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RESUMO

ESTUDO EXPERIMENTAL DOS EFEITOS DO CANABIDIOL: POSSIVEL
ESTRATEGIA PARA O TRATAMENTO DA ADICAO A ANFETAMINA

AUTORA: Vinicia Garzella Metz
ORIENTADORA: Prof® Dr2 Camila Simonetti Pase
COORIENTADORA: Prof? Dr2 Marilise Escobar Biirger

A adicdo a anfetamina (ANF) é uma doenca cronica e recidivante caracterizada pela busca e uso compulsivo da
droga, apesar de suas consequéncias prejudiciais. Atualmente, ndo ha tratamento farmacolégico eficaz e aprovado
para o tratamento dessa importante condi¢do neuropsiquiatrica. Deste modo, a busca por novos alvos terapéuticos
gue possam favorecer o tratamento da drogadicao e reduzir as recorrentes recaidas representa o maior desafio para
a cura da condi¢do. O canabidiol (CBD) tem mostrado muitos beneficios no tratamento de doencas que afetam o
sistema nervoso central e recentemente, tem sido considerado uma potencial estratégia para o tratamento da adicao.
Assim, o presente estudo teve por objetivo avaliar os efeitos do CBD sobre pardmetros neuroquimicos e
comportamentais de recaida em ratos expostos a ANF, cuja execugdo envolveu dois protocolos experimentais. No
protocolo experimental 1 (PEL), os efeitos do tratamento com CBD sobre parametros comportamentais de recaida
apos condicionamento e recondicionamento com ANF depois da extingdo da preferéncia pela droga foram
avaliados. Nesse protocolo, os animais foram inicialmente expostos a ANF (4 mg/kg, i.p) no protocolo de
preferéncia condicionada de lugar (PCL) por 8 dias. Apds o teste de PCL, os animais receberam tratamento com
CBD (5 ou 10 mg/kg, i.p) durante os 5 dias de abstinéncia a droga. Na sequéncia, 0s animais foram expostos
novamente a ANF (recondicionamento) por 3 dias e o teste de recaida foi executado. No protocolo experimental
2 (PE2), o objetivo foi investigar os efeitos do tratamento com CBD sobre pardmetros comportamentais de recaida
a ANF induzida por um estimulo estressor. Para isto, os animais foram expostos & ANF (4 mg/kg, i.p) através do
protocolo de PCL por 8 dias e sequencialmente tratados com CBD (10 mg/kg, i.p) durante os 5 dias de abstinéncia
da droga. O comportamento de recaida a busca pela droga foi induzido por um protocolo de nado forgado antes do
teste de recaida. Em ambos protocolos, os animais também foram submetidos a avaliagdes comportamentais no
teste de campo aberto e labirinto em cruz elevado para andlise da atividade locomotora e comportamentos de
ansiedade, respectivamente. Além disso, no PE1, o cortex pré-frontal (CPF) e o estriado ventral (EV) foram
coletados para a analise de alvos dopaminérgicos através de western blot, enquanto que no PE2, as regifes
escolhidas foram a area tegmental ventral (ATV) e o EV para a andlise de alvos dopaminérgicos e
endocanabinoides. Nossos resultados mostraram que, em ambos 0s protocolos experimentais, 0 CBD preveniu a
recaida @ ANF e diminuiu o comportamento de ansiedade per se, também observado nos animais expostos a ANF.
No PE1, o CBD restaurou os niveis dos alvos dopaminérgicos (D1R, D2R, DAT e TH), alterados pela exposicao
a ANF em ambas as regifes cerebrais. Esse mesmo efeito do CDB sobre D1R, D2R e DAT no EV foi observado
no PE2. As andlises moleculares do PE2 também revelaram que na ATV, o CBD restaurou os niveis de CB1R
diminuidos pela exposicdo a ANF, aumentou os niveis da enzima responsavel pela sintese dos endocanabinoides,
a NAPE-PLD, e diminuiu os niveis da enzima que faz a degradacgéo destes, a FAAH. Esses achados moleculares
nos permitem hipotetizar que o potencial efeito anti-recaida do CBD reflete a capacidade deste em aumentar o
tonus endocanabinoide e, entéo, restaurar o sistema dopaminérgico comprometido pela exposi¢do a ANF. Embora
estudos adicionais sejam necessarios, 0 CBD mostra-se como uma alternativa farmacoldgica promissora para o
tratamento da adi¢do por drogas psicoestimulantes como a ANF.

Palavras-chave: Adicao, Psicoestimulantes, Canabinoides, Sistema Dopaminérgico, Sistema Endocanabinoide






ABSTRACT

EXPERIMENTAL STUDY OF THE EFFECTS OF CANNABIDIOL: POTENTIAL
STRATEGY FOR THE TREATMENT OF AMPHETAMINE ADDICTION

AUTHOR: Vinicia Garzella Metz
ADVISOR: Prof2 Dr2 Camila Simonetti Pase
COADVISOR: Prof? Dr® Marilise Escobar Burger

Amphetamine (AMPH) addiction is a chronic and relapsing disease caused by the compulsive drug seeking and
continued use despite harmful consequences. Currently, there is no effective and approved pharmacological
treatment for the treatment of this important neuropsychiatric condition. Thus, the search for new therapeutic
targets that can favor the treatment of drug addiction and reduce recurrent relapses represents the biggest challenge
for the cure of the condition. Cannabidiol (CBD) has shown many benefits in the treatment of diseases that affect
the central nervous system and recently, it has been considered a potential strategy for the treatment of
addiction.Thus, the present study aimed to evaluate the effects of CBD on neurochemical and behavioral
parameters of relapse in rats AMPH-exposed, whose execution involved two experimental protocols. In
experimental protocol 1 (EP1), the effects of CBD treatment on behavioral parameters of relapse after conditioning
and reconditioning with AMPH after drug preference extinction were evaluated. In that protocol, animals were
initially exposed to ANF (4 mg/kg, i.p) in the conditioned place preference (CPP) protocol for 8 days. After the
CPP test, the animals received CBD treatment (5 or 10 mg/kg, i.p) during the 5 days of drug abstinence.
Subsequently, the animals were exposed again to AMPH (reconditioning) for 3 days and the relapse test was
performed. In experimental protocol 2 (EP2), the aim was to investigate the effects of CBD treatment on behavioral
parameters of relapse to AMPH induced by a stressor stimulus. For this, the animals were exposed to AMPH(4
mg/kg, i.p) through the CPP protocol for 8 days and sequentially treated with CBD (10 mg/kg, i.p) during the 5
days of drug abstinence. Relapse drug-seeking behavior was induced by a forced swimming protocol prior to
relapse testing. In both protocols, the animals were also submitted to behavioral assessments in the open field test
and elevated plus maze to analyze locomotor activity and anxiety behaviors, respectively. Furthermore, in PE1,
the prefrontal cortex (PFC) and ventral striatum (EV) were collected for the analysis of dopaminergic targets
through western blot, while in PE2, the regions chosen were the ventral tegmental area (VTA) and the EV for the
analysis of dopaminergic and endocannabinoid targets. Our results showed that, in both experimental protocols,
CBD prevented AMPH relapse and decreased anxiety behavior per se, also observed in animals exposed to AMPH.
In EP1, CBD restored the levels of dopaminergic targets (D1R, D2R, DAT and TH), altered by AMPH exposure
in both brain regions.This same effect of CBD on D1R, D2R and DAT in VE was observed in EP2. Molecular
analysis of EP2 also revealed that in VTA, CBD restored CB1R levels lowered by AMPH exposure, increased
levels of the enzyme responsible for endocannabinoid synthesis, NAPE-PLD, and decreased levels of the enzyme
that degrades them, the FAAH. These molecular findings allow us to hypothesize that the potential anti-relapse
effect of CBD reflects its ability to increase endocannabinoid tone and thus restore the dopaminergic system
compromised by AMPH exposure. Although further studies are needed, CBD appears to be a promising
pharmacological alternative for the treatment of addiction to psychostimulant drugs such as AMPH.

Keywords: Addiction; Psychostimulants; Cannabinoids; Dopaminergic system; Endocannabinoid
system.
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APRESENTACAO

Esta tese esta estruturada em secOes dispostas da seguinte forma: Introducéo,
Referencial Teorico, Justificativa, Objetivos, Producdo Cientifica, Discussdo, Conclusao,
Perspectivas e Referéncias. Nos itens INTRODUCAO e REFERENCIAL TEORICO
encontram-se consideragdes iniciais sobre o tema desenvolvido nesta tese. Os itens
JUSTIFICATIVA e OBJETIVOS dispbe sobre a fundamentacdo e os objetivos que
nortearam este estudo, respectivamente. O item PRODUCAO CIENTIFICA é composto por
um artigo cientifico e um manuscrito cientifico, 0s quais representam a integra dessa tese e
contemplam os itens MATERIAIS E METODOS, RESULTADOS, DISCUSSAO E
REFERENCIAS, sob a formatacdo das revistas em que se encontram publicados. Ao fim
encontram-se os itens DISCUSSAO e CONCLUSAO nos quais ha interpretacdes e
comentarios gerais dos artigos contidos neste estudo. O item MATERIAL SUPLEMENTAR
€ composto por um resumo expandido relacionado a estudos de doutorado sanduiche no
exterior. O item REFERENCIAS abrange somente as citacbes apresentadas nos itens
INTRODUGAO, REFERENCIAL TEORICO e DISCUSSAO.
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1 INTRODUCAO

A adicéo pode ser definida como a perda de controle sobre 0 uso de drogas ou a busca
compulsiva dessas substancias, apesar das consequéncias prejudiciais decorrentes (NESTLER,
2001). Doencas, morte, baixa produtividade e crime estdo todos associados a dependéncia de
drogas, que, além disso, possui um alto impacto emocional e social (GOLDSTEIN; VOLKOW,
2002). Sendo assim, a adicdo tem sido objeto de intensa pesquisa cientifica, tendo em vista a
elucidacdo dos mecanismos neurobioldgicos envolvidos nesse disturbio psiquiatrico e o
desenvolvimento de novas alternativas de prevencéo e tratamento. Atualmente existem terapias
farmacoldgicas aprovadas para a adicdo a alguns tipos de drogas, contudo, estas ndo tém se
mostrado suficientes para prevenir efetivamente as altas taxas de recaida apos a abstinéncia
(CADTH, 2014).

Psicoestimulantes como as anfetaminas sdo amplamente utilizados em todo o mundo
com fins terapéuticos. No entanto, apresentam alto potencial de abuso dependendo do contexto
do seu emprego (WESTOVER; NAOKONEZKY; HALEY, 2008). Alguns derivados
anfetaminicos sdo comumente prescritos na clinica médica para o tratamento do transtorno de
déficit de atencdo e hiperatividade (TDAH), assim como também sdo Uteis na farmacoterapia
da obesidade mdrbida e da narcolepsia (BERMAN et al., 2009; CLEGG-KRAYNOK;
MCBEAN; MONTGOMERY-DOWNS, 2011). Além disso, também sdo frequentemente
utilizados indevidamente para fins ndo médicos (JOHNSTON et al. 2017; SAMSHA, 2014).
Outras drogas pertencentes a esta classe como o 3,4, metilenodioximetanfetamina (MDMA), a
metanfetamina e a d-anfetamina, sdo utilizados exclusivamente com carater abusivo
(WESTOVER; NAOKONEZKY; HALEY, 2008). As ANF e seus derivados, juntos, ocupam
o0 segundo lugar como droga mais utilizada de forma abusiva mundialmente (UNODC, 2021).
O uso destas substancias de forma recreacional se deve aos seus efeitos agudos, que incluem
aumento da atencéo, da autoconfianga, do estado de alerta e de euforia (PHILLPIS; EPSTEIN;
PRESTON, 2014). Apesar da alta prevaléncia de abuso de ANF e de todo o impacto negativo
decorrente do uso dessas drogas sobre o individuo adicto e a sociedade em geral, ndo ha
nenhuma intervencdo farmacoldgica aprovada para o tratamento da adicdo a ANF
(ALTSHULER et al., 2019).

A via dopaminérgica mesolimbica, também conhecida como via da recompensa ou
centro do prazer hed6nico no cérebro, tem sido evidenciada como o principal alvo das drogas
de abuso (KATZUNG et al., 2012; STAHL, 2014). Essa via tem origem na area tegmental

ventral, que faz projecdes para o nucleus accumbens, amigdala, hipocampo e cortex pré-frontal
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(FELTENSTEIN; SEE, 2008). De um modo geral, as drogas aditivas agem ativando essa via e
desencadeiam diversas consequéncias neurobiologicas (GOLDSTEIN; VOLKOW, 2002). J&
foi demonstrado que o uso crénico de drogas de abuso pode desencadear neuroadaptacfes a
niveis moleculares e celulares. Presume-se que essas mudancas corroboram para 0
comportamento compulsivo, assim como para a ocorréncia de recaidas (CHOU;
NARASIMNHAN, 2005).

Embora o sistema dopaminérgico tenha sido considerado o sistema mais importante
envolvido nos processos de recompensa do cérebro por décadas (LIU E LI, 2018), evidéncias
recentes sugerem que o sistema endocanabinoide (SE) também tem um papel fundamental na
sinalizagdo de eventos recompensadores (MANZANARES et al., 2018; OLIERE et al., 2013).
Endocanabindides (eCBs) e receptores de canabindides sdo amplamente expressos em areas
cerebrais do sistema mesocorticolimbico e acredita-se que eles podem modular a sinalizacao
dopaminérgica nesta via (EVERETT et al., 2021; LUPICA et al., 2004; MALDONADO E
RODRIGUEZ DE FONSECA, 2002; MELIS et al., 2004). Os eCBs também parecem participar
da plasticidade sinaptica do sistema mesocorticolimbico, necessaria para o desenvolvimento
das mudancas adaptativas, levando a adicdo (GERDEMAN et al., 2002; ROBBE et al., 2002).
Além disso, foram encontradas neuroadapta¢des no sistema endocanabinoide apos exposicao
cronica a drogas (PARSONS E HURD, 2015) e a modulagéo desse sistema tem sido apontada
como um alvo potencial para o desenvolvimento de estratégias para o tratamento da adicao.

O canabidiol (CBD), um canabinoide exdgeno, € o principal composto néo
psicotomimético da planta Cannabis sativa e ja demonstrou propriedades ansioliticas,
antipsicoticas, antidepressivas e neuroprotetoras (DOS SANTOS et al., 2017). Os mecanismos
moleculares envolvidos nos efeitos induzidos pelo CBD possivelmente se devem a acdo desse
composto no SE (CAMPOS et al., 2017). Além disso, o0 CBD parece exercer acdes em outros
sistemas (ZANELATTI et al, 2010) e tem sido associado a modulacdo de circuitos neurais
envolvidos na adicdo e comportamentos de busca de drogas (OLIERE et al., 2013).
Recentemente, 0 CBD tem sido apontado como uma possivel ferramenta farmacologica para o
tratamento da adicdo (CHYE et al., 2019). Alguns estudos pré-clinicos ja demonstraram
resultados favoraveis e promissores no tratamento da adi¢&o por opioides e também por cocaina
(DE CARVALHO; TAKAHASHI, 2017; KATSIDONI et al., 2013, REN et al., 2009). Embora
a eficacia do tratamento com CBD na adi¢do por ANF vinha sendo pouco explorada (HAY et
al., 2018; PARKER et al., 2004), um crescimento no interesse da pesquisa cientifica nesse
sentido tem sido percebido através de um aumento significativo no numero de estudos

publicados relacionados a essa tematica nos dois tltimos anos (ANOOSHE et al., 2021; METZ
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et al.,, 2021; NOURI et al., 2021; RAZAVI et al., 2020; SHARIFI et al., 2022; YANG et al.,
2020). Esse fato reitera a importancia de investigar detalhadamente o potencial terapéutico e 0s
possiveis mecanismos implicados em um tratamento experimental com CBD na prevencéo de
recaidas por ANF, visto que o mesmo pode surgir como uma nova alternativa de tratamento

para esse relevante problema de salde publica.
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2 REFERENCIAL TEORICO

2.1 A ADICAO

A adicdo é um distarbio neuropsiquiatrico caracterizado pela compulséo e perda do
controle sobre 0 uso de drogas, apesar das graves consequéncias negativas (GOLDSTEIN;
VOLKOW, 2002; NESTLER, 2001). Com causas e consequéncias fisioldgicas, psicologicas e
sociais (NESTLER; AGHAJANIAN, 1997), a adicdo ocasiona quadros de ansiedade,
irritabilidade e disforia em situa¢fes em que o uso da substancia é privado (KOOB; LE MOAL,
2008).

Segundo o ultimo Relatério Mundial sobre Drogas, estima-se que em 2019 cerca de
5,5% da populacdo mundial adulta, isto €, 275 milhdes de pessoas fizeram uso de drogas. Além
disso, é alarmante o fato de que destes individuos, aproximadamente 36 milhdes desenvolveram
transtornos relacionados ao uso destas substancias (UNODC, 2021). Vista, atualmente, como
um grave problema de salde publica, a adicdo despende uma expressiva quantia em gastos
publicos, pois envolve altos custos médico-hospitalares e elevados custos sociais relacionados
a criminalidade (MC LELLAN, 2017; UNODC; 2021).

Sabe-se que a exposi¢do cronica a drogas de abuso acarreta mudancas significativas a
nivel molecular e celular no cérebro humano, e presume-se que essas mudancas podem estar
subjacentes as anormalidades comportamentais caracteristicas apresentadas por individuos
dependentes (NESTLER, 2001). Contudo, 0os mecanismos neurobioldgicos envolvidos nesses
processos de neuroadaptacbes que ocorrem durante a adicdo ndo sdo completamente
conhecidos.

Considerada uma doenca pela Organizacdo Mundial da Saude (CID-10: F19), a adi¢édo
carece de tratamento, porém, seja ele psicoldgico e/ou farmacoldgico, estad frequentemente
atrelado a ocorréncia de recaidas (MAJEWSKA, 1996; PAU; LEE; CHAN, 2002). Embora haja
um aumento da pesquisa e dos avancos cientificos neste segmento, as alternativas
farmacoldgicas desenvolvidas até 0 momento se restringem a apenas alguns tipos de drogas
(VALLOF et al.,, 2016). Por exemplo, o tratamento farmacoldgico recomendado para o
transtorno por uso de drogas opioides inclui a precipitacdo da sindrome de abstinéncia com o
antagonista opioide naloxona (LARNEY et al., 2014) e o tratamento de manutencdo com
agonistas opioides como a buprenorfina e a metadona (BONHOMME et al., 2012; JIANG et
al., 2016). A adicdo por nicotina é tratada atraves da terapia de reposicao da mesma (CADTH,

2014) ou de farmacos que atuam como agonistas dos receptores nicotinicos como a bupropiona
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e a varenciclina (EBBERT et al. 2015). Por sua vez, o acamprosato, dissulfiram e a naltrexona
sdo medicamentos aprovados para a dependéncia alcodlica (NIDA, 2020). E importante
salientar que os medicamentos atualmente disponiveis ndo previnem eficazmente a alta taxa de
recaida apos a abstinéncia (CADETH, 2014). Além disso, estes podem produzir efeitos
colaterais graves, como a overdose por opioides no tratamento de manutengdo com agonistas
opioides (BONHOMME et al., 2012). Dessa forma, o desenvolvimento de novas ferramentas
para prevencdo e tratamento da adicdo, e especialmente da recaida, sdo imprescindiveis,

considerando os impactos ocasionados por esse fendmeno para o individuo e para a sociedade.

2.2 RECAIDA

E sabido que o uso cronico de drogas pode desencadear alteragdes citoplasmaticas e em
membranas celulares, impactando sobre receptores, transportadores e enzimas (KOOB,;
SANNA; BLOOM, 1998). Além disso, é também capaz de afetar importantes fatores de
transcricdo levando a modificacdes da expressdo génica de proteinas implicadas na transducgéo
de sinal e/ou neurotransmissao. Sendo assim, a exposicdo recorrente a estas substancias é capaz
de resultar em modificagdes no funcionamento celular cerebral e em respostas neuronais
alteradas (CARLEZON; DUMAN; NESTLER, 2005). Acredita-se que estas neuroadaptacoes
celulares e moleculares persistem mesmo apds um longo intervalo de tempo depois da
interrupcao do uso da droga e corroboram para o comportamento compulsivo, assim como para
a ocorréncia de recaidas (CHOU; NARASIMNHAN, 2005).

Durante o tratamento da adi¢&o, a recaida ao uso de drogas € sem ddvidas o fator clinico
mais dificil de ser controlado (KAPLAN; OUDEYER, 2007). Mesmo apds um longo periodo
de abstinéncia e/ou tratamento, a recaida pode ser desencadeada pela exposi¢do a droga em si,
atraves de pistas ambientais associadas a droga ou pelo estresse (SHAHAN; HOPE, 2005). Em
virtude a sua complexidade, as estratégias de tratamento precisam abranger varios tipos de
intervencdes, tendo em vista os elementos bioldgicos, psicolégicos e sociais implicados
(KAPLAN E OUDEYER, 2007). A farmacoterapia tem um papel fundamental no tratamento
da adicdo em suas diversas fases, incluindo a prevencao da recaida. Os medicamentos sao
utilizados principalmente como adjuvantes de tratamentos psicossociais e a escolha dos
farmacos empregados nessas circunstancias depende do tipo especifico de droga a qual o
individuo é adicto (DOUAIHY, 2013; KNEVITZ E BUCCINI, 2018). Contudo, os beneficios

dos farmacos atualmente disponiveis para o tratamento da adi¢éo a alguns tipos de drogas ainda
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sdo bastante limitados e no que diz respeito a adi¢do a substancias, como por exemplo 0s
psicoestimulantes, ndo ha farmacoterapia aprovada (KNEVITZ E BUCCINI, 2018).

2.3 DROGAS PSICOESTIMULANTES

Substancias psicoestimulantes sdo extensamente utilizadas no mundo todo (UNODC,
2021) e o seu uso se deve aos efeitos proporcionados. O aumento do estado de vigilia e a
diminuicdo da sensacdo de fadiga s&o alguns de seus principais efeitos quando administrados
agudamente ou em doses baixas a moderadas. Ainda, alguns psicoestimulantes parecem
provocar uma melhora na cognicdo a curto prazo nestas circunstancias. Quando utilizados por
longos periodos ou em doses elevadas, provocam sintomas que variam desde aumento da
euforia e excitacdo, até a ocorréncia de episddios psicoticos, com delirios e alucinacbes
(BOUTREL; KOOB, 2004; KUMAR, 2008; QU et al. 2008; RANG et al., 2016; VOLKOW et
al., 2009). No geral, ainda outros sintomas fisicos podem surgir apos o uso destas substancias,
como taquicardia, hipertensdo, inquietacdo, tremores e inibicdo da motilidade gastrointestinal.
Em casos mais graves, o uso de psicoestimulantes pode ocasionar insuficiéncia cardiaca,
convulsBes e acidente vascular encefélico (CARVALHO et al., 2012; STAHL, 2014). A
anfetamina (ANF) e a cocaina sdo exemplos deste tipo de substancias, as quais possuem alto
potencial aditivo (STAHL, 2014).

2.4 ANFETAMINA E SEUS EFEITOS SOBRE O SISTEMA NERVOSO CENTRAL

A ANF é uma amina simpaticomimética que desempenha vigorosas a¢des estimulantes
sobre o sistema nervoso central (SNC) (HILAL-DANDA; BRUNTON, 2015). Compreende um
anel benzénico com uma cadeia lateral de hidrocarbonetos, além de um grupamento amino
possuindo um grupamento alfa-metil em sua estrutura quimica (Figura 1). Esta estrutura basica
é também compartilhada por outros psicoestimulantes do tipo anfetaminicos.

Dependendo do contexto de seu emprego, ou seja, do propdsito com o qual séo
utilizadas, as anfetaminas compdem uma entidade terapéutica, porém tambem s&o substancias
passiveis de abuso (LILE; ROSS; NADER, 2005; WESTOVER; NAKONEZKY; HALEY,
2008). Na clinica médica, sdo utilizadas no tratamento da narcolepsia ou até mesmo como
supressores do apetite (anfepramona e femproporex). Além disso, derivados anfetaminicos
como o metilfenidato e a lisdexanfetamina s@o empregados no tratamento do Transtorno do
Déficit de Atencédo e Hiperatividade (TDAH) (BERMAN et al. 2009; CLEGG-KRAYNOK;
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MC BEAN; MONTGOMERY-DOWNS, 2011). Apesar de serem substancias prescritas, essas
ANF também possuem um amplo histdrico de abuso (UNOCD, 2021). Ja as anfetaminas como
a metanfetamina, a d-anfetamina e o 3,4-metilenodioximetanfetamina (MDMA), popularmente
conhecida como écstasy, sdo utilizados apenas com proposito recreacional e de abuso
(HOWARD et al. 2010; TIEGES et al. 2009), sendo que a metanfetamina e o écstasy sdo
substancias proibidas, comercializados apenas de forma ilegal. Estima-se que em 2019, 27
milhdes de pessoas no mundo tenham feito o0 uso de ANF e seus derivados de forma abusiva.

Além disso, 20 milhGes de pessoas fizeram o uso especificamente de écstasy (UNODC, 2021).

Figura 1 - Estrutura molecular da anfetamina

NH,

Fonte: (SITTE; FRESSMUTH, 2015).

Apos ser absorvida rapidamente pelo trato gastrointestinal ou através da mucosa nasal,
a ANF atravessa a barreira hematoencefalica e exerce seus poderosos efeitos sobre 0 SNC
(RANG et al. 2016). A ANF atua na liberacdo de monoaminas, especialmente dopamina e
noradrenalina, junto as terminacGes nervosas cerebrais (GREEN et al., 2003). Isso acontece de
varias formas. A ANF é um pseudosubstrato para os transportadores de dopamina (DAT) e
transportadores de noradrenalina (NET), e assim, atua como um inibidor competitivo destes
transportadores. Ou seja, ela se liga ao mesmo sitio onde as monoaminas se conectam com o
transportador e em virtude disso ocorre uma inibicdo da recaptacdo de dopamina (DA) e
noradrenalina (NA). (KUCZENSKI et al. 1995; RANG et al., 2016; STAHL, 2014; SULZER,
2011). Além disso, a ANF pode entrar no terminal dopaminérgico pré-sinaptico via processos
de captura ou difusdo e interagir com o transportador vesicular de monoaminas 2 (VMAT-2)
de modo a inibir a estocagem de DA e NA citoplasmaticas nas vesiculas de armazenamento
pré-sinapticas. N&o obstante, a ANF é transportada para dentro das vesiculas de armazenamento
pelo VMAT-2 e mobiliza a liberagdo das monoaminas enddgenas estocadas nas vesiculas para

o citoplasma (RANG et al., 2016). Em concentragdes elevadas, a ANF pode ainda inibir a
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monoamino-oxidase (MAO), enzima cuja funcdo é degradar as monoaminas citoplasmaticas.
Essa reducdo da degradacdo das monoaminas, especialmente de DA, aumenta ainda mais as
suas concentracOes citoplasmaticas (CAO et al. 2016; STAHL, 2014; SULZER, 2011). Essa
DA citoplasmatica pode sofrer auto-oxidacdo (HERMIDA-AMEIJEIRAS, 2004), além de
também ser capaz de inverter a direcdo do DAT ap0s sua ligacéo a esse transportador, liberando
DA na sinapse (CAO et al., 2016) (Figura 2).

Figura 2 — Mecanismo de acdo da anfetamina
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Fonte: (KATSUNG e TREVOR, 2015).

Neur6nios dopaminérgicos sdo encontrados em diversas areas cerebrais, sendo assim, 0
aumento dos niveis de monoaminas causado pela ANF pode acarretar diversas consequéncias
(CAO et al., 2016; WISE, 2004). O uso desta substancia parece provocar neuroadaptacdes no
sistema mesolimbico-mesocortical, o qual esta intimamente relacionado a mecanismos de
recompensa, favorecendo assim a adicdo (HOOKS et al., 1993; ROBINSON; BERRIDGE,
1993).

Entre as neuroadaptacOes estdo modificagdes da expressdo e da sensibilidade de
receptores dopaminérgicos (WHITE E WANG, 1984; ACKERMAN E WHITE, 1990; GAO et
al., 1998), alteracGes nos niveis de proteina G (NESTLER et al., 1990; STRIPLIN E KALIVAS,
1997), niveis basais extracelulares de DA aumentados (KALIVAS E DUFFY, 1998),

modificagdes na expresséo de tirosina hidroxilase (TH) (SORG et al., 1997), dentre outras.
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2.5 VIA MESOLIMBICA DOPAMINERGICA

Drogas psicoativas que acarretam dependéncia sdo conhecidas por ativarem a via
mesolimbica dopaminérgica, também conhecida como via de recompensa (RANG et al. 2016).
Estas substancias promovem uma liberagéo de dopamina (DA) de uma forma mais explosiva e
prazerosa do que a liberagdo ocorrida naturalmente no estriado ventral ou nucleus accumbens
(NAc), regido denominada como “centro da recompensa ou centro do prazer hedonico”
(STAHL, 2014). A via mesolimbica se origina na area tegmental ventral (ATV), localizada na
extremidade do tronco cerebral, e se projeta até o NAc, amigdala, hipocampo e cortex pré-
frontal (CPF) (Figura 3) (FELTSTEIN; SEE, 2008).

Figura 3 - Vias dopaminérgicas cerebrais: (a) Via nigroestriatal, (b) Via mesolimbica, (c) Via mesocortical, (d)
Via tuberoinfundibular e (e) Via de multiplos locais, ainda com funcéo ndo elucidada.
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Fonte: (STHAL, 2014).

A DA ¢ um neurotransmissor fundamental na adi¢do (BAIK, 2013). Ela € sintetizada a
partir do aminoacido tirosina, o qual, uma vez conduzido para dentro do terminal
dopaminérgico atraves do transportador de tirosina é convertido a DA, através da acéo de varias
enzimas. A mais importante e também a enzima limitante na sintese de DA ¢ a tirosina
hidroxilase (TH). Uma vez sintetizada, a DA é estocada em vesiculas pelo transportador

VMAT-2, até que seja liberada na sinapse durante a neurotransmissao. Através do transportador



25

de dopamina (DAT), a DA presente na fenda sinaptica pode ser transportada novamente para
dentro dos neurdnios pré-sinapticos, onde sera armazenada em vesiculas para futuro uso ou
ainda podera sofrer degradacdo pela enzima monoaminoxidase (MAQO). No meio extracelular,
a DA pode ser metabolizada através da enzima catecol-O-metil-transferase (COMT) (RANG et
al. 2016) (Figura 4).

Figura 4 - Neurotransmissdo dopaminérgica.
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Fonte: (STANDAERT e GALANTER, 2008).

Os receptores pré-sinapticos dopaminérgicos do tipo D2 (D2R) séo os responsaveis pelo
feedback negativo nos terminais pré-sindpticos. Todavia, 0s receptores pos-sinapticos
dopaminérgicos do tipo D1 (D1R), D2R, D3 (D3R), D4 (D4R) e D5 (D5R) regulam a

neurotransmissdo cada qual com distintas agdes. Esses receptores sdo transmembrana e



26

acoplados a proteina G, sendo expressos em diferentes quantidades em diversas areas cerebrais.
Os D1R e D5R se ligam a Gs, promovem a estimulagdo da adenilciclase e ativam a proteina
quinase A (PKA). Os demais receptores, D2R, D3R e D4R sdo acoplados a proteina Gi, sendo
assim, ativam canais de potassio, além de inibir os canais de célcio e a adenilciclase (RANG et
al. 2016) (Figura 5).

Figura 5 — Familias de Receptores de Dopamina: Os cinco subtipos de receptores dopaminérgicos (D1R a D5R)
podem ser classificados em duas grandes familias de receptores.
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Fonte: (GOLAN, 2014).

A exposicdo cronica as drogas anfetaminicas é capaz de causar um efeito molecular
duradouro e adaptacdes celulares no sistema dopaminérgico, o que pode contribuir para 0 uso
compulsivo e descontrolado. Os niveis de DA na regido do NAc geralmente encontram-se
diminuidos durante o periodo de abstinéncia de drogas (LINGFORD-HUGHES E NUTT,
2003). Esse estado hipodopaminérgico colabora para o surgimento de alguns sintomas de
retirada (ansiedade, comportamento depressivo) sempre observados em individuos adictos a
psicoestimulantes em periodo de abstinéncia, e também na manutencdo de comportamentos de
uso de drogas (OLIERE et al., 2013). Dessa forma, o sistema dopaminérgico é um alvo
importante e uma estratégia para o desenvolvimento de tratamentos para a adicdo (CAO et al.
2016).
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2.6 O SISTEMA ENDOCANABINOIDE

O sistema endocanabinoide (SE) é um sistema de sinalizacdo composto por enzimas que
sintetizam seus ligantes endogenos — também conhecidos como endocanabinoides (eCBs),
receptores que respondem aos eCBs desencadeando cascatas de sinalizacdo intracelular, além
de transportadores e enzimas que promovem a sintese e a degradacdo destes. Dois eCBs, a N-
araquidonoiletanolamida (AEA, também conhecida como anandamida) e o 2-
araquidonoilglicerol (2-AG) s@o os mais estudados, entretanto, outros eCBs foram identificados
mais recentemente. A AEA e o0 2-AG sdo estruturalmente semelhantes, porém sintetizados e
degradados por vias distintas (VOLKOW; HAMPSON; BALER, 2017). Contrariamente a
outros neurotransmissores, 0s eCBs ndo séo sintetizados e armazenados na célula nervosa. Eles
sao produzidos “sob demanda” a partir de seus precursores, os lipidios de membrana, de
maneira dependente de Ca®" (WILSON; KUNOS; NICOLL, 2001; WILSON;E NICOLL,
2001). Foi proposto que a enzima N-acilfosfatidiletanolamina fosfolipase D (NAPE-PDL)
possui um papel fundamental na sintese da AEA (OKAMOTO et al., 2007) e que a enzima
responsavel pela sintese de 2-AG ¢ a diacilglicerol lipase alfa (DAGLa) (TANIMURA et al,
2010) (Figura 6).

Figura 6 — Biossintese e inativa¢do dos endocanabinoides.
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Fonte: (ULUGOL, 2014).
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Apos a despolarizagdo dos neurénios pos-sinépticos, os eCBs sdo liberados na fenda
sinaptica e se ligam e ativam os receptores canabinoides, que, por sua vez, suprimem a liberacao
de diferentes neurotransmissores excitatérios e inibitorios (FRIDE, 2005) (Figura 6).
Designados tipo 1 (CB1R) e tipo 2 (CB2R), os receptores do SE sdo acoplados a proteina Gi e
possuem diferentes distribuicdes entre os tecidos. O CB1R é o mais expresso no SNC
(PERTWEE et al., 2010; BURNS et al., 2007), sendo encontrado em maior quantidade em
regibes como o hipocampo, estriado, cértex e amigdala e em niveis intermediarios no cerebelo
(ALLEN, 2016; CECCARINI, 2015). Por outro lado, 0 CB2R tem uma expressao geralmente
baixa a nivel de SNC, onde é restrito principalmente a microglia, mas é altamente expresso em
células e tecidos imunes periféricos (GALIEGUE et al., 1995).

Apds a sua sintese e subsequente liberacdo, a AEA e 0 2-AG sdo recaptados para dentro
dos neurdnios novamente onde sdo metabolizados por enzimas especificas (DURSTEWITZ;
SEAMANS, 2008). A AEA pode ser metabolizada pela acdo da amida hidrolase dos acidos
graxos (FAAH) (KELLET et al., 2016) e 0 2-AG pela monoacilglicerol lipase (MAGL) (VAN
DER MEER; VELTHORST, 2015) (Figura 6). De um modo geral, o SE parece estar envolvido
na modulacdo de diversos processos neurobiolégicos (VOLKOW; HAMPSON; BALER,
2017). Curiosamente, hd um aumento de evidéncias que apontam a implicacdo deste sistema
no sistema de recompensa e nos processos de adicdo (OLIERE et al., 2013).

2.7 0 PAPEL DOS ENDOCANABINOIDES NA ADICAO

Um namero crescente de transtornos psiquiatricos, incluindo transtornos por uso de
substancias (GHOSH; BASU, 2015), tém sido relacionados em varios aspectos a desregulacéo
do SE, uma vez que este encontra-se onipresente e desempenha um papel complexo na funcéo
cerebral. Estudos prévios observaram neuroadaptacdes no SE decorrentes da exposi¢do cronica
a drogas e tém sugerido que reducgdes na sinalizacdo desse sistema também podem contribuir
para a maior sensibilidade ao estresse e estados negativos de humor na adigdo (SIDHPURA;
PARSONS, 2011). Na verdade, o SE parece ter um papel essencial na regulacdo de varios
processos cognitivos e psicologicos associados a adi¢do como a recompensa, responsividade ao
estresse e a plasticidade sinaptica relacionada ao uso de drogas (GARDNER, 2005; HEIFETS;
CASTILLO, 2009; LUTZ, 2009).

Os eCBs regulam a busca de recompensa por modular a sinalizacdo dopaminérgica na
via mesocorticolimbica (WANG; LUPICA, 2014). Apesar do papel dos eCBs ainda permanecer

controverso, a maioria dos estudos realizados até 0 momento indica que esses desencadeiam
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um aumento na liberagdo de DA ap0s se ligarem ao CB1R (EVERETT et al., 2021; OLESON
et al., 2012; SOLINAS et al., 2006). Possiveis mecanismos foram propostos na tentativa de
explicar como a ativacdo do CB1R desencadeia o aumento do disparo e liberacdo neuronal de
DA. S&o eles: (i) acdo estimulatdria sobre os neurdnios dopaminérgicos; (ii) reducdo na
atividade inibitdria e consequente aumento da atividade excitatoria (SZABO; SIEMES, 2002).
Contudo, acredita-se que a modulacgdo direta de eCBs em neurdnios dopaminérgicos via CB1R
seja bastante improvavel, uma vez que, até onde é sabido, 0 CB1R néo é expresso em neurénios
dopaminérgicos (JULIAN et al., 2003). Por outro lado, ganhou forca a proposta de atuacao por
meio de um mecanismo de desinibicdo. Expressos em neurdnios GABAEérgicos na ATV,
quando os CB1R sdo ativados, eles supostamente inibem a transmissdo GABAGérgica nesta
regido do cérebro, levando a uma diminuicdo da interrupcdo inibitoria dos neurdnios
dopaminérgicos (LUPICA; RIEGEL, 2005; SZABO; SIEMES, 2002). Tudo isso culminaria em
um aumento na taxa de disparo neuronal e em um aumento na liberacdo de DA no nucleus
accumbens (NAc) (MELIS; PISTIS, 2012).

Dessa forma, inicialmente pensava-se que a interrup¢do da sinalizacdo endocanabinoide
poderia contribuir para a diminuicdo da liberacdo de DA e que isso poderia impactar
positivamente o vicio. De fato, alguns estudos mostraram que os antagonistas do CB1R
interrompem a sinalizagdo endocanabinoide e diminuem a liberacdo de DA, que é evocada por
drogas aditivas em ratos (CHEER et al., 2004; OLESON et al., 2012). No entanto, devido aos
altos riscos clinicos previamente demonstrados por antagonistas do CB1R como o rimonabanto
(HILL; GORZALKA, 2004), essa é uma linha de pesquisa que requer grande cautela.
Alternativamente, alguns grupos de pesquisa tém investigado a hipétese de que um aumento
farmacoldgico nos niveis de eCBs pode ser um método relativamente seguro de terapia de
reposicdo, especialmente durante a retirada do medicamento. Conforme mencionado
anteriormente, acredita-se que nesta fase o aparecimento de sintomas negativos € acompanhado
por uma diminuicdo dos niveis de DA. Assim, a modulacdo de eCBs poderia normalizar o0s
niveis diminuidos de DA e prevenir efeitos negativos que contribuem para a recaida
(MCCUTCHEON et al., 2012; OLESON; CHEER, 2013; ROITMAN et al., 2008).
Considerando essa hipétese de que o0 aumento do ténus endocanabinoide pode produzir efeitos
anti-abstinéncia, o uso de canabinoides exogenos pode vir a ser uma estratégia viavel para o

tratamento da adicéo.
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2.8 CANABIDIOL: POSSIVEL ESTRATEGIA PARA O TRATAMENTO DA ADICAO

O canabidiol (CBD) é um canabinoide exdgeno e o principal composto néo
psicotomimético da planta Cannabis sativa (DOS SANTOS et al., 2017) (Figura 7). Nos
ultimos anos, diversos grupos de pesquisa tém investigado os efeitos do CBD em estudos
bésicos e clinicos. Os resultados obtidos sugerem que 0 CBD possui efeitos benéficos altamente
promissores na terapéutica de distarbios neurologicos como epilepsia (DEVINSKY et al., 2014;
2016), esclerose mudltipla (GIACOPPO et al., 2015; KOZELA et al., 2011), Parkinson
(CHAGAS et al., 2014; ZUARDI et al., 2009) e Alzheimer (CHENG et al., 2014; MARTIN-
MORENO et al., 2011). Além disso, ha fortes evidéncias que o CBD melhora a cogni¢do
(OSBORNE; SOLOWIJ; WESTON-GREEN, 2017) e a neurogénese (LIPUT et al., 2013;
SCHIAVON et al., 2016), além de apresentar efeitos ansioliticos (BLESSING et al., 2015;
MOREIRA; AGUIAR; GUIMARAES, 2006), antidepressivo (SARTIM; GUIMARAES;
JOCA, 2016; LINGE et al., 2016) e antipsicético (LEWEKE et al., 2016; PERES et al., 2016),

o0 que reforca o seu potencial como estratégia no tratamento de doencas neuropsiquiatricas.

Figura 7 — Estrutura molecular do canabidiol.
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Fonte: (NETZAHUALCOYOTZI-PIETRA, 2009).

No Brasil, até 0 momento existem 6 medicamentos a base de CBD aprovados pela
Agéncia Nacional de Vigilancia Sanitaria (ANVISA). Estes podem ser prescritos no caso de
estarem esgotadas ou por serem ineficazes as opgOes terapéuticas disponiveis no mercado
brasileiro para determinadas doencas (BRASIL, 2019).

Os mecanismos moleculares do CBD nédo estdo completamente esclarecidos, mas
parecem incluir mais de 65 alvos (CAMPOS et al., 2016; IBEAS BIH et al., 2015). Estudos
recentes sugerem que o CBD age como um modulador alostérico negativo de CB1R e CB2R
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(LAPRAIERI et al., 2015), além de inibir a FAAH e consequentemente aumentar o tonus
endocanabinoide (CHAUVET et al., 2015). O CBD também pode agir como um antagonista do
receptor GPR55 (RYBERG et al., 2007), agonista parcial do receptor de serotonina 5-HT1A
(RUSSO et al., 2005), agonista do receptor de potencial transitdrio vaniloide do tipo 1 (TRPV1)
(BISOGNO et al., 2001) e modulador alostérico positivo do receptor p-opioide (MOR)
(KATHMANN et al., 2006) (Figura 8). Além disso, 0 CBD exerce a¢gdes em outros sistemas
(ZANELATTI et al., 2010) e tem sido associado a modulacgdo de circuitos neurais envolvidos

no estabelecimento da adicdo e em comportamentos de busca de drogas (OLIERE et al., 2013).

Figura 8 — Alguns dos principais alvos moleculares do canabidiol.
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Fonte: (LEE et al., 2017)

Diversos pesquisadores tém investigado os efeitos do CBD na saude fisica e mental,
sendo que um numero crescente tem se concentrado em elucidar a sua repercussao no
tratamento da adicdo (PRUD'HOMME et al., 2015). Recentemente, o CBD foi proposto como
uma estratégia de tratamento potencialmente eficaz no controle dos transtornos por uso de
substancias (CHYE et al., 2019). Estudos pré-clinicos sugerem que o CBD é capaz de reduzir

0 desejo e/ou a recaida por algumas substancias como alcool (VIUDEZ-MARTINEZ et al.,
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2018; 2020), opioides (MAHMUD et al., 2017; HURD et al., 2015) e psicoestimulantes
(LUJAN et al., 2018; PARKER et al., 2004). Os efeitos do tratamento com CBD na adig&o por
ANF até entdo vinham sendo pouco explorados (HAY et al., 2018; PARKER et al., 2004).
Especialmente nos ultimos dois anos, 0 CBD parece ter despertado o interesse em pesquisadores
da area, 0s quais tém se concentrado em investigar esse possivel potencial. Isso é evidenciado
pelo nimero crescente de estudos envolvendo principalmente a avaliagdo comportamental dos
efeitos de CBD em diversas fases da drogadicdo por ANF publicados recentemente
(ANOOSHE et al., 2021; METZ et al., 2021; NOURI et al., 2021; RAZAVI et al., 2020;
SHARIFI et al., 2022; YANG et al., 2020). Os resultados até entdo obtidos, levam a crer em
efeitos promissores desse canabinoide. Sendo assim, avaliar os efeitos comportamentais e
celulares e elucidar possiveis mecanismos envolvidos em um tratamento experimental com
CBD na prevencdo de recidivas por ANF é extremamente relevante, pois pode resultar em uma
estratégia farmacoldgica alternativa para o tratamento de um importante problema de satde

publica.

2.9 MODELO ANIMAL DE DEPENDENCIA DE DROGAS

Um numero crescente de estudos tem utilizado roedores em diferentes modelos animais
a fim de investigar os processos envolvidos na adicdo, elucidando efeitos comportamentais e
neuroquimicos (ARES-SANTOS et al., 2012; MOREIRA-SILVA, 2014). Nesse sentido, a
preferéncia condicionada de lugar (PCL) € um modelo animal comumente utilizado para melhor
compreender os fendbmenos envolvidos na adicdo a drogas como as anfetaminas (CRUZ;
MARIN; PLANETA, 2008; KUHN et al. 2013; 2015, METZ et al., 2019; 2021; SEGAT et al.,
2014; 2016; 2017; 2019).

A PCL é um paradigma classico baseado no condicionamento estimulo-ambiente e tem
sido empregada devido a sua potencial utilidade para testar diferentes estagios da drogadicao:
dependéncia, recompensa, extin¢do e recaida (BARDO; BEVINS, 2000; TZSCHENTKE,
2007). Este protocolo caracteriza-se por envolver a exposic¢ao passiva a droga e por apresentar
similaridade com o condicionamento classico de Pavlov (TZSCHENTKE, 1998). Sabe-se que
é intrinseco dos seres humanos e outras espécies animais apresentar preferéncia por alguns
lugares em detrimento de outros. Essa preferéncia pode ocorrer devido a caracteristicas
sensoriais de determinados lugares ou ainda pode ser adquirida como consequéncia de eventos
associados a esses locais (HUSTON et al., 2013; SEGAT et al., 2016).
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Os diferentes fendmenos envolvidos na adicdo sdo fortemente influenciados por
sugestOes ambientais, servindo de base para o paradigma de PCL, onde o animal relaciona as
pistas ambientais (do lugar) com os efeitos hedénicos da droga (MCCORVY et al. 2011). Na
PCL, os animais recebem a droga em um ambiente ou "contexto” com pistas ambientais e uma
substancia inativa em outro ambiente com sugestes ambientais distintas. ApOs esse
pareamento, 0s animais, em um estado livre de drogas, tém a opcao de se moverem livremente
entre os dois ambientes, e a quantidade de tempo em que 0s mesmos permaneceram no ambiente
associado a droga é tomada como um indice de preferéncia pela mesma. Em outras palavras,
uma maior permanéncia no ambiente pareado com a droga significa que o contexto adquiriu
destaque de incentivo, que reflete as propriedades recompensadoras da droga (NAPIER;
HERROLD; DE WIT, 2013).

O paradigma de PCL também tem sido utilizado como um modelo animal para acessar
os fendmenos de recaida no comportamento de busca de drogas (CALPE-LOPEZ; GARCIA-
PARDO; AGUILAR, 2019). Para isso, apds adquirirem a PCL para um ambiente pareado com
a droga, sdo realizadas varias sessdes de extin¢do. Durante as sessGes de exting¢do, 0s animais
exploram os compartimentos na auséncia da droga, de forma que a preferéncia adquirida seja
gradativamente atenuada (YAHYAVI-FIROUZ-ABADI; SEE, 2009). Entdo, em estudos de
recaida, ap0s atingir a extingdo da preferéncia pela droga adquirida anteriormente na PCL, 0s
animais retomam a busca pela substancia quando submetidos a uma das seguintes situagdes: (i)
reexposicdo a droga, (ii) exposicdo a estimulos estressores, (iii) exposi¢cdo a estimulos
ambientais relacionados a droga (SADEGHZADEH et al., 2015; SHARAM et al., 2003).

Como mencionado, um dos modelos animais utilizados para promover o
restabelecimento da PCL é a reexposicdo a droga. Ou seja, 0s animais retomam o
comportamento extinto de busca de drogas ap6s uma nova exposic¢do a substancia (SANCHIS-
SEGURA; SPANAGEL, 2006). Dependendo da droga em estudo, essa reintegracdo pode ser
induzida por uma Unica injec&o, a qual contém geralmente uma dose menor do que a utilizada
no estabelecimento da PCL (NESBIT; DIAS; PHILLIPS, 2015; SHEN et al., 2014;
SCHMEICHEL; BERRIDGE, 2014), ou ainda por uma sequéncia de inje¢des da droga que
levam a um recondicionamento e consequente restabelecimento da PCL (METZ et al., 2019;
2021; SEGAT et al., 2014; 2016; 2017; 2019).

Além disso, varios estudos ja demonstraram que o0 estresse € um dos fatores mais
importantes no restabelecimento da recaida a droga ap6s um periodo de abstinéncia (KARIMI-
HAGHIGHI; HAGHPARAST, 2018; MANTSCH et al., 2016; NYGARD et al., 2016;
SANCHIS-SEGURA; SPANAGEL, 2006; SEDKI et al., 2015). Sendo assim, diversos
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estimulos estressores tém sido utilizados para promover o restabelecimento da PCL em ratos,
dentre os quais destacam-se a exposi¢do do animal ao choque (SHARAM et al., 2003), privagao
aguda de comida (SEDKI et al., 2015), privacdo de sono (KARIMI-HAGHIGHI;
HAGHPARAST, 2018) e o estresse por natacdo forcada (HAGHPARAST et al., 2014,
MIKAIL et al., 2012), dentre outros.

Por fim, h& muito se reconhece que os estimulos ambientais sdo fatores importantes no
comportamento de busca por drogas (DI CHIANO; BLAHA; PHILLIPS, 2001; GOLDBERG,
1976; LE; SHAHAM, 2002). Tendo em vista isso, a exposi¢do a estimulos externos, como por
exemplo leves sons ou diferentes tipos de luzes que foram repetidamente emparelhados com a
administracao da droga podem provocar o restabelecimento da PCL pela substancia (ARROYO
etal., 1998; WEISS et al., 2001).
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3 JUSTIFICATIVA

O uso abusivo de drogas psicoativas como as anfetaminas esta cada vez mais difundido
na sociedade contemporanea. De particular importancia, alguns representantes anfetaminicos
licitos apresentam aplicages clinicas importantes, mas também s&o utilizados para fins
recreacionais, podendo apresentar uso abusivo com o desenvolvimento de adi¢cdo. Da mesma
forma, o uso abusivo de substancias anfetaminicas ilegais esta atrelado a adicdo. Nesse
contexto, individuos adictos em processo de tratamento para desintoxicacdo apresentam
frequentes episddios de recaida, evidenciando que a farmacoterapia disponivel até 0 momento
é apenas sintomatica, nao é especifica para a situacao e nao apresenta a eficacia necesséaria para
tratar a causa da doenca e evitar o fendmeno de recorréncia. O canabidiol (CBD) é um
canabindide exdgeno que atua em diferentes sistemas de neurotransmissores envolvidos na
adicdo e exerce propriedades terapéuticas que direta ou indiretamente, poderiam ser Uteis no
tratamento dos transtornos da drogadicdo. Estudos experimentais mostraram efeitos
promissores do CBD no tratamento do abuso de alcool, cocaina e morfina. Entretanto, os dados
disponiveis a respeito da influéncia do CBD na adicdo por anfetaminas sdo limitados e
inconclusivos. O grave problema do abuso dessas substancias em todo o mundo, combinado
com a clara necessidade de novas estratégias terapéuticas para tratar a drogadi¢do, como
também prevenir os episddios de recaida ao uso da droga justifica a exigéncia de mais estudos
para avaliar o potencial do CBD como uma nova intervencdo terapéutica, ap6s sequenciais e

necessarios estudos clinicos com o referido composto.
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4 OBJETIVOS

4.1 OBJETIVO GERAL

Investigar os efeitos do canabidiol (CBD) sobre parametros moleculares e
comportamentais de recaida em ratos expostos a anfetamina (ANF).

4.2 OBJETIVOS ESPECIFICOS

- Auvaliar o possivel efeito terapéutico do CBD na prevencao da recaida por ANF em
diferentes modelos experimentais (recondicionamento e restabelecimento por estresse
de natacdo forcada);

- Verificar a influéncia do tratamento com CBD sobre parametros comportamentais de
locomocéo e ansiedade em animais expostos a ANF;

- Analisar os efeitos do tratamento com CBD sobre alteragcdes decorrentes a exposicao a
ANF em marcadores moleculares dopaminérgicos e do sistema endocanabinoide em
regides cerebrais envolvidas na drogadic&o;

- Investigar uma relagdo causal entre os efeitos moleculares do CBD sobre o sistema
dopaminérgico e endocanabinoide e a prevencdo dos comportamentos de ansiedade e
recaida a ANF.
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5 PRODUCAO CIENTIFICA

Os itens Materiais e Métodos, Resultados, Discussdo e Referéncias que fazem parte
desta tese estdo apresentados sob a forma de um artigo cientifico e um manuscrito cientifico,
0s quais encontram-se dispostos na integra de maneira a proporcionar um melhor entendimento

do estudo como um todo.
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KEYWORDS Abstract

Addiction; Amphetamine (AMPH) is an addictive psychostimulant highly used worldwide and its consump-
Anxiety; tion is related to neurotoxic effects. Currently, there is no pharmacotherapy approved for
Psychostimulant; treating AMPH or other psychostimulant drug addiction. Different studies have shown promis-
Cannabinoid; ing properties of cannabidiol (CBD) for treating many neurological and psychiatric diseases,
Dopaminergic system and recently, CBD is being considered a potential strategy for the treatment of drug addiction

disorders. Thus, we investigated possible CBD beneficial effects on relapse symptoms following
AMPH re-exposure considering drug relapse is the most difficult clinical factor to control dur-
ing addiction treatment. Rats received d,l-AMPH (4 mg/kg, i.p.) or vehicle in the conditioned
place preference (CPP) paradigm (8 days), when each experimental group was re-assigned to
receive CBD at two different doses (5 or 10 mg/kg, i.p) or control, for 5 days. Subsequently,
animals were re-exposed to AMPH-CPP (4 mg/kg, i.p.) for 3 additional days to assess relapse
behavior. Besides locomotor and anxiety-like behaviors, dopaminergic molecular parameters
were quantified in both prefrontal cortex and ventral striatum. Regarding molecular levels,
CBD modulated at basal levels the dopaminergic targets (D1R, D2R, DAT, and TH) in the as-
sessed brain areas, preventing AMPH relapse and decreasing anxiety-like behavior per se and in
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AMPH-CPP animals. The current findings give evidence about CBD-induced AMPH-relapse pre-
vention, which may be linked to dopaminergic mesocorticolimbic system modulation. Although
future and clinical studies are needed, our outcomes show that CBD may be a useful alternative

to prevent AMPH relapse.

© 2021 Elsevier B.V. and ECNP. All rights reserved.

1. Introduction

Drug addiction is a severe public health problem charac-
terized by compulsive and uncontrolled drug use, resulting
in serious medical, psychiatric, and socioeconomic concerns
(Cao et al., 2016). Currently, amphetamine-type stimulants,
including 3,4-methylenedioxymethamphetamine (MDMA),
amphetamine (AMPH), and methamphetamine (METH) are
the third most common class of illicit drugs used world-
wide (UNODC, 2020). These substances present a high risk
of dependence and relapse even after long periods of ab-
stinence (Markou, 2009), however, no approved pharmaco-
logical therapy is available for the treatment of addicted
individuals (Cao et al., 2016).

Chronic exposure to psychoactive substances may cause
molecular and cellular neuroadaptations in brain areas re-
lated to the reward system contributing to compulsive and
uncontrolled use of addictive drugs (Cao et al., 2016). The
mesocorticolimbic dopaminergic circuit is known for its me-
diation in the addictive drug reinforcement (Marsden, 2006)
including AMPH-like drugs, which mechanism involves an
increase in the dopaminergic neurotransmission (Koob and
Volkow, 2010). Although other systems such as the gluta-
mate system, trace amine system, antireward system, and
central immune system are also involved in the addiction
(Liu and Li, 2018), the dopaminergic signaling modulation
is a possible target for the development of pharmacological
treatments for drug addiction (Courtney and Ray, 2016).

Cannabidiol (CBD) is the Cannabis sativa plant’s
second most abundant phytocannabinoid component
(Mechoulan et al., 2002). Besides, it does not cause psy-
chotomimetic effects (Martin-Santos et al., 2012) and
CBD exerts no rewarding or abuse potential (Viudez-
Martinez et al., 2019). CBD has stood out in clinical and
preclinical studies as a promising compound due to its
therapeutic properties when applied for the treatment of
several neurological and psychiatric diseases (Black et al.,
2019; Crippa et al., 2018).. Recently, CBD has caught the
researchers’ attention, representing a potential strategy
for addictive substance use disorders treatment, and to
date, preclinical studies had shown promising results in the
addiction treatments to different drugs (de Carvalho and
Takahashi., 2017; Lujan et al., 2018; Viudez-Martinez et al.,
2020). CBD presents a multi-target pharmacological profile
(Lujan et al., 2018) and its mechanism of action is still
poorly understood. CBD can act as a GPR55 antagonist
(Ryberg et al., 2007), partial agonist to serotonin 5-HT1A
receptors (Russo et al., 2005), transient receptor poten-
tial vanilloid 1 (TRPV1) agonist (Bisogno et al., 2001),
p-opioid receptor (MOR) positive allosteric modulator
(Kathmann et al., 2006) and adenosine uptake inhibitor
(Liou et al., 2008). Despite initial controversy about its
endocannabinoid targets (Zlebnik and Cheer, 2016), recent
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studies indicate that CBD acts as a negative allosteric
modulator of type 1 (CB1) and type 2 (CB2) cannabinoid
receptors (Laprairie et al., 2015; Tham et al., 2019). In
addition, CBD acts as an inhibitor of fatty acid amide
hydrolase (FAAH), the main endocannabinoid enzyme,
metabolizing anandamide, which is an endocannabinoid
and consequently increasing the endocannabinoid tone
(Chauvet et al., 2015). CBD still acts in other systems
(Zanelati et al., 2010) and has been associated with the
modulation of neural circuits involved in addiction and
drug-seeking behaviors (Oliere et al., 2013), such as the
dopaminergic mesocorticolimbic system (Renard et al.,
2017).

Although recent studies have demonstrated the CBD ben-
eficial effects in drug addiction treatments, few studies
have focused on the impact of this cannabinoid on AMPH
addiction (Hay et al., 2018; Karimi-Haghighi and Hagh-
parast, 2018; Karimi-Haghighi et al., 2020). Also, there is
some evidence that CBD could prevent neuroadaptations in-
duced by psychostimulant drugs (Calpe-Lopez et al., 2019;
Murillo-Rodriguez et al., 2011). Regarding this, the cur-
rent study was performed to evaluate the CBD therapeu-
tic potential on behavioral parameters related to AMPH re-
lapse, besides evaluating the molecular consequences in the
dopaminergic mesocorticolimbic brain areas of rats as well.

2. Experimental procedures

2.1. Animals

Forty-two male Wistar rats weighing approximately 100-
150 g were used for this study. The experimental proto-
col started on postnatal day 43 (PND43). This age was se-
lected because it corresponds to the period of the rats’
adolescence, which is considered a highly vulnerable pe-
riod for the development of drug abuse conditions (Teixeira-
Gomez et al., 2015).The animals were divided into groups of
three (+£1) and housed in Plexiglas cages with food and wa-
ter ad libitum. They were kept in a room with controlled
temperature (22-23 °C) on a 12 h-light/dark cycle.

The experimental procedures were approved by the Re-
search Ethics Committee of the Federal University of Santa
Maria (UFSM-8850121118), which is affiliated with the Na-
tional Council for the Control of Animal Experiments (CON-
CEA), following international norms of care and animal
maintenance.

2.2. Drugs and solution

The d,l-amphetamine (AMPH; Merck, Germany) (4 mg e
mL—/kg), dissolved in saline (0.9% NaCl; AMPH-vehicle)
was used to induce conditioned place preference (CPP).
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Experimental design: after basal behavioral evaluation (pre-test), animals were treated with AMPH (4 mg/kg, i.p.) for

8 days, when the 1st behavioral evaluation was performed in the CPP paradigm. Subsequently, animals were treated with CBD
(5 or 10 mg/kg, i.p.) for 5 days, followed by three more days of AMPH reconditioning. 24 h after the last AMPH administration,
animals were re-exposed to CPP evaluation followed by behavioral and molecular analysis in both PFC and VS. Abbreviations: AMPH:
amphetamine; CBD: cannabidiol; CPP: conditioned place preference; EPM: elevated plus maze; OF: open field; PFC: prefrontal

cortex; VS: ventral striatum.

The choice of dose and time for both conditioning- and
reconditioning-period were standardized in the AMPH-
CPP, and used in previous studies of our research group
(Segat et al., 2014, 2016, 2017; Metz et al., 2019).
Cannabidiol (CBD; STI Pharmaceuticals, United Kingdom)
was dissolved in a solution of 2% polysorbate 80 (Tween 80;
Sigma-Aldrich, St Louis, MO, USA) and saline to a concentra-
tion of 5 or 10 mg « mL—/kg). For the current study, the
rationale for the CBD dose was based on previously pub-
lished studies performed in animal models of drug addiction
(Mahmud et al., 2017; Ren et al., 2009a, 2009b). CBD was
administered for 5 days, considering the extinction period
of the AMPH preference, which, according to our previous
pilot studies, can be observed from the 4th day after the
last AMPH exposure. All drugs were intraperitoneally (i.p.)
injected at a volume of 1 ml/kg of body weight.

2.3. Experimental protocol

Animals (n = 42) were initially designated to two exper-
imental groups (n = 21): vehicle (saline - 0.9% NaCl so-
lution, i.p.) and amphetamine (AMPH, 4 mg/kg, i.p), and
exposed to the conditioned place preference (CPP) pro-
tocol (as described in 2.4.1 section). After the first CPP
test, which was performed to verify AMPH preference, each
group was re-assigned and received the CBD treatment at
two different doses (CBD 5 or 10 mg/kg, i.p) or control
(saline and 2% polysorbate 80, i.p) once a day for five days.
This resulted in six final groups (n = 7): i) vehicle/control;
ii) vehicle/CBD5; iii) vehicle/CBD10; iv) AMPH/control; v)
AMPH/CBD5; vi) AMPH/CBD10. Subsequently, animals that
were previously conditioned with the drug were re-exposed
to the AMPH-CPP paradigm after additional AMPH/vehicle
conditioning. Then, the CPP test was performed again to
verify AMPH relapse. In sequence, the animals were exposed
to the open field test and the elevated plus-maze test for
assessing locomotor activity and anxiety-like symptoms, re-
spectively. The behavioral tests were recorded for later as-
sessment. Following 24 h of the last behavioral assessment
(Metz et al., 2019; Segat et al., 2017), all animals were
anesthetized (isoflurane, the dose to the effect) and eutha-
nized by decapitation. The prefrontal cortex (PFC) and ven-
tral striatum (VS) were dissected according to Paxinos and
Watson (2007) and stored at — 80 °C freezer for analysis
(Fig. 1).
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2.4. Behavioral assessments

2.4.1. Conditioned place preference (CPP)

The CPP paradigm is an animal model used to assess the
hedonic reinforcement effects of addictive drugs. The CPP
device consists of a box with two compartments of equal
size (45 x 45 x 50 cm) and with an equivalent intensity
of light but having different environmental stimuli: one
compartment has a white floor and striped walls, and the
other has a striped floor and smooth white walls. The ac-
cess to both compartments was via a central compartment
(18 x 36 x 50 cm) separated by manual guillotine doors.

The AMPH-induced CPP was performed according to the
following phases: habituation, pre-test, conditioning, CPP
test, extinction, reconditioning, and CPP test. On post-
natal day (PND) 43, for habituation, the animals were
kept for 15 min (min) in each compartment, without ac-
cess to the neutral compartment. This procedure aimed
to exclude exploratory behavior that is common in new
environments to avoid misinterpretations on the testing
day.

On the following day (PND 44) rats performed the pre-
test, where the animal is placed in the central compartment
with free access to the entire apparatus for 15 min. The
time spent in each compartment was assessed. This test was
carried out to determine the innate environmental chamber
preference, used to discard the rats who showed strong un-
conditioned aversion (less than 25% of the session time) or
preference (more than 75% of the session time) for any com-
partment (Vasquez et al., 2006).

On the following 8 days (PND 45-52), animals were con-
ditioned with AMPH for 25 min in the compartment they
spent the shortest pre-test time and with vehicle (0.9%
NaCl) in the paired compartment, with an interval of 4 h be-
tween each administration (Dias et al., 2019; Segat et al.,
2018). Vehicle-treated groups received two daily injections
of saline solution in both CPP compartments in alternated
turns. The CPP test was conducted on PND 53, and the time
spent in each compartment was recorded for 15 min. Results
express the percentage of time spent by the animals in the
compartment associated with AMPH during the abstinence
period. Subsequently, additional CPP tests were performed
to assess the loss of preference for the drug. The extinction
of the preference for AMPH was observed on the fourth day
after the last AMPH administration.
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Fig. 2 AMPH-induced preference behavior (AMPH, 4 mg/kg, i.p. for 8 days) observed in the CPP paradigm before CBD treatment
(5and 10 mg/kg, i.p., for 5 days) (Fig 2a), the extinction test on the 4th day after the last AMPH administration (Fig. 2b) and drug
preference behavior after AMPH reconditioning (AMPH, 4mg/kg, i.p. for 3 days) (Fig. 2c) (n=7). Data are expressed as mean =+
S.E.M. * indicates a significant difference of vehicle/AMPH in the same treatment (control/CBD) (P<0.05). + indicates significant
difference of treatment (control/CBD) in the same conditioning (vehicle/AMPH) (P<0.05). Abbreviations: AMPH: amphetamine;

CBD: cannabidiol.

CBD treatment started after the first CPP test and
lasted for 5 days. After the CBD treatment period, ani-
mals were submitted to three more days of the vehicle or
AMPH re-conditioning (Dias et al., 2019; Metz et al., 2019;
Segat et al., 2016, 2017) in the CPP apparatus, which was
followed by an additional drug preference test as described
above. Relapse symptoms were quantified by the highest
time spent in the drug-paired environment in this second
drug exposure (Metz et al., 2019; Segat et al., 2014, 2016)

2.4.2. Open field (OF) task

The open-field (OF) test was used to assess the loco-
motor activity of rats (Sestakova et al., 2013). Animals
were individually placed in the center of an OF arena
(40 x 40 x 30 cm) enclosed by black matte walls and floor
divided into squares, as described by Kerr et al. (2005). The
number of crossings (horizontal squares crossed) and cen-
ter crossings (center squares crossed) were quantified for
5 min.

2.4.3. Elevated plus maze (EPM) task
To assess anxiety-like symptoms, animals were subjected
to the elevated plus maze (EPM) paradigm. The appara-
tus consists of a platform elevated 50 cm from the floor.
Forty-centimeter-high (40 cm) walls enclose two opposite
arms (50 x 10 cm) while the other two arms have no walls.
All arms have a central intersection (10 x 10 cm). In the
present study, we evaluated the time spent in the open
arms (sec), open arms entries (number), anxiety index (cal-
culated by the following formula), and total arms entries
(number) (Montgomery, 1955):
S Open arms time
Anxietyindex = 1 — ((W)

Open arms entries P
Total entries

Anxiety index values range from 0 to 1, where an in-
crease in the index expresses increased anxiety-like behav-
ior (Cohenetal., 2012).

2.5. Molecular assays

Molecular analyses were performed by western blot as
described by Dias et al. (2017). Briefly, the membranes
were incubated with the primary antibodies (Santa Cruz
Biotechnology): anti-dopamine D1 receptor (D1) (1:500, sc-
33660), anti-dopamine D2 receptor (D2) (1:500, sc-9113),
anti-dopamine transporter (DAT) (1:500, sc-14002), anti-
vesicular monoamine transporter 2 (VMAT2) (1:500, sc-
374079), anti-tyrosine hydroxylase (TH) (1:500, sc-25269),
and B-actin (1:50000; Sigma-Aldrich, St. Louis, USA), fol-
lowed by the appropriate secondary antibody (Santa Cruz
Biotechnology) IgG horseradish peroxidase conjugate. Actin
was used as an internal control and data were standardized
according to its values.

2.6. Statistical analysis

Power analysis for sample size calculation was performed to
determine the balance among the number of subjects, ob-
served size effect, and required alpha value. From this as-
sessment, we calculated the achieved power using G*Power
(3.1) and assumed a high effect size (f = 0,5) for all analy-
ses. Sample-size of n = 7 animals per group was enough to
detect a difference between evaluations with 80% of power
and 0.05 of significance levels. CPP data before CBD treat-
ment were analyzed by Student’s t-test. For other analyses,
two-way ANOVA followed by Newman-Keuls test was per-
formed using Statistic® (version 7.0). Values of P < 0.05
were considered statistically significant for all comparisons
made. GraphPad Prism® (version 6.0) was used to design the
figures.

3. Results

3.1. (CBD treatment effects on AMPH-conditioned
place preference (CPP)

The behavioral assessment performed after AMPH con-
ditioning and before CBD treatment showed that AMPH-
conditioned animals remained more time in the drug-
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Fig. 3 (CBD treatment influence (5 and 10 mg/kg, i.p., for 5 days) on the locomotor activity in the open field (OF) task after
AMPH reconditioning (4 mg/kg, i.p., for 3 days). Crossing number (a) and number of central squares crossed (b) were quanti-

fied (n = 7). Data are expressed as mean + S.E.M. * indicates

a significant difference of vehicle/AMPH in the same treatment

(control/CBD) (P<0.05). + indicates significant differences of treatment (control/CBD) in the same conditioning (vehicle/ AMPH)
(P<0.05). # indicates significant differences of the CBD doses in the same conditioning (vehicle/AMPH) (P<0.05). Abbreviations:

AMPH: amphetamine; CBD: cannabidiol.

conditioned compartment in comparison to the vehicle-
injected group (P<0.05), which showed no place prefer-
ence, as expected (Fig. 2a).

On the 4th day after the last AMPH administration, an-
imals showed no place preference in an additional test
of CPP, evidencing the extinction of AMPH-preference
(Fig. 2b).

Two-way ANOVA of AMPH reconditioning following CBD
treatment revealed a main effect of the drug, treat-
ment and treatment x drug interaction [F(1,36) = 31.01,
P<0.001; F(2,36) = 10.37, P<0.001; F(2,36) = 14.43,
P<0.001], respectively. Post-hoc comparison showed that
both CBD doses were able to prevent AMPH preference after
drug reconditioning (Fig. 2c).

3.2. Locomotion parameters assessed in the
open-field (OF) task

After AMPH reconditioning, no difference in the locomotor
activity among the experimental groups was observed in the
OF task (Fig. 3a). Following CBD treatment and AMPH re-
exposure, two-way ANOVA of the number of central squares
crossed revealed a significant main effect of both treat-
ment and treatment x drug interaction [F(2,36) = 8.52,
P<0.05; F(2,36) = 10.04, P<0.001], respectively. Consid-
ering vehicle-injected animals, the post-hoc comparison
showed no differences among the different experimental
groups. Concerning AMPH-conditioned animals, AMPH per se
decreased the number of central squares crossed, in rela-
tion to the vehicle group, CBD5 was able to prevent this
decrease induced by AMPH and CBD10 increased this be-
havioral parameter in comparison to both AMPH-control and
vehicle-injected groups (Fig. 3b).

3.3. Anxiety-like symptoms assessed in the
elevated plus maze (EPM) task

Two-way ANOVA of the EPM revealed a significant main
effect of both treatment and treatment x drug interac-
tion [F(2,36) = 32.23, P<0.001; F(2,36) = 6.58, P<0.05],
respectively, on the time spent in the open arms. Re-

garding the number of open arms entries, a significant
main effect of the drug, treatment and treatment x drug
interaction [F(1,36) = 4.34, P<0.05; F(2,36) = 15.17,
P<0.001; F(2,36) = 7.96, P<0.05], was observed respec-
tively. A significant main effect of both treatment and
treatment x drug interaction [F(2,36) = 41.29, P<0.001;
F(2,36) = 11.94, P<0.001], respectively, on the anxiety in-
dex was also observed.

Post-hoc test revealed that CBD treatment per se in-
creased both time spent and entries number in the EPM open
arms (Fig. 4a and b). Conversely, AMPH per se decreased the
time spent and entries number in the open arms, increas-
ing the Anxiety Index, in comparison to the vehicle-injected
group (Fig. 4a-c). In addition, AMPH-exposed animals that
were subsequently treated with both CBD doses showed in-
creased entries number and time spent in the open arms of
the EPM (Fig. 4a and b). Thus, both CBD doses reduced the
Anxiety Index in both vehicle and AMPH-conditioned groups
(Fig. 4c). There was no statistical difference among experi-
mental groups on the total number of entries in the arms of
the EPM (Fig. 4d).

3.4. CBD treatment effects on dopaminergic
receptors (D1 and D2) level in both PFC and VS

In PFC, two-way ANOVA revealed a significant main ef-
fect of the treatment [F(2,36) = 4.72, P<0.05] on D1
level, and a significant main effect of the treatment and
treatment x drug interaction [F(2,36) = 9.96, P<0.001;
F(2,36) = 4.33, P<0.05, respectively] on D2 level. In
the VS, two-way ANOVA revealed a significant main ef-
fect of the drug and treatment [F(1,36) = 8.88, P<0.05;
F(2,36) = 3.56, P<0.05, respectively] on D1 level, and a
significant main effect of the drug [F(1,36) = 9.33, P<0.05]
on D2 level.

In both evaluated brain areas, the post-hoc comparison
showed that AMPH per se increased D1 (Fig. 5a and c) and
D2 (Fig. 5b and d) levels when compared to vehicle. Besides,
both AMPH-conditioned groups that were treated with CBD
doses did not show this increase induced by AMPH in PFC
(Fig. 5a and b) and VS (Fig. 5c and d) when compared to the
control group.
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Fig. 4 (CBD treatment influence (5 and 10 mg/kg, i.p.) on anxiety-like behaviors in the elevated plus-maze (EPM) task after AMPH
reconditioning (4 mg/kg, i.p., for 3 days). The time spent in the open arms (a), number of open arms entries (b), anxiety index
(c), and number of total arms entries (d) were quantified (n = 7). Data are expressed as mean + S.E.M. * indicates a signifi-
cant difference of vehicle/AMPH in the same treatment (control/CBD) (P<0.05). + indicates significant differences of treatment
(control/CBD) in the same conditioning (vehicle/AMPH) (P<0.05). # indicates significant differences of CBD doses in the same
conditioning (vehicle/AMPH) (P<0.05). Abbreviations: AMPH: amphetamine; CBD: cannabidiol.

3.5. CBD treatment effects on immunoreactivity
of dopaminergic targets (DAT, VMAT-2 and TH)
levels in both PFC and VS

In the PFC, two-way ANOVA revealed a significant main ef-
fect of the treatment on DAT level [F(2,36) = 5.53, P<0.05].
In the VS, two-way ANOVA revealed a significant main ef-
fect of both drug and treatment [F(1,36) = 4.87, P<0.05;
F(2,36) = 4.94, P<0.05] on DAT; [F(1,36) = 20.67, P<0.001;
F(2,36) = 13.50, P<0.001] on VMAT-2 and [F(1,36) = 8.88,
P<0.05; F(2,36) = 15.09, P<0.001] on TH levels.

Post-hoc test revealed that AMPH per se decreased DAT
level in both analyzed brain areas when compared to vehi-
cle (Fig. 6a and d). In AMPH-conditioned animals that were
treated with both CBD, doses did not show this decrease in-
duced by AMPH on DAT level in the PFC and VS (Fig. 6a and
d, respectively).

There was no statistical difference among the experimen-
tal groups on VMAT-2 level in PFC (Fig. 6éb). In the VS, the
post-hoc test revealed that CBD5 per se increased VMAT-
2 level which was reduced in AMPH-conditioned animals
(Fig. 6e).

In the PFC, there was no statistical difference among ex-
perimental groups on TH levels (Fig. 6¢). On the other hand,
in the VS, the post-hoc comparison showed that CBD5 per
se increased TH level when compared to control (Fig. 6f).
While AMPH conditioning decreased TH levels in relation to
the vehicle group, both CBD doses did not show this effect
(Fig. 6f).
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4. Discussion

In recent years, significant advances to understand the drug
addiction pathophysiology instigated the search for innova-
tive strategies to address this serious public health prob-
lem. However, there are no approved pharmacotherapies
for treating psychostimulant addiction, which includes am-
phetamine (AMPH) (Calpe-Lopez et al., 2019). Cannabidiol
(CBD) has shown multiple therapeutic actions in the treat-
ment of several central nervous system diseases, including
epilepsy (Devinsky et al., 2016), anxiety (Blessing et al.,
2015), depression (El-Alfy et al., 2010), and Alzheimer’s dis-
ease (Watt and Karl, 2017). Recently, CBD has been consid-
ered for the treatment of addiction disorders. Pre-clinical
studies suggested that CBD was able to reduce the crav-
ing and/or relapse for some substances, such as alcohol
(Viudez-Martinez et al., 2020), opioids (Mahmud et al.,
2017; Hurd et al., 2015), and psychostimulants (Karimi-
Haghighi and Haghparast, 2018; Karimi-Haghighi et al.,
2020; Lujan et al., 2018). In this context, the current study
provides evidence regarding CBD effectiveness on AMPH-
induced behavioral and molecular aspects that were specifi-
cally performed through an experimental model, evaluating
the relapse to this drug. Our findings show that CBD treat-
ment was able to: (1) prevent AMPH relapse behavior in
the animals that previously showed AMPH-conditioned place
preference; (2) reduce anxiety-like behaviors following re-
exposure to AMPH; and (3) it provides evident protection
against AMPH-induced effects, modulating the immunore-
activity of dopaminergic targets in both prefrontal cortex
(PFC) and ventral striatum (VS), which are pivotal brain ar-
eas involved in drug addiction.
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Fig. 5 CBD treatment influence (5 and 10 mg/kg, i.p.) on
dopamine receptor type 1 (D1) and dopamine receptor type 2
(D2) levels in both prefrontal cortex (PFC) (a and b) and ven-
tral striatum (VS) (c and d) after AMPH reconditioning (4 mg/kg,
i.p., for 3days) (n = 7). Each band in the sequence corresponds
to one bar in the Figure. Data are expressed as mean = S.E.M. *
indicates a significant difference of vehicle/AMPH in the same
treatment (control/CBD) (P<0.05). + indicates significant dif-
ferences of treatment (control/CBD) in the same conditioning
(vehicle/ AMPH) (P<0.05). Abbreviations: AMPH: amphetamine;
CBD: cannabidiol.

In this experimental protocol, our focus was to elucidate
the influence of two different CBD doses on AMPH relapse,
since it is considered the most difficult clinical factor to be
controlled following an addiction treatment (Kaplan et al.,
2007). In recent years, efforts have been made by our re-
search group (Metz et al., 2019; Segat et al., 2016, 2017,
2018), once the subject is scarce in the global litera-
ture, which reiterates the relevance of the outcomes in
the current study. The conditioned place preference (CPP)
paradigm has been adopted as an important animal model
to access the relapse phenomena in drug-seeking behav-
ior (Calpe-Lopez et al., 2019) since this animal model fol-
lows a Pavlovian context. In relapse studies, after reaching
the extinction of the preference for the drug, the animals
recommence the search for the substance when they are
re-exposed to the drug, stressors, or related environmen-
tal cues (Sadeghzadeh et al., 2015; Sharam et al., 2003).
In the experimental model adopted in this study, after the
extinction of a previously learned CPP, which concomitantly
happened with the treatment period, the exposure to addi-
tional conditioning induced the place preference reinstate-
ment (Metz et al., 2019; Segat et al., 2016, 2017, 2018),
what is considered a relapse phenomenon. Here, both CBD
doses (5 and 10 mg/kg) were able to prevent AMPH relapse
in a significant way.

We hypothesized that the CBD effect to prevent AMPH re-
lapse may be a consequence, at least in part, caused by a
cannabinoid anxiolytic property, as evidenced by our cur-
rent findings in the elevated plus maze (EPM) and open-field
(OF) tests. Currently, despite not being well established, ad-
diction treatments involve two basic approaches: (1) drug
use reduction, minimization of craving, and prevention of
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Fig. 6 CBD treatment influence (5 and 10 mg/kg, i.p.) on
dopamine transporter (DAT), vesicular monoamine transporter
2 (VMAT-2) and tyrosine hydroxylase (TH) levels in both pre-
frontal cortex (PFC) (a-c) and ventral striatum (VS) (d-f) after
AMPH reconditioning (4 mg/kg, i.p., for 3 days) (n = 7). Each
band in the sequence corresponds to one bar in the figure. Data
are expressed as mean = S.E.M. * indicates a significant dif-
ference of vehicle/AMPH in the same treatment (control/CBD)
(P<0.05). + indicates significant differences of treatment (con-
trol/CBD) in the same conditioning (vehicle/AMPH) (P<0.05). #
indicates significant differences of CBD doses in the same con-
ditioning (vehicle/AMPH) (P<0.05). Abbreviations: AMPH: am-
phetamine; CBD: cannabidiol.

relapses; (2) treatment with antidepressant and anxiolytic
medicines, since anxiety and depression are strongly linked
to relapse occurrence (Cao et al., 2016). It is well known
that AMPH administration can induce anxiety-like behaviors
in rodents (Barr et al., 2010; Vuong et al., 2010), which was
once again confirmed by our findings, as observed by the de-
creasing number of entries and time spent in the open arms
of the EPM, resulting in a higher anxiety index. On the other
hand, CBD treatment prevented the development of these
anxiety-like behaviors in both AMPH and vehicle-injected
animals, indicating the CBD anxiolytic activity per se. These
outcomes are also in line with previous studies, which evi-
denced CBD anxiolytic properties in clinical and preclinical
studies (see review: Blessing et al., 2015). Of special im-
portance, a study of Norris et al. (2016) demonstrated that
CBD administration directly within the mesolimbic pathway
is able to block anxiety-related behaviors in rats. In this
study, the authors suggest that the anxiolytic effects of CBD
occur through its functional interactions with serotonergic
receptor signaling in the mesolimbic system.

Furthermore, our study included locomotor behavioral as-
sessments in the open field (OF) task, when animals from
all experimental groups showed similar locomotor perfor-
mance. This finding supports our outcomes involving anxi-
ety that were observed in EPM and supports the CPP find-
ings as well, indicating that these behaviors were not a lo-
comotor artifact and that the reduced AMPH-conditioned
place preference was related to the non-establishment of
CBD-induced drug relapse (Segat et al., 2014, 2016, 2018;
Takamatsu et al., 2011). Moreover, AMPH exposure reduced
the crossing number in the OF paradigm central zone. The
low ambulation in the central zone suggests an anxiety-like
behavior (Bernatova et al., 2011; Sestakova et al., 2013)
and CBD treatment in both doses prevented the reduction
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in this AMPH-induced behavior. These findings corroborate
with those found in the EPM test and reinforce the CBD anxi-
olytic property during the psychostimulant drug withdrawal,
as previously mentioned.

CBD’s preventive property on AMPH relapse may have a
causal relation with the molecular modifications of proteins
in the dopaminergic pathway induced by the cannabinoid.
It is well known that the dopamine (DA) release induced
by drugs such as AMPH, triggers neuroplasticity by caus-
ing modifications in the synaptic signaling of the dopamin-
ergic mesocorticolimbic system (Kauer and Malenka, 2007)
uer and Malenka, 2007; Kourrich et al., 2015). Our cur-
rent study shows the CBD beneficial effect on dopaminer-
gic molecular targets located in the PFC and VS, which are
part of the mesocorticolimbic system, also known as the
reward pathway. In line with this, AMPH inhibits the DA
vesicular reuptake, consequently increasing the neuronal
release [see review: Teixeira-Gomes et al., 2015). Among
other consequences, excessive AMPH-induced DA levels in
the synaptic cleft favor the activation of the dopaminergic
receptors, especially of D1 and D2 receptors (D1 and D2),
which seem to mediate relapse and drug-seeking behavior
mechanisms (Hansen et al., 2002). Our study shows that
AMPH-conditioned animals spend more time in the drug-
paired compartment, possibly due to increased D1- and D2-
receptor immunocontent in both evaluated brain areas. Our
findings are consistent with previous reports (Metz et al.,
2019; Moratalla et al., 2017), which also established a re-
lation between AMPH-induced DA receptors overstimula-
tion and addictive events. On the other hand, the tested
doses of CBD were able to prevent relapse behaviors af-
ter AMPH re-exposure. These findings are in agreement
with the literature, which indicates that CBD administra-
tion can reduce addiction behaviors caused by other po-
tentially addictive substances, including psychostimulants.
Besides AMPH, CBD also has shown beneficial influence on
other amphetamine drugs, such as METH, since it prevented
reinstatement of METH-CPP induced by both stimuli: stress
and drug-induced (Karimi-Haghighi and Haghparast, 2018;
Karimi-Haghighi et al., 2020). Furthermore, CBD also re-
duced relapse to the METH-seeking behavior in a drug self-
administration animal model (Hay et al., 2018). Consider-
ing these outcomes and comparing them with ours, these
studies support the expectations concerning CBD as a phar-
macotherapy to be used to treat drug addiction disorders;
however, as such evidence was recently found, the possible
molecular mechanisms underlying CBD effects need to be
better understood. Here, we observed that CBD prevented
D1 and D2 receptors’ immunoreactivity increase following
AMPH re-exposure. Some studies have shown that D1 ag-
onists could produce AMPH-conditioned place preference,
while D1 and D2 antagonists were able to prevent such ac-
quisition (Beninger and Miller, 1998; Young and Geyer, 2010).
Moreover, Martin et al. (2008) showed the influence of the
endocannabinoid system as a negative modulator of both
D1 and D2 receptor-mediated behaviors. In this sense, it
has been suggested that endogenous cannabinoids are able
to act through a homeostatic mechanism by activating CB1
receptors, which appear to break the dopaminergic func-
tion, especially in the striatum (Rodriguez da Fonseca et al.,
1994, 1998). Based on this, we could infer that the CBD pre-
ventive property on AMPH relapse may also be related to its
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ability to modulate dopaminergic receptor levels in brain
areas linked to hedonic status or reward, which include PFC
and VS.

As previously mentioned, AMPH affects dopaminergic
neurotransmission because the DA transport is modified
(Volz et al., 2007). Indeed, dopamine transporter (DAT) is
responsible for regulating both intracellular and extracel-
lular DA levels, representing a target in AMPH addiction
conditions (Raineri et al., 2011, 2012). Furthermore, tyro-
sine hydroxylase (TH) is the rate-limiting enzyme for DA
synthesis, which also plays an essential role in dopamin-
ergic neurotransmission (Ares-Santos et al., 2012). In our
study, AMPH decreased DAT immunoreactivity in both PFC
and VS, decreasing the TH levels in VS as well. These find-
ings are in agreement with previous literature, in which dif-
ferent preclinical studies have shown that AMPH adminis-
tration triggers functional abnormalities in the dopaminer-
gic axon terminals, decreasing the DAT and TH immunore-
activity in different brain areas, including the ones stud-
ied here (Ares-Santos et al., 2012; Granado et al., 2011;
Gou et al., 2015). In contrast, our current study shows that
CBD treatment was able to maintain the DAT levels in both
PFC and VS, and decreased by AMPH exposure. Regarding
the TH, both CBD doses used avoided the decrease in the
TH immunocontent, however, reduced by AMPH in VS only.
Besides, our assays evidenced increased TH and vesicular
monoamine transporter 2 (VMAT-2) immunoreactivity per se
in the VS of CBD5 treated group, and the implications of
this result require further studies to support the data pre-
sented here. As previously mentioned, dopaminergic neuro-
transmission is deeply affected by addictive drugs, and al-
terations in dopaminergic function are evidenced in differ-
ent stages of the drug addiction. Thus, the maintenance of
dopaminergic neurotransmission is a target potentially ex-
ploitable therapeutically. The molecular outcomes observed
in the current study confirm that the dopaminergic targets
disturbed by AMPH were reestablished by CBD treatment, as
shown in previous studies. Indeed, Renard et al. (2016) re-
ported attenuation of both sensitization and dopaminergic
neuronal activity AMPH-induced by direct injection of CBD
in the mesolimbic system. In this way, we may propose that
CBD seems to modulate the dopaminergic mesocorticolim-
bic system to recover the DA homeostasis through poorly un-
derstood mechanisms, which could involve DA-metabolism
and/or -transporters by direct or indirect actions on this sys-
tem, and that this modulation exerts a fundamental role on
AMPH-relapse blocking. We speculate that the behavioral
results found here, such as the potential anti-relapse ef-
fect of CBD, may be due to its ability to modulate dopamin-
ergic molecular targets in important brain areas involved
in addiction. From our point of view, this interaction be-
tween CBD and the dopaminergic system does not occur di-
rectly, but is a secondary response due to the action of CBD
in the endocannabinoid system. The best understanding of
these possible mechanisms will be subject for our further
studies

We recognize that from our study we cannot state
whether the treatment with CBD reversed the molecu-
lar changes underlying the conditioning of AMPH or pre-
vented the molecular neuroadaptations resulting from the
re-exposure to AMPH. Recently, several studies have demon-
strated an important role of other dopamine receptors such
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as D3 and D4 receptors in addiction (Daurio et al., 2020;
Boileau et al., 2016). We recognize the limitation of our
study by not investigating such relevant targets and we hope
to clarify these limitations in further studies. We also em-
phasize that although the CBD appears to be well tolerated
and has few serious known adverse effects (Chesney et al.,
2020), additional data about its safety are needed to assess
whether the CBD can be used more broadly.

5. Conclusion

In conclusion, CBD seems to be able to regulate dopaminer-
gic targets in pivotal brain areas of the mesocorticolimbic
dopaminergic system, subsequently to AMPH exposure. This
could be observed in the CBD beneficial effects on AMPH-
relapse after drug withdrawal. Although further experimen-
tal studies are needed to fully elucidate the CBD’s action
on the dopaminergic system, our outcomes present findings
that may contribute to innovative treatments for psychos-
timulant drug addiction; however, clinical studies are also
required to support such findings.
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Abstract

In psychostimulant drug addiction, relapse is the most concerning outcome to be managed,
considering there is no approved treatment for this neuropsychiatric condition. Here, we
investigated the effects of the CBD treatment on the relapse behavior triggered by stress, after
being submitted to the amphetamine (AMPH)-induced conditioned place preference (CPP) in
rats. To elucidate the mechanisms of action underlying the CBD treatment, we evaluated the
neuroadaptations on dopaminergic and endocannabinoid targets in the ventral striatum (VS)
and ventral tegmental area (VTA) of the brain. Animals received d,I-AMPH (4 mg/kg, i.p.) or
vehicle in the CPP paradigm for 8 days. Following the first CPP test, animals were treated with
CBD (10 mg/kg, i.p) or its vehicle for 5 days and subsequently submitted to forced swim stress
protocol to induce AMPH-CPP relapse. Behavioral findings showed that CBD treatment
prevented AMPH-reinstatement, also exerting anxiolytic activity. At the molecular level, in the
VTA, CBD restored the CB1R levels decreased by AMPH-exposure, increased NAPE-PLD,
and decreased FAAH levels. In the VS, the increase of D1R and D2R, as well as the decrease
of DAT levels induced by AMPH were restored by CBD treatment. The current outcomes
evidence a substantial preventive action of the CBD on the AMPH-reinstatement evoked by
stress, also involving neuroadaptations in both dopaminergic and endocannabinoid systems in
brain areas closely involved in the addiction. Although further studies are needed, these findings

support the therapeutic potential of CBD in AMPH-relapse prevention.

Keywords: Addiction; Conditioned place preference; Psychostimulants; Ventral striatum;

Ventral tegmental area.

1 Introduction

Drug addiction is a chronic disorder characterized by compulsive seeking and loss of
control over substance use despite serious negative consequences ensue (Koob and Volkow,
2009). Amphetamine-type psychostimulant drugs, such as amphetamine (AMPH), 3,4-
methylenedioxymethamphetamine (MDMA), and methamphetamine (METH) are highly
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addictive, and therefore widely abused (UNODC, 2020). In recent decades, the development of
new treatments for psychostimulant addiction has been the focus of several studies. However,
no specific pharmacological therapy had shown effectiveness in alleviating abstinence

symptoms (e.g. craving and anxiety) and preventing relapse (Cao et al., 2016).

The mesocorticolimbic system, also known as the reward system, plays an important
role in drug addiction. The use of drugs such as AMPH increases dopaminergic
neurotransmission in this pathway (Maldonado, 2003) being able to activate reward symptoms,
and this response is related to the drug rewarding effect (Di Chiara et al., 2004). Furthermore,
repeated exposure to these substances can cause transient and persistent adaptations in brain
areas related to the mesocorticolimbic system (Robinson and Berridge, 2003) and the adaptive
changes seem to corroborate for compulsive and uncontrolled use of drugs, as well as for the

relapse occurrence (Chou and Narasimnham, 2005).

Although the dopaminergic system has been considered the most important system
involved in brain reward processes for decades (Liu and Li, 2018), recent evidence suggests
that the endocannabinoid system (ECS) also has a fundamental role in the signaling of
rewarding events (Manzanares et al., 2018; Oliére et al., 2013). Endocannabinoids (eCBs) and
cannabinoid receptors are extensively expressed in brain areas of the mesocorticolimbic system
and it is believed that they can modulate the dopaminergic signaling in this pathway (Everett et
al., 2021; Lupica et al., 2004; Maldonado and Rodriguez de Fonseca, 2002; Melis et al., 2004).
The eCBs also seem to participate in the mesocorticolimbic system synaptic plasticity, which
is required for the development of the adaptive changes, leading to drug addiction (Gerdeman
et al., 2002; Robbe et al., 2002). Also, neuroadaptations in the endocannabinoid system after
chronic exposure to drugs were found (Parsons and Hurd, 2015) and the modulation of this
system has been pointed as a potential target for the development of strategies for drug addiction

treatment.

Cannabidiol (CBD) is a phytocannabinoid constituent of the Cannabis sativa plant
devoid of addictive effects (Mechoulan et al, 2002; Viudez-Martinez et al., 2019). CBD has
multiple mechanisms of action, and its pharmacology is not completely understood. It acts on
several receptors and systems including the ECS (Pertwee, 2008), serotonergic (Campos and
Guimarées, 2008; Russo et al., 2005), and opioid (Kathmann et al., 2006) systems, among
others (see review: Bonaccorso et al., 2019). Within the ECS, CBD has a low affinity for
cannabinoid type 1 (CB1R) and 2 (CB2R) receptors (Zlebnik and Cheer, 2016), although

exerting a negative modulation effect on both receptors (Ligresti et al., 2016). Furthermore,
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CBD decreases hydrolysis of the endocannabinoid anandamide (Arachidonoylethanolamine,
AEA) mediated by fatty acid amide hydrolase (FAAH) (Ligresti et al, 2016; Campos et al.,
2012). Recently, CBD emerged as a promising compound and a new pharmacological strategy
for a wide range of disorders (Ligresti et al., 2016), with both human and pre-clinical studies
showing its potential as a therapeutic tool in the treatment of various psychiatric diseases
including anxiety, depression, and psychosis (Bonaccorso et al., 2019; Campos et al., 2012).
Currently, CBD has drawn the scientific community’s attention due to its possible beneficial

effects on substance use disorders treatment (see review: Chye et al., 2019).

Pre-clinical studies investigating the CBD use on animal models of addiction showed
possibilities to reduce the behavioral and molecular manifestations of maladaptive
neuroplasticity underlying drug addiction. For instance, CBD reduced the consumption and
relapse to ethanol (Viudez-Martinez et al., 2017), craving and relapse to heroin (Ren et al.,
2009) as well as reward and withdrawal symptoms to morphine (Bhargava, 1976; Katsidoni et
al., 2013). In addition, CBD administration reduced the intake (Weiss and Gonzales-Cuevas,
2019) and prevented reinstatement of cocaine-seeking (Gonzales-Cuevas et al., 2018). Current
evidence, including studies from our research group, has demonstrated potential anti-relapse
effects of CBD on amphetamine addiction (Karimi-Haghighi and Haghparast, 2018; Karimi-
Haghighi et al., 2020; Metz et al., 2021). Nonetheless, the information available on the possible
neural mechanisms by which CBD acts and reduces drug use behaviors are still very scarce.
The explanation regarding these processes would provide a consistent understanding of existing
data and could consolidate the promise of CBD as a treatment for drug addiction.

In order to expand upon this research line, the current study aimed to evaluate the
behavioral effects of CBD treatment on the stress-induced reinstatement of AMPH-CPP.
Moreover, to explore a possible mechanism underlying the CBD effects, we also evaluated the
molecular modifications on the dopaminergic and endocannabinoid targets in the rats’ brain

areas of reward.

2 Materials and Methods
2.1 Animals

Twenty-four male Wistar rats (Universidade Federal de Santa Maria - UFSM, RS,
Brazil) weighing 120-150g were used for this study. The animals were 40-days old, which is
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considered by many studies as the adolescence period in rodents, and a highly vulnerable period
for developing drug addiction (Teixeira-Gomes et al., 2015). The animals were kept in Plexiglas
cages with free access to water and food in a room with controlled temperature (22 = 1 °C) and
on a 12-h light/dark cycle. All procedures were performed according to the Animal Ethics
Committee (UFSM-8850121118) guidelines, affiliated to the National Council for the Control
of Animal Experimentations (CONCEA), following international standards of care and animal
maintenance. The importance of current animal experiments in brain research is described in
Homberg et al. (2021).

2.2 Drugs and solutions

The d, I-amphetamine (AMPH; Merck, Germany) (4 mg « mL— / kg) was dissolved in
saline (0.9% NaCl;, AMPH-vehicle) and was used to induce conditioned place preference
(CPP). The chosen dose and time for the conditioning period were standardized in the AMPH-
CPP and used in previous studies from our research group (Metz et al., 2019; 2021; Segat et al.,
2016; 2017). Cannabidiol (CBD; STI Pharmaceuticals, UK) (10 mg * mL— / kg) was dissolved
in a solution of 2% polysorbate 80 (Tween 80; Sigma-Aldrich, St Louis, MO, USA) and saline.
CBD dose was based on a previously published study from our research group (Metz et al.,
2021). CBD was administered for 5 days, considering the extinction period of the AMPH
preference, which, according to our previous study, can be observed 4 days after the last AMPH
exposure (Metz et al., 2021). Animals received CBD 30 minutes before the extinction test
(Mahmud et al., 2017). All drugs were intraperitoneally (i.p.) injected at a volume of 1 ml/kg
of body weight.

2.3 Experimental protocol

At the postnatal day (PND) 40, the rats (n=24) were assigned to two experimental
groups: vehicle (received saline — 0.9% NaCl solution, i.p., n=12) and amphetamine (AMPH)
(received AMPH, 4 mg/kg, i.p, n=12) and were exposed to the conditioned place preference
(CPP) protocol (as described below). Following the first CPP test, which was performed to
verify AMPH preference, half of each experimental group received the cannabidiol treatment
(CBD, 10 mg/kg, i.p) or control (saline and 2% polysorbate 80, i.p) once a day for five
consecutive days. This resulted in four final groups (n=6): i) vehicle/control; ii) vehicle/CBD;
iii) AMPH/control; v) AMPH/CBD. During the CBD treatment period, additional CPP tests
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were performed to assess the loss of preference for the drug. Twenty-four hours after the last
treatment, animals were submitted to forced swim stress protocol to induce the reinstatement
of extinguished AMPH-CPP (as described below). Then, in sequence, a CPP test was
conducted. Moreover, for assessing the locomotor activity and anxiety-like symptoms, the
animals were tested on the open field and elevated plus-maze tests, respectively. On the next
day, the rats were anesthetized (isoflurane, the dose to the effect), euthanized by decapitation,
the brains were extracted and the ventral striatum (VS) and ventral tegmental area (VTA) were

dissected according to Paxinos and Watson (2007) for molecular analysis (Figure 1).

2.4 Behavioral assessments
2.4.1 Conditioned place preference (CPP)

The CPP apparatus consists of a box with two compartments of equal size (45 x 45 x
50 cm) and an equivalent intensity of light incidence but having different environmental stimuli:
one compartment has a white floor and striped walls, and the other one has a striped floor and
smooth white walls. Both compartments were accessible through a central compartment (18 x

36 x 50 cm) separated by manual guillotine doors.

Initially, on the post-natal day (PND) 40, the animals were placed for 15 min in each
compartment, except the neutral compartment, for habituation. The purpose of this procedure
was to exclude exploratory behavior that is common in new environments to avoid

misinterpretations.

One day after habituation (PND 41), the pre-test was performed. This phase consists of
placing the animal into the central compartment allowing free access to the entire apparatus for
15 min and the time spent in each compartment was recorded. This procedure aimed to
determine the innate environmental chamber preference. Rats that showed strong unconditioned
aversion (less than 25% of the session time) or preference (more than 75% of the session time)

for any compartment were discarded (Vasquez et al., 2006).

Following this, the conditioning phase was carried out for 8 days (PND 42-49). The
animals received AMPH and were conditioned for 25 min in the compartment they spent the
shortest time in the pre-test (Carlezon et al., 2002). After a 4-hour interval, they received the
vehicle (0.9% NaCl) and were confined in the opposite compartment. Vehicle-treated groups
received two daily injections of NaCl solution in both compartments of the CPP in alternated
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turns. On PND 50, the CPP test was conducted (without drug/vehicle administration). The time
spent in each compartment was assessed for 15 min and results express the percentage of time
spent by the animals in the compartment associated with AMPH during the abstinence period
(Metz et al., 2019; 2021; Segat et al., 2016).

CBD treatment was performed from PND 51 to PND 55. Additional CPP tests were
assessed during this phase to evaluate the drug preference extinction, which was observed on
the fourth day (PND54) of CBD treatment.

After the treatment period (PND 56), animals were submitted to forced swim stress
(FSS) protocol to induce the reinstatement of preference for AMPH (Haghparast et al., 2014;
Mikail et al., 2012). The forced swim stress (FSS) apparatus consists of a plastic cylindrical
tank measuring 50 cm height, 30 cm width, which was filled up with 30 cm of clean tap water
(23-27 °C). The rats performed individually a 6-min forced swim. After, they were dried with
towels and returned to their home cages for at least 10 min before the reinstatement test
(Haghparast et al., 2014; Mikail et al., 2012). Next, an additional CPP test was performed to
assess relapse. Symptoms of reinstatement preference were quantified by the longer time spent
in the drug-paired environment after exposure to the FSS protocol.

2.4.2 Open field (OF) test

Animals were individually placed in the center of an OF arena (40 x 40 x 30 cm)
enclosed by black matte walls and floor divided into squares, as described by Kerr et al. (2005).
The number of crossings (horizontal squares crossed) was quantified for 5 min and used to

measure the locomotor activity.

2.4.3 Elevated plus maze (EPM) test

The anxiety-like behavior was assessed in the elevated plus-maze (EPM) paradigm. The
apparatus consists of a platform elevated 50 cm above the floor. Forty-centimeter-high walls
enclose two opposite arms (50 x 10 cm) while the other two arms had no walls. All arms are
connected by a central intersection (10 x 10 cm). The time spent in the closed arms (sec), the
time spent in the open arms (sec), the total arm entries (number), the frequency of head-dipping
(number), and anxiety index (calculated by the following formula) were evaluated for 5 min
(Montgomery, 1955):
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Anxiety index = 7 — ((Open arms time) + (Open arms entries)) /2

Total time Total entries
Anxiety index values range from 0 to 1, where an increase in the index expresses

increased anxiety-like behavior (Cohen et al., 2012).

2.5 Molecular assays

Molecular analyses were performed by western blot as described by Dias et al. (2017).
Briefly, the membranes were incubated with the primary antibodies (Santa Cruz
Biotechnology): anti-dopamine D1 receptor (D1R) (1:500, sc-33660), anti-dopamine D2
receptor (D2R) (1:500, sc-9113), anti-dopamine transporter (DAT) (1:500, sc-14002), anti-
cannabinoid CB1 receptor (CB1R) (1:250, sc-293419), anti-diacylglycerol lipase o (DAGL«)
(1:500, sc-390409), anti-monoacylglycerol lipase (MAGL) (1:500, sc-398942), anti-N-acyl-
phosphatidylethanolamine-hydrolyzing phospholipase D (NAPE-PLD) (1:500, sc-514372),
anti-fatty acid amide hydrolase(FAAH) (1:250, sc-100739), anti-B-actin (1:50000; Sigma-
Aldrich, St. Louis, USA), followed by the appropriate secondary antibody (Santa Cruz
Biotechnology) 19G horseradish peroxidase conjugate. Actin was used as an internal control

and data were standardized according to its values.

2.6 Statistical analysis

All the results from behavioral, biochemical, and molecular assays were expressed as
the mean + standard error of the mean (S.E.M.). CPP data before CBD treatment were analyzed
by Student's t-test. Repeated-measures ANOVA was performed for the analysis of the
extinction period and reinstatement test and Newman—Keuls post-hoc was used to obtain
differences between the different treatment groups. For other analyses, two-way ANOVA
followed by Newman—Keuls test was performed using Statistic® (version 7.0). Values of P <
0.05 were considered statistically significant for all comparisons made. GraphPad Prism®

(version 6.0) was used to design the figures.

3 Results

3.1 CBD treatment prevented stress-induced reinstatement of AMPH-CPP.
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Behavioral assessment performed before starting CBD treatment (1st CPP test) showed
that AMPH-conditioned rats remained a longer time in the drug-conditioned place in

comparison to the vehicle group (P<0.05), which showed no place preference (Fig. 2a).

Two-way ANOVA for repeated measures revealed a significant main effect of the drug,
treatment and time on the drug preference [F(1, 20) = 152.79, P<0.001; F(1, 20) = 4.83, P<0.05;
F(1, 20) = 12.45, P<0.001, respectively]. Also, two-way ANOVA for repeated measures
revealed a significant interaction of time with drug [F(1, 20) = 14.72, P<0.001], treatment [F(1,
20) = 7.28, P<0.001], and drug x treatment [F(1, 20) = 3.93, P<0.001].

Post hoc analysis showed that there was a significant decrease of drug preference on the
4th day of extinction compared to the 1st day, indicating the extinction of AMPH-CPP. As
represented in Fig. 2b, AMPH-CPP showed no difference among experimental groups in the
extinction test, thus confirming the drug preference extinction on the 4th day after the last
AMPH administration. The drug preference in the reinstatement test was significantly higher
compared to the extinction test, indicating the reinstatement of CPP. In addition, post-hoc
comparison showed that CBD treatment was able to prevent stress-induced reinstatement of
AMPH-CPP.

3.2 AMPH exposure and CBD treatment did not affect locomotor activity in the open field (OF)
task.

After stress-induced reinstatement of AMPH-CPP, the locomotor activity observed in
the OF task showed no difference among the experimental groups (Fig. 3).

3.3 CBD treatment reduced anxiety parameters assessed in the elevated plus-maze (EPM) test.

Two-way ANOVA of the EPM revealed a significant main effect of the drug, treatment,
and treatment x drug interaction on the time spent in the closed arms [F(1, 20)= 8.41; 46.27 and
10.91, P<0.05, respectively] and on the time spent in the open arms [F(1, 20) = 5.00; 427.72;
and 28.11, P<0.05, respectively]. Two way ANOVA of the EPM also revealed a significant
main effect of treatment and treatment x drug interaction on the head dipping frequency [F(1,
20) = 8.07; 4.78, P<0.05, respectively] and on the anxiety index [F(1, 20) = 41.49 and 5.15,
P<0.05, respectively].
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Newman-Keuls test revealed that CBD treatment per se decreased the time spent in the
closed arms and increased the time spent in the open arms of the EPM (Fig. 4a and 4b). On the
other hand, AMPH per se increased the time spent in the closed arms, decreased time spent and
head dipping frequency in the EPM open arms when compared to the vehicle-injected group
(Fig. 4a, 4b, and 4d). However, AMPH-exposed animals that were subsequently treated with
CBD showed decreased time spent in the closed arms and an increase in the time spent and
head dipping frequency in the open arms (Fig. 4a, 4b, and 4d). There was no statistical
difference among experimental groups on the total number of entries in both arms in the EPM
test (Fig. 4c). Furthermore, CBD treatment reduced the anxiety index in both vehicle and
AMPH-conditioned groups (Fig. 4e).

3.4 CBD treatment modified the dopamine-receptor (D1R and D2R) and -transporter (DAT)

immunoreactivity in the ventral striatum (VS).

Two-way ANOVA of dopaminergic markers revealed a significant main effect of the
drug, treatment, and treatment x drug interaction on D1R level [F(1, 20) = 17.92; 11.08 and
13.24, P<0.05, respectively], as well as a significant main effect of drug and treatment on D2R
level [F(1, 20) = 6.53 and 4.76, P<0.05, respectively] and a significant main effect of the drug
on DAT level [F(1, 20) = 8.55, P<0.05].

Newman-Keuls test showed that AMPH exposure increased both D1R (Fig. 5a) and
D2R (Fig. 5b) immunoreactivity in the VS when compared to the vehicle group. In contrast,
AMPH-conditioned animals further treated with CBD did not show this increase induced by
AMPH (Fig. 5a and 5b). In addition, AMPH exposure was able to reduce DAT levels when
compared to vehicle, but the immunoreactivity of this transporter was preserved by CBD
treatment in the AMPH-exposed rats (Fig. 5c).

3.5 CBD treatment modified cannabinoid receptor type 1 (CB1R), as well as the enzymes
diacylglycerol lipase a (DAGL), monoacylglycerol lipase (MAGL), N-acyl-
phosphatidylethanolamine-hydrolyzing phospholipase D (NAPE-PLD), and fatty acid amide
hydrolase (FAAH) immunoreactivity in the ventral tegmental area (VTA).

Two-way ANOVA revealed a significant main effect of the drug, treatment and
treatment x drug interaction on DAGL levels [F(1, 20) = 26.84; 281.47 and 10.55, P<0.05,
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respectively] and a significant main effect of the treatment on CB1R, MAGL and FAAH
immunoreactivity [F(1, 20)= 14.95; 20.99 and 26.84, P<0.05, respectively]. Two-way ANOVA
also revealed a significant main effect of both treatment and treatment x drug interaction on
NAPE-PLD immunocontent [F(1,20) = 480.74, P<0.05; F(1,20) = 18.92, P<0.05, respectively].

Neuman-Keuls test revealed that AMPH per se decreased CB1R and NAPE-PLD levels
(Fig. 6a and 6d), increasing FAAH levels (Fig. 6e) when compared to the vehicle group. CBD
treatment per se increased DAGL and NAPE-PLD levels (Fig. 6b and 6d) and decreased MAGL
and FAAH immunoreactivity (Fig. 6¢ and 6e). In animals exposed to AMPH, CBD treatment
was able to restore CB1R levels (Fig. 6a), which were decreased by AMPH exposure. In
addition, CBD treatment increased DAGL and NAPE-PLD immunocontent in comparison to
both AMPH-conditioned and vehicle-treated groups (Fig. 6b and 6d) and decreased MAGL and

FAAH levels in comparison to AMPH-conditioned animals (Fig. 6¢ and 6e).

4 Discussion

Here we investigated the effects of cannabidiol (CBD) treatment on stress-induced
reinstatement of amphetamine (AMPH) conditioned place preference (CPP) in rats. Our
findings showed that: i) CBD exerted relevant benefits on the animal behavior, being able to
prevent AMPH-CPP reinstatement induced by a stressor. ii) CBD presented promising effects
in relapse-promoting conditions, such as anxiety. iii) CBD can interact and stimulate significant
changes in dopaminergic and endocannabinoid targets in both ventral striatum (VS) and ventral
tegmental area (VTA). These brain areas are closely involved in addiction processes, where
CBD promoted maintenance of the cellular homeostasis even after AMPH exposure. Taken
together, these observations provide evidence that supports a therapeutic potential for CBD,

especially when the addiction is associated with AMPH-type psychostimulants.

CBD treatment effects on AMPH reinstatement behavior

In the current study, AMPH-exposed animals showed drug-reinstatement behavior in
the CPP paradigm after exposure to forced swimming stress while CBD treatment prevented
AMPH-CPP reinstatement induced by this stressor. This potential anti-reinstatement effect
demonstrated by CBD treatment is consistent and reinforces our previous data when CBD

administration prevented drug relapse induced by AMPH re-exposure (Metz et al., 2021). Also,
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these outcomes confirm other findings, showing that CBD is also effective in preventing relapse
by other AMPH-type psychostimulants drugs in different experimental models (Hay et al.,
2018; Karimi-Haghighi et al., 2020; Metz et al., 2021). Taken together, these studies report the
therapeutic potential of the CBD to treat psychostimulants drug addiction, thus reiterating the
importance of the continuance and advances in scientific research in this regard. Furthermore,
to validate the experimental model, we evaluated the locomotor activity of the animals in the
open field (OF) task, which results showed no differences in locomotor behavior among the
experimental groups. This data supports the assertion that the behavioral results found in the
CPP test are indeed due to the effects underlying the treatment with CBD and are not related to
locomotor artifacts (Metz et al., 2019; Segat et al., 2016; Takamatsu et al., 2011).

Anxiolytic properties of CBD and its impact on AMPH reinstatement

In humans and rodents, anxiety is an important factor involved in establishing and
maintaining drug addiction, including AMPH. It was reported that 30—40% of drug-addicted
individuals also suffer from depression or anxiety disorder (Conway et al., 2006). After a
prolonged exposure and subsequent detoxification, anxiety can be one of the main elements
that trigger drug relapse (Biala et al., 2009). Here, we observed that AMPH administration
followed by exposure to a stressor stimulus triggered anxiogenic behaviors in the animals when
they were subjected to the EPM task. Our findings are in agreement with previous experimental
studies showing AMPH-induced anxiety-like behaviors (Barr et al., 2010; Metz et al., 2021;
Vuong et al., 2010). Moreover, clinical and preclinical evidence has supported the anxiolytic
effects of CBD, especially as a treatment for anxiety disorders (see review: Blessing et al.,
2015). Our current outcomes also showed that CBD treatment was able to prevent anxiety-like
behaviors in AMPH-exposed animals, but considering this anxiolytic effect was also observed
in the animals not exposed to AMPH, it allowed us to attribute the anxiolytic activity to CBD
per se. These findings are compatible with previous findings from our research group, when
CBD showed anxiolytic properties per se, but also prevented anxiety-like behaviors in AMPH-
reconditioned animals (Metz et al., 2021). Other researchers also evidenced that CBD produced
anti-anxiety-like effects in rats in the context of cocaine and crack addiction (Gonzalez-Cuevas
et al., 2018; Lujan et al., 2018). We hypothesized that the anxiolytic properties of CBD can
contribute, at least in part, to its anti-reinstatement effect, since anxiety symptoms substantially

contribute to the relapse occurrence.
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CBD effects on maladaptive dopaminergic molecular changes underlying AMPH exposure

In addition to the behavioral effects previously discussed, the current study also
evidenced the molecular changes underlying AMPH exposure. We believe that these neural
adaptations are closely related to the behavior modifications also observed in the animals. The
immunoreactivity of dopaminergic targets in the V'S showed that AMPH-conditioning followed
by the exposure to forced swimming stress triggered the increase of dopaminergic receptors 1
(D1R) and 2 (D2R) levels in this brain region when compared to the group not exposed to the
drug. D1R- and D1R are recognized for playing pivotal roles in the addiction processes as they
mediate relapse and drug-seeking behavior mechanisms (Hansen et al., 2002). Besides us, other
authors have recently documented a relation between the overstimulation of D1R and D2R
induced by AMPH and addictive behaviors (Metz et al., 2019; 2021; Moratalla et al., 2017),
supporting the outcomes shown here. Possibly the overstimulation of these receptors, which
occurs due to the high levels of extracellular DA available after the AMPH administration, can
cause neuroadaptations and persistent modifications in their immunoreactivity. Also, we
showed the impact of AMPH exposure on DA transporter (DAT) levels. As seen in previous
studies (Ares-Santos et al., 2012; Granado et al., 2012; Gou et al., 2015), exposure to AMPH
triggered a decrease in DAT immunoreactivity in the VS. Likewise, DAT is a relevant
dopaminergic target in AMPH addiction, once this transporter is responsible for both
intracellular and extracellular DA levels maintenance (Raineri et al., 2011; 2012), whereas,
AMPH acts blocking this primary DAT function (Volz et al., 2007). Considering our current
outcomes, CBD treatment preserved this dopaminergic target in the animals that were
previously exposed to AMPH. This finding is consistent as we found similar results in an earlier
study (Metz et al., 2021). We speculate that this maintenance of dopaminergic targets and
possible restoration of dopaminergic tone could be behind the beneficial behavioral effects of
CBD during AMPH reinstatement. In this sense, an important study by Renard et al. (2016)
demonstrated that CBD administration into the mesolimbic system decreased the AMPH-

induced sensitization, thus affecting the dopaminergic neuronal activity.

CBD influence on endocannabinoid modulation of DA release

Different studies demonstrated that endocannabinoids (eCBs) are capable of modulating
the mesolimbic dopaminergic pathways (Everett et al., 2021; Lupica et al., 2004; Su and Zhao,
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2017) by triggering the DA release incrementing a cannabinoid type 1 receptor (CB1R)-
dependent manner (Everett et al., 2021; Oleson et al., 2012; Solinas et al., 2006). Some research
groups have investigated the hypothesis that a pharmacological increase in eCBs levels could
be a relatively safe method of replacement therapy, especially during drug withdrawal, given
that it is believed that at this stage, the presence of negative symptoms is accompanied by a
decrease in DA levels. Thus, modulation of eCBs could normalize DA levels decreased and
prevent negative effects that contribute to relapse (McCutcheon et al., 2012; Oleson and Cheer,
2013; Roitman et al., 2008).

Our hypothesis (Fig. 7) is in line with the idea that the increase in endocannabinoid tone
can produce anti-abstinence effects and thus corroborate to prevent the occurrence of AMPH-
CPP reinstatement. Our outcomes pointed out that AMPH exposure triggered persistent
disturbances by decreasing CB1R immunoreactivity. This is in accordance with previously
published data showing that exposure to crack and cocaine also triggers a decrease in the CB1R
expression in mesolimbic brain areas (Areal et al., 2015). In addition, we observed that AMPH
exposure decreased N-acyl-phosphatidylethanolamine-hydrolyzing phospholipase D (NAPE-
PLD) and increased FAAH levels. NAPE-PLD and FAAH are responsible for the synthesis and
degradation of AEA, respectively (Blankman and Cravatt, 2013). Changes in the eCB levels
are known to reflect changes in the enzyme expression involved in their metabolism. A decrease
in AEA levels may be a consequence of reduced synthesis by NAPE-PLD or improved
degradation by FAAH (Smaga et al., 2017). Taken together, these findings seem to provide
evidence that the AMPH impaired the endocannabinoid neurotransmission, at least concerning
AEA. Regarding eCBs 2-AG, we found no significant changes underlying AMPH exposure in
the immunoreactivity of its synthesis and degradation enzymes, diacylglycerol lipase o
(DAGL), and monoacylglycerol lipase (MAGL), respectively. Conversely, CBD treatment
provided an increase in NAPE-PLD, as well as a reduction in FAAH levels in both experimental
groups exposed or not to AMPH. In this context, changes in these enzymes are associated with
a possible increase in AEA levels (Di Marzo, 2008). Moreover, CBD was able to maintain the
CB1R levels in AMPH exposed animals. Finally, we also observed that CBD treatment
increased DAGL and decreased MAGL levels, regardless of AMPH exposure. Given what other
studies have similarly reported (Smaga et al., 2017), we can infer that the CBD’s influence on
these enzymes resulted in increased levels of the 2-AG. All of these data allow us to hypothesize
that the CBD treatment is capable of triggering a general increase in endocannabinoid tone.

This idea is in line with our hypothesis about the potential anti-reinstatement effect of the CBD,
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which reflects the ability of this cannabinoid to increase endocannabinoid tone and
subsequently restore a dopaminergic system compromised by the AMPH administration.

Although we investigated important dopaminergic and endocannabinoid targets in VS
and VTA, we recognized that our study had some limitations. In the current study, we were
unable to quantify DA and its derivatives levels as well as measure the levels of the main eCBs.

We hope to be able to clarify these limitations in future studies.

5 Conclusion

In summary, our results provide consistent evidence to support the CBD potential in
preventing AMPH reinstatement. Furthermore, the absence of abuse potential combined with
its good tolerability in general highlights CBD as a promising candidate to be used as
pharmacotherapy in psychostimulant drug use disorders. Additional preclinical and future
clinical studies are needed to better understand the interactions between endocannabinoid and

dopaminergic systems, as well as the potential of CBD in the context of drug addiction.
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Fig.1 Experimental design: after basal behavioral evaluation (pre-test), animals were treated
with AMPH (4 mg/kg, i.p.) for 8 days, when the 1st behavioral evaluation was performed in
the CPP paradigm. Subsequently, animals were treated with CBD (10 mg/kg, i.p.) for 5 days.
During the CBD treatment period, additional CPP tests were performed to assess the extinction
of AMPH-CPP. Twenty-four hours after the last treatment dose, animals were submitted to
forced swim stress protocol to induce the reinstatement of extinguished AMPH-CPP and in
sequence, a CPP test was conducted. OF and EPM tests were also performed, followed by
molecular analysis in both VS and VTA. Abbreviations: AMPH: amphetamine; CBD:
cannabidiol; CPP: conditioned place preference; OF: open field; EPM: elevated plus maze;
VS: ventral striatum; VTA: tegmental ventral area.
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Fig. 2 Drug preference behavior induced by AMPH (4 mg/kg, i.p. for 8 days) observed in CPP
paradigm before 5 days of CBD (10 mg/kg, i.p.) treatment (Fig. 2a), the extinction period after
the last AMPH administration, and drug preference behavior after stress-induced reinstatement
of AMPH-CPP (Fig. 2b). (n=6). Data are expressed as mean + S.E.M. * indicates a significant
difference of conditioning (vehicle/AMPH) in the same treatment (control/CBD) (P<0.05). #
indicates a significant difference of the treatment (control/CBD) in the same conditioning
(vehicle/AMPH) (P<0.05). & indicates significant difference compared to day 1 of extinction
(P<0.05). @ indicates a significant difference compared to day 4 of extinction (P<0.05).
Abbreviations: AMPH: amphetamine; CBD: cannabidiol; CPP: conditioned place preference.
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Fig. 3 CBD treatment influence (10 mg/kg, i.p., for 5 days) on the locomotor activity in the
open field (OF) test after stress-induced reinstatement of AMPH-CPP. Crossing humber was
quantified. (n=6). Data are expressed as mean + S.E.M. * indicates a significant difference of
conditioning (vehicle/AMPH) in the same treatment (control/CBD) (P<0.05). # indicates
significant differences of the treatment (control/CBD) in the same conditioning
(vehicle/AMPH) (P<0.05). Abbreviations: AMPH: amphetamine; CBD: cannabidiol.
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Fig. 4 CBD treatment influence (10 mg/kg, i.p.) on anxiety-like behaviors in the elevated plus-
maze (EPM) test after stress-induced reinstatement of AMPH-CPP. The time spent in the closed
arms (Fig. 4a), the time spent in the open arms (Fig. 4b), the number of total arms entries (Fig.
4c), the number of head dipping (Fig. 4d), and the anxiety index (Fig. 4e) were quantified.
(n=6). Data are expressed as mean + S.E.M. * indicates a significant difference of conditioning
(vehicle/AMPH) in the same treatment (control/CBD) (P<0.05). # indicates significant
differences of the treatment (control/CBD) in the same conditioning (vehicle/AMPH) (P<0.05).
Abbreviations: AMPH: amphetamine; CBD: cannabidiol.
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Fig. 5 CBD treatment influence (10 mg/kg, i.p.) on dopamine receptor type 1 (D1) levels (Fig.
5a), dopamine receptor type 2 (D2) levels (Fig. 5b) and on dopamine transporter (DAT) levels
(Fig. 5¢) in ventral striatum (VS) after stress-induced reinstatement of AMPH-CPP. (n=6). Each
representative band in the sequence corresponds to one bar in the Figure. Data are expressed as
mean + S.E.M. * indicates a significant difference of conditioning (vehicle/AMPH) in the same
treatment (control/CBD) (P<0.05). # indicates significant differences of the treatment
(control/CBD) in the same conditioning (vehicle/AMPH) (P<0.05). Abbreviations: AMPH:
amphetamine; CBD: cannabidiol.
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Fig. 6 CBD treatment influence (10 mg/kg, i.p.) on cannabinoid receptor type 1 (CB1) levels
(Fig. 6a), on the enzyme diacylglycerol lipase a (DAGL) levels (Fig 6b), on the enzyme
monoacylglycerol lipase (MAGL) levels (Fig 6c), on the enzyme N-acyl-
phosphatidylethanolamine-hydrolyzing phospholipase D (NAPE-PLD) levels (Fig. 6d) and the
enzyme fatty acid amide hydrolase (FAAH) levels (Fig. 6e) in ventral tegmental area (ATV)
after stress-induced reinstatement of AMPH-CPP. (n=6). Each representative band in the
sequence corresponds to one bar in the Figure. Data are expressed as mean + S.E.M. * indicates
a significant difference of conditioning (vehicle/AMPH) in the same treatment (control/CBD)
(P<0.05). # indicates significant differences of the treatment (control/CBD) in the same
conditioning (vehicle/AMPH) (P<0.05). Abbreviations: AMPH: amphetamine; CBD:
cannabidiol.
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Fig. 7 Proposed model for CBD influence on endocannabinoid modulation of DA release. (A)
Exposure to drugs of abuse such as AMPH causes maladaptive changes in the reward system.
During the withdrawal phase of the drug, a decrease in endocannabinoid tone in VTA is
observed, which triggers an increase in the inhibitory effects exerted by GABAergic neurons in
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this brain area and culminates in a decrease in the release of DA in the VS. This
hypodopaminergic state can be directly related to the development of negative symptoms and
facilitate the occurrence of relapse episodes. (B) CBD increases endocannabinoid tonus by
inhibiting the degradation and reuptake of eCBs. Expressed in GABAergic neurons in the VTA,
when CB1 receptors are activated by eCBs, they inhibit GABAergic transmission in this brain
area, triggering a decrease in the inhibitory interruption of dopaminergic neurons. It leads to an
increase in the release of DA in the VS. Possibly, a restoration of baseline DA levels in VS
could prevent the development of negative symptoms and contribute to relapse prevention.
Abbreviations: 2-AG: 2-arachidonoylglycerol; AEA: N-arachidonoyl ethanolamine
(anandamide); AMPH: amphetamine; CB1: cannabinoid receptor type 1; CBD: cannabidiol;
D1R: dopaminergic receptor type 1; D2R: dopaminergic receptor type 2; DA: dopamine; DAT:
dopamine transporter; DAGL.: diacylglycerol lipase; eCBs: endocannabinoids; FAAH: fatty
acid amide hydrolase; GABA: y-Aminobutyric acid; GABA A: y-Aminobutyric acid type A
receptor; GABA B: y-Aminobutyric acid type B receptor; MAGL: monoacylglycerol lipase ;
NAPE-PLD: N-acyl-phosphatidylethanolamine-hydrolyzing phospholipase D; VS: ventral
striatum; VTA: ventral tegmental area.
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6 DISCUSSAO

Considerando os resultados apresentados na integra desta tese, o presente estudo fornece
evidéncias dos efeitos benéficos do tratamento com canabidiol (CBD) sobre aspectos
comportamentais de recaida por anfetamina (ANF). Os efeitos do tratamento com CBD foram
avaliados por meio de dois modelos experimentais distintos de recaida por ANF. No protocolo
experimental |, a recaida foi induzida pela reexposicdo dos animais a droga, através de um
protocolo de recondicionamento (SEGAT et al., 2014; 2016; 2018; METZ et al., 2019). Por
outro lado, no protocolo experimental 11, utilizamos um modelo de inducéo de recaida por um
estimulo estressor (HAGAPARASH et al., 2014; MIKHAIL et al., 2012). O CBD preveniu a
recaida por ANF em ambos os protocolos experimentais. Isto reafirma a relevancia dos nossos
achados e evidencia o CBD como uma promissora estratégia farmacoldgica no tratamento da
adicdo a drogas psicoestimulantes como a ANF.

Da mesma maneira, avaliamos parametros de ansiedade no labirinto em cruz elevado.
A ansiedade € um fator importante envolvido no estabelecimento e manutencgéo da dependéncia
de drogas. Estima-se que cerca de 30-40% dos individuos adictos também apresentam
depressdo ou transtornos de ansiedade (CONWAY et al., 2006). Além disso, ap6s uma
exposicdo prolongada e subsequente desintoxicacdo, a ansiedade pode ser um dos principais
fatores que desencadeiam a recaida (BIALA et al., 2009). Em nosso estudo, 0 CBD per se,
assim como o tratamento com CBD antes do restabelecimento da preferéncia, exerceu
influéncias benéficas sobre os sinais semelhantes a ansiedade, em ambos protocolos
experimentais. Esses resultados estdo de acordo com estudos prévios que evidenciaram
propriedades ansioliticas do CBD (BLESSING et al., 2015). N6s hipotetizamos que o efeito
anti-recaida a ANF causado pelo tratamento com CDB, pode ser, pelo menos em parte, devido
as propriedades ansioliticas deste canabinoide.

Nossos estudos também incluiram avaliagdes comportamentais no teste de campo aberto, onde
0s animais de todos os grupos experimentais apresentaram atividade locomotora similar. Esses
achados reafirmam que nossos resultados observados no labirinto em cruz elevada e também
nos testes de recaida observados no paradigma de preferéncia condicionada de lugar ndo séo
um artefato locomotor.

Além disso, apos analises moleculares dos tecidos cerebrais dos animais submetidos ao
protocolo experimental I, evidenciamos um efeito protetor do CBD contra as alteracfes
celulares induzidas pela ANF. Os resultados moleculares mostraram que o0s alvos
dopaminérgicos alterados pela exposi¢cdo a ANF (D1R, D2R, DAT, VMAT-2 e TH) foram
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restaurados pelo tratamento com CBD. Nossos achados vdo de encontro com um estudo
anterior, o qual relatou que a administragdo direta de CBD no sistema mesolimbico foi capaz
de atenuar a sensibilizacéo e a atividade neuronal dopaminérgica induzida por ANF (RENARD
et al., 2016). Dessa forma, nds propusemos que o CBD poderia modular o sistema
dopaminérgico de modo a recuperar a homeostase alterada pela ANF, atraves de mecanismos
ainda mal compreendidos, mas que possivelmente poderiam envolver agdes diretas ou indiretas
sobre esse sistema. Por fim, ainda, essa acdo do CBD sobre o sistema dopaminérgico no cortex
pré-frontal e no estriado ventral, que sdo regides cerebrais intimamente relacionadas a adicao
(STHAL, 2014), seria a responsavel pelos efeitos comportamentais anti-recaida observados no
estudo. Interessantemente, um estudo recém publicado mostrou que a administracdo de
antagonistas dos receptores D1R e D2R inibiram os efeitos benéficos do CBD na preferéncia
condicionada de lugar induzida por metanfetamina (MET) (SHARIFI et al., 2022). Esse estudo
sugere que o CBD exerce suas acles benéficas frente a adi¢cdo por MET, pelo menos em parte,
por meio destes dois subtipos de receptores dopaminérgicos, o que coincide com a nossa
hipbtese.

Tendo em vista os resultados encontrados no protocolo experimental |1 e 0 aumento de
evidéncias que apontam o envolvimento do sistema endocanabinoide (SE) no sistema de
recompensa (OLIERE et al., 2013) como um modulador da sinalizacio dopaminérgica
(WANG; LUPICA, 2014), desenvolvemos o protocolo experimental 1. O objetivo desse
segundo estudo foi avaliar os efeitos do CBD frente a parametros comportamentais de recaida
por ANF induzida por estresse de natacdo forcada, assim como, avaliar alvos dopaminérgicos
e endocanabindides em regibes cerebrais envolvidas na adi¢do. Isso porque acreditamos que 0s
efeitos desencadeados pelo CBD sobre alvos dopaminérgicos podem ser devidos a sua agdo ja
conhecida sobre o SE.

A exposicdo a drogas de abuso causa mudancas mal adaptativas no sistema de
recompensa, tanto a nivel dopaminérgico quanto endocanabinoide. Bystrowska e colaboradores
(2014) mostraram que h& uma diminuicdo nos niveis de anandamida (AEA) nas regides
mesolimbicas durante a fase de extingdo da preferéncia por cocaina. Aqui, embora ndo
tenhamos sido capazes de mensurar 0s niveis de eCBs, nossos resultados evidenciaram que a
exposicdo a ANF desencadeou disturbios persistentes no SE ao diminuir a imunorreatividade
do CBI1R. Além disso, observamos que a exposicdo a ANF diminuiu a N-acil-
fosfatidiletanolamina-fosfolipase D (NAPE-PLD) e aumentou os niveis da amida hidrolase dos
acidos graxos (FAAH). NAPE-PLD e FAAH sdo as enzimas responsaveis pela sintese e
degradacdo de AEA, respectivamente (BLANKMAN E CRAVATT, 2013). Alteracdes nos
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niveis de eCB sdo conhecidos por refletir mudancas na expressdo da enzima envolvida em seu
metabolismo. Uma diminuicdo nos niveis de AEA pode ser uma consequéncia da sintese
reduzida por NAPE-PLD ou degradacdo melhorada por FAAH (SMAGA et al.,, 2017).
Tomados em conjunto, esses achados parecem fornecer evidéncias de que a ANF prejudicou a
neurotransmissdo endocanabinoide, pelo menos no que diz respeito & AEA. Dessa forma, nos
hipotetizamos que essa diminuicao do tbnus endocanabinoide na area tegmental ventral (ATV)
durante a fase de retirada da droga, desencadeia um aumento dos efeitos inibitérios exercidos
pelos neurdnios GABAEérgicos nessa regido do cérebro e culmina na diminuicao da liberacéo
de DA no estriado ventral (EV). Estudos anteriores ja demonstraram que os niveis de DA se
encontram diminuidos na regido do Nucleus accumbens durante o periodo de abstinéncia de
drogas (LINGFORD-HUGHES E NUTT, 2003) e que esse estado hipodopaminérgico pode
estar diretamente relacionado ao desenvolvimento de sintomas de retirada, como ansiedade e
comportamento depressivo, os quais facilitam a ocorréncia de episodios de recaida (OLIERE
etal., 2013).

Uma vez que o CBD atua como um inibidor da FAAH, sua administracdo desencadeia
um aumento nos niveis de AEA e é capaz de provocar um aumento do ténus endocanabinoide
no geral (CAMPOS et al., 2012; LIGESTRI et al., 2016). Em nosso estudo, n6s mostramos que
0 tratamento com CBD aumentou os niveis de NAPE-PLD, bem como a diminuig&o dos niveis
de FAAH, tanto per se, quanto em animais previamente expostos a ANF. Nesse contexto,
alteracdes nessas enzimas podem estar associadas a um possivel aumento nos niveis de AEA
(DI MARZO, 2008). Além disso, 0 CBD também foi capaz de manter os niveis de CB1R em
animais expostos & ANF. Por fim, também observamos que o tratamento com CBD aumentou
0s niveis de diacilglicerol lipase a (DAGL) e diminuiu os niveis de monoacilglicerol lipase
(MAGL), enzimas responsaveis pela sintese e degradacdo de outro importante eCBs, o 2-
araquidonoilglicerol (2-AG). Dessa maneira, nds acreditamos que a ativacdo dos receptores
CB1R expressos em neurbnios GABAEérgicos na ATV, apds esse aumento do tbnus
endocanabinoide desencadeado pelo CBD, levam a uma inibicdo da neurotransmissdo
GABAérgica nessa regido cerebral. Isso culminaria em uma diminuicdo da interrupcéo
inibitoria dos neurdnios dopaminérgicos, resultando em um aumento da liberacdo de DA no
estriado ventral (EV). De fato, nossos resultados mostraram que o tratamento com CBD
restaurou os niveis dos receptores D1R e D2R e de outros alvos dopaminérgicos nessa regiao
do cérebro. Por fim, nds acreditamos que uma restauragdo dos niveis basais de DA no EV pelo
CBD poderia prevenir o desenvolvimento de sintomas negativos e contribuir para a prevencao

de recaidas, como evidenciado pelos nossos achados comportamentais. Em consonancia com
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isso, outros grupos de pesquisa também tém explorado o aumento do ténus endocanabinoide
como ferramenta para restaurar o estado hipodopaminérgico encontrado durante a fase de
abstinéncia da droga, a fim de prevenir efeitos de abstinéncia e a consequente ocorréncia de
recaidas (MCCUTCHEON et al., 2012; OLESON E CHEER, 2013; ROITMAN et al., 2008).
Em resumo, nossos resultados mostraram um potencial efeito benéfico do CBD na
prevencdo da recaida por ANF em diferentes modelos experimentais. A nivel molecular, nos
evidenciamos que o CBD foi capaz de restabelecer a homeostase dopaminérgica e
endocanabinoide alterada pela exposicdo a ANF. Nos atribuimos isso a um efeito indireto deste
canabinoide, uma vez que, hipotetizamos que os efeitos desencadeados pelo CBD sobre alvos
dopaminérgicos podem ser devidos a sua acao sobre o SE. N6s acreditamos que a acdo do CBD
no SE pode culminar em uma restauracao do estado hipodopaminérgico encontrado em animais
expostos a ANF. Por fim, essa regulacdo da homeostase dopaminérgica poderia ser a

responsavel pelos efeitos anti-recaida do CBD aqui apresentados.
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7 CONCLUSAO

Tomados em conjunto, os resultados apresentados nesta tese nos permitem concluir que:

- O tratamento com canabidiol (CBD) exerce efeitos benéficos na prevencédo da recaida a
anfetamina (ANF).

- O CBD também apresenta evidente propriedade ansiolitica, a qual possivelmente pode
estar atrelada a capacidade anti-recaida aqui demonstrada pelo canabinoide.

- Os achados moleculares nos permitem hipotetizar que o potencial efeito anti-recaida do
CBD reflete a capacidade deste em aumentar o tdnus endocanabindide e,
posteriormente, restaurar o sistema dopaminérgico comprometido pela exposicdo a
ANF.

- Embora estudos pré-clinicos adicionais e estudos clinicos futuros sdo necessarios para
melhor compreender a acdo deste canabinoide e as interagdes entre 0s sistemas
endocanabinoide e dopaminérgico, o CBD parece ser um candidato promissor para ser

usado como farmacoterapia na dependéncia de drogas psicoestimulantes.
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RESUMO

O presente estudo teve por objetivo avaliar um possivel novo mecanismo de a¢do da cocaina
(COC). Nos hipotetizamos que a COC exerce seus efeitos hed6nicos através da liberacdo de
monoaminas das vesiculas de armazenamento pré-sinaptico, além do j& conhecido bloqueio dos
transportadores pré-sindpticos de monoaminas. Para isso, conduzimos um experimento utilizando
ratos nocautes para o transportador de serotonina (SERT) a fim de investigar se a cocaina é capaz
de induzir seus efeitos recompensadores mesmo na auséncia de SERT, e se esses efeitos poderiam
ser blogueados por um agente que esgota as vesiculas de armazenamento monoaminérgico.
Animais selvagens (SERT +/+) e nocautes para o transportador de serotonina (SERT -/-) foram
inicialmente submetidos ao protocolo de preferéncia condicionada de lugar (PCL), onde
receberam uma administracdo diaria de cocaina (10 mg/kg, i.p.) ou solugéo salina (0,9% NaCl,
i.p.) nos dias 2, 4, 6 e 8. Durante os dias 3, 5, 7 ¢ 9 do condicionamento, 0s mesmos animais
receberam uma administracdo diaria de salina. Imediatamente apds o ultimo condicionamento,
no dia 9, os animais receberam reserpina (RES), um agente depletor de vesiculas de
armazenamento monoaminérgico, na dose de 1 mg/kg (i.p) ou seu veiculo. O teste de PCL foi
realizado 24 horas apés a injecdo de RES. Nossos resultados mostraram que 0s animais SERT -
/- apresentaram comportamento de preferéncia condicionada de lugar induzido por COC. Ainda,
estes mesmos animais mostraram ser mais suscetiveis aos efeitos comportamentais da COC em
comparagdo aos animais SERT +/+, fato esse evidenciado por maior aumento na frequéncia de
entradas, distancia percorrida e na velocidade do animal no compartimento do aparato de PCL
pareado com a droga. Além disso, a deplecédo das vesiculas de armazenamento monoaminérgico
pela RES impediu o estabelecimento da preferéncia pelo psicoestimulante. Tomadas em conjunto,
nossas descobertas sugerem que a RES impediu a PCL induzida por COC ao interferir nas
propriedades de reforco do psicoestimulante, por ter promovido a deplecdo das vesiculas de
armazenamento monoaminérgico. Embora mais estudos sejam necessarios, a manipulacdo de
vesiculas de armazenamento pode servir como um novo alvo para o desenvolvimento de uma

terapia potencial para a adicdo a COC.

Palavras-chaves: drogadicdo; psicoestimulantes; serotonina; SERT; vesiculas de

armazenamento monoaminérgico.



1. INTRODUCAO

A adicdo a cocaina (COC) é uma doenca cronica e recidivante caracterizada pela
busca e uso compulsivo da droga, apesar de suas consequéncias prejudiciais (VOLKOW
et al., 2016). Estudos epidemioldgicos mostraram que a cocaina é a segunda droga ilicita
mais consumida na Europa (OEDT, 2016) e nos Estados Unidos (CBHSQ, 2015).
Atualmente, ndo existem medicamentos eficazes e aprovados para o tratamento da adicao
a COC (CZOTY et al., 2016), o que reitera a importancia da pesquisa cientifica nesse
sentido, visando a elucidacdo completa da patofisiologia da drogadicdo a
psicoestimulantes e o desenvolvimento de estratégias terapéuticas inovadoras para o
tratamento deste grave transtorno psiquiatrico.

A dopamina (DA) é conhecida por mediar os efeitos da COC (KOOB, 1996; KOOB
E VOLKOW, 2016; VOLKOW E MORALES, 2015; VOLKOW, KOOB E
MCLELLAN, 2016), porém evidéncias recentes sugerem que a serotonina (5-HT)
também desempenha um papel importante nos efeitos neuroquimicos e comportamentais
da COC (FILIP et al., 2010; HOMBERG et al., 2008; NONKES et al., 2011; VERHEIJ
et al., 2014; 2016). Por exemplo, a administracdo de COC aumenta, enquanto a retirada
de COC diminui os niveis extracelulares de DA e 5-HT no nucleus accumbens
(ANDREWS E LUCKI, 2001; PARSONS, KOOB E WEISS, 1995; 1996; TENEUD et
al.,, 1996; VERHEIJ et al., 2014). Ademais, além dos receptores acumbais
dopaminérgicos, 0s receptores acumbais serotonérgicos mostraram mediar a atividade
locomotora induzida por COC e a recompensa de COC (FERGUSON, MITCHELL E
NEUMAIER, 2008; FILIP E CUNNINGHAM, 2002; FILIP et al., 2002; HERGES E
TAYLOR, 2000; KATSIDONI, APAZOGLU E PANAGIS, 2011; MCMAHON, FILIP
E CUNNINGHAM, 2001; PRZEGALINSKI et al., 2002).

E sabido que a COC exerce seus efeitos por aumentar os niveis de monoaminas
extracelulares ao bloguear os transportadores responsaveis pela recaptacdo destas (NAH
E GU, 2016). No entanto, a resposta comportamental e a ingestdo de COC néo é reduzida
em animais e humanos que possuem niveis reduzidos de transportadores de recaptacao
de monoaminas (ENOCH et al., 2011; GERRA et al., 2007; GUINDALINI et al., 2006;
HOMBERG et al., 2008; ROCHA et al., 1998; SORA et al., 1998; VERHEIJ et al., 2018).
Além disso, alguns estudos evidenciaram que um desafio agudo de COC ainda resultou

em um aumento nos niveis extracelulares de DA e 5-HT no nucleus accumbens de
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animais sem transportadores de DA e 5-HT (CARBONI et al., 2001; GAINETDINOV,
SOTNIKOVA e CARON, 2002; SORA et al., 2001; VERHELJ et al., 2014).

Essas descobertas sugerem que um mecanismo diferente da inibicao da recaptacao
de DA e 5-HT pode contribuir para a recompensa e efeitos aditivos da COC.
Curiosamente, em 1977, Scheel-Kriiger e colaboradores mostraram que a resposta
comportamental & COC também depende da presenca de vesiculas de armazenamento
monoaminérgico (SCHEEL-KRUGER et al., 1977). Essas observagbes levaram a
hipdtese de que a COC libera DA e 5-HT na fenda sinaptica através do esgotamento de
vesiculas de armazenamento pré-sindpticas. Sendo assim, o objetivo deste estudo foi
elucidar um possivel novo mecanismo de agdo da COC, comprovando que esta exerce
seus efeitos recompensadores através da liberacdo de DA e 5-HT das vesiculas de
armazenamento monoaminérgico, além do ja descrito blogueio dos transportadores de
dopamina (DAT) e de serotonina (SERT).

2. METODOLOGIA

2.1 ANIMAIS

Neste estudo foram utilizados 24 ratos Wistar machos adultos SERT -/- e 24 ratos
Wistar machos adultos selvagens (SERT +/+), provenientes do Centro Animal da
Radboud University, Nijmegen, Holanda. Os ratos SERT-/- sdo ratos nocaute para o
transportador de serotonina, os quais foram gerados segundo Homberg et al. (2008). O
experimento seguiu as leis e diretrizes institucionais, nacionais e internacionais de

cuidados animal e bem-estar.

2.2 PROTOCOLO EXPERIMENTAL

Os ratos SERT +/+ (n=24) e SERT -/- (n=24) foram expostos ao protocolo de
preferéncia condicionada de lugar (PCL), conforme descrito detalhadamente no item a
seguir. Inicialmente, ambos os animais SERT +/+ e SERT -/-, foram divididos
randomicamente em dois grupos experimentais, os quais receberam durante a fase de
condicionamento, nos dias 2, 4, 6 e 8, uma administracdo diéria de cocaina (10 mg/Kkg,
I.p., n=16) (HOMBERG et al., 2008) ou solugdo salina (0,9% NacCl, i.p., n=8) e
imediatamente foram confinados em um dos compartimentos do aparato de PCL por 40



minutos (Fig 1.) Durante os dias 3, 5, 7 e 9 do condicionamento, 0s mesmos animais
receberam uma administracdo diaria de salina, seguida de 40 minutos de exposicdo ao
compartimento ndo pareado com o psicoestimulante. Imediatamente ap6s o ultimo
condicionamento, no dia 9, os animais foram redistribuidos e receberam reserpina, um
agente depletor de vesiculas de armazenamento monoaminérgico, na dose de 1 mg/kg
(i.p) (VERHELW] et al., 2011) ou seu veiculo (solucgdo salina 0,9% NaCl + 0,5% é&cido
acetico, i.p.), dando origem aos seguintes grupos experimentais:

)} SERT +/+: Salina + Veiculo (n=8)

i) SERT +/+: Cocaina + Veiculo (n=8)

iii) SERT +/+: Cocaina + Reserpina (n=8)

iv) SERT -/-: Salina + Veiculo (n=8)

V) SERT -/-: Cocaina + Veiculo (n=8)

Vi) SERT -/-: Cocaina + Reserpina (n=8)

O teste de PCL foi realizado 24 horas apds a injecdo de reserpina. Na sequéncia,

os animais foram anestesiados (isoflurano, dose ao efeito) e eutanasiados por decapitacao.
2.3 ANALISES COMPORTAMENTAIS
2.3.1 Preferéncia Condicionada de Lugar

A preferéncia condicionada de lugar (PCL) é um modelo animal usado para
avaliar os efeitos hedbnicos de drogas que causam dependéncia. Ele consiste no
pareamento repetido em um compartimento com um estimulo especifico (drogas),
enquanto no compartimento oposto ocorre 0 pareamento com um estimulo neutro.

O aparato de PCL consiste em uma caixa dividida em dois compartimentos, 0s
quais apresentam pistas ambientais distintas. Um dos compartimentos da caixa, possui
piso preto e paredes quadriculadas, enquanto o outro compartimento possui piso preto e
paredes listradas. Estes encontram-se conectados por um terceiro compartimento neutro.
A caixa foi colocada em uma sala silenciosa e em ambas as camaras de condicionamento
e no espaco central, uma luz branca fraca (20—30 Ix) foi acessa. O cronograma da PCL é
composto pelas seguintes fases:

Habituacdo: Os animais foram colocados durante 15 minutos em cada
compartimento da caixa de preferéncia, exceto na area neutra, no dia 0. Tal procedimento

foi realizado para a familiarizagdo do animal ao ambiente.

101



102

Pré-teste: No dia seguinte & habituac&o (dia 1), os ratos foram colocados no centro
da area neutra com livre acesso aos compartimentos e tiveram seu tempo de permanéncia
em cada compartimento registrado durante 15 minutos (FUKUSHIRO et al., 2007). Os
animais que demonstraram forte aversdo incondicionada (menos de 25% do tempo) ou
preferéncia (mais de 75% do tempo) por um dos compartimentos foram descartados
(VAZQUEZ et al., 2006).

Condicionamento: Durante a fase de condicionamento, nos dias 2, 4, 6 e 8, 0s
animais receberam uma administracao diaria de cocaina (10mg/Kkg, i.p.) ou solucéo salina
(0,9% NaCl), conforme o grupo experimental, e foram imediatamente confinados por 40
minutos no compartimento em que permaneceram menor tempo durante o pré-teste. Nos
dias 3, 5, 7 e 9, 0s mesmos animais receberam uma injecdo diéria de solucdo salina,
seguida de 40 minutos de exposicdo ao compartimento ndo pareado com o
psicoestimulante (adaptado de HOMBERG Et al., 2008).

Teste de PCL.: O teste de PCL foi conduzido 24 horas ap6s o término da fase de
condicionamento. Os animais tiveram acesso livre aos compartimentos durante 15
minutos (FUKUSHIRO et al., 2007), sendo quantificado, o nimero de entradas, o tempo
de permanéncia, a distancia percorrida, assim como a velocidade do animal em cada

compartimento

2.4 ANALISE ESTATISTICA

Primeiramente, a influéncia do condicionamento no geno6tipo foi analisada através
de ANOVA de duas vias seguido pelo teste Post-hoc de Newman-Keuls. Da mesma
forma, a influéncia do tratamento com reserpina sobre o genétipo em animais
condicionados com COC foi analisada através de ANOVA de duas vias seguido pelo teste
Post-hoc de Newman-Keuls. As comparacdes entre o grupo salina+veiculo e o grupo
COC-+reserpina, em ambos 0s genotipos, foram analisadas através de teste-t de Student.
O software Statistica 12 foi utilizado para a realizagéo de todas as analises. Os valores de
P < 0,05 foram considerados estatisticamente significativos em todas as comparagdes
realizadas. Para a confeccdo dos Gréaficos foi utilizado o programa GraphPad Prism ®

(verséo 9). Os dados foram expressos em média * erro padrao.



3. RESULTADOS

3.1 AVALIACAO COMPORTAMENTAL DE PREFERENCIA CONDICIONADA DE
LUGAR INDUZIDA POR COCAINA EM RATOS SERT +/+ E SERT -/- TRATADOS
COM RESERPINA

Tempo gasto no compartimento pareado com a droga

ANOVA de duas vias entre o condicionamento e o gendétipo revelou efeito
principal do condicionamento [F (1,20) = 29.88, P < 0,01] no tempo gasto no
compartimento pareado com a droga. Além disso, a ANOVA de duas vias entre 0
gendtipo e o tratamento em animais do mesmo condicionamento, revelou efeito do
tratamento [F (1,20) = 20.51, P < 0,01] neste mesmo parametro.

O teste post-hoc de Newman-Keuls revelou que os animais de ambos 0s gendtipos
(SERT +/+ e SERT -/-) condicionados com cocaina (COC) permaneceram mais tempo
no compartimento condicionado com a droga em comparagdo ao grupo condicionados
com salina, que ndo mostrou preferéncia, como esperado (Figura 2a). Inversamente, em
ambos 0s genotipos, o tratamento com o reserpina (RES) diminuiu o tempo que 0s
animais condicionados com COC permaneceram no compartimento da droga (Figura 2a).

Frequéncia de entradas no compartimento pareado com a droga

ANOVA de duas vias entre o condicionamento e o genotipo revelou efeito
principal do condicionamento [F (1,20) = 9.58, P < 0,01] e do gendtipo [F (1,20) = 12.49,
P < 0,01] na frequéncia de entradas no compartimento pareado com a droga. Além disso,
ANOVA de duas vias entre o genotipo e o tratamento em animais do mesmo
condicionamento, revelou efeito do genotipo [F (1,20) = 11.95, P < 0,01] e do tratamento
[F (1,20) = 30.92, P < 0,01] neste mesmo parametro.

A comparagdo post-hoc mostrou que os animais SERT -/- condicionados com
COC entraram mais vezes no compartimento pareado com a droga em comparagao com
0s animais condicionados com salina do mesmo genotipo (Figura 2b). Além disso, essa
maior suscetibilidade ao efeito da droga parece estar relacionada ao gendtipo, uma vez
que, esse mesmo grupo experimental apresentou diferenca estatistica em comparacéao

com os animais SERT +/+ condicionados com COC (Figura 2b). Por fim, uma diminuicao

103



104

no ndmero de entradas no compartimento da droga foi observada nos animais
condicionados com COC e posteriormente tratados com RES em ambos 0s gen6tipos em
comparagdo com animais do mesmo condicionamento e que foram tratados com VEIC
(Figura 2b).

Distancia percorrida no compartimento pareado com a droga

ANOVA de duas vias entre o condicionamento e o gendétipo revelou efeito
principal do condicionamento [F (1,20) = 32.97, P < 0,01] e do gendtipo [F (1,20) = 6.58,
P < 0,05] na distancia percorrida no compartimento pareado com a droga. Além disso,
ANOVA de duas vias entre o gendtipo e o tratamento em animais do mesmo
condicionamento, revelou um efeito do gendtipo [F (1,20) = 6.23, P < 0,05], do
tratamento [F (1,20) = 41.47, P < 0,01] e da interacdo genotipo x tratamento [F (1,20) =
6.94, P < 0,05] neste mesmo parametro.

O teste post-hoc de Newman-Keuls mostrou que os animais de ambos o0s
gendtipos condicionados com COC apresentaram um aumento na atividade locomotora
em comparagdo com 0s animais condicionados com salina, o que foi evidenciado pela
distancia percorrida no compartimento pareado com a droga (Figura 2c). Além disso, esse
aumento foi significativamente maior nos animais SERT-/- em comparagdo aos SERT
+/+, apontando mais uma vez, uma possivel maior suscetibilidade deste genétipo aos
efeitos da droga (Figura 2c). Por sua vez, o tratamento com RES, tanto em animais SERT
+/+ quanto em SERT -/- condicionados com COC, desencadeou uma diminui¢do da
distancia percorrida, em comparagdo com animais do mesmo condicionamento e que
foram tratados com VEIC (Figura 2c).

O teste T de Student entre os grupos salina+veiculo e COC+reserpina em ambos
0s genotipos (SERT +/+ e SERT -/-) ndo apresentou diferenca significativa (P<0,911 e
P<0,911, respectivamente), o que evidencia que a RES ndo prejudicou a atividade

locomotora dos animais.
Velocidade dos animais no compartimento pareado com a droga
ANOVA de duas vias entre o condicionamento e o genoétipo revelou efeito

principal do gendtipo [F (1,20) = 12.82, P < 0,01] e da interagdo condicionamento X

genotipo [F (1,20) =9.26, P <0,01] na velocidade dos animais no compartimento pareado



com a droga. Além disso, a ANOVA de duas vias entre o genoétipo e o tratamento em
animais do mesmo condicionamento revelou um efeito do genoétipo [F (1,20) = 19.59, P
< 0,01], do tratamento [F (1,20) = 6.77, P < 0,05] e da interacdo gendtipo x tratamento
[F (1,20) = 5.80, P < 0,05] neste mesmo parametro.

A velocidade dos animais SERT -/- condicionados com COC foi aumentada no
compartimento da droga em comparacdo ao grupo SERT -/- condicionado com salina.
Uma diferenca significativa entre esse mesmo grupo em comparagdo aos animais SERT
+/+ condicionados com COC também foi evidenciada, revelando um maior efeito da
droga neste genoétipo (Figura 2d). Inversamente, o tratamento com RES diminuiu a
velocidade de animais SERT -/- condicionados com COC em comparagdo com 0 grupo
de animais do mesmo condicionamento e que foi tratado com VEIC.

O teste T de Student entre os grupos salina+veiculo e COC+reserpina em ambos
0s genotipos (SERT +/+ e SERT -/-) ndo apresentou diferenca significativa (P<0,125 e
P<0,332, respectivamente), o que evidencia que a RES né&o prejudicou a velocidade e

consequentemente a atividade locomotora dos animais.

4. DISCUSSAO

Este estudo teve como objetivo avaliar um novo mecanismo de agdo da cocaina
(COC). Nos hipotetizamos que a COC exerce seus efeitos de recompensa através da
liberacdo de monoaminas das vesiculas de armazenamento pré-sinaptico, além do ja
conhecido mecanismo de bloqueio dos transportadores de monoaminas. Para isso,
conduzimos um experimento utilizando ratos com a auséncia do transportador de
serotonina (SERT), a fim de investigar se a cocaina é capaz de induzir seus efeitos
recompensadores mesmo na auséncia de SERT e se esses efeitos poderiam ser bloqueados
por um agente que esgota as vesiculas de armazenamento monoaminérgico. Este foi
realmente 0 caso, uma vez que nossas descobertas mostraram que: (i) animais SERT -/-
apresentaram comportamento de preferéncia condicionada de lugar (PCL) induzido por
COC; (ii) estes mesmos animais parecem ser mais suscetiveis aos efeitos
comportamentais da COC em comparagdo aos animais que naturalmente expressam esse
transportador (SERT +/+); (iii) a deplecdo das vesiculas de armazenamento
monoaminérgico pela reserpina impediu o estabelecimento da preferéncia pelo

psicoestimulante.
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Como mencionado previamente, embora a dopamina (DA) seja conhecida como
a grande responsavel por mediar os efeitos da COC (KOOB, 1996; KOOB E VOLKOW,
2016; VOLKOW E MORALES, 2015; VOLKOW, KOOB E MCLELLAN, 2016), uma
série de estudos recentes tém demonstrado que a serotonina (5-HT) também possui um
papel relevante nos efeitos comportamentais e neuroquimicos da COC (FILIP et al., 2010;
HOMBERG et al., 2008; NONKES et al., 2011; VERHELJ et al., 2014; 2016). Até entdo,
sabia-se que 0 aumento dos niveis de monoaminas na fenda sinaptica devido ao bloqueio
dos transportadores responsaveis pela recaptacdo dessas, seria 0 mecanismo através do
qual a COC exerce os seus efeitos (NAH e GU, 2016). Contudo, diversos estudos nos
ultimos anos revelaram que diferentemente do que se esperava, o consumo de COC, assim
como a sua resposta comportamental ndo é reduzida, tanto em humanos quanto em
animais que apresentam niveis reduzidos de transportadores de recaptacdo de
monoaminas (ENOCH et al., 2011; GERRA et al., 2007; GUINDALINI et al., 2006;
HOMBERG et al., 2008; ROCHA et al., 1998; SORA et al., 1998; VERHELJ et al., 2018).

Em humanos, a expressao e a funcdo de SERT reduzidas (HEILS et al., 1996;
HEINS et al., 200; LESCH et al., 1996; PEZAWAS et al., 2005) predispde o aumento da
presenca de estados emocionais negativos (LESCH et al., 1996; OSHER, HAMER E
BENJAMIN, 2000) e o aumento do consumo de drogas psicoestimulantes (ENOCH et
al., 2011; GERRA et al., 2007; MARTIN-SANTOS et al., 2010). Esses achados clinicos
sdo consistentes com estudos realizados em ratos nocautes para SERT, os quais
mostraram que a inativacdo genética desse transportador aumenta ndo apenas o
comportamento relacionado a ansiedade (KALUEFF et al., 2010; OSHER, HAMER E
BENJAMIN, 2000), mas também a auto-administracdo de ecstasy e COC (HOMBERG
et al., 2008; OAKLY et al., 2014). Nossos achados vdo de encontro a esses estudos
anteriores, uma vez que também demonstramos que os animais SERT -/-, apresentaram
PCL induzida por COC, resultado esse evidenciado por um aumento do tempo de
permanéncia, da frequéncia de entradas, da distancia percorrida e tambem da velocidade
do animal no compartimento pareado com a droga no teste da PCL. Embora o tempo
despendido no compartimento da droga pelos animais SERT -/- ndo tenha sido diferente
dos animais SERT +/+, interessantemente, em todos os outros parametros (frequéncia de
entradas, distancia percorrida e velocidade), os animais nocautes para SERT mostraram-
se mais suscetiveis aos efeitos da droga psicoestimulante. Também de acordo com 0s

nossos resultados, Homberg e colaboradores (2008) e Sora e colaboradores (1998)



mostraram, respectivamente, que a COC aumenta a atividade locomotora e a PCL mais
fortemente em animais geneticamente modificados que ndo expressam SERT.

Nossas descobertas, sustentadas por todas essas evidéncias anteriores, sugerem
gue um mecanismo diferente da inibicdo da recaptacdo de DA e 5-HT pode mediar 0s
efeitos aditivos e recompensadores da COC. Em 1977, Scheel-Kruger e colaboradores j&
haviam demonstrado que os efeitos comportamentais da COC também dependiam da
presenca das vesiculas de armazenamento monoaminérgico. Esses indicios, em conjunto,
nos levaram a hipotese de que a COC também pode ser capaz de liberar monoaminas na
fenda sinéptica através do esgotamento do conteudo de vesiculas de armazenamento pré-
sinptico. A fim de testar essa hipotese, aqui nds administramos reserpina (RES), um
agente depletor dessas vesiculas de armazenamento, em animais condicionados com
COC, 24 horas antes do teste de PCL. A RES é um alcaloide que apresenta alta afinidade
para o transportador vesicular de monoamina 2 (VMAT-2). Sendo assim, esta é capaz de
se ligar ao transportador e bloquear a ligagdo das monoaminas a esse, inibindo o
armazenamento vesicular e impedindo a liberacdo destas na fenda sinaptica
(COLPAERT, 1987; BURGER et al., 2005; FUENTES et al., 2007). Apds o tratamento
com RES, as vesiculas de armazenamento monoaminérgico sdo conhecidas por ficarem
vazias e 0s niveis extracelulares de catecolaminas diminuidos (COLLIVER et al., 2000;
DAHLSTROM etal., 1965; GONG et al., 2003; POTHOS et al., 1998; WAGNER, 1985).
Uma vez impedidas de serem armazenadas dentro das vesiculas e entdo acumuladas no
citosol do neurdnio pré-sindptico, esses neurotransmissores sdo rapidamente
metabolizados pela enzima monoamino-oxidase (MAO), 0 que causa uma redugéo
também dos niveis intracelulares dessas catecolaminas (METZGER et al., 2002). O nosso
estudo mostrou que a administracdo de RES em animais condicionados com COC, 24
horas antes do teste de PCL impediu os efeitos de recompensadores da droga
psicoestimulante, tanto em animais SERT +/+ quanto em SERT -/-. Isso foi evidenciado
pela auséncia de PCL, o que foi constatado pelo tempo que 0s animais permaneceram no
compartimento da droga e também pela frequéncia de entradas no mesmo. Esses
resultados vao de encontro a nossa hipotese, dado que, n6s mostramos que os efeitos
recompensadores da COC sdo observados mesmo em animais com a auséncia de SERT,
e que entdo, as vesiculas de armazenamento monoaminérgico parecem desempenhar um
papel fundamental nesse sentido. Ao que tudo indica, o esgotamento das vesiculas de
armazenamento pré-sinaptico pode ter sido o grande responsavel pela auséncia dos

efeitos recompensadores da COC.
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Além disso, a administragdo de RES também impediu 0 aumento da atividade
locomotora visto em animais condicionados com COC e que receberam apenas veiculo.
NOs constatamos isso ao observar uma diminuicédo da distancia percorrida pelos animais
SERT +/+ e SERT -/- e também pela diminuicdo da velocidade dos animais SERT -/-.
Diferentemente do que se pode inicialmente pensar, esses resultados ndo se devem a um
artefato locomotor ocasionado pela administracdo de RES, uma vez que ndo houve
diferenca estatistica em relacdo a estes parametros quando comparados 0S grupos
condicionados com salina e que receberam veiculo e os grupos de ambos 0s genotipos
que foram condicionados com a droga e tratados com RES. De fato, é sabido que altas
doses de RES podem inibir o comportamento motor, aumentando a rigidez muscular
(JURNA, 1976). Contudo, esse desempenho motor prejudicado é tipicamente observado
apos a administracdo intraperitoneal de 10 mg/kg de RES ou mais (JOHNELS, 1983;
JOHNELS et al., 1978, SOUTHWICK E ANDERSON, 1981; WAGNER E
ANDERSON, 1982). Sendo assim, os efeitos de 1 mg/kg de RES observados no presente
estudo ndo podem ser explicados por desempenho motor prejudicado.

Tomadas em conjunto, nossas descobertas sugerem que a RES impediu a PCL
induzida por COC ao interferir nas propriedades de refor¢o do psicoestimulante, por ter
promovido a deplecéo das vesiculas de armazenamento monoaminérgico. Dado que a 5-
HT extracelular também pode modular a recompensa (BARI et al., 2010; FILIP E
CUNNINGHAM, 2002; FILIP et al., 2002; UHL, HALL E SORA, 2002), a manipulagdo
de vesiculas de armazenamento pode servir como um novo alvo para o desenvolvimento

de uma terapia potencial para a adi¢do a cocaina.
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Figura 1: Desenho experimental. Ap6s a habituacdo e a avaliacdo comportamental basal (pré-
teste), os animais de ambos os genoétipos (SERT +/+ e SERT -/-) foram condicionados com
COC (10mg/kg, i.p.) nos dias 2, 4, 6 e 8. Durante os dias 3, 5, 7 € 9, 0s mesmos animais foram
condicionados com SAL (0,9% NacCl, i.p.). Ap6s o término do condicionamento, no 9° dia, 0s
ratos receberam uma injecdo de RES (1 mg/Kkg, i.p.). 24 horas depois o teste de PCL foi
realizado e na sequéncia os animais foram eutanasiados e os tecidos cerebrais coletados para
posteriores analises ex vivo. Abreviaturas: COC: cocaina; PCL: preferéncia condicionada de
lugar; RES: reserpina; SAL: salina; SERT +/+ animais selvagens; SERT -/-: animais nocautes
para o transportador de serotonina.
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Figura 2: Avaliagdo comportamental de preferéncia condicionada de lugar induzida por cocaina
em ratos SERT +/+ e SERT -/- tratados com reserpina. Os dados foram expressos em média +
erro. * Indica diferenca significativa entre o condicionamento (SAL/COC) no mesmo genétipo
(SERT +/+/ SERT -/-) (P<0,05); # Indica diferenca significativa entre os genétipos (SERT +/+
/ SERT -/-) no mesmo condicionamento (SAL/COC); (P<0,05) + Indica diferenga significativa
entre os tratamentos (VEIC/RES) no mesmo condicionamento (SAL/COC) e no mesmo
gendtipo (SERT +/+ / SERT -/-) (P<0,05). AbreviacBes: COC: cocaina; RES: reserpina; SAL:
salina; SERT +/+: animais selvagens; SERT -/-: animais nocaute para o transportador de

serotonina; VEIC: veiculo.
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