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Abstract 
 
Marta Miquel; Rebeca Toledo; Luis I Garcia ; Genaro A Coria-Avila¸ Jorge Manzo. 

Why should we keep the cerebellum in mind when thinking about addiction? 
 

Increasing evidence has involved the cerebellum in functions beyond the sphere of 

motor control. In the present article, we review evidence that involves the cerebellum in 

addictive behaviour. We aimed on molecular and cellular targets in the cerebellum 

where addictive drugs can act and induce mechanisms of neuroplasticity that may 

contribute to the development of an addictive pattern of behaviour.  Also, we analyzed 

the behavioural consequences of repetitive drug administration that result from activity-

dependent changes in the efficacy of cerebellar synapses.  

Revised research involves the cerebellum in drug-induced long-term memory, drug-

induced sensitization and the perseverative behavioural phenotype. Results agree to 

relevant participation of the cerebellum in the functional systems underlying drug 

addiction. The molecular and cellular actions of addictive drugs in the cerebellum 

involve long-term adaptative changes in receptors, neurotransmitters and intracellular 

signalling transduction pathways that may lead to the re-organization of cerebellar 

microzones and in turn to functional networks where the cerebellum is an important 

nodal structure. We propose that drug induced activity-dependent synaptic changes in 

the cerebellum are crucial to the transition from a pattern of recreational drug taking to 

the compulsive behavioural phenotype. Functional and structural modifications 

produced by drugs in the cerebellum may enhance the susceptibility of fronto-cerebellar 

circuitry to be changed by repeated drug exposure. As a part of this functional 

reorganization, drug-induced cerebellar hyper-responsiveness appears to be central to 

reducing the influence of executive control of the prefrontal cortex on behaviour and 

aiding the transition to an automatic mode of control.  
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THE CEREBELLUM: MORE THAN WHAT WE THOUGHT  

Very recently, Masao Ito [1] and Narender Ramnani [2] published two excellent 

and exhaustive reviews on the cerebellum and its functions. Both are highly 

recommended papers to get a broad perspective on past and current research in this 

topic. Surely the lesson to be learned from both articles is that later developments in 

cerebellar research situate functions of the cerebellum beyond motor control. The 

assumption that the cerebellum controls movement came from medical observations in 

the mid 19th and the beginning of the 20th century [1, 3]. Neurologists observed that 

lesions in this structure resulted in difficulties in coordinating movement, and 

experimental physiologists showed that after removing the cerebellum a lack of motor 

coordination was produced. In the sixties, a specialized role for the cerebellum in the 

learning of motor patterns was proposed, initially in conventional motor skills and later 

in Pavlovian conditioning, operant learning, and in the acquisition of voluntary 

movements [1, 2, 3, 4].  However, more evidence, mainly from human neuroimaging 

studies, involved the cerebellum in functions beyond the sphere of motor control. 

Examples of these new roles are cerebellar involvement in emotional memory and 

emotional experience [5, 6, 7, 8, 9], sex and orgasm [10, 11], language [12], planning 

and prediction [13], and perceptual ability [14, 15]. 

The focus of the present article is to review evidence that involves the 

cerebellum in addictive behaviour. First, we aimed on molecular and cellular targets in 

the cerebellum where addictive drugs can act and induce mechanisms of neuroplasticity 

that may contribute to the development of an addictive pattern of behaviour. Our 

proposal is not an exhaustive update of molecular mechanisms of addictive drugs in the 

cerebellum, but a description of common molecular and cellular modifications that 

underlie drug-induced behavioural changes. Second, we analyzed behavioural 
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consequences of repetitive drug administration that result from activity-dependent 

changes in the efficacy of cerebellar synapses. Many of the data discussed here illustrate 

other examples of the involvement of the cerebellum in non-motor functions.  

A BRIEF DESCRIPTION OF THE FUNCTIONAL NEUROANATOMY OF THE 

CEREBELLUM 

The cerebellum, or little brain, is located posterior to the brain hemispheres 

covering the dorsal part of the brainstem, but it is not so small. The human cerebellum 

contains about 50 billion neurons [2]. It is a symmetrical structure with a remarkable 

stereotyped neuronal organization in its cortex. The dorsal view shows that its geometry 

is a hemispherical ellipse with the major axis in a coronal position and the minor in a 

sagittal position, and allows the recognition of a central region known as the vermis, 

with two hemispheres on each side “Fig. (1)”.  

The cerebellar surface appears undulated in the rostrocaudal orientation, which 

results from the presence of transverse fissures. Some of the transverse fissures extend 

until the lateral border of the cerebellum. Additionally, some of the fissures are deeper 

than others. The arrangement of fissures led to the recognition of 10 different lobules of 

the cerebellar cortex [16,17] “Fig. (2)”, which are composed of three different layers 

organized in a characteristic manner: 1) the uppermost layer is called the Molecular 

Layer, 2) the middle layer is known as the Purkinje Perikarya Layer, and 3) the bottom 

layer is referred to as the Granule Cell Layer. The neurons and axons in these layers of 

the cerebellar cortex are arranged in complex circuits that seem to have just one aim: the 

control of Purkinje neurons that constitute the only cortical output [18,19] “Fig. (3)”. 

The first histological drawings of this arrangement were made by Santiago Ramon y 

Cajal [20], who described the now well-known distribution of granule and Purkinje 

somas and the parallel and climbing fiber inputs to Purkinje’s dendritic tree.  
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Cerebellar circuitry has an uniform structure and a modular organization [1]. 

The functional unit of the cerebellar cortex is a microzone, that refers a corticonuclear 

arrangement  [for review see 1,18]. In 1984, Ito  [21] proposed the new concept of 

microcomplex to describe  “a combination of microzone and related subcortical 

structures”. So, a microcomplex consists of corticonuclear projections in a specific 

cerebellar region and their connections to a small group of subcortical structures 

including: the inferior olive, the pontine nucleus, the vestibular nucleus and the 

parvicellular red nucleus. The human brain may contain about 5000 of these 

microcomplexes.  

The variation across the cerebellar cortex is negligible as compared with the 

scale of uniformity  [2]. Therefore, it seems that the functional regionalization in the 

cerebellar cortex arises from the diverse nature of the inputs to the cerebellum  [2, 22]. 

Each microcomplex is involved in a functional network via its connections to different 

parts of the cerebral cortex and spinal cord [1, 21], the thalamus [23], the septo-

hippocampal complex and the amygdala [7]. It has been suggested that cortical-

cerebellar loops work in parallel to cortical-basal ganglia loops to control behavioural 

output [24]. Each loop involves different subset of cerebral cortical neurons and project 

to the cerebral cortex via distinct thalamic nuclei [23, 24]. Re-evaluation of earlier 

described anatomical data, however, suggests indirect communication between cortical-

basal ganglia loops and cortical-cerebellar loops [24, 25, 26]. 

The anatomical pathways through which the cerebellum communicates with the 

prefrontal cortex and amygdala deserve special consideration to answer the question of 

the present review. In a recent study with healthy human volunteers [7], a single-pulse 

of transcranial magnetic stimulation (TMS) over the cerebellar vermis increased theta 

activity in the prefrontal cortex. Earlier, it was demonstrated that the electrical 
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stimulation of the fastigial nucleus, which receives projections from the vermis, evoked 

neuronal activity in the amygdala and hippocampus [27].  Moreover, the cerebellum 

receives an important aminergic neuromodulation [28], including dopamine 

neuromodulation from the ventral tegmental area (VTA) to the vermis [28, 29, 30, 31], 

where dopamine transporter and axons labelled for tyrosine hydroxylase were found 

[32].  

All these anatomical pathways locate the cerebellum within the functional 

systems where addictive drugs can act and produce their behavioural effects. In 

following sections, we describe the synaptic organization in the cerebellum and how 

molecular targets in the cerebellar synapses are affected by addictive drugs. 

CEREBELLAR SYNAPTIC ORGANIZATION AND ACTIVITY-DEPENDENT 

CHANGES IN SYNAPTIC EFFICACY 

Cerebellar synaptic organization 

The cerebellar cortex has two main afferent pathways “Fig”. (3). Mossy fiber 

afferents from the brainstem and spinal cord target the glomerulus at the granular layer 

and make synapses with granular cells. The granular cells, in turn, project to the 

molecular layer and excite the Purkinje cells. Within the glomerulus, the dendrites of 

granular cells receive excitatory synapses (mostly glutamatergic) from mossy fiber 

terminals and an inhibitory input (gabaergic) from the Golgi cell axons. Both AMPA 

and NMDA receptors mediate excitatory signals from mossy fibers to the granule cells. 

A single impulse in a mossy fiber generates burst spikes in granule cells [33]. The axons 

of granule cells supply glutamatergic synapses to the dendritic tree of Purkinje cells 

before and after they bifurcate into the parallel fibers in the molecular layer [34, 35]. 

Excitatory responses in the dendrites of Purkinje cells are mediated entirely by non-

NMDA receptors. AMPA receptors generate fast EPSPs (excitatory postsynaptic 
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potentials) and the glutamate metabotropic receptor mGluR1 is responsible for slow 

EPSPs [36]. These slow excitatory postsynaptic potentials are facilitated by the 

activation of GABAB receptors expressed in the dendrites of the Purkinje cells [1, 37]. 

The parallel fibers make excitatory synapses not only with the distal dendrites of the 

Purkinje cells, but also those of stellate and basket cells. Both are inhibitory 

interneurons and produce IPSPs currents in the Purkinje membrane via GABAA 

receptors [1]. 

The other afferent pathway to the cerebellar cortex is the climbing fibers, which 

arise from the inferior oliva in the ventral part of the caudal brainstem [for review see 

1]. Each Purkinje cell receives innervation from one climbing fiber, which makes 

several excitatory synapses with a single Purkinje neuron. The glutamatergic signal is 

mediated by AMPA receptors and induces a burst of impulses in the Purkinje cell 

known as complex spike.  

Afferents segregate on the dendritic surface of Purkinje neurons creating 

different functional domains [38]. Granule-cell synapses are limited to the distal 

dendritic shafts, whereas climbing-fiber contacts are circumscribed to the proximal 

dendrite. Inhibitory contacts are also segregated. Basket cells make synapses on the 

basal part of the Purkinje soma; whereas stellate cells are restricted to dendrites [38]. 

The existence of the discrete extracellular domains may have important functional 

consequences for cerebellar networks. 

Activity-dependent changes in synaptic efficacy within the cerebellum 

Most of the above described synapses support activity-dependent changes in 

synaptic efficacy. Long-term depression (LTD) has been proposed as the major memory 

mechanism in the cerebellum which is related to motor [4] and perceptual learning 

[13].The coincidence of parallel fiber and climbing fiber inputs is required for the 
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induction of LTD [39]. LTD takes place in parallel fiber-Purkinje cell synapses when 

the impulses of a group of parallel fibers and one climbing fiber reach the same Purkinje 

neuron synchronously and repeatedly [4].  LTD is expressed as a prolonged depression 

of this synapse, in which a persistent decrease in postsynaptic sensitivity to glutamate is 

observed [39]. The convergence of parallel and climbing fiber impulses on Purkinje 

cells also induces activity-dependent changes in basket and stellate cells [40]. After 

pairing both inputs, an increase in the activation of these inhibitory interneurons was 

observed. Thus, two synergistic mechanisms contributed to long-term depression of 

Purkinje cells and the final release of the inhibition in deep cerebellar nucleus neurons: 

LTD in Purkinje synapses and long-term potentation (LTP) in the parallel synapses with 

stellate and basket cells [1]. LTP has been also found in Purkinje synapses if parallel 

fibers are repeatedly stimulated independent of climbing fibers [41]. Postsynaptic LTP 

in parallel fiber- Purkinje synapses may have a homeostatic function. Once induced, it is 

able to remove and reset LTD after saturation, permitting in turn a new LTD [42]. 

At the molecular level, LTD in the Purkinje synapses involves a complex 

cascade of events that can be summarized in two intracellular convergent postsynaptic 

pathways [for review see 1, 4]. The activation of mGluR in parallel fiber-Purkinje 

synapses triggers the phospholipase C cascade linked to diaglicerol (DAG) and inositol 

trisphosphate (IP3) as second messengers. DAG activates protein kinase Cα (PKC) and 

IP3 generates Ca++ release from intracellular stores. It has been also observed that nitric 

oxide (NO) and cyclic GMP cascade is part of the same molecular pathway [43]. The 

second intracellular response depends on the release of glutamate in climbing fibers-

Purkinje synapses, which activates postsynaptic AMPAR and produces an increase in 

Ca++ current through voltage-gated Ca++ channels. The convergence of mGluR- and 

AMPAR-dependent intracellular cascades induces the internalization of AMPAR by 
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endocytosis. Cerebellar LTD shows, therefore, specificity in two features as compared 

with other parts of the brain. First, as Purkinje neurons do not express NMDA receptors 

the induction of both LTD and LTP wholly depend on AMPA and mGluR receptors. 

Second, both mechanisms rely on intracellular Ca++ concentrations, but in the opposite 

manner as described for other brain structures. A high Ca++ levels facilitate LTD, 

whereas a low Ca++ concentration directs the process towards LTP [1].  

Recently, the involvement of retrograde endocannabinoid signalling in activity-

dependent synaptic plasticity has been described [for review see 44, 45]. This retrograde 

mechanism mediates both short-term and long-term synaptic changes in the cerebellum, 

basal ganglia, amygdala, VTA and neocortex. Briefly, postsynaptic activation of 

glutamatergic receptors elicits the synthesis of a lipid endocannabinoid messenger, very 

probably: (2-arachidonoylglycerol (2-AG) that once released in the synaptic cleft, 

moves in a retrograde direction, binds to presynaptic CB1 receptors and suppresses 

excitatory and inhibitory neurotransmitter released by the pre-synaptic neuron. The 

suppression of excitatory input is named depolarization-induced suppression of 

excitation (DSE) and the one which suppresses the release of inhibitory 

neurotransmitter is known as depolarization-induced suppression of inhibition (DSI) 

[46, 47, 48].  

The cerebellum expresses a high level of CB1R [49, 50], but also CB2R [51]. 

Molecular events that trigger endocannabinoid-mediated short-term synaptic changes in 

the cerebellar cortex are shown to be both dependent and independent on Ca2+ current 

flowing into the postsynaptic cell. The Ca2+-independent mechanism is induced by the 

activation of mGluR and the phospholipase C intracellular cascade [52]. At the pre-

synaptic level, CB1R activation in the climbing and parallel terminals produce a 
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decrease in the Ca2+ current into the terminal and a decrease in EPSC amplitude [53, 

54].  

Activity-dependent long-term changes in the efficacy of cerebellar synapses are 

also mediated by an endocannabinoid-dependent retrograde mechanism [55]. The 

repeated coincidence of parallel fiber and climbing fiber inputs triggers an enhancement 

of Ca2+ influx to the Purkinje neuron, mGluR postsynaptic activation and the 

endocannabinoid release to the synaptic cleft. The induction of cerebellar LTD requires 

the activation of pre-synaptic CB1R, but once induced, LTD maintenance is independent 

on CB1R [44, 55]. The administration of a CB1R antagonist or the deletion of the CB1R 

gene abolishes cerebellar LTD [55]. 

THE CEREBELLUM HAS MANY MOLECULAR TARGETS WHERE 

ADDICTIVE DRUGS CAN ACT AND INDUCE NEUROPLASTICITY 

MECHANISMS 

Activity-dependent changes in synaptic efficiency seem to be crucial to 

experience-dependent modification of brain functions, but also drug-induced long-term 

modifications. Drug-induced long-term changes have been proposed as the substrate of 

addictive behaviour [56, 57]. Thus, the compulsive phenotype of drug-seeking and 

drug-taking behaviour, the relapse after withdrawal and the loss of control over drug use 

are all aspects of addictive behaviour that result from the “re-wiring” of motivational 

circuitry after repeated exposure to drugs [58].  

For many years, research into the cellular mechanisms of neuroplasticity induced 

by drugs has focused on dopamine release in the basal ganglia and associated 

intracellular signalling pathways [59]. It has been demonstrated, however, that complex 

interactions between glutamatergic inputs to the basal ganglia and the dopamine system 

are critically involved in this long-term drug-induced neuroplasticity [58, 59, 60, 61, 62, 
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63, 64, 65]. Now it is well-known that changes in glutamate transmission, including 

alterations in the structure and function of glutamate receptors and glutamate release 

mediate the effects of addictive drugs [58, 59, 64, 65, 66, 67, 68]. The stimulatory 

effects of drugs of abuse on locomotion and the subsequent progressive increase in this 

effect known as sensitization are both regulated by ionotropic (iGluR) and metabotropic 

(mGluR) glutamate receptors in the glutamate synapses of  the nucleus accumbens 

(Nacc) and the ventral tegmental area (VTA) [65, 66, 67, 68]. Moreover, modifications 

of postsynaptic proteins associated with glutamate intracellular signalling pathways 

were shown to be linked to drug-induced neuroplasticity and to contribute to the 

uncontrollable drive to seek drugs [61, 62, 63, 69, 70, 71].  

In addition, recent findings support the participation of the endocannabinoid 

system in the common neural networks underlying drug-induced neuroplasticity and 

thereby, drug addiction [71]. The endocannabinoid retrograde control has been observed 

after synaptic activation of glutamate and dopamine receptors [73, 74]. CB1 receptors 

modulate excitatory and inhibitory inputs to mesolimbic and mesocortical dopamine 

systems, and local neuroplasticity mechanism as LTD [72, 74]. The involvement of the 

endocannabinoid system in drug addiction is supported by pharmacological and 

knockout studies, which show that self-administration of nicotine, alcohol, heroin and 

morphine is decreased under CB1 antagonism or in CB1 receptor knockout mice [75, 76, 

77, 78, 79]. Also, drug-induced conditioned affective memories are altered under CB1 

deletion or pharmacological blockade [77, 80].  

As illustrated in the previous section, short-term and long-term plasticity in the 

cerebellum seems to be mediated by glutamate and endocannabinoid-dependent cellular 

mechanisms. Additionally, it is known that the vermis of the cerebellum received 

dopaminergic projections from the VTA [28, 29, 30, 31]. Therefore, within the 
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cerebellum the above-described interactions among dopamine, glutamate and 

endocannabinoid systems may be affected by drugs of abuse and contribute to 

adaptations leading to addiction.  

Molecular targets and drug-induced plasticity mechanism in the cerebellum 

Ethanol 

The cerebellar cortex has numerous molecular targets where ethanol can act and 

stimulate or inhibit plasticity mechanisms “Fig. (4)”. Several studies have shown that 

ethanol modifies both pre-and post-synaptic features of glutamatergic transmission 

[81].Various glutamate receptor subtypes have been shown to be affected by ethanol at 

different concentrations [81]. Acute alcohol at high concentrations (30-100 mM) 

depresses Ca2+ signalling linked to AMPA/Kainate receptors activation in dendritic and 

somatic Purkinje cell regions [82]. However, chronic ethanol exposure enhances 

AMPA-elicited Ca2+ currents in the same regions of Purkinje cells [83]. Both studies 

suggest that the actions of ethanol on Ca2+ signalling through AMPAR could underlie 

the rapid effects of ethanol on behaviour, because AMPAR mediates fast excitatory 

neurotransmission [81]. In contrast, ethanol at lower concentration (10 mM) enhances 

Ca2+ current to mGluR agonists in Purkinje somas and dendrites [81]. It is possible 

therefore that Ca2+ signalling from multiple glutamate receptors in the cerebellar cortex 

underlies the behavioural effects of different ethanol doses.  

It has been also observed that ethanol modulates neural responsiveness to GABA 

and alters GABAA receptor function and expression of GABAA receptor subunits [84]. 

Ethanol acutely increases GABAergic transmission in the glomerulus at the granular 

layer and contributes to the inhibition of mossy fiber-mediated excitation [84]. The 

GABA increase is mediated in part by the enhancement of spontaneous firing of Golgi 

cells that supply GABA inhibition within the glomerulus, which is produced by ethanol 
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[85]. In addition, acute ethanol enhances the inhibitory action of GABA on Purkinje cell 

activity and suppresses spontaneous Purkinje cell discharge [86]. Chronic ethanol, 

nevertheless, reduces the responsiveness of cerebellar granule cells to exogenously 

applied GABA [87]. Ethanol-induced GABA depression of the Purkinje cells may 

involve nicotinic receptors in these cells, because it is boosted by co-application of 

nicotine and suppressed by nicotine antagonism [88]. Taken together, it is possible to 

conclude that whereas acute ethanol reduces the excitability of cortical cerebellar 

circuitry, its chronic presence leads to the hyperexcitability of cerebellar neurons.  

Ethanol also influences cerebellar intracellular pathways associated with 

glutamate transmission [81, 82]. By activating the intracellular signal transduction 

pathway of the serine/theorine kinase known as mitogen-activated protein kinase 

(MAPK) or extracellular signal regulated protein kinase (ERK), glutamate receptors 

control transcriptional activity and protein synthesis in response to drugs and thus, 

plasticity mechanisms leading to addiction [56]. Continuous regimen of ethanol 

treatment reduces the levels of ERK activation in the cerebellum, amygdala, 

hippocampus and cerebral cortex. On the contrary, intermittent exposure to ethanol up-

regulates the MAPK-ERK pathway during withdrawal periods in the amygdala and 

cerebellum [89]. It has been shown that activations of the ERK pathway increase 

CREB-dependent transcription of an associated family of genes [56]. Moreover, CREB-

mediated transcription is reported to be necessary for activating long-term plasticity 

genes [90]. In accordance, ethanol increases CREB levels in the cerebellum and this 

effect requires protein kinase A (PKA) and adenosine receptor activation (A2) [91]. 

Supporting the idea that ethanol produces cerebellar long-term plasticity, it has been 

recently demonstrated that ethanol affects dynamic modulation of the actin 
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cytoskeketon in this structure [92]. Actin remodelling has been described as a crucial 

step for long-term memory storage in the hippocampus and other parts of the brain [93].  

Cannabis sativa 

To our knowledge few studies have approached molecular or 

electrophysiological modifications induced by Cannabis sativa in the cerebellum “Fig. 

(4)”. Gonzalez el al. (2004) reported an increase in 2-AG (2-arachidonoylglycerol) in 

the cerebellum of chronic delta 9-tetrahydrocannnabinol-treated rats as compared with 

controls [94]. Chronic delta-9-THC (the major psychoactive component of cannabis 

sativa) administration prevents the increase in the ERK pathway produce by acute delta-

9-THC administration [95]. However, after withdrawal an up-regulation of 

adenylcyclase activity [96] and a downstream enhancement of the cAMP-PKA pathway 

[97] are both observed. Changes in CREB expression can be seen in granule cells at 

granular layer of the cerebellum after delta-9-THC treatment. Acute delta-9-THC 

increased CREB immunostaining and protein expression, although a significant 

decrease in CREB was observed in chronically treated rats. The decrease still persisted 

3 weeks after withdrawal [98].  

Additional data demonstrated that the endocannabinoid system mediates actions 

and plasticity changes induced by other drugs of abuse in the cerebellum. For example, 

the endocannabinoid system seems to be involved in molecular mechanisms of ethanol 

and morphine. Chronic ethanol or morphine exposure to cultures of cerebellar granule 

cells produces accumulation of 2-arachidonylglycerol and arachidonylethanolamide 

(AEA) [99, 100, 101]. The synthesis of these endocannabinoids increases proportionally 

to the duration of the ethanol exposure and is prevented by CB1 antagonist [100]. Also, 

the density of CB1 receptors could be reduced by both drugs in the cerebellum, but a 
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recovery at the basal levels is observed after 24 hours of withdrawal from ethanol [100, 

101].  

Psychostimulants 

Although the cerebellum has relatively low dopamine innervation, it is known 

that VTA sends DA projections to the vermis [28, 30, 31]. In accordance, dopamine 

transporters and axons labelled for tyrosine hydroxilase have been found in the vermis 

[32]. As should be expected, cocaine and amphetamine increase Fos-like 

immunoreactivity in the rat granular layer of the vermis at a wide range of doses and, 

occasionally in Purkinje neurons [102] “Fig. (4)”. It is believed that this effect depends 

on D1 receptors, given the evidence that a D1 selective antagonist totally blocks 

psychostimulant-induced Fos immunoreactivity [102]. Furthermore, in nonhuman 

primates mapping DA function with amphetamine demonstrated an increase in the 

relative cerebral blood volume in the dentate nucleus of the cerebellum, along with 

increases in structures of the cortico-striatal-thalamic-limbic system [103]. Recordings 

of extracellular activity in the cerebelar cortex showed that cocaine is able to suppress 

spontaneous firing and glutamate-induced activation of Purkinje cells [104]. It would 

appear that cocaine-induced inhibition of these cells is mediated by a DA-independent 

mechanism. Both spontaneous firing and glutamate-dependent suppression are blocked 

with yohimbine, an α2-adrenoreceptor antagonist [104]. Thus, it is very likely that the 

mechanism underlying the effect of cocaine on Purkinje neurons is the inhibition of 

noradrenaline transporters at synapses neuromodulated by noradrenergic fibers from the 

locus coeruleus [104].  

One of the neuroadaptations that has been recently confirmed in the Purkinje 

soma and dendrites after cocaine administration is the augmented expression of Homer 

1b/c and 3a/b [104]. These long homer isoforms are a crucial link between mGluR and 
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IP3-dependent intracellular Ca2+ signalling, and they are considered as an important step 

of synaptic remodelling and spine morphogenesis [105, 106, 107]. 

To sum up, the molecular and cellular actions of addictive drugs in the 

cerebellum involve long-term adaptative changes in receptors, neurotransmitters and 

intracellular signalling transduction pathways that may lead to the “re-wiring” of [58] 

cerebellar microzones and in turn change functional networks where the cerebellum is 

involved. 

Several of the above-mentioned drug-induced molecular changes have been 

correlated with drug tolerance, drug dependence and the withdrawal syndrome [94, 95, 

96, 97, 98, 100, 101, 108]. In general, acute drug administration increases receptors, 

neurotransmitters and intracellular signalling transduction responses in the cerebellum. 

Compensatory changes during chronic treatment lead to an apparent normalization of 

these initial modifications, but after drug withdrawal alterations in cerebellar parameters 

can be seen again. It is important to note that intermittent drug administration can 

exacerbate plasticity changes observed during wash-out periods.  

Homeostatic adaptations that may occur within cells and circuits after repeated 

stimulation by addictive drugs were once believed to be cardinal symptoms of addiction 

[109]. It is now recognized that they are neither necessary nor sufficient for a person to 

be addicted [56, 57, 109, 110, 111, 112, 113, 114]. The chief argument for this new 

perspective is that the risk of relapse remains high long after drug withdrawal. Thus, the 

new point of view about addiction involves both a compulsive pattern of drug 

consumption and the high risk of relapse as major symptoms of the addiction illness. 

This current view proposes that the compulsive phenotype of drug-seeking and drug-

taking behaviour and relapse are both aspects of addictive behaviour that result from 

drug-induced long-term changes which re-wire motivational circuitry [56, 57, 58]. 
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Neuroadaptations as sensitization and associative memory mechanisms are now 

considered crucial processes to explain addiction.  

In the next sections, we analyze the involvement of the cerebellum in drug-

induced sensitization and review animal and human data involving the role of 

cerebellum in conditioned memory, which may contribute to the development of a 

compulsive behavioural phenotype and the relapse of drug taking.  

Table (1). 

DRUG-INDUCED MOLECULAR AND CELLULAR CHANGES IN THE 

CEREBELLUM ARE RELATED TO SENSITIZATION 

It is known that drug-induced modifications of the interactions between 

dopamine and glutamate systems, including changes in the structure and function of 

receptors and associated intracellular pathways, trigger a cascade of neuroadaptations 

underlying acquired increases in sensitivity to the behavioural effects of addictive drugs 

[58, 60, 65, 66, 111, 112, 113]. Behavioural sensitization thus refers to the progressive 

increase in behavioural responses to drugs that is developed during repeated drug 

administration and that persists after long periods [65, 112]. Plasticity changes such as 

LTP in the cell-body region of the mesolimbic dopamine systems, the VTA of the 

midbrain, are crucial to elicit the hyper-excitability of DA neurons that triggers the 

development of drug-induced sensitization [115]. Long-term depression, but also LTP 

in the nucleus accumbens, however, seem to mediate the expression of behavioural 

sensitization [116].  

The relevance of sensitization for the development of addiction has been 

suggested by the theory of Incentive Salience [111, 112, 113]. It proposes that as a 

consequence of long-term changes in the dopaminergic system the incentive-

motivational ability of drug-associated cues is sensitized and contributes to intensify 
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drug craving and drug seeking. Sensitization could also reinforce associations between 

conditioned cues and drug effects leading to the strength of conditioned memories, 

which in turn could trigger drug seeking and drug taking [110, 117]. All drugs with an 

addictive potential produce sensitization [113], but not all of the drug effects sensitized. 

In general, one can observe that drug-induced behavioural activating effects are those 

that develop a progressive augmentation [112,113].  The simplest way to asses if an 

animal sensitized is testing its locomotor activity during repeated administration of the 

drug. The progressive increase in locomotor activity and the significant difference 

between the first and the last day of drug treatment show the sensitization of the drug 

effect. 

Drug sensitization and cerebellar plasticity 

Still few but consistent data demonstrate that the cerebellar cortex plays a key 

role in the neuroadaptations leading to behavioural sensitization. The cerebellum is a 

central site for the molecular mechanisms of 9-delta-THC sensitization [118]. 9-delta-

THC sensitized rats show an increase in CB1 receptor binding restricted to the cerebellar 

cortex, with no appreciable alteration in other brain areas that also have a high density 

of CB1 receptors [118]. Since previous reports revealed that CB1 down-regulation 

correlates with the development of 9-delta-THC tolerance [119], the increase in the 

binding seems to be a specific adaptation underlying sensitization. In Rubino’s study 

[118], the increase in CB1 binding was accompanied by an enhancement of G protein 

coupling and the lack of alteration in the response of the cAMP pathway to 

cannabinoids agonists in sensitized rats. 

Repeated and intermittent ethanol exposure sensitizes locomotion [120, 121 

122]. Very few studies, however, have been performed to evaluate cerebellar plasticity 

changes in animals sensitized to alcohol. It has been shown that the intermittent regimen 
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of ethanol treatment activates phosphorylated ERK that peaks 24 hours post-withdrawal 

in the rat cerebellum and amygdala [89. In our laboratory, very recently, we observed 

high significant but inverse correlations between ethanol-induced locomotor 

sensitization and the number of new proliferated cells (Brd-U+) induced by 

environmental enrichment at the granular layer of the lobules IX (r= -0.58; p<0.01) and 

X (r= -0.63; p<0.001) in the mouse vermis. Furthermore, sensitized animals showed 

significantly less immunoreactivity for Brd-U at the granular layer than animals not 

sensitized but treated with the same regimen of alcohol (data presented at the SfN 

Meeting 2007 San Diego. Abstract online: 909.12/EE24).  

Sensitization to cocaine has been also associated with several cerebellar 

molecular changes. Chronic administration of cocaine that induces locomotor 

sensitization also increases the binding of MK-801, a NMDA antagonist, in the 

cerebellum [123]. Furthermore, cocaine-induced sensitization has been related to an 

increase in nitric oxide synthase activity in this structure [124], supporting behavioural 

data that showed the blockade of cocaine-induced locomotor sensitization by NOS 

inhibitors [125, 126]. Finally, sensitization of c-fos and jun-B mRNA has been 

demonstrated in the cerebellar cortex of cocaine sensitized rats [127]. This effect is 

mediated by D1, D2, GABAB and NMDA cerebellar receptors.  

Further research is required to describe and explain the precise role of cerebellar 

plasticity in sensitization produces by addictive drugs. It is important to elucidate if the 

involvement of the cerebellum in drug-induced sensitization is general for all drug-

induced sensitized effects, or rather, if it is restricted to locomotion, since lobules IX 

and X are directly involved in the control of locomotor functions [128]. It would be of 

interest, for example, to test if the cerebellum is implicated in the sensitization of the 

incentive salience effect. We feel that it could be the case, since as we describe in the 
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next section the cerebellum seems to be a relevant structure to store long-term 

emotional memories. 

CONDITIONED EMOTIONAL MEMORIES IN THE CEREBELLUM 

Addictive drugs induce synaptic modifications in brain functional networks that 

support Pavlovian and instrumental memories [110]. Contemporary theories of 

addiction ascribe special relevance to drug-associated memories in inducing subjective 

craving, the compulsive phenotype of behaviour and relapse [110, 111, 112, 113]. 

Through a pavlovian associative mechanism, external stimuli that repeatedly occur in 

time and space closely with the effect of drugs are associated or conditioned to drug 

effects, and thus gain incentive salience [110]. Incentive salience requires a drug-paired 

conditioned stimulus to be able to reactivate emotional memories associated with drug, 

and instrumental memories which trigger responding to obtain the drug. Under some 

environmental circumstances, a conditioned cues may produce subjective drug craving 

in humans (animal models of craving remain controversial). For example, drug craving 

is provoked if there is a withdrawal condition or an obstacle to obtaining the drug [129]. 

However, if drugs are continuously available cues can automatically trigger drug 

seeking and drug taking behaviours [110].  

Pavlovian and instrumental conditioned memories are controlled and stored by 

dopamine-glutamate interactions in the shell and core of Nacc, basolateral amygdala, 

hippocampus and prefrontal cortex [110, 130]. The occurrence of a drug conditioned 

cue produces fast phasic burst firing of VTA dopamine projections that modulates the 

signal transmission of glutamatergic afferents to basal ganglia, amygdala and prefrontal 

cortex [131]. Dopamine signalling facilitates and strengthens long-term plasticity 

changes in these brain regions. DA is also released in a tonic manner [131]. It is 
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believed that tonic mode is required for activation and effort-related processes on 

voluntary behaviour [132].  

Involvement of the cerebellum in drug-conditioned memories of human addicts 

Almost nothing is known about the contribution of DA signalling and DA-

glutamate interactions in the cerebellum. However, several human neuroimaging studies 

involve the cerebellum, specially the vermis, in the reactivation of drug-conditioned 

emotional memories [133, 134, 135, 136, 137, 138]. Positron emission tomography 

(PET) and functional magnetic resonance imaging (fMRI) studies show increased 

glucose metabolism elicited by cocaine-and ethanol-conditioned cues in the cerebellum 

[133, 135, 136, 137, 138]. Grant et al., (1996) demonstrated that the paraphernalia 

associated with cocaine taking increased activation of the dorsolateral prefrontal cortex, 

the amygdala, and the cerebellum [133]. Interestingly, this pattern of activation was not 

observed for neutral videotapes. Later, they showed that when cocaine addicts listened  

to an evocative script that described in detail physiological and psychological sensations 

associated with cocaine use, the right cerebellum was also activated [136]. A very 

recent report confirms these results and shows regionalized activation within the vermis. 

Cocaine- associated cues elicit greater increases in activation of lobules II, III, VIII, and 

IX [25]. Olfactory stimulation with ethanol in alcoholic patients under detoxification, 

but not in normal healthy controls, activates the right amygdala, hippocampus, insula 

and cerebellum [137]. Again, the cerebellar activation was not observed for neutral cues 

(in this case ambient air), which is important because it precludes the possibility that the 

cerebellar activations are due to sensorial or motor processing no related to drug 

experience.  

Moreover, in two studies, ratings of subjective craving correlated with cerebellar 

activations [133, 137]. The correlation between cerebellar activity and subjective 
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craving is lost if auditory cues are used [136]. It is difficult to explain this inconsistent 

result, because the cerebellum has been implicated in auditory [14] and language 

processing [12]. It is particularly interesting that after 3-weeks of therapeutic 

intervention alcoholic patients showed reductions in subjective craving, accompanied 

by reductions in the cerebellar activity [137]. Therapeutic training, hence, seems to re-

organize emotional memory networks where the cerebellum is a crucial node, or at 

least, is able to produce transient extinction-like effect in this network.  

Expectations are a central cognitive process in reward induced behaviour [135]. 

The expectation of the drug effect is shown to modulate drug-associated responses in 

animal models of drug consumption [139, 140]. For example, dopaminergic activations 

are larger when animals are treated with cocaine in an environment where they 

previously received cocaine as opposed to a novel environment [139]. Also, cocaine 

induces greater dopamine release when it is self-administered when compared to yoked 

administration [140]. In accordance, Volkow et al., (2003) [135] observed larger 

increases in cerebellum and thalamus glucose metabolism when cocaine addicts 

expected to receive drug and received it as compared with when they expected placebo 

and received drug. Self-reports of feeling “high” were also larger when expectations 

were generated, but surprisingly “high” ratings did not correlate with cerebellar activity 

increases. Authors suggested that the subjective experience of feeling high is related to 

the effect of psychostimulants in the basal ganglia. 

Conscious memory retrieval provoked by a cocaine themed interview correlates 

with larger activation in the cerebellum, amygdala, orbitofrontal, cortex, and insular 

cortex as compared with a neutral themed interview [138]. In this case and in contrast to 

studies where cocaine or alcoholic patients were presented with videotapes, odours, or 

slides, subjective craving did not correlate with cerebellar activity, perhaps because in 
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this study, subjects had to retrieve explicit episodic memories to answer in the 

interview.  

Taken together, human studies on drug-conditioned memories involve the 

cerebellum in both explicit and implicit memory. These are in accordance with other 

studies that demonstrate a cerebellar role in the consolidation of emotional aversive 

memory in rodents [5, 6]; cognitive procedural learning consolidation [141] or episodic 

memory encoding in humans [142]. 

Cerebellar regionalization in memory storage 

The cerebellar regionalization of memory-related activations deserves special 

consideration. The vermis appears to be important for emotional memory, no matter 

what kind of emotional valence the stimulus presents: appetitive [25, 136, 138] or 

aversive [5, 6]. The recall and consolidation of conditioned emotional memories, 

therefore, memories that are reactivated in an automatic or implicit mode, seems to be 

controlled, in part, by the vermis [5, 6, 25, 136]. During cognitive procedural learning it 

has been observed that different regions of the cerebellum are activated depending on 

the phase of the learning. The vermis is only activated in the automatic phase [141]. 

Explicit memory recall or encoding phase, however, seems not to involve the vermis, 

but cerebellar hemispheres [141, 142].  

Probably the key question is which cerebral functional networks are connected 

to each part of the cerebellum. Electrical stimulation of the fastigial nucleus, which 

receives projections from the vermis, evoked neuronal activity in the amygdala and 

hippocampus [27].  Additionally, the vermis connects to dopamine neurons in the VTA 

and substancia nigra [24, 26] and the VTA sends dopaminergic projections to the 

vermis [26, 28, 30, 31], forming a reciprocal midbrain to cerebellar circuit. Ventral 

Tegmental projections bifurcate and send efferents both to the cerebellum and to the 
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prelimbic cortex , anterior cingulate cortex and entorhinal cortex [24, 26].  As a result of 

its connections, therefore, the vermis seems to be part of the circuit that sustains 

emotional memory and emotional behaviour. Since there is almost no causal study to 

investigate the role of the cerebellum in conditioned memory, further animal research is 

crucial to implicate the cerebellum in the emotional memory circuitry.  

THE ROLE OF THE CEREBELLUM IN MOTIVATED BEHAVIOUR 

A central symptom of addiction illness is inadequately managed motivated 

behaviour [62]. Addicts show an uncontrollable drive to seek drugs and show a 

decreased incentive to seek non-drug rewards. As a consequence of repeated use of 

addictive drugs, brain systems controlling motivated behaviour are re-organized in a 

way that competes with plasticity induced by natural rewards, reducing the probability 

of natural rewards to activate goal-directed actions [62].  

Goal-directed behaviour is tuned by instrumental or reinforced learning so 

behaviour can adapt to environmental and internal demands. By repeated experience, 

reinforcers increase the probability of the response that lead to seeking them. 

Instrumental learning, then, by selecting responses that allow access to the reinforcer 

produces an adaptive reduction in the behavioural repertory and initiates the transition 

from behaviour controlled by their consequences to stimulus-driven habits. Acquisition, 

storage, reactivation even reconsolidation of instrumental memories all involve a cross-

talk between the prefrontal cortex and basal ganglia, specially the Nacc and dorsal 

striatum [110]. Three functional networks have been recognized to control the transition 

from goal-directed behaviour to habit: the limbic network, the associative network and 

the sensorimotor network [143]. The limbic network is involved in the process of 

instrumental learning that is, learned behaviour controlled by their consequences or 

goal-directed behaviour. However, habit formation requires a shift of the activation 
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from the prefrontal cortex-dorsomedial striatum circuit (associative network) to 

sensorimotor cortices-dorsolateral striatum circuit (sensorimotor network).  

Everitt and Robbins [110] have suggested that as normal brain mechanisms of 

learning and memory are challenge by addictive drugs, motivational impact of drug-

associated stimulus is strengthened leading to the transition from instrumental memories 

to inflexible drug-seeking habit formation. The progression from a ventral to a 

dorsolateral stream may be facilitated by dopamine signalling. Thus, as dopamine 

neuron activity sensitizes the transition from a goal-directed drug-induced behaviour to 

compulsive drug-seeking is expected to be favoured [110]. This process also depends on 

the executive control of the prefrontal cortex. Human and animal studies have 

emphasized the importance of the prefrontal cortex for behavioural flexibility. For 

example, there are similarities between patients with prefrontal lesions and drug addicts 

[144, 145]. Both display an inflexible behaviour and frequently are not aware of the risk 

of incurring future negative outcomes [145]. In addition, human addicts show a 

reduction in the prefrontal activation when they are tested during abstinence periods, but 

also show a hyper-responsiveness of the prefrontal cortex when they are challenged 

with the drug [146, 147]. Finally, animal studies demonstrate that lesions of the 

prefrontal cortex impair extinction of drug consumption [144]. The same result is 

observed if the lesion is restricted to the mesocortical dopaminergic system [144], 

which has been proposed as being the system which signals when the goal 

representation should be updated to activate a new response [148]. 

Fronto-cerebellar circuitry and drug addiction 

As reviewed above, the cerebellum has reciprocal connections to functional 

circuitry responsible for motivated behaviour. Fronto-cerebellar circuits deserve special 

consideration in the present discussion because it involves the cerebellum in the system 
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for the executive control of voluntary behaviour. Nonhuman primate studies have 

shown two dissociated fronto-cerebellar contralateral circuits: one circuit presents 

reciprocal connections between motor cortices and cerebellum, and the other has 

prefrontal-cerebellum reciprocal projections [149].  

Ito has proposed that the prefrontal cortex and cerebellum work in parallel [1, 

150]. As a consequence of cerebellar plasticity, an internal model of prefrontal 

representation is created in the cerebellum. This internal model is a copy of the 

information stored in the prefrontal cortex. Thus, the cerebellum may act in parallel to 

the prefrontal cortex and be recruited when automatic processing and activation of 

voluntary behaviour is required. Hence, it may be expected that the cerebellum is 

crucial to consolidate and perform automatic goal-directed behaviour, and to contribute 

to the transition from instrumental behaviour to habits. In addition, it may be possible 

that the prefrontal cortex and the cerebellum do not correlate in their activity, especially 

when initial and final phases of learning are compared. 

Research aimed the role of the cerebellum in goal-directed behaviour is still in 

its infancy. In a recent article, Callu et al (2007) showed a dissociation of the 

behavioural effects of lesions in the vermis versus lesions in the interpositus nucleus 

[151]. They found that neither the vermis nor the interpositus nucleus lesions affected 

the learning process of an instrumental task. However, a bilateral lesion in the 

interpositus nucleus prevented development of habits with overtraining, whereas 

bilateral lesions of the vermis did not. Nevrtheless, rats with bilateral lesions of the 

vermis showed a delay in behavioural inhibition during extinction trials, although they 

extinguished after three extinction trials. As expected, these results suggest that the 

integrity of the cerebellum is not critical to learning and performing instrumental goal-

directed behaviour, but is a key node in the process underlying habit behaviour. Data 
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from this study support previous reports that involved the vermis in perseverative 

behaviour and behavioural inhibition [152]. It is interesting that adult animals that 

received vermix lesions when young showed perseverative behaviour in adult age, lack 

of attention to environmentally novel stimuli and behavioural disinhibition, a 

behavioural phenotype very similar to that seen after prefrontal lesions [145] or in rats 

engaged in chronic drug consumption [153].  

Human studies with drug addicts have found analogous results. Hester and 

Garavan (2003) studied GO-NOGO response inhibition tasks in cocaine users and 

detected worse perseverance inhibition in this group than in control subjects. As 

working memory demands increased, cocaine users showed non-responsiveness of 

anterior cingulate cortex accompanied by over responsiveness of the left cerebellum 

[154]. Cerebellar activation correlates inversely with performance. Nonetheless, an 

inverse pattern was seen in normal subjects. As demands increase, control subjects have 

over-activated cingulate cortices and prefrontal regions but cerebellar activation remains 

neurtral [154, 155]. In alcoholics, a similar pattern has been observed, but in this case 

the over-activity was detected in the right cerebellum [156].  

Research into executive control in marijuana abusers strongly support the 

participation of the cerebellum in the executive function affected by drugs [157]. In the 

Iowa Gambling Task, marijuana abusers perform as prefrontal lesioned patients, drug 

addicts and pathological gamblers do [157]. All groups are hypersensitive to immediate 

rewards (disadvantage cards) and less sensitive to losses. Moreover, they learn from 

their previous mistakes slowly. Interestingly, this characteristic behaviour was 

correlated with a specific brain activation pattern, which resembles findings of studies 

with cocaine users and alcoholics: less activation in the orbitofrontal and dorsomedial 

cortices along with greater activation in the cerebellum. Smokers and non-smokers also 
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show differences in the pattern of brain activation when they are involved in a reward 

task [158]. The most apparent characteristic of smokers is an increase in the activity of 

the cerebellum during monetary and nonmonetary reward which contrasts with a wider 

pattern of activation in non-smokers, including striatum, and prefrontal and limbic 

cortices. 

Overall, the above-discussed results suggest that prefrontal and cerebellar nodes 

in the prefrontal-cerebellar loop are recruited in a competitive manner. In non-

pathological individuals, when cognitive demands are high prefrontal executive control 

is activated. When an automatic and rapid response is required, however, the cerebellum 

increases its activity and prefrontal cortex activity reduces its activation. Anderson and 

co-workers [25] suggested that the relevance of the cerebellar vermix to modulate 

rewarding and incentive related stimuli will be increased when the frontal lobes are 

compromised by disease or chronic drug use. Indeed, in addict subjects, prefrontal-

cerebellar competition is also observed but is expressed in a converse manner. During 

high task demands over-activity is seen in the cerebellum, but non-responsiveness could 

be observed in prefrontal and limbic cortices. It seems that in addicts and heavy drug 

users the cerebellum controls functions normally managed by the prefrontal cortices. 

However, the cerebellum does not produce behavioural flexible executive control, but a 

rapid and automatic form of control. Perhaps, it is a part of the explanation why addicts 

show impairment in executive function and perseverative behaviour.  

What could be the origin of such a role reversal? The answer to this question 

requires further experimental animal studies. Tentatively, we suggest that drug-induced 

cerebellar neuroplasticity, (e.g. sensitization of molecular parameters), may induce 

cerebellar hyper-responsiveness, where the vulnerability of the prefrontal cortex to be 

depressed by drugs of abuse is enhanced. Also, it is possible that drug-induced hypo-



 29

frontality smoothes the progress of cerebellar over-activation by drugs, or perhaps both 

processes could be produced in parallel.  

CONCLUSIONS AND SUGGESTION FOR FURTHER RESEARCH  
 

When we entitled this article: Why should we keep the cerebellum in mind when 

we thinking about addiction? Our proposal was to answer this question within the frame 

of reference of contemporary addiction theories. It is known that previous papers 

involved the cerebellum in drug-induced tolerance and dependence, but as we 

discussed, addiction is more than a physical dependence. The current view of addiction 

includes the compulsive phenotype of consumption and relapse after withdrawal as 

crucial symptoms of the disorder. Drug-induced long-term memory and sensitization of 

the incentive salience have been proposed as being required to induce the compulsive 

phenotype of behaviour and relapse. Research revised in the present paper involves the 

cerebellum in drug-induced long-term memory, drug-induced sensitization and the 

perseverative behavioural phenotype. Also, results support the previous suggestion that 

the cerebellum seems not to be important for acquiring learned behavioural patterns, but 

the long-term storage of procedural memories. Altogether, data agree to the relevant 

participation of the cerebellum in the functional systems underlying drug addiction. 

Because the cerebellum is decisively interposed to relate processing of exteroceptive 

and interoceptive stimuli to action [25], drug-induced “re-wiring” [58] of cerebellar 

circuitry may produce decisive functional consequences for behaviour. 

As a working hypothesis, we propose that drug induced activity-dependent 

synaptic changes in the cerebellum are central to transit from a pattern of recreational 

drug taking to a compulsive behavioural phenotype “Fig. (5)”. Functional and structural 

modifications produced by drugs in the cerebellum may enhance the susceptibility of 

fronto-cerebellar circuitry to be changed by repeated drug exposure. As a part of this 
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functional reorganization drug-induced cerebellar hyper-responsiveness appears to be 

central to reduce the influence of executive control of the prefrontal cortex on behaviour 

and to transfer to an automatic mode of control. Thus, we can expect the characteristic 

patterns of cerebellar hyperactivity and prefrontal hypoactivity to follow a temporal 

gradient, the cerebellum being more important as the exposure to drugs is repeated.  

In spite of all the above-mentioned data, research into the role of the cerebellum 

in addiction is still in its beginnings. There are few causal studies in which cerebellar 

parameters are manipulated. Most of the studies have been developed with human 

addicts and show no more than correlations between cerebellar activity and several 

symptoms of the addictive illness. This approach is essential for testing results obtained 

in animal models and has an undoubted heuristic value. Nevertheless, an adequate 

description and explanation for the cerebellar participation in the compulsive 

behavioural phenotype of consumption requires further animal studies to clarify if the 

cerebellum is implicated in the sensitization of the incentive salience effect and in the 

transition from a pattern of recreational drug taking to the compulsive behavioural 

phenotype. In this sense, it is crucial to depict how the cerebellar storage of long-term 

memory contributes to this transit and the subsequent relapse. Finally, we need to know 

if the vulnerability of the prefrontal cortex to be impaired by drugs is related to 

cerebellar hyperactivity.  
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LEGENDS 
 
 
Figure 1. A dorsal view of the rat cerebellum.  

The geometry is  an ellipse with a central region known as the vermis, and two 

hemispheres at each side.  

 

Figure 2. Lobules and cortical layers in the cerebellum 

a) A sagittal slice of the rat cerebellum (40 µm), where cortical layers and white matter 

(wm) are shown. The disposition of the transverse fissures on the surface forms 10 

different lobules at the cerebellar cortex. b) An enlargement of Lobule 7. The cerebellar 

cortex has three different layers: the external layer or the Molecular Layer (ML), the 

middle layer or Purkinje Perikarya Layer (PL) composed of Purkinje cell somas, and the 

bottom layer that is referred to as the Granule Cell (GL) Layer.  

 

Figure 3. Basic cerebellar circuitry.  

The cerebellar circuitry has two main afferent pathways. Mossy fibers (MF) from the 

brainstem and the spinal cord target the glomerulus at the granular layer and make 

synapses with granular cells (Gr). Within the glomerulus, the dendrites of Gr cells 

receive excitatory synapses from MF axon terminals and an inhibitory (-) input from the 

Golgi cell (G) axons. The axons of granule cells bifurcate into the parallel fibers (PLF) 

in the molecular layer and they supply glutamatergic synapses (+) to the dendritic tree 

of Purkinje cells (P). The PLF make excitatory synapses not only with the distal 

dendrites of the Purkinje cells, but also those of inhibitory stellate (S) and basket cells 

(B). The other afferent pathway to the cerebellar cortex is the climbing fibers (CF), 

which arise from the inferior oliva and make several excitatory synapses with a single 

Purkinje neuron.  
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Figure 4. Drug action sites in the cerebellum.  See table 1 for further explanation. 

 

Figure 5. Working hypothesis. Functional and structural modifications induced by 

drugs in the cerebellum may enhance the susceptibility of fronto-cerebellar circuitry to 

be changed by repeated drug exposure.  Drug-induced cerebellar hyper-responsiveness 

can cause a functional reorganization of the fronto-cerebellar network and reduce the 

executive control of the prefrontal cortex on behaviour. One can expect the pattern of 

cerebellar hyperactivity and prefrontal hypoactivity to follow a temporal gradient, the 

cerebellum being more important as the exposure to drugs is repeated. The top and 

bottom bars show a white (minimum)-dark (maximum) gradient to express changes in 

the executive control of the prefrontal cortex (top) and responsiveness (bottom). 
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