UNIVERSITY OF CATANIA
International Ph.D. Program in Neuropharmacology
XXVIII Cycle

TARGETING DOPAMINE D3 RECEPTOR:
NEW INSIGHT SINTO THE

PATHOPHYSIOLOGY OF ALCOHOL
ADDICTION AND ANXIETY

PhD Thesis

Sebastiano Alfio Torrisi

Coordinator: Prof. Salvatore Salomore
Tutor: Prof. Salvatore Salomone

Co-Tutor: Prof. Gian Marco Leggio










UNIVERSITY OF CATANIA
International Ph.D.Program in Neuropharmacology
XXVIII Cycle

TARGETING DOPAMINE D3 RECEPTOR:
NEW INSIGHT SINTO THE

PATHOPHYSIOLOGY OF ALCOHOL
ADDICTION AND ANXIETY

PhD Thesis

Sebastiano Alfio Torrisi

Coordinator: Prof. Salvatore Salomone
Tutor: Prof. Salvatore Salomone

Co-Tutor: Prof. Gian Marco Leggio







The experiments for this PhD thesis were carried out in the
laboratories of:

Home nstitute:

Prof. Filippo Drago
Department of Biomedical

and Biotechnological Sciences
Section of Pharmacology

Via S. Sofia,64

95125

University of Catania

During the 4 year of my PhD program spentsix months
working as visiting PhD studerat Univesity of Cambridge.

| worked on an original projecentitled: Noradrenergic
mechanisms in the nucleus accumbens shell: regulation of
impulse control and the transition to compulsive behaviour

Guestinstitute:

Dr. David Belin
University of Cambridge,

Depatment of Psychology
Downing Street
Cambridge CB2 3EB




Table of contents

Acknowledgements
List of abbreviations
Preface

Chapter | General Introduc tion

Dopaminergic systemn the central nervous system
Dopamine D3 receptor
Dopamine D3 receptor and alcohol addiction

Dopamine D3 receptor and anxiety

a > wnh e

Design of the present research

Chapter I

Chapter Il |

11

13

17
20
22
26
30

31

87



Chapter IV

6. General Discussion

6.1 Both genett deletion and pharmacological blockade
of D3R inhibit ethanol intake

6.2  Both genetic deletion and pharmacological blockade of
DsR accelerate the development of tolerance to diazepam

Concluding Remarks

Chapter V

References

Chapter VI

Annexes

126

129

131

135

1%



Acknowledgements

| wish toexpress my sincere gratitudeRoofessor Filippo Dragthat gave me
the oppaetunity to join his lab during these years of PhD Programdascbver the

fascinating and challengingorld of neuroscience.

| would like to thankmy tutor and mentorProfessorSalvatore Salomone
great scientist that guided and taught doging my PhD with his patiencand

infinite knowledge

| would alsolike to express my deepest thanks to mytaior Professor Gian
Marco Leggio. Hisessentiasupport and higreatknowledge allows me to reach

optimal objectivesluring these years.

| wish to thank Dr. Francesco Papaleo that gave me the chance to join Dr
David Belindés | ab i,damGsaorgeatiuldogdavid ardhis t h
team. | spent six months in one of the most important behavioural neuroscience

laboratory in the world.

Last, but certainly not least, | would like to thamky colleagues andny

family, for their love and support.



1C



List of abbreviations

7-OH-DPAT ((+/-)-7-hydroxy-N,N-(di-n-propyt2-aminotetralin))

AD
ADA4.2
ADE
ADT
ANOVA
BDNF
BLA
CNS
COMT
CSD
D3R
D3R
DA

DID
DMSO
DSM-IV
EPM
GABA
GABAA
GAD
i.p.
ICD-11
MAO
NAC
NP

aldehyde dehydrogenase

Autodock 4.2

alcohol deprivation effect

AutoDock Tools

analysis of variance

brain development neurotrophic factor
basolateral amygdala

central nervous system
cathecolO-methyl transferase
Cambridge Structural Database
dopamine RQreceptor

dopamine 3 receptor deficient mice
dopamine

drinking in the dark

dimethylsulfoxid

Diagnostic and Statistical Manual of Mental Disordef$gedition
elevatedpblus maze test

o-aminobutyric acid

o-aminobutyric acid receptor A
generalized anxiety disorder
intraperitoneal injection

International Classification diseases, 11th edition
monoamine oxidase

nucleus accumbens
alcoholNon-Preferringrats

11



P alcohol Preferringats

PDB Protein Data Bank

PKA protein kinase A

SAS-potential Solvent Accessible Surface potential
SI single injection

VEH vehicle

VMAT -2 the vesicular monoamine transporter 2

VTA ventral tegmental area

WT wild type mice

12



Preface

The dopaminergic neurotransmissiarthe central nervous system (CNS) is
mediated bytwo different classeof G proteinc oup |l ed r e caRlpit loe & ,
recepors (DR and DsR) and o2Rlhiek edD r eR ®RtamdDsR) ( D
(Seeman et al.,, 1994%ince itsdi scovery i nthedbpamine 3 | vy
receptor D3R) has aroused great interest in the scientific commuhitieed,its
limited distribution in thdimbic brain areas involved in the control of cognitive
and emotional functions has made this receptor a promising target for the
treatment of several neuropsychiatric disordersh as drug addiction, depression
and shizophrenigLeggio et al., 2016).

Several datasuggesthat DR, likely acting as autoreceptomodulates the
activity of dopaminergic neuronthroughoutthe mesolimbic, mesocortical and
nigrostriataldopaminergic pathway&obert et al.1995;Tepperet al, 1997; Diaz
et al., 2000).Yet, DsR-deficient mice (BR™) ehibit extracellular levels of
dopamine(DA) twice as high as their wiltype (WT) littermates suggesting that
D3R could play a inhibitory role in the control of basal extracellular DA levels
(Koeltzow et al., 1998; Joseph et, 2002)

The central hypothesisf my PhD researchproject has been thddsR
exerting a pivotal rolan the control of the medimbic dopaminepathway is

involved in the pathophysiological mechanisms subserving neuropsychiatric
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disorders linked to dysfutionality of this dopaminergic pathwapn particular,
the presenthesisaimedto: 1) investigate the role of R in the mesolimbi®A
control of ethanol reward?) assesghe involvementof a 2-aminobutyric acid
receptor A (GABAA)/D3R interactionin the mesolimbic DAmodulation of

anxietylike behavior by using both genetic and pharmacological approaches.
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Chapter |

General Introduction



1. Dopaminesystemin the central nervous system

In 1957,Arvid Carlsson, a Swedish neuropharmacologist, discovirad
DA was a neurotransmitter and not only the precursore of noradrenaline. Since
this discovery DA has attracted a great amount of attente&ading tonumerous
breakthroughsin neurosciace Four main dopaminergic pathways have been
mappedin the brain the nigrostriatapathway originéing in the substantia nigra
and projecting to the dorsal striatum; thesolimbicpathway that arises from the
ventral tegmental area (VTA) and sends dopergic fibes to the nucleus
accumbens (NAc the mesoortical pathway that also arises from the VTA and
projects to the cerebral cortaxdthe tuberoinfundibular pathway that connects
the hypothalamus to the pituitary glag@hden et al., 1964Dahlstoem and Fuxe,
1964). DA activity (figure 1)is mediated byive dopaminergic receptor§hese
receptors are divided in two subfamilies: theliRe receptor subtypes (B and
DsR) coupledto GUs  p raod tleei Drlilse subfamily (DR, D3R, and DR)
coupledt o GUi (Missald et ialn $998)D:Rs and DRs are the most
abundant subtypes in tlentral nervous system, but®is the most widespread
(Jaber et al., 1996)D:R mRNA has beendetected in striatum, nucleus
accumbens, olfactory tubmrle, hypothalamus and thalam{igber et al., 1996)
DsR is expressed at much lower level than thék Dopamine receptor and its

distribution is limited to the hippocampus and thalamus (the lateralill@mgm
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nucleus and the parafascicularcieus of the thalamus)..Rsarelocdized mainly

in striatum, olfactory tubercule, nucleus accumbens, substantia nigra pars
compacta,VTA and the pituitary gland. IRs are both pre and postsynaptic
receptorscontrary to Di-like receptors which are nmy postsynaptic receptors
(Jaber et al., 1996P4Rs have beeriound with a low expression in basal ganglia
and a higher expression in frontal cortex, medulla, amygdala, hypothalamus and
mesencephalon. However, thiggh expression is weak in comparisoithnother
dopamine receptors (Jaber et al., 19@BRs are primarilyconfinedin the limbic
system(nucleus accumbens, olfactory tubercai@l islands of CallejaHowever,

D3R mRNA has beeriound in themedial prefontal cortex (WPFQi NAcT ventral
pallidum loop Koob and Le Moal1997 as well asn the ventral striatal, ventral

pallidal, thalamic, and orbitofrontal loops (Everitt and RobbRR05)
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Figure 1: Dopaminergic synapseand dopamine metabolism.(a,b) In the presynaptic terminal of
dopaminergic neurongyrosine is converted in-DOPA by the activity otyrosinehydroxylase L-DOPA is
subsequently transformed the neurotransmitter DA by action &fOPA decarboxylase. (b) DA is then
transferred in vesicke by the vesicular monoamine transporter 2 (VMAT After exocytosis of the DA
vesicles, DA binds to DA receptors on the postsynaptic membrane, leading to the transduction of the signal in
the postsynaptic neuron. (a,b) DA is then recycled by reuptakbe/iBA transporter, or catabolized by the
action of monoamine oxidase (MAQ), cathe@methyl transferase (COMT) and aldehydiehydrogenase

(AD) enzymes(modifiedfrom Jones et at., 20)2
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2. Dopamine D3 receptor

In 199Q for the first time, the rat R was cloned anccharacterized
(Sokoloff et al, 1990) Among DAreceptorsDsR exhibits the highestaffinity for
DA (70-fold higher than BR receptors), suggesting that DA magcupyDsR in
vivo for extendedoeriods of time, leading to high spontaneousvation of D:R
(Richtand et al., 2001; Vanhauwe et al., 2000)

In rat the largestD3:R densitieshave been foundn granule cells of the
islands of Calleja and in mediumsized spiny neurons of the rostral and
ventromedial shell of nucleteccumbengDiaz et al., 1994, 1995; Le Moine and
Bloch, 1996).PET studies, carried out on baboons and miceidigg the D2/3
PET agonis{with preferential selectivity and affinity for4R) [11C]-(+)-PHNO,
have revealed a high expression ofRDn ventral pallidim, subsintia nigra,
thalamus,and habenuldRabiner et al.2009) Its primary sequence &milar to
that ofD2R, and to desser extent, to thesB. Activation of D3R expressed in a
transfected mesencephalic cell limhibits dopamine release (Tarey al., 199)
and synthesis( 6 H aet ah, 1996) Moreover agonists with limited preference
for the xR (Sautelet al., 1995)ikewise inhibit dopamine release, synthesis and
neuron electricahctivity giving support to the hypothesis thatRDcould operate
as autoeceptor However, since DA agonists produce analogous inhibition of
dopamine neuron activitiga both WT andDsR’" mice, their selectiviy towards

D3R in vivo has been put into questigoeltzow et al.,1998) Clearer evidence
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of its autoreceptor funtn arise from immunocytochemical experiments showing
that D3R is expressed in all dopaminergic neurons (Diaz et al., 200£)
dopamine extracellular levels MAc (Koeltzowet al.,1998) and striatum (Joseph
et al., 2002) ardigherin DsR”" comparedo their WT littermates suggesting a
DsR-mediatedcontrol of dopamine neans activity These convergent results
supported the facthat DsR” mice seem to be more responsive in several
physiological duations compared to their Wittermates (Le Foll eal., 2005).

By contrastthe study bySimpson et al. (2014)as been demonstrated timaice
with a striatal overexpression ofs:Rs have less marked, butilstnoteworthy
phenotype. Indeed, these mice exhiditdisruptedmotivation, suggesting that

targetng DsR might haveeffect on motivational synipms.
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3. Dopamine D3 receptorand alcohol addiction

Alcohol addiction is a chronic relapsing disorder and shares many features
of other chronic diseases such as hypertension and diabetes. Indeed, it is
charatiterized by a strong component of genetic susceptibility and is under
influence of environmental factor@eilig et al., 2011) Alcoholism produces
about 10% of total disabilitpdjusted life yearfost (measure of disease burden
in industrialized countes Genetic and environmental factorsalcohol addiction
may flow in very dissimilar sorts of vulnerability, ranging from amplified
impulsivity andreward from alcohol to heightened stress responsesmaxidus
personality trait§Goldman et al., 2005)Alcoholics are veryheterogeneous
termsclinical featuressuch as age of onset and family hist@cLellan et al.,
2000) The pathophysiology and etiology @fcohol addiction is still poorly
understood and there are no effective pharmacological teeém

It is well establishedn literature tha DA neurotransmission is involved in
the pathphysiologyof drug addiction.The mesolimbicDA pathway (figure 2)
modulateghe rewardingpropertiesof drugs of abuse (Ikemoto and Bonci, 2013
such asethanoland opiates (Pierce and Kuaresan, 2006 Alcohol inducesan
increase of DA release the shell, but noin the core of NAc (Bassareo et al.,
2003; Cadoniet d., 2000. Moreover, in rats, intravenous administratiomf

alcohol produces aincrease in théring rate of dopaminenesolimbicneuons in
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a dosedependent manner (Gessa et al, 1985)line with these preclinical
evidence, it has been reported that intoxicating doses of alcohol trigger dopamine
release in the ventral striatum of humaBsileau et al., 2008 and an activation

of this brain aredy alcoholassociated cues in abstinent higgk drinkers and
alcohotdependent individualsas beerfioundas well(Braus et al., 2001; Kareken

et al.,2004) It is well demonstratethat D3R, which is highly expressed in the
shell ofNAc, regulates b mesolimbic DApathway and is involved in the neural
mechanisms undegtihg drug seeking behavior (Heidbreder et al., 2005)
Numerous studiehaveinvestigatedthe involvement of ER in ethancldrinking
paradigms (Cohen et al1998; Harrison and Nobrega, 200%9eidbreder et al
2007; Rice et al 2012; Silvestre et al1996;Thanos et al 2005) In this regard,

the pharmacological manipulation DER seems to produce different behavioural
effects compamk to the genetic manipulation of this dopaminergic receptor.
Heidbrederand colleagues (2007) demonstrated that the selectiReabtagonist
SB277011A reduces alcohol intake and prevemtiapse to alcohedeeking
behaviorof male C57BL/6N miceexposed tmral operant seladministration. It

has also been reported that the preferential BR Bntagonis633138decreases
the binge drinking of ethanol without significantly affect the consumption of water
(Rice et al., 2012)In agreement with these preclinicavidence the dopamine
receptor agonistvith reasonable selectivity for thesR 7-OH-DPAT ((+5)-7-

hydroxy-N,N-(di-n-propyt2-aminotetrah)) enhanceboth ethanol intake and
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preferenceat the dose of 0.01 mg/kg (Silvestre et al., 199@)e study by
Vengelieneet al. (2@6) reported that the selectives® antagonist SB277011A
induces a dosdependent decrease of relafike drinking in the alcohol
deprivation effect (ADE) model as well as a reduction in-icukeiced ethanel
seeking behavior. Moreover, SB2Z11A significantly diminishesethanol
preference, intake and lick respondesth in alcohol Preferring (P) and Nen
Preferring (NP) ratgested in the two bottle choice paradigm (Thanos et al., 2005).
Regarding the genetic manipulation ofF) DsR’" mice are resistant to ethanol
sensitization (Harrison and Nobreg2z009) and seem to have similar levels of
ethanol intake (McQuade et al., 20@®)mpared to their WT littermates. Despite
several studies have investigated the involvement5f D ethanol rewal, its

precise role is largely unknown.
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Figure 2: VTAT NAc reward circuit. The major reward circuitconsiss of dopaminergidibers originating

Nature Reviews | Neuroscience

from the VTAand projedng to the NAc(in green) which release dopamine in response to rewalated

stimuli. (from Russo and Nestler, 2013)
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4. Dopamine D3 receptor and anxiety

Anxiety is a physiologicemotion undeistressful and dangerous sitoais
and isbelievedt o be part of t he e eaotibnuofsureivalar y
In many circumstnces,the presence of anxietymay becomemaladaptive and
constitutes a psychiatric disorddBy using significant prognostictools, it is
possibleto classify anxiety disorders by their diagnostic subtype (obsessive
compulsive disorders, panic disordencsl phobia generalized anxiety disorder
[GAD] etc.). Diagnostic criteria forhese severalsubtypes are given in the
Diagnosticand Statistical Manual of Mental Disorder$) édition (DSMIV, text
revisior) and the InternatioheClassification of Diseses, 11 edition (ICD-11).
The contribution of GABA system and GABA receptor complex inthe
modulation of emotional processeswesll known (Clementet al., 2002 Mehta
and Ticky 1999). However, thenvolvement of GABA-ergic innervation of
particular bain structuresin the regulation of anxiety is not satisfactorily
documentedThe mechanism of action of the masiedanxiolytic drugsin clinic
and preclinic researchbenzodiazepineselies onan enhancement in the affinity
of the reognition site of @QBAa receptors for GABA, ultimately potentiating its
inhibitory action in the limbic ystem (Mehta and Ticky 1999; Mohleret al.,

2002.
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A large body obehavigal and biochemicalataindicate the involvement of
DA neurotransmissiom the pathophysiolgy of anxiety (Kienast et al., 2008}
is well established that stresggersthe mesocorticolimbic DA systeattivation
and irduces an increase XA extracellularlevels in the nucleus accumbens and
medial prefrontal cortexgeneratinganxiolytic-like behavioal effects (Cabib et
al., 1994; Dunn, 1988; Salamonel994; Simonet al., 1993) It is also
demonstratedhat anxiolytic drugs, such as diazepam and ICS 205%30ldy et
al., 1995; Imperatcet al., 1990), can &nuate stresmiduced increasén DA
concentration However, behavioal evidences of the involvement ofi® in
anxiety are week andhconsistent (Bartoszyk, 1998; Rodgatsal.,, 199). By
contrast animal studieslescribedthe anxiolytic-like effects of DR antagonists
such as halaggridd or sulpiride (Costalket al., 1987;Pich and SamanjnL986).
Biochemical studies have indicated that haloperidol, sulpiride and quinpirole show
affinity not only for D2R but also for D3R (Sokoloff et al., 1990) It has been
demonstrated thdsR’ micedisplaylow levels ofanxietytestedn the open field
arenaand plusmaz tests (Steinest al., 1997. PutativeD3R antagonists such as
PNU-99194A and nafadotridehowedantianxiety effects in the conflict drinking
test in rats and exploration mode@igats or mice (Gendreaat al., 1997Rogozet
al., 2000. FurthermoreD3R agonists, used at low doses, have been suggested to

be involved in modulatioof anxiety leve$ (Bartoszyk,1998).

27



A dopaminergieGABAergic interaction in the mesolimbi2A pathwg is a
well-documented phenomemdfigure 3) Indeed, binding of benzodiazepines to
t h e-cohtdining GABA, receptors on GABAergic VTA neurons leads to a
reduction of the activity of these cells and a consequent decrease of GABA
release, which results indisinhibition of the dopaminergic VTA neurons and a
resulting increase in DA release in the ventral stria(Rudolph and Knoflach,
2011) Growing data suggest RsR mesolimbic modulation of GABA system.
Indeed, dopamine viaD3R, may control the expressio of innate anxietyike
behaviors through a downregulation of GABAergic control over
lateral/basolateral amygdalaumens (Diaz et al., 2011). Aynamicdependent
inhibition of GABAx modulated byDsR receptorhas also been found INAc
(Chenet al., 200% and hippocampus (Hammad and Wagner, 2@ant et al.,
2008).DsR’" mice exhibit low baseline anxiety levels aadute administration of
diazepam is more effective iDsR” than in WT littermatesvhen tested in the
elevated plus maze test (EPK)eggbp et al., 2011)However, the precise role of
the DsR/GABAA systems interaction in both the modulation of anxlddsy

behaviors and the effect of anxiolytic drugsnainspoorly understood.
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Figure 3: GABAA receptor subtypes in the resolimbic dopaminergic systemsvVTA GABAergic neurons
express the Ul subunit, whereas dopaminergic neu
benzodi az e pdomainmg GABA recepors BriiGABAergic VTA neurons leads to a reduatfon

the activity of these cells antbnsequently to a decrease of GABA release, whicturn disinhibitsthe
dopaminegic VTA neurons leading t@n increaseof DA release in the ventral striatum. In principle,
benzodiazepines likely have functionally opposi a ct i o n scontaining GABW erecePtdrs on
GABAer gi ¢ ne urfcmaningaGABA recaptorS 8n the dopaminergic neurons of the VTA.
However, t he -eoitdineg GABA recefitonseon tbiel dopaminergic neuron is functionally

predomirant.(modified fom Rudolph and Knoflach, 2011)
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5. Design of the present research

Basedon the revewed datgoresent irliterature, the aim of the present thesis
has beemo assesthe role of @R in the mesolimbic DA control of ethanol reward
and to evalate the recruitment @ABAA/D3R interaction in the mesolimbic DA
modulation of anxietyike behavior The following aspects were investigated:

1. Evaluatingthe basal kehavior of D:R” mice and their WTlittermatesin
experimental models of anxiety amthanol reward[two bottle choice
drinking in the darkDID) andEPM]

2. Assessinghebehaviouratesponse of ER” miceand their WT littermates
to selective RR antagonistsat different doses and testing time in different
models ofethanol reward

3. Investigaing the possible involvement &ACK1/BDNF/D3R pathway in
ethanol seeking behavior and the activation of dopaminergic
neurotransmission in striatum of our mice.

4. Assessinghe sensitivityof DsR”7- mice and their WTittermatestested in
the EPMtestto repeated administration of diazepam

5. Testing the hypothesihat genetic deletion or pharmacological blockade

of D3R affect GABAA subunitexpression
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Dopamine D3 Receptor Is Necessary for Ethanol

Consumption: An Approach with Buspirone

Gian Marco Leggié, Giovanni Camillieri, Chiara BM Platanfa Alessandro
Castorind, Giuseppina MarrazZpSebastiano Alfio Torrisi, Christina N Non
Vel i a 1Inged\mhbregfaHolger Stark Claudio Bucold, Bernard Le
Foll®, Filippo Dragd and S#atore Salomone*

1Department of Clinical and Molecular Biomedicine, Section of Pharmacology and Biochemistry,
Catania University, Catania, Italy;
2Departmenbf Bio-Medical Sciences, Catania University, Catania, Italy;
3Behavioral Neurobiology Laboraty, Centre for Addiction and Mental Health and
Department of Pharmacology and Toxicology, University of Toronto, Toronto, Canada;
“Imaging Research Centre and Campbell Family Resdasthute, Centre for Addiction and
Mental Health and Departments ofyehiatry, Psychologgnd Pharmacology, University of
Toronto, TorontoCanada;
SInstitute for Pharmaceutical and Medicinal Chetny, HeinrichHeine-UniversityDuesseldorf,
Duesseldorf, Germany;
5TranslationalAddiction Research Laboratory, Centre for Adibn and Mental Health and
Departments of Family and Community Medicine, Psychiatry and

Pharmacology, University of Toronto, Toronto, Canada

Abstract

Mesolimbic dopamine (DA) controls drugnd alcohokeeking behavior,
but the role of specific DAaweptor subtypes is unclear. Wested the hypothesis
that DsR gene deletion or the:B pharmacological blockade inhibits ethanol

preference in mice. #R-deficient mice OsR”) and their wildtype (WT)

32



littermates, treated or not with thes® antagonists SB/7011A and U99194A,
were testedn a longterm free choice ethandkinking (two-bottle choice) and in
a bingelike ethanoldrinking paradigm (drinking in the dark, DID).

The selectivity of the BR antagonists was further assessed by molecular
modeling. Ehanol intake was negligible iBsR” and robustin WT both in the
two-bottle choice and DID paradigms. Treatment witiRCantagonists inhibited
ethanol intake in WT but waseffective inDsR” mice. Ethanol intake increased
the expression of RACK1 arfatain-derived neurotrophic factor (BDNF) in both
WT and D3R’ in WT there was also a robust overexpression gR.Drhus,
increased expression ok associated with activatioof RACK1/BDNF seems
to operate as a reinforcing mechanism in voluntary ethamake. Indeed,
blockade of the BDNF pathway bthe TrkB selective antagonist ANA2
reversed chronic stable ethanol intake and strongly decreased the striatal
expression of ER. Finally, we evaluated buspirone, an approved drug for anxiety
disorders endsed with D3R antagonist activity (confirmed by molecular
modeling analysis), that resulted effective in inhibiting ethanol intake. Thus, DA
signaling via RR is essential for ethanatlated rewardand consumption and

may represent a novel therapeutic &rfgr weaning
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reward Buspirone BDNF
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1. Introduction

The mesolimbic dopamine (DA) patay mediates theewarding effects of
drugs of abuse (Bowers et.,aP010; lkemoto and Bonci, 2013; Koob, 1992;
Robbins and Everitt1996; Wise and Bozarth, 1987), including ethanol and
opiates (Pierce and Kumaresan, 2006; Wise and BoZE8Y,). Both orhself
administration (Weiss et.all992) andystemic administration of ethanol increase
the firing rateof mesolimbic dopaminergic neurons (Gessa et18i85;Mereu et
al., 1984) and stimulate extracellular DA releaséhm striatum and in the nucleus
accumbens (Imperato ami Chiara, 1986; Yoshimoto et.all992). In a recent
metaanalysis on published data sets of in vivo microdialys@tibrain, the acute
adminstrations of ethanol appear icrease the level of monoamines, including
DA, globally and independent of the brain sites up to 270% of the basal
concentrations (Brand et.aR013). DA exerts its actiothrough five receptor
subtypes (D15R); the D3 recepto(D3R) subtype has an important role in the
modulation ofthe mesolimbic DA pathwaand in the control of drugeeking
behavior (Heidbreder et.al2005; Joyce and MillarR005). The BR is located
both at pre and postsynapsesin the ventral striatum (nucleus accumbens and
island ofCallejg (Bouthenet et al 1991; Murray et al 194); in thesestructures,
stimulation of presynaptic 4R may modulatdDA synthesis and release (Levant,

1997). Several studidsave explored the involvement o&® in ethancldrinking
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paradigms (Cohen et.all998; Harrison and Nobrega, 2009eidbreder efl.,
2007; Rice et al 2012; Silvestre et al1996; Thanos et al 2005), but their
precise role remains uncleémdeed, pharmacologicalwsties generally report that
D3R blockade decreases ethanol consumption (Heidbreder 20@Y; Rice et al
2012; Silvestre et al 1996; Vengeliene et .al2006); in contrast, genetic
manipulation studies did not final change in ethanol gkte following QR gene
deletion (McQuade et .al2003).In the present study, wiested the hypothesis
that DsR gene deletioror the R pharmacological blockade inhibithe ethanol
preference ahthe voluntary intake in micdice D3R’ and their wildtype (WT)
littermates, treatedr not with 3R selective antagonists, were tested in a-ong
term free choice ethandrinking paradigm (twebottle choice) (McQuade et al
2003; Wise, 1973) and in a bingjke ethanoldrinking paradigm (drinking in the
dark, DID). Activation of the RACK1/BDNF (brakuerived neurotrophic
factor)/DsR pathway (Jeanblanc et,a2006) andactivationof DA transmission
were assessed at the end ba&havioral experiments. The RACK1/BDNER
pathwaywas here considered becausfR@xpression is related BDNF (Guillin

et al, 2001; Le Foll et al 2005b) and ethanekposure is able to increase RACK1
translocation into thenucleus of neurons, which increases expression of BDNF
(Jeanblanc et al2006; McGough et al2004). Finally, theeffect of buspirone

was evaluated in the drinking paradigms. Because buspimren already
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approved drug foanxiety dsorders, endowed withdR antagonist activity, imay

be easier to translate to the clinic practice.

37



2. Materials and methods

2.1. Animals

DsR null (DsR”) mice andtheir WT littermates (males,i82 weeks old)
were individually housed, with free accetss chow and water (except in the
ethanoldrinking procedures), in an asonditioned room, with a 18 lighti dark
cycle. DsR”" mice were 10th12th generation of congeni€57BL/6J mice,
generated by a badakossing strategyAccili et al, 1996). All expeiments were
carried outaccording to the Directive 2010/63/EU and to the Institutional Ahim

Care and Use Committee Gatanialniversity.
2.2. Drugs and treatment

Ethanol, U99194A nlaate, SB277011A hydrochloride buspirone
hydrochlaide, 8OH-DPAT andANA-12 werefrom Sigma (St Louis, \@). All
drugs were dissolved ialine and intraperitoneally.p.) injected (in a volume of
10 ml/kg), except ANAL2 tha was dissolved in 10% dimethydulfoxide.
U99194A was used at 10 mg/kg (Harrisamd Nobrega, 20095B277011A was
used at 10 mg/kgSong et al 2012), buspirone was used in the rafgh 10
mg/kg (Martin et al 1992), 80OH-DPAT was usedat 1 mg/kg (Martin et al
1992), and ANA12 was used &.5 mg/kg (Cazorla et.alk011).

In the twobottle choiceparadigm, after 30 days of voluntaajcohot

drinking procedure,DsR” and WT were randomlyallocated to th eight
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experimental groups (n=6/10 per group): WT/vehicle, WT/U99194A,
WT/SB277011A, WT/buspirone, DsR7/vehicle, DsR7/U99194A, DsR”
/SB27701A, andDsR/buspirone. Animals were i.jinjected once a day, for 14
consecutive days. On day 14nimals were sacrificed 1 h after the last
administration andbrain tissues were taken. In another set of experiments 3éfter
days of voluntary alcohadrinking procedure, mice wenandomly allocatedo
five experimental groups (n5/7 pergroup): WT nare, WT/vehicle, WT/ANA
12, DsR"/ vehicle, andDsR”’/ANA-12. Animals were i.p. injectednce a day, for
4 consecutive days with the selective Trabtagnist ANA-12 at 0.5 mg/kg
(Cazorla et a) 2011;Vassoler et al 2013).0n day 4, animals were sacrificéc
after the last administration and brain tissues waken.

In the DID paradigm, mice were allocated to 10 experimental groeps/n
per group) WT naive,DsR” naive, WT/vehicle, DsR"/vehicle, WT/SB277011A,
DsR7/ SB277011A, WT/buspirone 0.1 mg/kg, WT/buspirone 1 nigy,
WT/buspirone 3 mg/kg, and WT/buspirone 10 mg/kg. dnother set of
experiments, mice were allocated to fexperimental gpups (n=5/6 per group):
WT/vehicle, WT/80OH-DPAT, DsR”/vehicle, andDsR’/8-OH-DPAT, and they
were tested in the DID paradigm. Animals were imjected 1 h before the

behavioral procedure.
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2.3 8-OH-DPAT-Induced Hypothermia

Body temperature was msured intrarectally using &bricated probe
inserted B2 cm and a digital thermome{@EM advanced thermometer; BT
610B). Mice were movedo the behavioral mm and two baseline temperature
measurements were taken. After 10 min, animals receavedp. injection of
vehicle or 1 mg/kg 8H-DPAT or 3 mg/kgbuspirone. The body temperature was

recorded everg5 min for a total of 45 min.

2.4. Behavioral tests
2.4.1. Two-Bottle Choice Paradigm

DsR” (n=30) and WT (#30) mice received 24 h freaccess to tagater
and 10% ethanol solution (v/v), containedl00 ml graduated tubes with stainless
steel drinkingspouts; the position of tubes was interchanged (left/rigieyy 24
h, to prevent acquisition of position bias. Ethaantl water intake was measured
as daily consumption igrams. The experiments lasted 59 days. For the first 15
days, (habituation period) animals received 24 h free accesswio tubes
containing only tap water (time O in Figure 1Ajter the habituation period (from
15 to 59 days), 1 ethanol solution was available in one of the bottlesthe

forced alcohedrinking procedureDsR” (n=12) and WT (n%8) received for the
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first 15 dayghabituation period) tap water only (time 0), followed (frégto 59

days) by 10% ethanol only.

2.4.2.Drinking in the darkDID)

The 4" version of the behavioral paradigm was used,dascribed by
Rhodes et a[2005). The procedure started after lights off in the animal room.
Water bottles wereeplaced with graduated tubevith stainless steealrinking
spouts containing 20% (v/\@thanol in tap water. This waone in home cages
where animals were singly houséBhodes et al 2005). Theethanol tubes
remained in placdor 2 h. After the zh period,intakes were recorded, and the
ethanol tubesvere replaced with water tubes. This procedure was repeated on
days 2and 3. On day 4, the procedweas again repeated except ttia ethanol

tubes were left iplace for 4 h, and intakes were recorded after 4 h.

2.5 Analysis of mMRNA Expression by RBate Quantitative R-PCR

Total RNA was isolated by TRIzol (Invitrogen, Carlsbad,CA). Single
stranded cDNA was synthesized with SuperScript Il (Invitrogen), by priming
with oligo-(dT) 20. Aliqguots of cDNA were amplified in parallel reactions with
external tandards at known amounts, using specific prirpairs for R,
RACK1, BDNF, and S18 ribosomal RN&eference gene). Each PCR reaction

(20 ml final volume)contained 0.5 mM primers, 1.6 mM Kfg, and 1x Light
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Cycler-Fast Start DNA Master SYBR Green | (RedDiagnostics, Indianapolis,
IN). Amplifications were carriecbut in a Light Cycler 1.5 instrument (Roche

Diagnostics)Quantification was obtained by the DCt comparatethod.

2.6 Western Blot Analysis

Protein extracts from striatum and cerebellumreveun in SDSPAGE,
blotted, and probed for ngrhosphorylate@nd phosphorylated forms of DARPP
32, GSk3b, andTrkb, with primary antibodies (Cell Signalling Technology,
Beverly, MA), diluted at 1:1000, and secondary antibf@at antirabbit IRDye;
Li-Cor Biosciences, Lincoln, NEBIlots were scanned with an Odyssey Infrared
Imaging System (LiCor Biosciences) and analyzed with Imagedtware (NIH,

Bethesda, MD; http://rsb.info.nih.gov/ij/index.html)

2.7. Statistical analysis of data

Data were analyzkusng one or two-way analysis ofariance (ANOVA).
The post hoc NewmarKeuls test wasised formultiple comparisons; palues

<0.05 wereconsidered as significant.
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3. Results

3.1 D3R’ mice exhibited lower ethanaitake

As shown in Figure land b,WT mice exhibited a higimtake of ethanel
containing solution. In contradsR’ mice showed a low ethanol intake (Figure
la and b). Duringhe entire period of observation (44 days), WT nme@ntained
their preferetial intake of ethanol, wheredsR” mice maintained a preferential
intake of watei(F1,30771170.08, p®.001). There was no differenbetween WT
and D3R’ mice in terms of total amount of fluithtake (ethano¥ water) (Fgure
1c). In the DID paradigmDsR’ mice also showed a lowegthanol intake
compared with their WT counterparts (fo7= 13.90, <0.01, 2nd day;

F3,97721.04, <0.001, 3rd day; Figure 2a)

3.2 Blockade of @GR Inhibited Ethanol Intake

In the twabottle choice paradigm, after 30 days of stagteanol/water
intake, mice were treated with 4R antagonists (U99194A or SB277011A). As
shown in Figure 1d and, treatment of WT wit each BR antagonist decreased
voluntary ethanol intake (fse= 55.23 p<0.01, for bothU99194A and
SB277011A). Treatment ddsR’ mice with U99194A and SB277011A did not
change ethanol intak@ata not shown). Neither in WT nor DR’ mice total
fluid intake was affected by treatments (Figure 1f and data shotvn).
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SB277011A alswignificantly decreased ethanotake in WT mice tested irhé
DID (Fa,48= 8.67, <0.01, 1st day; g:0.05 2nd day; Figure 2b), while it did not
changeethanol intake obsR™" in the DID paradigm (Figure 2c).

3.3 RACK1, BDNF, and DA fR expression werencreasedn thestriatum of WT
mice following chronic ethanolintake

BDNF induces DBR expression in the ventral striatunhoth during
development and in adulthood (Guillin et,a001). RACK1, a mediator of
chromatin remodeling, regulates in an exspecific manner the expression of the
BDNF gene (He et gl 2010)and the RACK1/BDNF pathway @sctivated upon
exposure to ethanol (McGough et, &004).We therefore assessedR) BDNF,
and RACK1 mRNAexpression in striatum of WT that had free access to either
water only or to both water and ethanol. Figure 3a shitvat chronic ethanol
intake increased & MRNA expression in striatum§ksz= 170.4, <0.05). Long
term access$o ethanol also increased BDNF (Figure 3b,45= 48.05, p<0.01)
and RACK1 (Figure 3c, (ra7= 21.14, g<0.01) mRNA in striatum of WT mice.
Long-term ethanol exposure appeared to be associwitd BDNF/RACK1
overexpression, but interpretationtbése data was made difficult by the different
ethanol intaken the two genetic groups, as it was very high in WT aeny low
in D3R’ mice. To addess this issue, some WT abgR’- mice were subjected to
forced ethanol intake, that, they had access to ethanol 10% solution only. As

shown in Figure 3d and e, forced ethanol intake induced a significant
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overexpression of BDNF (F477=48.05, 0.05, p<0.01) and RACK1 (f 477~
21.14, 0.05, p<0.05) mRNAs in striatum of both WT anbBs;R” mice We also
tested the effects of thesR antagonists SB277011And buspirone (see also
below) on mMRNA expression @sR, BDNF, and RACK1. None of these values

were changedby a 14day treatment with SB277011A or buspirdiegure 3f h).

3.4 Blockade of the BDNIreceptor TrkB inhibited ethanol intake and decreased
D3R expression

TrkB is the high affinity receptor for BDNF, belonging to tfemily of
tyrosine kinas receptors, whichundergo autophosphorylation upon agonist
binding (Soppet et al1991). Inorder to assess the role of BDNF pathway in
ethanol intakeye used the recently available TrkB selective antag@hii-12
(Cazorla et a) 2011). After 30 daysf stableethanol/water intake, mice received
daily i.p. injections ofeither vehicle or ANA12 (Figure 4a and b). ANA2
reversed the stable ethanol intake of WT nflge 42=30.53, <0.001) but did not
change the voluntarand the forced ethanol intakef DsR’" mice (data not
shown). Neither in WT nor inDsR” mice total fluid intake was affectethy
treatment with ANA12 (Figure 4c and data not showmlso in the DID
paradigm ANAl12 was effective in reducingthanol intake in WT mice
(F.5576.64, R0.05,Figure 4d), whereas it did not change ethanol intaksi-

mice (Figure 4e).To assess the selective blockade of the BDNF receptor in
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striatum by ANA12, we determined, by immunoblot, the abundance of
phosphorylated TrkB. As shown in Figure 4featment of WT with ANA12
significantly decreaseghosphorylation of TrkB (g&35~184.5, <0.01). Finally
and more interestingly, ANA2 strongly decreasecsR mMRNA expression in the
striatum of WT mice exposed tmluntary ethanol intake (Figure 4fzks=184.5,

P<0.001).

3.5 Buspirone Inhibited Ethanol Intake

In the twabottle choice paradigm, after 30 days of stagteanol/water
intake, mice were treated with buspirofie mg/kg/day). As shown in Figure 5a
and b, treatmerdf WT with buspirone sigficantly decreased voluntary ethanol
intake (Fu1,28720.88, <0.05). Treatment oDsR” mice with buspirone did not
change ethanol intak@ata not shown). Neither in WT nor DsR”" mice total
fluid intake was affected by treatment (Figure 5¢c and datashown). The
treatment with buspirone also significantigcreased ethanol intake in WT mice
when tested in th®ID. Dose ranging of buspirone (0.1, 1, 3, and 10 mg/kg)
showed that treatment of WT with buspirone at the dose3® afid 10 mg/kg
significartly decreased ethanol intake baththe 1st day (&75=31.24, <0.05)
and in the 2nd dayFu7s= 31.24, <0.01 3 mg/kg; g0.05 10 mg/kg) of the
behavioral paradigm (Figure 5d). Buspirone did not chatanol intake of WT

in the 3rd and 4th days oflD (Figure 5d). Furthermore, in the DID paradigm, 3
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mg/kg buspirone did not change ethanol intak®3R™ mice (datanot shown).
Because buspirone is also known asHT3 A agonist, the ER specific effect of
buspirone in decreasingthanol intake was odirmed by using the selective 5
HT1A agonist, 80OH-DPAT. As shown in Figure 5e, treatment wOH-DPAT

(1 mg/kg, i.p.) in WT andsR’ mice mice didnot affect ethanol intake (Figure 5e
and data not shown). Asxpectd, the 5HT1A selective agonist -®H-DPAT
decreased the body temperature of WT migesfF14.99,p<0.001) (Figure 5f).
Buspirone (3 mg/kg) decreased thady temperature of WT mice only transiently

(Figure 5f)

3.6 DA receptor signaling intisatum of WT and BR” mice exposed tatearol

Activation of D1 receptor results in activation of adenylyl
cyclase/cAMP/protein kinase A (PKA) signaling; a majabstrate for PKA in the
striatum is DARPF32. D2like receptors regulate the activity of the protein
kinases Akt and GSK3b; stimulation of either DR or DsR results in
phosphorylation of Akt and GSK3b (Mannoury la Cetiral, 2011). In order to
assess activation of dopaminerdgransmission in striatum, we determined, by
immunoblot, the abundance of phdsprylated DARPPF32 (Thr 34) andof
phosphorylated GSK3b (Ser 9). As shown in Figured&&phoGSK3b was more
abundant in striatum ddsR’- micethan in WT mice, whereas phosphoDARBP

showed thesame tendency, though it did not reach statistical significance.
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Treatment of WT mice with SBZ011A inducedhosphorylation of DARPR2
and GSK3b, up to the leveken inDsR” mice. In contrast, in cerebellum, there
was no difference in the level phosphoDARRBR and posphoGSK3b between

WT e D3R” mice, nor it was influencetly SB277011A treatnme in WT.
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4. Discussion
This study demonstrates thag®is necessary for ethancbnsumption in

mice, because eithersR gene deletion oDsR pharmacological blockade by
selective BR experimental antagonists or the approved drug buspirone, inhibits
alcohol intake. The BR overexpression induced by ethaméke associated with
the activation of RACK1/BDNF mayepresent the basis for a reinforcing
mechanism of ethanahtake. Indeed, although selective blockade of the TrkB
reversed stable intake of etitd in WT mice and decreas&dR expression levels

in their striatum, it was ineffective D3R’ mice It seems that ER, among D2

like receptors, is the key player addiction, particularly in reward mechanisms.
Indeed,although the BER is associated #thh mesocortical ananesohippocampal
DA pathway, the BR is associated witlthe ventral mesolimbic DA system
(Sokoloff et al, 1990)Previous studies reported low levels ofRDboth in animal
models and in patients addicted to cocaine, alcohol, metamphetaand
nicotine (Volkow et al 2009). Converselypregulation of BR expression has
been reported followinggexposure to DA elevating drugs (Boileau et 2012;
Heidbreder and Newman, 2010; Le Foll et @b05b; Mash]1997; Segal et al
1997, Staleyand Mash, 1996)An important interpretative issue is the genetic
background on which the ;B null mutation was placed. Specifizhavioral

phenotypes are differently expressed in differsttins of mice (Nelson and
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Young, 1998). ThédsR’ mice we usedare on the C57BL/6J background (Accili
et al, 1996), a strain where ethanol preference and sensitiviteglisdocumented
(Crabbe et al 1983). InterestinglyDsR’ mice have extracellular DA levels twice
as high as theVT littermates (Joseph et.aP002; Koeltzow et al 1998);this
enhanced DA tone and the resulting adaptations reflgct removal of the
inhibitory influence of BR in thecontrol of basal extracellular DA levels (Le Foll
et al, 2005a),giving support to an autoreceptor role fogRDin the mesolimbic
areas of the brain (Diaz et,a2000). Theincreased DA activity irDsR” mice is
consistent withtheir phenotype, including higher basal levels of grooming
behavior, hypetocomotion, and reactivity to drugaired environmental cues
(Accili et al, 1996; Le Foll et al 2005a;Le Foll et al, 2002).Here we found that
DsR” mice chronically exposedo the voluntary ethanol intake paradigm, drink
very low quantities of ethanol in comparison with their WT littermates. This
observationcannot be attributed to differences metabolism (McQuade et.al
2003), locomotor activity(Harrison and Nobrega, 2009), or taste reactivity
(McQuadeet al, 2003) between WT aridsR” mice The lowerethanol intake of
DsR” mice in comparison with the WT control mice seems apparently in
contrast with the only tw@revious studies testinBsR”" mice in the ethanol
voluntary intake paradigm (Boydeustay and Risinge2003; McQuade et al
2003). This may be due, at least part, to some important fterences in

experimentaprocedures used. Indeed, McQuade et28l03), that havehown no
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difference betweerDsR’" mice and WT in the 24 access paradigm, used a
different experimental procedure the twobottle choice paradigm. First, they
used jus# daysof adaptation period before ethanol exposure. Secondiebtsd

both DsR” mice and WT animals with increasingoncentrations of ethanol in
subsequent-day steps. In thérst step, 3% ethanol, in the second step 6%, in the
third step 10%, inhe 4th 15%, and finally, in the 5th 208&hanol. Thus, the
behavioral paradigm used by McQuaxte ceworkers is quite different from our
paradigm. Fromour experience, for these mice it is to have a long period of
habituation in the twabottle paradigm 8 days) before tstart with the ethanol
access procedure. It is likely that th@ogressive increase of the ethanol
concentration every days, may induce an adaptation to the ethanol that damps
the difference betwee®sR’ and WT mice. Furthermore, ihte Mc Qu ad e
study, the relative positions of thethanol and water bottle were determined
randomly eachday, whereas in our experiments the positiontulfes was
interchanged (left/right) every 24 h, to prevexquisition of position bias. The
random chage of bottlesmay expose a given animal to access the same solution
(either ethanol or water) in the same position for two/tlttegs consecutively,
which may interfere with the resultf the experiment during a short period of
observation(7 days).In the study by Boyc&®ustay and Risinger (2003), C57
animals were used as control @GR’ mice These experiments are not

comparable to our experiments us\iWJ littermates as controls. Moreover, again,
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in this studyincreasing concentrations of ethanol eveised in 8lay steps (3 and
10%). Thus, (i) the behavioral procedurealierent; (ii) an adaptation to ethanol
may occur and dampthe difference between genotyped.o obtain
pharmacological evidence for a functional rofeDsR in the control of volunty
ethanol intake, we testelvo DsR antagonists, U99194A and SB277011A at
dosegeported to selectively target the®(Carr et al 2002;Reavill et al, 2000).
Before administering these drugs, werformed a molecular modeling study to
gain informationon the interaction of U99194A and SB277011A witkRD As
illustrated in Supplementary Information, in silico analysi®wed that the two
D3R antagonists were (i) highlselective for the ER subtype and (ii) displayed a
distinct interaction (different iding energy, different interactigmatterns) with
D3R, consistent with their distinct chemicatructure. We found that both
U99194A and SB277011Anduced a significant decrease in voluntary ethanol
intake iINWT but not inDsR”- mice. This pharmacologitavidencereinforces the
view that the BR is necessary for ethanocdnsumption in mice and is consistent
with rat datashowing that BR antagonism reduces relagée drinking and cue
induced ethanedeeking behavior (Vengeliere al, 2006).

We confimed the primary role of #R in the control ofethanoldrinking
behavior in a bingdike ethanoldrinking paradigm (Crabbe et.aR011; Rhodes
et al, 2005; Rhodest al, 2007). Here, agaim)sR’ mice exposed to DIDdrank

lower quantities of ethanol isomparison with theiWT littermates, and ER
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blockade by SB277011A decreasettianol intake in WT but not iBsR” mice

No differenceswere recorded in the DID at day 4. Indeed, there was nedther
genotype effect between WT arsR” mice nor a treatrant effect with the
SB277011A in WT mice. In general, tbengelike behavior is captured by the 2 h
time window thatdetects differences between treatments/genotypes tigtethe

4 h window, because the cumulative intake avérmakes smaller the progion

of differences (Rhodest al, 2005). Thus, it is likely that, the lack of differences
on day 4 is due to the longer lasting access to ethanolptioaluced overall a
higher consumption, potentially masking the genotype/treatment effect on binge
like drinking behavior occurring in the first 2 Henhanced BR expression in
striatum following longtermalcohol consumption has been previously reported in
bothmice and rats (Jeanblanc et @006; Vengeliene et.aP006).Our data show
and confirm thatchronic voluntary ethanointake upregulated R mRNA
expression in the striatuof WT mice. Interestingly, ER expression is increased
by exposure to other addictive drugs, such as nicotinecandine, in caudate
putamen (Neisewander et,a&2004) andn nucleus accumbens of rats (Le Foll et
al., 2003, 2005b)and humans (Staley and Mash, 1996). Expression sf D
therefore appears to be a potential basis for a reinforamghanism in reward
related behavior associated witbluntary intake of addictiverdgs and ethanol.

A number of studies have linkeds:® expression in th@ucleus accumbens to

BDNF derived from cortical sourcéSuillin et al, 2001; Le Foll et al 2005b);
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furthermore,ethanol exposure increases both BDNF asR Within thestriatum
itself (Jeanblanc et al2006; McGough et al 2004). The scaffolding protein
RACK1 is a key regulator of BDNfexpression; RACK1 translocates to the
nucleus afteexposure of neurons to ethanol and increases expresSBDONF
(McGough et al 2004). Jeanbf& et al (2006) proposed that the
RACK1/BDNF/DsR pathway is involvedh the control of ethanol consumption in
mice. Ourhypothesis is that activation of RACK1/BDNF by ethanaly induce
expression of R, which in turn controls andhaintains ethanol consption.
This hypothesis is supported by the data we generated showing that: (i) ethanol
intake is negligible inDsR” mice and robust in WT; (ii)increase in
RACK1/BDNF/DsR is maintained during chroniethanol intake in WT; (iii)
forced ethanol intake ineasesRACK1/BDNF even inDsR’ mice. Furthermore,
chronic voluntary ethanol intake increasedsHD expression in striatum
concomitant with increased expression of BDNiFis noteworthy that, in the
basal conditionDsR”" mice exhibited higher BDNF than W consistent with a
tendencyreported in a recent study (Xing et,&012). Whersubjected to forced
ethanol intakePsR” mice showeda robust increase in BDNF expression in the
striatum.Therefore, chronic ethanol intake increases BDNF independdrilyR
receptor stimulation. The finding that chroeithanol intake increased RACKL in
striatum of both WTand DsR”- mice provides additional evidence for the role of

RACK1/BDNF/DsR pathway in ethanol intake; chrorethanol intake stimulates
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RACK1/BDNF pathway leadingo D3R overexpression and addictive behavior in
WT, but not in DsR”" mice, because this latter lackss® To provide additional
evidence, we blocked the BDN#athway by using the TrkB specific antagonist,
ANA-12. Wefound that ANA12 revered ethanol intake both in the twobottle
choice and DID paradigms and strongly decredbedexpression of §R in the
striatum of WFtreated miceRecently, RR on VTA-SN dopaminergic neurons
werefound to mediate neuroplasticity effects of several addictiugs (Collo et
al., 2012; Collo et aJ 2013).Therefore, ouconclusion about the engagement of
striatal RACK1, BDNFand R in mediating ethanol consumption may be only a
part of a more complex mechanism, whose elucidationne@yire an assessment
of the effects of ethanol intake in tMdA-SN dopaminergic neurons.

Finally, in a translational perspective, we tested buspirone, a drug marketed
for anxiety disorders, endowed wilbsR antagonist (Bergman et.,aR013; Le
Foll and Boileau2013; Newman eal., 2012) and 8HT1A partial agonisactivity
(Wong et al 2007). Notably, buspirone shows alsgh affinity for other D2like
receptors (Bergman et.aR013; Kula et aJ 1994; Tallman et gl 1997). D3R
antagonistamay be effective for treating subsce use disorders atdispirone
has proven effective in several preclinical modedrug abuse (Heidbreder and
Newman, 2010; Higley et aR011; Song et gl2012), but no studies have, so far,
investigated its BR antagonist action in ethanol consumpt By both

radioligand binding and moleculamodelling studies (see Supplementary
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Information), we found thatuspirone: (i) shows slight higher affinity ag®than

at D2R (Ki, 29 vs 62 nM, respectively) and may folinteractions comparable
with those é SB277011A in BR, having the antagost binding mode at £R, (ii)
displays a distinct interaction from the other two antagonists SB277011A and
U99194A (different binding emgy, different interaction padtrns) with BR,
consistent withtheir distinct chenical stru¢ure. Thereafter, we found that
buspirone induced a sigroint decrease in ethanol intake both twecbottle
choiceand DID paradigms. The dose bimg/kg inhibited ethanol intake in both
paradigms, thouglis effect did not reach statisticagsificance in DID; 3 and.0
mg/kg, however produced a significant effect in DID. Wenfirmed the
specificity of xR effect by using a selectizseHT1A agonist, 8OH-DPAT, in the

DID. Treatment with 8OH-DPAT did not impact ethanol intake, whereas, as
expected, decreased the body temperature in a stableer. In a translational
perspective, an important issisethe actual availability of buspirone to bindR

in humanCN S . Reported buspironebs aflRini
ranges from 3.5 to 98M (Bergman et al 2013;Newman et a)J 2012), which
partially overlaps its affinity fob-HT1A receptors; because buspirone binding to
5-HT1A is considered the basis of its anxiolytic activity in humans, likedy that
anxiolytic doses are sufficiemd occupy also ER in human CNS. However, the

DsR-related therapeutipotential of buspirone requires more detailed information,
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including measurements okR receptor occupancy imuman PET studies, as an
essential prerequisite to clinicabplication.

Finally, asDsR”" mice have been shown to exhilgktracellular DA levels
substantially higher than WT, asssessed by microdialysis (Koeltzow et, al
1998), a phenomenon related to the lack of autoreceptor function (Jetsaph
2002), we hypothesizedahethanol intake effectivelstimulates DA release and
transmission in WT, but not iDsR” mice, presumably because this latter already
displayshigh extracellular DA levelsTo test the hypothesis thakeatment with
D3R antagonists mimicked the highADphenotype documented B3R’ mice
(Koeltzow et al 1998), we assessed phosphorylation of DARPP32, that is
increasedby different addictive drugs, including ethanol (Nuutiretnal, 2011;
Svenningsson et .al2005), and of GSK3b, that I;ked to D2like receptors
signaling cascade (Beaulieu et, 2007; Li et al, 2009), particularly under hyper
DAergic conditions (Li et al 2009). Treatment with SB277011/creased
phosphorylation of DARPP32 and of GSK3b tdesel similar to that oDsR”
mice Thus, chronic blockade dhe DsR or its genetic deletion increased DA
transmission irstriatum, consistent with increased extracellular DA (Joséat,
2002; Koeltzow et al 1998).

In conclusion, either ER gene deletion or §R pharmacological blockad
inhibit ethanol intake. Thus, pharmacological antagonism selectively targeting

DsR may provide abasis for novel weaning treatments to inhibit ethanol
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consumption. In this context, buspirone, a drug markaseanxiolytic since more
than 25 years and eoded with DsR antagonist activity, exhibits, translational

potential fortreating alcohol addiction.
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Neuropsychopharmacology

Figure 1 In thetwo-bottle choice paradignDsR’ mice show a lower voluntary ethanol intake as compared

with wild-type (WT). D3 pharmacological antagonism inhibits ethanol intake in WT mice. (a, b) Voluntary
ethanol intake was measured every 24 h, for 44 days, in WADJrendDsR’- (n=30) mice that had free

access to water and ethanol solution (10%). (c) Shows total fluid intake that was not different in the two
groups. (d, e), Voluntary ethanol intake was measured as in a, but in mice that had received the day before
and kept receiving daily i.p. injection of either saline (vehicle, VE#,0), U99194A (x10) or SB277011A

(n=10), either drug at 10 mg/kg. (f) Total fluid intake in either group that was not affected by drug treatment.
***n<0.001 vs water or vehicle (VEHYOneway ANOVA and NewmaiKeuls post hoc test.
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Figure 2 In the drinking in the dark (DID) paradigr®sR’ mice show alower ethanol intake as compared
with their wild-type (WT) littermatesThe D3 antagonist SB277011A inhibits ethanol intake of M@not in
DsR” mice (a) DID was measured, for 4 days, in WE18) andDsR” (n=12) mice that had limited access
(2 hiday for 3 days and 4 h tlh day) to ethanol solution (20%). (b, c) Voluntary ethanol intake was
measured as in a, but in mice thad received the day before and kegueiving daily i.p. injection of either
saline (vehicle, VEH, ®10), orSB277011A (r10), at 10 mg/kg. *g0.05, **p<0.01, ***p<0.001 vswild-

type (WT) or vehicle (VEH). Onaray ANOVA and NewmainKeuls post hoc test.
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Figure 3 Chronic ethanol intake induces®upregulation, associated with the activation of BDNF/RACK1

pathway. Abundance of transcripts in striatuas assessed by quantitative-RTR after 44 days of free

access to water gn(white columns), or to both water and ethla¢imack columns, upper panelg) forced

ethanol intake (black columns lower panels). In the forced alatiwking procedure (ch), DsR” and WT

received 10% ethanol only, with without SB277011A or busmne for 14 days. (a, f) D3 Expression profile

in WT; (b, d, g) brairderived neurotrophic factor (BDNF) expression profilé\ifi andDsR” micg (c, e, h)

RACK1 expression profile in WT anBs:R’ mice Mean fold changes are expressed relative to trighsc

levels in controls (WT havingccess to water only). Each column is the mean (+ SEM) from five different

samples. *g0.05, **p<0.01 vs water. Onevay ANOVA and NewmaihKeulspost hoc test.
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Neuropsychopharmacology

Figure 4 The selective TrKB antagist, ANA-12 reverses ethanol intake of WT mice and induces D3
receptor downregulation but does not chaatfenol intake oDs:R* mice (a, b and c) Voluntary ethanol
intake was measured eye24 h, for 34 days, in WT (189) andDsR” (n=20) mice that ad free access to
water and ethanol solution (10%). At day 31, mice received daily i.p. injection of either vehicle (VEH), or
ANA-12 at 0.5 mg/kg. (d, e) Drinkirig the dark (DID) was masured, for 4 days, in WT (8Fand D3DsR”

(n=9) mice that had lited access (2 h/day for 3 days and 4 h the 4th dagjhinol solution (20%), daily
injected with vehicle oiANA-12 1 h before the test. *p<0.05, **p<0.01, ***p<001 vs VEH, onavay
ANOVA and Newmari Keuls post hoc test. (f) The abundance of transcapf33 receptor in striatum was
assessed by quantitative ffCR in WT mice exposed tchronic voluntary ethanol intake. Mean fold
changes are expressed relative to transcript levels in controls. The abundance of phosphorylated TrkB was
assessed by immunobldn the striatum WT treated with ANA2 and exposed to the voluntary ethanol
intake. Bars show mean (+ SEM). #p.01,***p <0.001 vs vehicle. Onway ANOVA and NewmaiKeuls

post hoc test.
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Figure 5 Buspirone inhibits ethanol take in WT mice both in the two bottle choice and DID paradigm. (a, b)
Voluntary ethanol intake was measured every 24 h, for 44 days, inn®?D)(andDsR’- (n=20) mice that
had free access to water and ethanol solution (10%). Mice received for 14 rdayslay 31, daily i.p.
injection of either vehicle (VEH) or buspirone at 1 mg/kg. (c) Total fluid intake that was not changed by
buspirone. *g0.05, **p<0.01 vs VEH. Onavay ANOVA and NewmaihKeuls post hoc test. (d) The dose
ranging of buspirone (0.1, B, and 10 mg/kg) in WT mice exposed to the drinking in the dark (DID)
paradigm. DID was measured, for 4 days, in WE3@) that had limited access (2 h/day for 3 days and 4 h
the 4th day) to ethanol solution (20%).<05, **p<0.01 vs VEH. Onavay ANOVA and NewmaiKeuls
post hoc test. (e) The effect of the selectiudTBLA agonist, SOHDPAT in DID paradigm. 8OH-DPAT at 1
mg/kg did not change ethanol intake. (f) The action ##iT3A of 3 mg/kg buspirone was compared with 1
mg/kg 80H-DPAT by assessing thgharmacologically induced hypothermia. *#@.001 vs VEH. Onevay
ANOVA and NewmainKeuls post hoc test.
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Figure 6 DA receptor signaling is enhanced in striatunDeR” mice and of SB277011Areated WT mice.
The abundance ofhpsphorylatedDARPR32 (Thr 34) (a) and phosphorylated GSK3b (Ser 9) (b) was
assessed by immunoblot, in the striatum of WT mice exposed to theetongoluntary ethanol intake (white
columns) and injected i.p. for 14 daysth either vehicle or 10 mg/k§B277011A and irDsR" (black
columns).Brain tissues were taken 1 h after the last administration of either vehi@B23t7011A. Bar
graphs show mean (+ SEM) of intensities normalizgainst the respective nphosphorylated protein. Each
column is themean (x SEM) from five different samples.<@05 vs control (vehiclnjected WT). Twe

way ANOVA and NewmaihKeuls post hoc test.
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