented with ethanol odors to induce craving (Schneider 2001). An rCBF PET study that
induced craving for cocaine also found a response in the left posterior cerebellar hemisphere
(Kilts 2001). Aside from the posterior hemispheres, the cerebellar vermis has also been
found to respond to cues related to cocaine (Anderson 2006), methylphenidate (VVolkow
2003), and alcohol (Schneider 2001) in cocaine dependent subjects and alcoholics.

Converging evidence from structural and functional neuroimaging studies across a variety of
drug conditions indicates that the cerebellar posterior hemispheres are significantly different
in addicted subjects vs. healthy controls. Yet to be determined is whether these differences
in the cerebellum promote the development addiction or are simply a reflection of the
pharmacological effects of drug use. The wide variety of cerebellar findings presented thus
far suggest that this structure should receive greater consideration in future addiction studies.

6. A model for cerebellar systems in addiction

Given the supporting evidence, the cerebellum's role as a modulator can be readily adapted
to existing models of addiction. In the context of neuroimaging, a major conceptual model
for addiction is the i-RISA (Impaired Response Inhibition and Salience Attribution) model
(Goldstein & Volkow, 2002, 2011), also described as a four-circuit model (Volkow et al.,
2003; Volkow et al., 2010). Briefly, the model consists of four inter-connected circuits
relating to memory, reward/saliency, executive control, and motivation/drive. The response
to a reward is mediated by the interactions of these four components.
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In the addicted brain, the homeostatic balance is drastically altered, such that the
components for memory, reward/saliency, and motivation/drive are amplified, and cognitive
control is diminished. Different brain regions have been assigned to each circuit, such as the
dorsolateral prefrontal cortex for control and the nucleus accumbens for reward. With the
cerebellum's postulated function as a multimodal modulator of cognition, affect, and
aversion, the cerebellum is optimally configured to regulate brain processes directly
involved in addiction (Figure 4). This cerebellar model for addiction proposes that the
cerebellum plays an influential role in maintaining the homeostatic balance of the four
circuits. In the addicted brain, structural gray matter deficits in Lobule V1, VIIb, Crus I, Crus
I1, and the vermis implicate changes in the cerebellum's ability to interact and communicate
with brain regions related to the four circuits.

These brain regions receive inputs from the deep cerebellar nuclei, the main output channels
of the cerebellum. From the cerebellar cortex, the dentate and fastigial nuclei receive inputs
from the lateral hemisphere and vermis, respectively. Within the dentate nuclei, separate
cerebellar output channels have been identified that project to areas related to cognitive (BA
9 and 46 in the dorsolateral prefrontal cortices), skeletomotor (motor and premotor cortices),
and oculomotor function (frontal eye fields) (Middleton & Strick, 2000; Strick et al., 2009).
The fastigial nuclei have an output channel that relates to limbic processing, with projections
to the hippocampus, amygdala, and the cingulate cortex (Strick et al., 2009). However, not
all of the output channels through the deep cerebellar nuclei have been mapped.

In addiction, decreased inhibition of brain regions such as the hypothalamus, subgenual
anterior cingulate, and parahippocampal gyrus would result in a net excitatory effect in brain
circuits related to reward/salience, motivational drive, and memory, as well as stress and
interoception. Likewise, the reciprocal pathways between brain circuits related to executive
control would be disrupted, interfering with the ability of the prefrontal cortex to inhibit
unwanted drug seeking behavior. Addiction has conventionally been assumed to impair the
cerebellum, but the notion that the cerebellum may serve a more active role has not been
thoroughly examined. This model is meant to inspire hypotheses to test the assertion that the
cerebellum may or may not have a generative role in addictive processes.

To our knowledge, no prospective lesion or developmental studies in humans have been
published to address the potential causal role of the cerebellum in addiction. However,
animal models for motivational behavior suggest that lesions to the dentate deep cerebellar
nuclei impair the development of reinforcement learning (Bauer et al., 2011; Thoma et al.,
2008). In the human studies presented here, the posterior hemispheres tend to be affected,
suggesting that abnormalities in this region are a vulnerability factor for addiction. However,
given that only a handful of studies exist for each substance, we were unable to perform a
quantitative neuroimaging meta-analysis to investigate whether cause and effect varies
across substances.

7. Conclusions

The cerebellum is potentially a key modulator that impacts and is impacted by addiction.
Specific structures in the posterior cerebellar hemispheres, such as hemispheric lobule VI
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and Crus |, are particularly salient as contributing factors. Despite its relatively low profile
in the literature, evidence of the cerebellum’s involvement in addiction continues to
accumulate. While neuroimaging has revealed the cerebellum to be unexpectedly related to
addiction, further investigations are needed to directly assess its physiological relevance.

The coalescence of preclinical, neuroimaging, and clinical data suggests that cerebellar
alterations both predispose and may play a key role in the course of addictive disorder. The
existing models of addiction do not take into account the potential involvement of the
cerebellum, yet it may be involved in the opponent vs. proponent effects of addictive drugs,
along with incentive sensitization, and aberrant learning mechanisms (Berridge & Robinson,
2003; Hyman et al., 2006).

If confirmed in clinical studies, our insights could have important implications for
prevention and treatment of substance use disorders and behavioral addictions, such as
pathological gambling and internet addiction. Specifically, if cerebellar vulnerability factors
for addiction could be defined, they might be used to target susceptible individuals for early
interventions. On the other hand, abnormalities arising in the context of ongoing addictive
disorder may be used for diagnostic purposes and/or for a choice of a proper therapeutic
agent in conjunction with monitoring of therapeutic response. The proposed model may also
provide important leads for recognition and treatment of reward deficiency syndrome typical
of patients with other disorders where cerebellar abnormalities were also noted, including
depression, schizophrenia, and post-traumatic stress disorder.
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Figure 1.
Cerebellar anatomy. A) Top-down axial view. B) Coronal view of the deep cerebellar

nuclei. C) Sagittal view highlighting the major afferent pathways into the cerebellum. Mossy
fibers project to granule cells in the cerebellar cortex, and send collaterals to the deep
cerebellar nuclei. Climbing fibers extend to Purkinje cells, and also have collateral
projections to deep cerebellar nuclei. The axons of the deep cerebellar nuclei form the
primary output channels away from the cerebellum, and to the brainstem and cerebral
cortex.
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adapted from Buckner et al., 2011
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: Motor
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Figure 2. Cerebellar functional connectivity to cerebral resting state networks
A) Colors in the cerebellum correspond to areas functionally correlated to cerebral resting

state networks. Coordinates correspond to MNI atlas space. Figure adapted from Buckner et
al., 2011. B) Schematic of cerebral connectivity in cerebellar areas with gray matter deficits
in addiction, and fMRI activation in response to acute drug exposure and drug craving.
Colored lines correspond to the colored resting state networks in panel A. Each cerebral area
is classified based on its contribution to different functional processes (i.e. cognitive control,
salience, etc.). ACC, anterior cingulate cortex; aINS, anterior insula; DLPFC, dorsolateral
prefrontal cortex; DMPFC, dorsomedial prefrontal cortex; M1, primary motor cortex; pINS,
posterior insula; S1, primary somatosensory cortex; S2, secondary somatosensory cortex.
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Figure 3. Model of cerebellar modulation of circuitry related to aversion and addiction
Aversive stimuli in the form of pain (red) and unpleasant pictures (yellow) produce

overlapping fMRI activation (blue) in posterior cerebellar hemispheres Lobule VI, VIIb, and
Crus I. Activation in these overlapping cerebellar areas is inversely related to activation in
limbic areas in the brain, including the hypothalamus (Hypo), parahippocampal gyrus
(PHG), and subgenual anterior cingulate cortex (SACC). These limbic structures have been
associated with networks for salience, memory, and motivational drive. Figure adapted from

Moulton et al., 2011.
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Figure 4. A cerebellar model for addiction
The top panel highlights the cerebellum's role as a modulator of affective and cognitive

function in the healthy brain. This schematic highlights the four major brain networks
proposed to be affected by addiction (adapted from Volkow et al., 2010). The components
within each network are color-coded to match the cerebral resting state networks in Figure 2
(adapted from Buckner et al., 2011). Arrows show the proposed direction of cerebellar
down-modulation of specific brain regions within each circuit (Moulton et al., 2011). The
bottom panel proposes how cerebellar dysfunction may impact the addicted brain. The black
dashed boxes highlight structural degradation of specifically localized cerebellar structures
with addiction. The dashed lines show disrupted functional connectivity and cerebellar
modulation of specific brain regions related to executive control, reward/salience,
motivational drive, and memory. Filled colored boxes and bold type represent brain circuits
released from cerebellar modulation, leading to an uninhibited and sensitized neurological
state. Note that all cerebellar outputs project through the deep cerebellar nuclei (refer to text
for details). ACC, anterior cingulate cortex; aINS, anterior insula; DLPFC, dorsolateral
prefrontal cortex; DMPFC, dorsomedial prefrontal cortex; Hypo, hypothalamus; M1,
primary motor cortex; PHG, parahippocampal gyrus; SACC, subgenual anterior cingulate
cortex; Verm, vermis; VI, cerebellar hemispheric lobule VI; VIIb, cerebellar hemispheric
lobule VIIb.

Addict Biol. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny Yd-HIN

Moulton et al.

Table 1

Cerebellar structure and chronic drug exposure.
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Paper

Cocaine

Sim et al., 2007

Barros-Loscertales et al.,
2011

Heroin

Walhovd et al., 2007

Linetal., 2012

Boraetal., 2012

Nicotine

Brody et al., 2004

Gallinat et al., 2006

Kuhn et al., 2012

Alcohol

Gallucci et al., 1989

Shear et al., 1996

Sullivan et al., 2000

De Bellis et al., 2005

Chanraud et al., 2007

Mechtcheriakov et al., 2007

Method

1.5T MRI

1.5T MRI

1.5T MRI

3T MRI

3T MRI

1.5T MRI

3T MRI

3T MRI

0.5T MRI

1.5T MRI

1.5T MRI

1.5T MRI

1.5T MRI

1.5T MRI

Subjects

40 (13F) dependent vs. 41
(15F) healthy

20M dependent vs. 16M
healthy

14 (7F) prenatally exposed vs
14 (5F) healthy

27 (1F) methadone patients vs.
23 (11F) healthy

24 (13F) dependent vs. 29
(15F) healthy

19 (8F) dependent vs. 17 (7F)
healthy

22 (10F) dependent vs. 23
(11F) healthy

33 (20F) dependent vs. 22
(11F) healthy

35 (?F) dependent vs. 35 (?F)
healthy

33M non-amnesic dependent
vs. 20M healthy

25M dependent vs. 61M
healthy

14 (6F) dependent vs. 28 (12F)
healthy

31M dependent vs. 28M
healthy

22 (8F) dependent vs. 22 (8F)
healthy

Structural difference

Lower GM

Lower GM
Lower WM

Lower GM w/ usage

Lower GM

Lower GM

Lower WM

Lower WM

Lower WM

Lower GM

Lower GM

Lower GM

Lower WM

Lower ROI volume
Lower ROI volume
Lower GM/WM

Lower GM/WM
Lower GM

Lower WM (M only)

Lower GM

Lower WM
Lower WM
Lower WM

Lower GM

Lower GM
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CB Localization

R Crll: 12,-85,-30 (Tal)

L Crl: -16,-85,-30 (Tal)
R Crll: 25,-67,-41 (Tal)

R VI: 32,-38,-33 (MNI)

CB Cortex ROI
L Crl: -17,-78,-27 (MNI)
R Vllla: 25,-54,-47 (MNI)

L Sup CB Ped: -5,-34,-28 (MNI)2
L Mid CB Ped: -12,-22,-25
(MND2

R VI: 16,-56,-26 (MNI)

R VI: 14,-59,-20 (Tal)
L VI: —33,-37,-32 (Tal)

L Crl: -32,-71,-32 (MNI)

CB ROI

CB Hemispheres ROI
CB Vermis ROI
Vermis I-V ROI

Vermis VI-VII ROI
CB Hemispheres ROI

CB ROI

L Crll: -48,-60,-47 (MNI)

L VI: =32,-47,-37 (MNI)
R VI: 33,-47,-38 (MNI)
L I-1V: -15,-29,-18 (MNI)

R Vllb: 40,-47,-51 (MNI)

L Vlib: -42,-48,-51 (MNI)
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Paper Method Subjects Structural difference  CB Localization
Lower WM 57,-7,34 (MNI)*
Lower WM -57,-11,31 (MNI)*
Chanraud et al., 2010 3T MRI ﬁza(lzrf)), dependentvs. 31 (?F) | y\ver ROl volume  Vermis I-V ROI
; 95 (31F) dependent vs. 105 . .
Sullivan et al., 2010 1.5T MRI (55F) healthy Lower ROI volume Vermis, anterior ROI
Lower ROI volume Vermis, posterior ROI
Lower ROI volume Vermis, inferior ROI
Marijuana
18 (9F) users vs. 13 (7F)
Block et al., 2000a 1.5T MRI healthy None N/A
Matochik et al., 2005 15T MRl 11M users vs. 8M healthy None N/A
. 22 (6F) users vs. 26 (7F)
Tzilos et al., 2005 1.5T MRI healthy None N/A
Medina et al., 2010 15T MRI ﬁga(l‘t‘@ users vs. 16 (6F) Greater ROl volume  Vermis VIII—X ROI
Solowij et al., 2011 3T MRI 15M users vs. 16M healthy Lower WM CB ROI
Cousijn et al., 2012 aTMRI 23 (12F) users vs. 42 (16F) Greater GM L I-IV: -8,-43,-20 (MNI)

healthy

Coordinate localization was determined using the SUIT probabilistic atlas of the human cerebellum (Diedrichsen et al., 2009). For this purpose,
Talaraich coordinates were converted to MNI space using the Brett transformation, though the corresponding MNI coordinates are not shown.

CB, cerebellum; Crl, Crus I; Crll, Crus II; GM, Gray Matter; L, Left; Mid CB Ped, middle cerebellar peduncle; ROI, region of interest; MNI,
Montreal Neurological Institute space; R, Right; Sup CB Ped, superior cerebellar peduncle; Tal, Talaraich space; WM, White Matter

*
Reported coordinates outside of cerebellum.

a - . . )
Identified as listed in source article.
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Table 2

Cerebellar functional responses to acute drug exposure.
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Paper
Cocaine
Risinger et al., 2005

Methylphenidate

Volkow et al., 1997
Volkow et al., 1999
Volkow et al., 2003

Volkow et al., 2006

Volkow et al., 1991

Delta-9-tetrahrdocannabinol

Volkow et al., 1996

Mathew et al., 1998

Mathew et al., 2002

Nicotine

Domino et al., 2000
Zubieta et al., 2005

Method

1.5T MRI

FDG PET
FDG PET
FDG PET

FDG PET

FDG PET

FDG PET

FDG PET

FDG PET

rCBF PET
rCBF PET

Subjects

8M dependent

15M healthy

20M cocaine dependent

25 (4F) cocaine dependent

15M healthy; not expecting MP

15M healthy; expecting MP

8M users

8M dependent

8M healthy

46 (24F) dependent

47 (21F) dependent

18 (9F) users
19 (11F) users

Drug delivery

1V (6x, 20mg/70kg)

1V (0.5+0.25mg/kg)

1V (0.5+0.25mg/kg)
1V (0.5mg/kg)

1V (0.5mg/kg)

IV (0.5mg/kg)

1V (2mg)

1V (2mg)

1V (0.25mg/min)

IV (0.25mg/min)

Nasal spray

Cigarette

CB Localization

L Crl: —45,-57,-23 (Tal)
R I-IV: 12,-38,-14 (Tal)

CBROI

CB ROI

R Vllla: 17,-63,-33 (Tal)

L Vllla: -15,-63,-33 (Tal)
Vermis VIlIb: 3,-63,-29 (Tal)
Vermis Vllla: =7,-63,-29 (Tal)
Vermis VIlIb: -4,-64,-34 (Tal)
R VIIb: 40,-54,-38 (Tal)

LIX: —2,-54,-36 (Tal)

R Crl: 36,-62,-30 (Tal)

Left CB ROI

Right CB RO

CBROI
CBROI

Left CB ROI
Right CB RO
Left CB ROI
Right CB ROI

R VI1b: 28,~72,-40 (Tal)
L Crl: —38,-68,-28 (Tal)
R Crll: 24,-84,-28 (Tal)

Coordinate localization was determined using the SUIT probabilistic atlas of the human cerebellum (Diedrichsen et al., 2009). For this purpose,
Talaraich coordinates were converted to MNI space using the Brett transformation, though the corresponding MNI coordinates are not shown.

CB, cerebellum; Crl, Crus I; Crll, Crus II; FDG, fluorodeoxyglucose; GM, Gray Matter; L, Left; MNI, Montreal Neurological Institute space; MP,
methylphenidate; PET, positron emission tomography; R, Right; rCBF, regional cerebral blood flow; ROI, region of interest; Tal, Talaraich space;
Verm. Lob., Vermal Lobule; WM, White Matter
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Table 3
Cerebellar functional responses to drug craving.
Paper Method Subjects Cue CB Localization
Heroin
Sell et al., 2000 rCBF PET  10M dependent: detoxing Video of use Left hemisphere ROI

Right hemisphere ROI
L Crl: =33,~72,-24 (Tal)
R Crl: 42,-63,-21 (Tal)

Lou et al., 2012 1.5T fMRI  19M dependent: abstaining  Images of use

Cocaine

Grant et al., 1996 FDG PET 13 (1F) dependent Multimedia CB ROI

Wang et al., 1999 1.5T fMRI 13 (5F) dependent Drug interview CB ROI

Kilts et al., 2001 rCBF PET  8M dependent Audio script CB ROI

Bonson et al., 2002 FDG PET 10 (4F) dependent Multimedia R Dentate: 24,-50,-42 (MNI)?

Risinger et al., 2005 1.5T fMRI  8M dependent Button press R Dentate: 18,-47,-25 (Tal)?
L V:-18,-46,-13 (Tal)
Audio/Video of use  Vermis lI-111 ROI

Vermis.VIH-IX ROI

Anderson etal., 2006  1.5T fMRI 10 (4F) dependent

Alcohol
Schneider etal., 2001  1.5T fMRI  10M dependent: abstaining  Odor L Crl: —28,-64,-24 (Tal)

L Crll: —12,-80,-20 (Tal)

Coordinate localization was determined using the SUIT probabilistic atlas of the human cerebellum (Diedrichsen et al., 2009). For this purpose,
Talaraich coordinates were converted to MNI space using the Brett transformation, though the corresponding MNI coordinates are not shown.

CB, cerebellum; Crl, Crus I; Crll, Crus II; FDG, fluorodeoxyglucose; GM, Gray Matter; L, Left; MNI, Montreal Neurological Institute space; PET,
positron emission tomography; R, Right; rCBF, regional cerebral blood flow; ROI, region of interest; Tal, Talaraich space; WM, White Matter

Identified using the MRI Atlas of the Cerebellum (Schmahmann et al., 2000).
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