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Substance Use Disorder (SUD) involves emotional, cognitive, and motivational
dysfunction. Long-lasting molecular and structural changes in brain regions
functionally and anatomically linked to the cerebellum, such as the prefrontal
cortex, amygdala, hippocampus, basal ganglia, and ventral tegmental area, are
characteristic of SUD. Direct and indirect reciprocal connectivity between the
cerebellum and these brain regions can explain cerebellar roles in Pavlovian and
reinforcement learning, fear memory, and executive functions. It is increasingly
clear that the cerebellum modulates brain functions altered in SUD and other
neuropsychiatric disorders that exhibit comorbidity with SUD. In the present
manuscript, we review and discuss this evidence and present new research
exploring the role of the cerebellum in cocaine-induced conditioned memory
using chemogenetic tools (designer receptor exclusively activated by designer
drug, DREADDs). Our preliminary data showed that inactivation of a region that
includes the interposed and lateral deep cerebellar nuclei reduces the facilitating
effect of a posterior vermis lesion on cocaine-induced preference conditioning.
These findings support our previous research and suggest that posterior vermis
damage may increase drug impact on the addiction circuitry by regulating activity
in the DCN. However, they raise further questions that will also be discussed.

cerebellum, drug addiction, drug memory, cocaine, DREADDs

Introduction

Substance Use Disorder (SUD) is a devastating mental disorder associated with brain
circuit alterations that lead to emotional, motivational, and cognitive dysfunction. SUD
involves long-lasting molecular and structural plasticity in brain regions anatomically
and functionally related to the cerebellum, including the prefrontal cortex, amygdala,
hippocampus, basal ganglia, including the nucleus accumbens (NAc), and ventral tegmental
area (VTA) (Sacchetti et al., 2002; Bostan et al., 2010; Chen et al., 2014; Carta et al.,
2019; Holloway et al., 2019; Rondi-Reig et al., 2022; D’Ambra et al., 2023). Although
the canonical view linked the cerebellum to motor control, growing evidence points to a
broader modulatory function of this region (McAfee et al., 2022). It is now evident that
the cerebellum modulates brain functions impaired in SUD and other neuropsychiatric
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disorders that exhibit comorbidity with SUD such as cognitive
flexibility, executive control, and reinforcement learning (Miquel
et al.,, 2016). Indeed, several findings link cerebellar dysfunction to
neuropsychiatric conditions such as autism (Becker and Stoodley,
2013; Wang et al., 2014; Kelly et al., 2020), obsessive-compulsive
disorder (OCD) (Hartmann et al., 2016; Hazari et al., 2019; Sha
et al, 2020; Qing et al, 2021), attention deficit/hyperactivity
disorders (ADHD) (Arnsten, 2006; Hazari et al., 2019; Sha et al,,
2020; Qing et al, 2021). Nevertheless, it has taken long for the
cerebellum to emerge as a relevant region for SUD (Miquel et al,,
2009, 2016, 2019; Moulton et al., 2014).

As recently recognized, reciprocal connectivity between the
cerebellum and the rest of the brain is crucial to understanding
cerebellar function (Galliano and De Zeeuw, 2014; McAfee et al.,
2022). In particular, the cerebellum modulates activity in limbic
regions (Sacchetti et al., 2007; Chen et al., 2014; Frontera et al,,
2020), the basal ganglia, including the NAc (Bostan et al., 2010;
Bostan and Strick, 2018; Gil-Miravet et al., 2021), and the cortical
control of striatal activity (Chen et al., 2014). Moreover, results
from different laboratories revealed the existence of reciprocal
loops between the medial prefrontal cortex (mPFC) and the
cerebellum (Chen et al., 2014; Watson et al., 2014; Gil-Miravet et al.,
2021; Pisano et al, 2021). One of the candidates for mediating
cerebellar modulation of the mPFC is the VTA. Transneuronal
viral labeling (Watabe-Uchida et al., 2012; Carta et al,, 2019)
and traditional tracing agent (Gil-Miravet et al., 2021) studies
showed disynaptic projections from the cerebellum to the mPFC.
This area includes prelimbic (PL) and infralimbic (IL) cortices.
Altogether, evidence indicates that the cerebellum not only can
regulate mPFC activity through direct control over dopaminergic
and non-dopaminergic neurons in the VTA (Watabe-Uchida
et al., 2012; Carta et al., 2019; Gil-Miravet et al., 2021) but also
through alternative pathways (Forster and Blaha, 2003; Rogers
et al., 2011). Recently, we have also shown that a neurotoxic
lesion in the posterior vermis dramatically facilitates learning of
cocaine-induced conditioned preference and increases neuronal
activity in the mPFC, NAc, and all striatal subdivisions except
the ventrolateral striatum, pointing at the VTA as a plausible
hotspot for a modulatory action of the cerebellum on the
establishment of drug preference (Gil-Miravet et al., 2021). In the
present work, we review and discuss evidence of the cerebellar
contribution to the establishment and maintenance of drug-
induced conditioned memory and present new research using
chemogenetic tools (designer receptor exclusively activated by
designer drug, DREADDs). Our goal with this new exploratory
study was to obtain further evidence to propose a working model
capable of explaining why posterior vermis impairment facilitates
drug effects on memory and increases VTA, mPFC, and basal
ganglia activity (Gil-Miravet et al., 2019; Gil-Miravet et al.,, 2021).

Cerebellar response of SUD patients
in drug-related cue-reactivity
studies

In people with SUD, cue-action-reward associations appear
to be particularly strong, with these conditioned memories
becoming powerful motivational triggers for drug seeking even
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after protracted abstinence (Everitt and Robbins, 2005; Hyman
et al, 2006). Studies of cue reactivity in SUD patients have
assessed the capacity of drug-associated cues to induce conditioned
emotional responses and craving. These studies have shown that
the presentation of drug-related cues elicits drug craving and
increases cerebellar activity (for a review, see Moulton et al., 2014;
Moreno-Rius and Miquel, 2017), regardless of stimulus modality
(visual, olfactory, auditive, tactile) and drug type (cocaine, alcohol,
cannabis, nicotine, heroin) (Grant et al., 1996; Wang et al., 1999;
Martin-Solch et al., 2001; Schneider et al., 2001; Anderson et al.,
2006; Olbrich et al., 2006; Filbey et al., 2009; Lou et al., 2012;
Wei et al., 2020; Al-Khalil et al.,, 2021). This evidence, however,
does not allow us to postulate a causal relationship between
cerebellar activity and craving. Although several studies found a
positive correlation between self-reports of craving and cerebellar
activity (Grant et al., 1996; Risinger et al., 2005), others did not
(Bonson et al., 2002). Also, similar cerebellar activity patterns have
been found after exposure to cocaine cues and other arousing
stimuli like anger-related scripts (Kilts et al.,, 2003). Furthermore,
activity in the cerebellum increases when fear- (Utz et al., 2015)
or food-related stimuli are presented (Tomasi et al., 2015). These
findings suggest a general role of the cerebellum in processing
and storing reward-predicting cues and other behaviorally relevant
events more than in the generation of conscious feelings such as
drug craving (Moreno-Rius and Miquel, 2017). It is important to
mention, nevertheless, that cerebellar activity highly correlates with
addiction severity (Shen et al., 2017; Al-Khalil et al., 2021). Given
that cue-reactivity studies were all conducted under withdrawal
conditions, increased activity in the cerebellum might result from
an apparent mismatch between exteroceptive (drug-predicting cues
and context) and the absence of expected interoceptive signals
(drug effects) triggered by the cue presentation. In this case,
cerebellar activity could be associated with a prediction error for
the internal representation that anticipated sensory and rewarding
consequences of drug effects in a given context. Accordingly,
blood oxygen level dependent imaging in the dorsal caudate,
mPFC and the cerebellum were greater when SUD patients were
in the presence of a mismatch between mentally represented
drug effects and drug taking contexts (De Pirro et al, 2018).
In this study, patients with a diagnosis of heroin and cocaine
dependence were instructed to create a mental imagery of drug
use settings (home/outside) while imaging oneself engaging in
heroin or cocaine use. Activity of the fronto-striatal-cerebellar
network was larger when drug taking was mentally represented
in a non-associated context for drug consumption, outside-home
for heroin and the home context for cocaine (De Pirro et al.,
2018). Moreover, recent animal research has shown that violations
of reward expectations activate climbing fibers (Heffley and Hull,
2019) and specific subpopulations of granule cells (Wagner et al.,
2017).

It has also been described that an expected drug treatment
evokes a larger cerebellar response to drug administration
(methylphenidate) than an unexpected treatment (Volkow et al.,
2003). However, challenging the mismatch hypothesis, it has been
shown that receiving placebo after expecting a drug does not
activate the cerebellum (Volkow et al, 2003). These findings
indicate that expectations can enhance drug effects on the
cerebellum, but expectancy as a process underlying placebo
response does not recruit cerebellar mechanisms.
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Conditioned preferences toward
drug-related cues shape neural
activity and perineuronal net
expression in the cerebellum

The capacity of addictive drugs to induce Pavlovian
conditioning in preclinical studies has been very well documented
(Bardo and Bevins, 2000; Cunningham et al., 2006; Tzschentke,
2007; McKendrick and Graziane, 2020). The most widely used
animal model of Pavlovian conditioning in drug addiction has been
conditioned place preference (CPP), in which distinctive contextual
cues are paired with the drug. Contextual cues can be of different
sensory modalities, creating a particular spatial configuration that
acquires incentive value when it is paired with the drug (CS+)
(McKendrick and Graziane, 2020). The conditioned response
is expressed as the preference for the drug-associated context.
Distinct processes contribute to the formation of drug-induced
conditioned preferences including Pavlovian learning, motivation,
and reward (McKendrick and Graziane, 2020). Animals showing
CPP present goal-directed behavior toward drug-associated
contexts (CS+), therefore expressing a conditioned preference
response that involves more than merely retrieving a Pavlovian
memory.

Our rodent studies on cocaine-induced CPP consistently
evidenced increased neural activity (cFos) in granule cells of the
vermis (Carbo-Gas et al., 2014a,b, 2017). We also found a robust
enhanced expression of perineuronal nets (PNNs) around Golgi
interneurons in the same cerebellar region (Carbo-Gas et al., 2017).
PNNs are extracellular matrix structures expressed by the cell-
body and proximal neurites of some neuronal subpopulations that
generate restrictive conditions for synaptic remodeling (Grimpe
and Silver, 2002; Fawcett et al., 2019) and may account for the
persistence of drug memories (Sorg et al., 2016). In the cerebellum,
PNNs surround Golgi inhibitory interneurons, Lugaro cells, and
neurons in the deep cerebellar nuclei (DCN) (Corvetti and Rossi,
2005; Carulli et al., 2006, 2020). Increased cerebellar activity and
PNN expression in the cerebellar cortex were exclusive features
of animals that expressed CPP and were not observed when
cocaine was randomly paired with cues or in saline-treated animals
(Carbo-Gas et al., 2017). These results preclude the possibility that
cerebellar changes merely result from unconditioned stimulating
properties of cocaine or movements performed during the test. In
fact, motor activity during the preference test was not different
between saline and cocaine-treated groups (Carbo-Gas et al., 2017).
Importantly, cerebellar activity and PNN expression correlated
with preference for drug-related cues in lobules VIII (LVIII) and IX
of the vermis (Carbo-Gas et al., 2014a, 2017). In addition, the effect
of cocaine-induced conditioning on cerebellar activity was not
replicated when mice were confined and presented with cocaine-
related cues without the possibility of expressing the conditioned
response (Carbo-Gas et al., 2017).

Given that granule cell activity has been demonstrated to
encode reward, the expectation of reward, reward omission, and
conditioned responses (Wagner et al., 2017), our findings might
suggest that the granule cell layer makes use of drug-cue associative
engrams to tune action selection (Miquel et al., 2020). Distinct
granule cells subsets are tuned to combinations of actions and
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rewards enabling specific subpopulations of Purkinje cells to learn
what particular action in a specific context is expected to be
rewarded (Wagner et al., 2019; Kostadinov and Hausser, 2022).
Nevertheless, it is not clear the extent to which the cerebellar
cortex would represent the drug-cue association. Our recent results
challenge that the initial encoding of drug-cue associative memory
involves the vermis. Decreasing glutamatergic transmission from
parallel fibers to Purkinje synapsis using a6Cre-Cacnala KO mice
(Galliano et al., 2013) reduced PNN expression around Golgi
interneurons and impaired consolidation but not the acquisition
of cocaine-induced CPP (Carbo-Gas et al., 2017). Furthermore,
enzymatic digestion of PNNs around Golgi interneurons in the
posterior vermis impaired short-term memory of cocaine-induced
CPP but did not affect its acquisition (Guarque-Chabrera et al.,
2022b). Overall, our results suggest that the drug-induced memory
engram could be initially encoded elsewhere and conveyed to the
vermis for stabilization.

Previous studies on the role of the cerebellum in Pavlovian
conditioning indicate that acquisition and short-term expression
of the conditioned motor response rely on specific regions in the
cerebellar cortex (Galliano et al., 2013). Electrical (Steinmetz et al.,
1989) and optogenetic (Albergaria et al., 2018) stimulation of mossy
fibers projecting to the granule cell layer replicates the ability of
the conditioned stimulus to trigger conditioned blink responses.
In addition, acquisition (Supple and Leaton, 1990), consolidation
(Sacchetti et al., 2002), reconsolidation (Sacchetti et al., 2007),
and extinction (Utz et al., 2015) of fear conditioning have been
shown to involve the vermis. Considering that parallel fibers
(granule cell axons) make contacts with dendrites of molecular
interneurons (Dizon and Khodakhah, 2011), increased granule cell
activity in conditioned animals might enhance the inhibitory effect
of molecular interneurons onto Purkinje cells in turn facilitating
cerebellar outflow by reducing Purkinje inhibitory control over
DCN neurons. Moreover, cocaine may exert an unconditioned
effect by reducing Purkinje activity (Jiménez-Rivera et al., 2000).

Contribution of the
cerebellum-infralimbic interactions
to drug-induced conditioned
preferences

Medial prefrontal cortex dysfunction is a key part of the
physiopathology of SUD (McFarland and Kalivas, 2001; Goldstein
and Volkow, 2011) and other neuropsychiatric disorders that
have shown comorbidity with SUD (Hester and Garavan, 2004;
Winstanley et al., 2010; Robbins et al., 2012). More importantly,
suffering from schizophrenia, autism, OCD, or ADHD disorder
may operate as a risk factor for SUD (Miquel et al., 2019; Ersche
et al,, 2020). Many of these disorders also involve alterations in the
cerebellum (Moulton et al., 2014; Brady et al., 2019; Miquel et al.,
2019; Miterko et al., 2019; Kelly et al., 2020). Recently, we intended
to approach the study of cerebellar responses when cocaine-
induced conditioning is acquired under mPFC impairment (Gil-
Miravet et al., 2019; Guarque-Chabrera et al., 2022a). Deactivation
of the IL but not PL cortex encourages the acquisition of preference
for cocaine-related cues (Guarque-Chabrera et al., 2022a). More
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importantly, only IL deactivation during drug learning affected
neural activity and PNN expression in the posterior cerebellar
vermis. IL deactivation increases activity specifically in vGluT2
synapses, but it does not affect vGluT1-related activity. Moreover,
it upregulates PNNs particularly around neurogranin + PNN-
expressing Golgi cells (Guarque-Chabrera et al, 2022a). These
cerebellar hallmarks would result from the interaction between IL
impairment and cocaine-induced learning, given that neither of
these changes were found when the drug was randomly associated
with the contextual cues. A decade ago, we proposed that prefrontal
dysfunction would encourage cerebellar hyper-responsiveness if
exposure to addictive drugs was repeated (Miquel et al., 2009).
Our recent findings support this working hypothesis and suggest
that taking drugs when there is a ventral prefrontal dysfunction
can cause a functional reorganization of the prefrontal-cerebellar
network and boost drug impact on behavior.

Studies over the last decade have established the existence of
bidirectional anatomical and functional loops between the mPFC
and cerebellum (Watson et al., 2014; Gil-Miravet et al., 2021; Pisano
et al., 2021). Cerebellar-mPFC interactions are mediated by the
thalamus, basal ganglia, and the VTA (Moers-Hornikx et al., 2009;
Watabe-Uchida et al., 2012; Carta et al.,, 2019). A dopaminergic
VTA-cerebellar projection releases detectable dopamine (DA)
levels in the posterior lobules of the vermis (VII-X), the right
and left hemispheres and the fastigial, interposed, and dentate
nuclei (Glaser et al., 2006). In turn, the cerebellar cortex regulates
DA activity by several independent pathways. A monosynaptic
glutamatergic input from the DCN targets dopaminergic and non-
dopaminergic neurons in the VTA (Snider et al., 1976; Watabe-
Uchida et al., 2012; Beier et al.,, 2015; Carta et al., 2019; Gil-
Miravet et al., 2021) and projects to the mPFC (Gil-Miravet et al.,
2021). In addition, the cerebellum connects to the VTA through
the reticulotegmental and pedunculopontine nuclei (Forster and
Blaha, 2003) as well as through the mediodorsal, ventrolateral, and
ventromedial thalamus (Rogers et al., 2011; Kelly et al., 2020).

At a functional level, it has been evidenced that the cerebellum
modulates cerebral cortical functions (Chen et al., 2014; Gao
et al, 2018; Kelly et al, 2020; McAfee et al., 2022) and can
regulate activity throughout the striatum-cortico-limbic circuitry
(Carta et al., 2019; Gil-Miravet et al., 2021; Yoshida et al,
2022). Concurrent activation of the cerebral cortex and the
cerebellum potentiates activity and plasticity (LTP/LTD) in the
cortico-striatal pathway (Chen et al, 2014). Recently, we have
shown that deactivation of the posterior vermis (LVIII) during
the acquisition of cocaine-induced CPP dramatically facilitated
drug learning and increased neuronal activity in the interposed
(Int) and lateral (Lat) DCN, mPFC, NAc, and all striatal
subdivisions, except the ventrolateral striatum (Gil-Miravet et al.,
2019, 2021). Another effect of deactivating the posterior vermis
during drug-induced learning was to enhance PNN expression
around GABA/Parvalbumin + interneurons in PL and IL cortices.
Interestingly, previous research showed that degradation of PNNs
around PL parvalbumin + interneurons prevented cocaine-induced
conditioning (Slaker et al, 2015). Therefore, cerebellar cortex
disruption in the posterior vermis potentiates neural activity and
mechanisms for synaptic stabilization in the addiction circuitry that
might facilitate drug-induced learning.

Together, our previous findings indicate that only the IL cortex
is functionally related to the cerebellum whereas the cerebellum
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exerts a modulatory action on the addiction circuitry including
both subdivisions of the mPFC (Gil-Miravet et al., 2019, 2021;
Guarque-Chabrera et al., 2022a). The cerebellum-IL loop regulates
drug effects on behavior in an inhibitory compensatory manner
given that impairment of each region is sufficient to enhance neural
activity and mechanisms for synaptic stabilization (PNNs) in the
other region, potentiating drug-related learning.

In the following sections, we present the results of a preliminary
study in which we tested the causal link between cerebellar cortex
impairment and increased cocaine impact on CPP learning in rats.
More specifically, this study used chemogenetic tools to inhibit
the activity of a region in the DCN that includes the Int and
Lat nuclei (Low et al.,, 2021). We previously demonstrated that
both DCN were targeted by Purkinje terminals from LVIII (Gil-
Miravet et al., 2021). We hypothesized that Int and Lat inhibition
using DREADDs would prevent the facilitating effect of a posterior
vermis lesion on cocaine-induced CPP. We infused quinolinic acid
(QA) in LVIII to induce a permanent lesion of this lobule (Gil-
Miravet et al., 2019, 2021; Figures 1A, B, 2A-C). To modulate the
activity of these DCN, rats were injected bilaterally with the adeno-
associated virus expressing the inhibitory DREADD [hM4D(Gi)]
and activated the DREADD by a bilateral intracranial injection
of Clozapine N-oxide dihydrochloride (CNO) targeting the same
regions (Figures 1A-C).

Preliminary results

Inhibition of the Int and Lat DCN
prevented the facilitating effect of a
posterior vermis lesion on
cocaine-induced CPP

To test the effectiveness of CNO in inhibiting DCN neural
activity, we sampled two AAV5-CaMKIIa-hM4D(Gi)-expressing
rats per group and assessed cFos expression. The average number
of cFos + cells/mm? was 8.92 [0, 46.72] for CNO-treated (n = 2)
and 115.90 [40.39, 191.50] for Vehicle (Veh)-treated (n = 2) rats
(Figures 1A, D, D’).

In two earlier studies, we showed that an excitotoxic lesion
with QA in the apical region of LVIII dramatically facilitated
the acquisition of cocaine-induced conditioned preference (Gil-
Miravet et al., 2019; Gil-Miravet et al., 2021). Then, the facilitation
of drug conditioning did not affect the magnitude but the fraction
of subjects that expressed the conditioned response. The present
results showed a similar effect.

In the present study, we confirmed by immunofluorescence
analysis that QA lesion (Figures 2B, C) was effective in reducing
Purkinje inputs to DCN neurons (Figure 2D). To verify the
facilitation of the acquisition of CPP caused by the vermis lesion,
we compared the time spent (TS) in the CS + chamber between
the Sham- and QA-lesioned animals with vehicle (Veh) treatment.
Both groups increased the TS chamber of the initially non-
preferred configuration [Pre/Post test: F(1,14) = 15.78, p = 0.0014]
(Figure 1F, left panel). Moreover, we observed that from all Veh-
treated animals, 100% of the QA-lesioned rats increased their
TS in the CS + in the post test (Sign test: PSqa = 100 [63,
100]%, p = 0.0078) whereas only 63% of the Sham-lesioned group
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FIGURE 1

(A) Experimental timeline. Different stages of the experimental procedure from stereotaxic surgeries to behavioral protocol. (B) Schematic depiction
of intracranial infusions and cannula placements. (C) DREADD expression and cannula implant. Left panel: tilescan image depicting the guide
cannula aiming at a region that encompasses the Interposed (Int) and Lateral (Lat) nuclei where the AAV5-CaMKII-hM4D(Gi) was previously injected
showing positive cells expressing the inhibitory DREADD (blue). Right panels: left (top) and right (bottom) DCN images (magnifications extracted
from the same section) showing the bilateral expression of AAV5-CaMKII-hM4D(Gi). (D) Representative images of cFos expression in the Int nucleus
from hM4D(Gi) + Vehicle (Veh) (left) and hM4D(Gi) + CNO (right) rats. Cerebellar tissue was obtained the last conditioning day in which the Veh and
CNO animals received a saline injection. CNO reduces neuronal activity in the Int in rats with hM4D(Gi)-mCherry expression (n = 2). (D’) cFos
quantification (n = 2). Data are shown as single scores and mean. (E) Schematic representation of the CPP apparatus, biased procedure, and
conditioning schedule for the Vehicle and CNO groups. (F) Pre- and Post-conditioning comparisons of Time spent in the CS + (s) between:
Veh-treated animals with Sham (n = 8) vs. QA (n = 8) lesions (left panel), QA-lesioned animals with Veh (n = 8) vs. CNO (n = 8) treatments (middle
panel), CNO-treated animals with Sham (n = 8) vs. QA (n = 8) lesion (right panel). Top left label on each plot reports the common treatment of both
groups. Left (Veh): Sham MDpre_post = —96.88 [-189.50, —4.21], p = 0.0402; QA MDpre_post = —111.1 [-203.80, —18.46]; p = 0.0189. Middle (QA): Veh
MDpre_post = —111.1 [-183.30, —38.94], p = 0.0035; CNO MDpye_post = —73.88 [-146.10, —-1.69], p = 0.0447. Data are shown as Mean + 95% ClI

(G) Schematic representation of the open field box. (H) CNO treatment did not have any effect on motor activity. Left to right: time spent in the
periphery [white area in panel (G)] and center [gray area in panel (G)] of the open field box, number of quadrant crossings, number of vertical
rearings, and number of lateral rearings (Lateral rearing: MDorc1-orc2 = —=5.25 [-7.20, =3.30], p = 0.0001). Vehicle (Veh; n = 6); CNO (n = 6); OFT1:
open field test before conditioning; OFT2: Open field test after 8 days of cocaine-induced conditioning. Data are shown as Mean + 95% Cl

Frontiers in Systems Neuroscience 05 frontiersin.org

10.3389/fnsys.2023.1154014


https://doi.org/10.3389/fnsys.2023.1154014
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org/

Melchor-Eixea et al.

displayed higher scores in the second preference test (Sign test:
PSham = 63 [24, 91]%, p = 0.7266) (Figure 1F, left panel).
Then, we wondered whether CNO treatment in the Int and
Lat DCN might influence the effects of a QA lesion in LVIIL
To answer this, we compared the Veh and CNO treatments
in QA-lesioned animals. This comparison revealed that DCN
inhibition did not affect the acquisition of cocaine-induced CPP;
all groups acquired a conditioned preference for the initially non-
preferred configuration [Pre/Post test: F(1,14) = 20.57, p = 0.0005]
(Figure 1F, middle panel). However, the DCN inhibition using
the AAV5-CaMKIIa-hM4D(Gi) seemed to have interfered with
the facilitating effect of the QA vermis lesion on drug memory,
reducing the proportion of animals that increased their TS in the
CS + chamber in the post-conditioning test in the CNO animals
(Sign test: PScno = 63 [24, 91]%, p = 0.7266) when compared with
the Veh group (Sign test: PSye, = 100 [63, 100]%, p = 0.0078)
(Figure 1F, middle panel).

To confirm that DCN inhibition only prevented the facilitation
of the acquisition of CPP caused by the vermis lesion, we compared
the TS in the CS + chamber on the post-conditioning test between
the Sham and QA groups infused CNO. The QA-CNO group
not only spend similar time in the CS + chamber as the Sham-
CNO group [Pre/Post test: F(1,14) = 4.48, p = 0.0532], but also
displayed similar probability of change between tests (PSgham = 63
(24, 91]%, p = 0.7266; PSqa = 63 [24, 91]%, p = 0.7266) (Figure 1F;
right panel). Moreover, Sham-Veh and -CNO groups showed
similar TS in the CS + chamber in the post-conditioning test
(p = 0.6493; Figure 1F, left and right panels) and proportion of
animals increasing their scores in the second test (PSgham = 63
[24, 91]%, p = 0.7266). Therefore, Int and Lat inhibition seemed
to have only influenced the effect of the vermis lesion (QA) on
cocaine-induced CPP (Figure 1F).

CNO infused in the Int and Lat did not
affect motor activity after eight infusions

To rule out a general motor impairment caused by the
inhibition of the DCN or intracerebellar infusions of CNO, we
tested motor activity in the open field before (OFT1) and after
conditioning (OFT2) (n = 6) (Figures 1G, H). We did not observe
any effect of the treatment in TS in the periphery or center
[F(1, 10) = 0.00, p = 1.000], number of quadrant crossings [F(1,
10) = 0.70, p = 0.4230], vertical [F(1, 10) = 0.11, p = 0.7474] or
lateral rearing [F(1, 10) = 3.74, p = 0.0818] (Figure 1H; left to
right panels, respectively). However, we did find an effect of the
test factor on lateral rearing [F(1, 10) = 35.89, p = 0.0001] that
increased after conditioning (OFT2) regardless of CNO treatment
(Figure 1H; right panel).

Discussion and concluding remarks

Our previous findings showed that a neurotoxic lesion with QA
in the apical region of LVIII of the vermis facilitates learning of
cocaine-induced conditioned preferences and increases neuronal
activity in the Lat nucleus, mPFC, NAc, and all striatal subdivisions,
except the ventrolateral striatum (Gil-Miravet et al., 2019, 2021).
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Using traditional anterograde and retrograde tracing, we also
showed that glutamatergic projections from the Interposed and
Lateral nuclei to the VTA receive Purkinje axon terminals from
LVII (Gil-Miravet et al., 2021). These findings suggested an
inhibitory modulation of the posterior vermis on the activity
of the addiction circuitry through the Int and Lateral DCN.
This inhibitory control may be compromised under cerebellar
vermis dysfunction and potentiates drug effects on behavior
(Schmahmann and Sherman, 1998; Miquel et al., 2019).

With the present exploratory study, we aimed to further
support this working model using a chemogenetic inhibition of the
aDCN. In line with this model, our preliminary findings suggest
that DCN inhibition reduces the facilitating effect of a vermis lesion
on learning cocaine-induced conditioned preferences. Inhibition of
the Int and Lat DCN left intact the ability to acquire conditioned
preferences for drug-related stimuli and did not cause any motor
impairment or anxiogenic effects. Nevertheless, we did find an
increase in lateral rearing after conditioning. This result points to
motor sensitization following four cocaine administrations despite
having conducted the motor test in a different chamber from that
used for conditioning. This effect was not affected either by QA or
CNO administrations.

Our QA lesion permanently damages the most external region
of the granule cell layer, Purkinje neurons, and molecular layer
interneurons in the same region, reducing the inhibitory control
of a subpopulation of Purkinje neurons onto DCN neurons.
Consequently, lacking Purkinje inhibition, the activity in the
cerebellar output neurons and the other regions in the striatum-
cortico-limbic circuitry may increase and encourage drug-induced
learning (Gil-Miravet et al., 2021). The lesion of LVIII (QA-Veh)
increased the proportion of animals that expressed conditioned
preference up to 100%, and the inhibition of the DCN decreased
the fraction of rats that expressed cocaine-induced conditioning
to 63%. Interestingly, our rats still learned to prefer the cocaine-
associated configuration despite Int and Lat inhibition, which
suggests that the formation of the drug-cue memory trace does
not require these cerebellar nuclei. Accordingly, acquisition and
expression of eyeblink and fear conditioning do not rely on the
DCN but in specific regions of the cerebellar cortex (Supple and
Leaton, 1990; Galliano et al., 2013; Carulli et al., 2020). Even so, the
DCN may fuel drug memory acquisition when there is posterior
vermis dysfunction, hypothetically, through the modulation of
activity in the VTA. Transneuronal viral labeling (Watabe-Uchida
et al, 2012; Carta et al.,, 2019) or traditional tracing agent (Gil-
Miravet et al., 2021) studies have demonstrated direct glutamatergic
projections from the DCN to the VTA that control dopaminergic
activity (Carta et al., 2019) and make synaptic contacts with VTA
projecting neurons to the mPFC (Gil-Miravet et al., 2021).

Altogether, these results confirm the modulatory role of the
cerebellum on cocaine-induced conditioned memory and support
the causal link between vermis dysfunction and the facilitation
of drug effects.

It has been hypothesized that the cerebellar modulation consists
of what has been called “cerebellar brain inhibitory function”
(Darch etal., 2018). Patients with posterior cerebellum impairment,
particularly in the vermis, show difficulties in controlling their
behavior, emotions, and cognitions in what has been called
“the cerebellar cognitive-affective syndrome” (Schmahmann and
Sherman, 1998). Dysregulation of the cerebellar vermis has
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Lvii

Deep cerebellar nuclei (DCN) effect of sham and quinolinic acid infusions. (A) Schematic depiction of intracranial infusions and cannula placements
(B) Representative confocal images of Sham and QA injections. (C) Schematic diagram depicting the largest (light purple) and smallest (dark purple)
diffusion areas in the apical region of LVIII in the vermis. The diffusion areas were established overlaying each cerebellar image over the
correspondent rat brain digital atlas image (Paxinos and Watson, 1998). (D) Representative images of hM4D(Gi) + cells in the Int nucleus from of
Sham- and QA-infused animals. QA reduced the number of Purkinje cell axon terminals (Calbindin +; green) and de vesicular GABA transporter
(VGAT +; red) onto DCN neurons expressing the hM4D(Gi)-mCherry DREADD (cyan). White arrows display examples of a Purkinje cell axon terminal

been also proposed as a potential etiological factor for ADHD
and other disorders of the impulsive spectrum (Mulder et al,
2008; Durston et al, 2011; Miquel et al., 2019) that result in
comorbidity to SUD. Therefore, the present findings may open
new avenues to consider the cerebellum as a therapeutic target for
stimulation in SUD and other comorbid mental disorders such as
ADHD.

Methods

Subjects

The present study includes 36 (n = 32 in experiment I;
n = 4 in experiment 2) male Sprague-Dawley rats weighing
125-225 g (Janvier, ST Berthevin Cedex, France). Rats were
housed individually in the animal facilities (Jaume I University,
Spain) under standard conditions (12-h light cycle from 8:00
am. to 8:00 p.m., with access to food and water ad libitum).
Before beginning with behavioral procedures, rats were handled
for 3 weeks and habituated to experimental protocols. Animal
procedures were approved by the local Animal Welfare Ethics
Committee and Empowered Body (2014/VSC/PEA/00208; 0139)
and adhered to the European Community Council directive
(2010/63/EU), Spanish directive BOE 34/11370/2013, and local
directive DOGV 26/2010.
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Pharmacological agents, adenoviruses,

and DREADDs

Cocaine hydrochloride (Alcaliber S.A., Madrid, Spain)
was dissolved in a 0.90% saline solution and administered
intraperitoneally (IP). Saline solution was used as a control vehicle.
Anesthesia was induced with isoflurane (1,000 mg/g) (Isoflutek
250 ml, Laboratorios Karizoo S.A., Barcelona, Spain) (induction
at 3.00% and maintenance through the whole surgery at 2.00%)
using a Isotec 5 isoflurane anesthesia vaporizer (Datex-Ohmeda
Inc., Madison, WI, USA). AAV5-CaMKIIa-hM4D(Gi)-mCherry
(Titer > 3 x 10'2 vg/mL; Cat# 50477) used in the present
study were provided by Addgene (Watertown, MA, USA).
DREADD activation was achieved using 1 mM intracranial
0.50 pL/side and 1 mg/kg intraperitoneal of Clozapine N-oxide
dihydrochloride (CNO-100 mg, Hello Bio Inc., Princeton,
USA; Cat# HB6149).

Intracranial injections

Rats weighing between 270 and 350 g were anesthetized with
isoflurane (1,000 mg/g) (induction at 3.00% and maintenance
through the whole surgery at 2.00%) using an Isotec 5 isoflurane
anesthesia vaporizer and placed in a stereotaxic apparatus (Kopf
Model 902; David Kopf Instruments, Tujunga, CA, USA).
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In the first stereotaxic surgery, intracranial infusions of AAV
were performed by placing a stainless steel guide cannula (23-
gauge external diameter, 36 mm length) in the Int (AP: —11.30;
ML: &+ 2.50; DV: —5.80) (Paxinos and Watson, 1998; Figures 1A,
B). Then, a removable stainless-steel injector (30-gauge external
diameter, 38 mm length) connected to a 1 pL Hamilton syringe
(Microliter Syringe Model 7102 KH; Cat# 80300) driven by an
infusion pump (11 Plus dual Syringe; Harvard Apparatus; Cat#
HA702209) was inserted into the previously placed guide cannula
to infuse bilaterally 0.50 pL of AVV (0.50 pwL/min, two infusions
of 0.25 uL separated by a period of 3 min) for the viral expression.
After the infusion completion, the injector remained in place for
3 min for a better absorption of the substance. Then, the guide
cannula and injector were removed, and the wound was sutured
(Figures 1A, B). DREADD expression was observed in the Int and
Lat DCN.

After 2 weeks from the AVV infusion, a second stereotactic
surgery was performed to infuse in the posterior cerebellum (LVIII)
(AP: —14.50; ML: 0.00; DV: —4.50) 0.50 wL (0.50 pL/min) of
QA (90 nmol/pL) (2,3-pyridinedicarboxylic acid, Sigma-Aldrich,
Madrid, Spain; Cat# P63204) dissolved in phosphate-buffered
saline (PBS; 0.10M pH 7.40) in order to permanently inactivate
the apical region of vermis LVIII (Gil-Miravet et al., 2019, 2021;
Figures 1A, B, 2A-C). After the infusion was completed, the
injector remained in place for 5 min to avoid liquid aspiration.
Then, the guide cannula and injector were removed. In the
same surgery, for future infusion of the DREADD activator
(CNO) or vehicle (saline), two guide cannulas (30-gauge external
diameter, 15.20 mm length) were aimed bilaterally at the Int and
attached to the skull with two stainless steel screws and fixed
with dental cement (Figures 1A, B). Then, a dummy cannula
(23-gauge external diameter, 15.20 mm length) was placed and
kept inside the guide cannula to maintain the cannula’s integrity
until experiments were performed. After surgery, animals received
analgesic treatment with meloxicam (Metacam 20 mL, 5 mg/mL;
Boehringer Ingelheim, Barcelona, Spain, CAT#9993012) every
24 h for 2 days. Rats were left undisturbed for 4 days for
recovery. For behavioral experiments with intracranial infusions,
rats were gently handled while restrained, and CNO or saline were
infused bilaterally into the Int 5 min before each training session
(0.50 L, at 0.50 wL/min). Rats were not anesthetized during the
microinjections because this procedure does not involve pain or
discomfort for the animals. Behavioral trials began 5 min after the
infusion.

Conditioned place preference

This procedure was conducted in an opaque, oblong corridor
(90 x 20 x 60 cm) that included two lateral black chambers
(20 x 20 x 60 cm) located on opposite sides. Two days
before the training, animals were habituated to the apparatus
in a 15-min session without texturized floor (stainless-steel floor
with perforated small holes or big holes) (Leroy Merlin SL.,
Alcobendas, Spain) or olfactory cues (lemon or almond) (Gran
Velada SL., Zaragoza, Spain). For the preconditioning preference
test (Figure 1E), rats were placed in the central chamber and were
free to move throughout the corridor in a 20 min drug-free test in
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which the two olfactory and tactile cues configurations (lemon + big
holes or almond + small holes) were presented simultaneously
but in opposite arms in the corridor. All the test sessions were
videotaped and scored by a blind observer. The first 5 min were not
considered to allow the animal to explore the location of the odors.
In the conditioning phase (Figure 1E), the least preferred stimulus
configuration for each animal acted as CS + and was paired with
IP cocaine (10 mg/kg). On alternate days, the other configuration
was associated with IP saline injections (CS-). For each pairing
session, rats were confined in one of the lateral chambers of the
apparatus for 25 min. Therefore, four cocaine- and four saline-
paired sessions were conducted on alternate days (Figure 1E).
The preference test was identical to the preconditioning test
and was carried out 24 h after the last conditioning session
and 48 h after the last cocaine administration (Figure 1E). The
location of the cues in the corridor was counterbalanced between
animals.

Open field test

We performed this test during habituation (before training)
and the last saline-paired day (after training but without CNO;
without Int inactivation). Rats were placed in the center of a
60 x 40 x 30 cm acrylic box for 15 min (Figure 1G). The open field
was cleaned with 20% ethanol before each test to avoid any possible
odor contamination that might affect the experimental result. All
tests were videotaped, and spontaneous locomotor activity was
evaluated blindly, assessing time spent in the periphery/center,
number of quadrant crossings, and vertical and lateral rearing
(Figure 1H). These parameters were recorded in three blocks
of 5 min. Only the intermedium 5 min block is represented in
figures to avoid confounding effects such as initial exploration and
boredom at the end of the period.

Brain sampling

All animals were perfused transcardially 60 min following
the last preference test on each behavioral protocol using
saline (0.90%), heparine (0.006%) (Heparin sodium salt from
porcine intestinal mucosa; CAT# H3393; Sigma-Aldrich, Madrid,
Spain) and then paraformaldehyde (4%) (Paraformaldehyde
powder, 95%; CAT#158127; Sigma-Aldrich, Madrid, Spain).
And paraformaldehyde (4%) under anesthesia with sodium
pentobarbital (30 mg/kg) (Dolethal 100 mL, Vetoquinol E.V.S.A,,
Madrid, Spain). Brains were extracted and stored with the
same fixative for 24 h at 4°C. Then, the tissue was immersed
in sucrose solution (30%) with sodium azide (2%) (Sodium
azide; Cat# 1.06688.0100; Merck, Darmstadt, Germany) until
the brain sank at 4°C. Depending on the region of interest,
sagittal or coronal sections were obtained at 40 pm with a
cryostat microtome (Microm HM560, Thermo Fisher Scientific,
Barcelona, Spain) and stored at —22°C in cryoprotectant
solution. The expression of the AAV5-CaMKIIa-hM4D(Gi) was
checked using confocal imaging. Animals with no DREADD
expression or cannula misplacement were not included in the
statistical analysis.
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Immunofluorescence and imaging

Immunolabeling was performed on free-floating sections. To
amplify the endogenous mCherry fluorescent signal, sections were
exposed to a blocking buffer with donkey serum (Sigma Aldrich,
Madrid, Spain; Cat# D9663) for 30 min and then incubated
overnight at 4°C in PBS 0.1 M Triton X-100 (Sigma-Aldrich,
Madrid, Spain; Cat# T9284) (PBST) with rabbit anti-RFP (1:500;
Rockland Immunochemicals Inc., Philadelphia, PA, USA; Cat#
600-401-379). The next day, and after several rinses, tissue was
incubated in PBST with anti-rabbit Alexa Fluor 555 (1:500;
Thermo Fisher Scientific, Rockford, IL, USA; Cat# A-31572) as
secondary antibody. We used cFos immunofluorescent staining
as a neural activity marker. Similarly, sections were incubated
for 48 h at 4°C with rabbit anti-cFos (1:500; Synaptic Systems,
Goettingen, Germany; Cat# 226003) in PBST, and the next day,
in PBST with donkey anti-rabbit Alexa Fluor 647 (1:500; Thermo
Fisher Scientific, Rockford, IL, USA; Cat# A-31573) as secondary
antibody. To ensure that the QA lesion was affecting Purkinje
innervation in the DCN, we used Calbindin as a marker for
Purkinje terminals and vGAT to estimate GABA-related activity.
Sections were incubated for 24 h at 4°C with guinea pig anti-vGAT
(1:500; Synaptic Systems, Goettingen, Germany; Cat# 131004) and
mouse anti-CB (1:1000 Swant, Bellinzona, Switzerland; Cat# CB38)
in PBST, and the next day, in PBST with donkey anti-guinea pig
Alexa Fluor 647 (1:250; Thermo Fisher Scientific, Rockford, IL,
USA; Cat# A-21450) and donkey anti-mouse Cy3 (1:200 Jackson
ImmunoResearch, West Grove, PA, USA; Cat# 715-165-150) as
secondary antibodies. Brain tissue was mounted and covered with
Mowiol (Calbiochem, Merck Chemicals and Life Science, Madrid,
Spain; Cat# 475904100GM).

Image acquisition and analysis

Laser intensity, gain, and offset remained stable across
animals. Tile-scan Z-stack images and image magnifications
of the posterior cerebellum or DCN were acquired using
confocal microscopy (Leica DMi8, Leica Microsystems CMS
GmbH, Wetzlar, Germany) to assess QA/Sham lesions, cannula
placements, and DREADD/mCherry expression. Imaging for cFos
was perfumed at 20x, and vGAT and Calbindin co-expression
around DREADD-expressing DCN neurons was performed at 63 x.
We used Leica Application Suite X (LAS X, Leica Microsystems
CMS GmbH, Wetzlar, Germany) to perform maximal projections
of the Z-stacks and Fiji free software (Schindelin et al., 2012) for
image analysis. cFos + cells (intense red labeling) were estimated
in 2 images per rat (n = 2) co-expressing the AAV5-CaMKIla-
hM4D(Gi) within a ROI of 580 x 580 pum.

Experimental design and statistics

We used a total sample size of 32 animals, 8 animals per
group (Veh-Sham, Veh-QA, CNO-Sham, CNO-QA). Statistical
analyses were performed using GraphPad Prism 9 software
(GraphPad Software Inc., La Jolla, CA, USA), and R Statistical
language (version 4.1.2; R Core Team, 2021). Data were
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analyzed by repeated-measures two-way ANOVAs and multiple
comparisons were performed using SidaKs tests. When two
groups were compared, we used an unpaired ¢-test. Data are
presented as individual and group scores (Mean and 95%
Confidence Intervals; 95% CI). In the cases in which a significant
difference was observed, we calculated the effect size of that
difference as the Mean difference (MD = Mean Groupl - Mean
Group2) and its 95% CI, to estimate the magnitude of those
differences.

To assess for consistent differences between the weight of
subjects before and after conditioning, we used the sign tests
(Two-sided sign test for matched pairs) to assess the proportion
of animals whose TS in the CS + increases (probability of
success) with respect to themselves in the previous test. Then
we assessed whether that probability of change as a group was
different or not from chance (0.5) using the binom.test of the R
mosaic package (Pruim et al., 2017), that returns the probability
of success (as a group) with its 95% Confidence Interval (CI)
and exact p-value (having as an alternative hypothesis: true
probability of success is not equal to 0.5), which is what was
reported.
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