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RESUMO

INFLUENCIA DA EXPOSIGAO AO MODAFINIL SOBRE A
PREFERENCIA POR ANFETAMINA EM DIFERENTES PERIODOS DO
DESENVOLVIMENTO

AUTORA: Veronica Tironi Dias
ORIENTADORA: Profa. Dra. Marilise Escobar Burger

A adigdo, a qual é caracterizada pelo desejo e busca pela droga apesar das consequéncias
negativas, € um grave problema de saude publica causando prejuizos para o individuo, sua famillia e
para a sociedade. Dessa forma, o desenvolvimento de estratégias para o entendimento dos
mecanismos neurobiolégicos relacionados a esse transtorno sdo de extrema relevancia. Estudos
revelam que experiéncias adversas durante a adolescéncia, podem causar prejuizos aos circuitos
neurais do individuo, facilitando o desenvolvimento de transtornos neuropsiquiatricos, que podem se
manifestar ao longo da vida e até na idade adulta. Em vista disso, o uso inadequado de farmacos
psicoestimulantes de uso licito com prescricdo médica durante a adolescéncia tém se tornado um
assunto preocupante na sociedade atual. O presente estudo teve por objetivo avaliar a influéncia da
administragdo de modafinil (MOD), um psicoestimulante de prescrigdo, durante a adolescéncia sobre
a preferéncia de lugar condicionada (PLC) e sobre a recaida por anfetamina (ANF) em ratos. Tal
estudo baseia-se na hipotese de que a exposicdo prolongada ao MOD durante a adolescéncia
poderia modificar a expressao de biomarcadores relacionados a plasticidade sinaptica (pro-BDNF,
BDNF, Trk-B, GDNF), assim como, alvos da via mesolimbica dopaminérgica (D1R, D2R, DAT, TH,
VMAT-2), afetando o status oxidativo cerebral em areas mesocorticolimbicas, relacionadas com a
recompensa e adigao, resultando em alteragbes comportamentais. A partir de um estudo piloto
(protocolo experimental 1), Destinado a avaliar a influéncia da exposigéo de ratos adolescentes ao
MOD (64mg/kg, per oral, p.o.) durante 14 dias, observou-se que o MOD melhorou a memoria recente
sem alterar par@metros locomotores ou de ansiedade dos animais. Em relagdo ao status oxidativo, o
MOD aumentou a atividade da catalase, e diminuiu marcadores de dano oxidativo no cortex pré-
frontal, estriado e area tegmental ventral (ATV), exceto no hipocampo, onde o MOD n&o exerceu
influéncia significativa sobre os paradmetros avaliados. No protocolo experimental I, animais
adolescentes foram expostos ao MOD e, posteriormente, condicionados com ANF no paradigma de
PLC na idade adulta, quando observou-se que o MOD reduziu a preferéncia pela droga, prevenindo
alteragbes locomotoras, sinais de ansiedade e prejuizos de memoria recente no periodo de
abstinéncia da droga. O MOD também mostrou atividade antioxidante e efeitos benéficos sobre os
biomarcadores relacionados @ memoaria (pro-BDNF, BDNF, Trk-B) agindo como um modulador do
sistema dopaminérgico hipocampal (DAT, D1R e D2R). O protocolo experimental Il foi realizado com
0 objetivo de verificar se as mesmas influéncias benéficas do MOD seriam observadas quando os
animais fossem expostos a ANF ainda na adolescéncia. Novamente, a exposicdo ao MOD reduziu a
PLC por ANF, reduzindo comportamentos de ansiedade durante a abstinéncia da droga. Alteragdes
do status oxidativo e moleculares no sistema dopaminérgico foram observadas na ATV e estriado
desses animais, quando o MOD exerceu uma suprarregulacdo de alvos estriatais dopaminérgicos
(TH, DAT, D1R e D2R) apés a exposicdo a ANF, possivelmente prevenindo a redugéo nos niveis de
dopamina durante a retirada da droga, o que pode ter sido refletido sobre os comportamentos
apresentados. No protocolo experimental IV, a exposicdo ao MOD ocorreu apds a PLC por ANF ja
estar estabelecida, assim o MOD foi proposto como um tratamento a recaida. Tal abordagem mostrou
que o MOD preveniu a recaida pela ANF agindo beneficamente sobre a memoéria. Em nivel
molecular, o MOD causou alteragdes benéficas tanto no sistema dopaminérgico como em
neurotrofinas relacionadas a manutengdo dessa via, no estriado ventral, apés a exposi¢gdo a ANF.
Como conclusdo desses estudos, é possivel inferir que o MOD exerceu efeitos comportamentais
benéficos frente a preferéncia e a recaida por ANF quando administrado durante a adolescéncia, os
quais ocorreram juntamente a respostas positivas sobre o sfafus oxidativo e molecular em areas
cerebrais relacionadas a adigdo. Até o presente momento é possivel propor que o MOD poderia estar
agindo como um modulador do sistema dopaminérgico frente ao dano causado pela ANF em ratos.

Palavras-chave: Adi¢cdo. Adolescéncia. Anfetamina. Psicoestimulante.






ABSTRACT

INFLUENCE OF MODAFINIL EXPOSURE ON AMPHETAMINE
PREFERENCE IN DIFFERENT PERIODS OF DEVELOPMENT

AUTHOR: Verodnica Tironi Dias
ADVISOR: Marilise Escobar Burger

Addiction, which is characterized by the desire and the search for the drug, despite negative
consequences, is a serious health problem, causing impairments to the individual, your family, and
society. Thus, the developing of strategies to better understand neurobiological mechanisms related to
this disorder are extremely relevant. Studies revealed that adverse experiences during the
adolescence period could lead to neural circuit impairments facilitating neuropsychiatric disorders
development, which could be manifested throughout life and even into adulthood. In this perspective,
the inadequate use of licit prescribed psychostimulant drugs during adolescence has become a social
concern nowadays. The objective of the current study was to evaluate the influence of modafinil
(MOD) administration, a prescription drug, during adolescence on the conditioned place preference
(CPP) for amphetamine (AMPH) in rats. The study is based on the hypothesis that prolonged MOD
exposure during adolescence could modify the expression of molecular biomarkers related to memory
(pro-BDNF, BDNF, Trk-B e GDNF) and targets of the mesolimbic dopaminergic pathway (D1R, D2R,
DAT, TH e VMAT-2), affecting the cerebral oxidative status leading to behavioral alterations. From the
pilot study (experimental protocol I), when we evaluate the MOD (64mg/kg p.o.) exposure influence on
adolescent rats for 14 days, MOD improves short-term memory without causes changes in locomotor
or anxiety parameters in the animals. Concerning the oxidative status, the MOD increased the
catalase (CAT) activity decreasing oxidative damage markers in the prefrontal cortex, striatum and
ventral tegmental area (VTA), as one exception the hippocampus, which MOD did not exert
significative influence on the parameters evaluated. From the experimental protocol Il, adolescent
animals were exposed to MOD and consecutively conditioned with AMPH in the CPP paradigm in
adulthood, when we observed that MOD reduced the preference for the drug, preventing locomotor
alterations, anxiety-like symptoms, and memory impairments during withdrawal. MOD also showed
antioxidant activity and beneficial influences on biomarkers related to memory (pro-BDNF, BDNF, and
Trk-B), acting as a modulator of the hippocampal dopaminergic system (DAT, D1R, and D2R). The
experimental protocol Il was aimed to evaluate whether the same MOD beneficial influences would be
repeated when these animals were AMPH-exposed still during adolescence. Again, MOD exposure
reduced AMPH-CPP reducing the anxiety-like symptoms during withdrawal. Oxidative and molecular
alterations in the dopaminergic system were observed in the VTA and striatum of this animals when
MOD exerted an upregulation of striatal dopaminergic targets (TH, DAT, D1R, and D2R) after AMPH
exposure, possibly preventing the decrease of dopamine levels during withdrawal and this could be
reflected in the behaviors presented. From the experimental protocol IV, the MOD exposure occurred
after AMPH-CPP was established, it was proposed as a treatment in the relapse. Such approach
showed that MOD treatment prevented the AMPH relapse acting beneficially on memory. At the
molecular level, the MOD caused beneficial changes in the dopaminergic system as well in
neurotrophins related to the maintenance of this pathway upon AMPH exposure in the ventral
striatum. In conclusion of these studies, it is possible to infer that MOD exerted beneficial behavioral
effects on the preference and relapse for AMPH when administered during adolescence. Those
behaviors occurred together with positive responses on oxidative status and molecular in brain areas
related to addiction. So far, until this moment it is possible to propose that MOD could be acting as a
modulator of the dopaminergic system against the damage caused by AMPH in rats.

Keywords: Addiction. Adolescence. Amphetamine. Psychostimulant.
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Esta tese esta estruturada nas seguintes segdes: INTRODUCAO, REVISAO
DA LITERATURA, JUSTIFICATIVA, OBJETIVOS, METODOLOGIA, RESULTADOS,
DISCUSSAO, CONCLUSAO E REFERENCIAS.

O item RESULTADOS esta descrito na forma de um estudo piloto, dois
artigos cientificos publicados e na forma de um resumo expandido, os quais em

conjunto, representam a integra dessa Tese.






14

1 INTRODUGAO

A adigdo’, caracterizada pela alta motivacdo em obter e usar a droga apesar
das consequéncias negativas e também com tendéncia a recaidas apoés interrupgéo
do uso (KATZUNG et al.,, 2012; STAHL, 2014), € um grave problema de saude
publica e objeto de intensa pesquisa cientifica. Classificada como uma doencga pela
Classificagcédo Internacinal de Doengas (CID) - 10, sob os cdédigos F10 - F19 que
correspondem a transtornos mentais e comportamentais devido ao uso de
substancia psicoativa. Além de causar prejuizos fisioldégicos e psicologicos aos
usuarios, a drogadicdo causa enormes prejuizos econdmicos para a sociedade
(UHL; GROW, 2004; POTENZA et al., 2011; VOLKOW; BALER; GOLDSTEIN,
2011), tornando de grande importancia as pesquisas que buscam elucidar os
mecanismos neurobiolégicos e que possam carrear medidas preventivas e de
tratamento desse disturbio.

Estudos clinicos revelam que individuos que iniciam o uso de substancias
psicotropicas no inicio da vida sdo mais suscetiveis ao desenvolvimento de adi¢cao
(HINGSON; HEEREN; WINTER, 2006; CHEN; STORR; ANTHONY, 2009; ZIMIC;
JUKIC, 2012), possivelmente devido a maturagao cerebral incompleta (SOWELL et
al., 1999; DEAS et al., 2000; LEVY et al. 2014), o que favorece o desenvolvimento
de disturbios neuropsiquiatricos, incluindo a depressao (HEIM; NEMEROFF, 2001),
o transtorno do déficit de atencdo e hiperatividade (TDAH) (WILENS, 2004), o
transtorno pdés-traumatico (YEHUDA; HALLIGAN; GROSSMAN, 2001), a
esquizofrenia (HOWES et al., 2004), dentre outros.

Estudos clinicos e pré-clinicos evidenciam a via mesolimbica dopaminérgica
como um alvo central de agao de drogas aditivas e via final comum do reforgo e da
recompensa no cérebro (ROBINSON; BERRIDGE, 2003; VOLKOW; BALER;
GOLDSTEIN, 2011; KATZUNG et al., 2012; STAHL, 2014). Essa via tem origem na
area tegmental ventral (ATV) projetando-se para o nucleus accumbens (estriado
ventral), amigdala, hipocampo e cértex pré-frontal (CPF). De uma forma geral, as
drogas aditivas agem ativando essa via e, como diferentes circuitos cerebrais estéo

envolvidos, as consequéncias neurobiologicas podem ser diferentes nas diversas

! Adicdo: Padrdo comportamental de uso abusivo de substancia(s), caracterizado por
envolvimento extremo com o uso dessa(s) (uso compulsivo) e com a obtengédo de seu suprimento,
bem como alta tendéncia a recaida apos interrupgéo do uso (STAHL, 2014).
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fases envolvidas incluindo a intoxicagao inicial, a recompensa e sua busca (fissura),
a dependéncia e os sintomas de abstinéncia em situacbes de privagao
(GOLDSTEIN; VOLKOW, 2002).

Em vista disso, muitas drogas aditivas, tanto as estimulantes quanto as
depressoras do sistema nervoso central (SNC), fazem parte do arsenal terapéutico
clinico e sao utilizadas no tratamento de transtornos neuropsiquiatricos, mas
também possuem potencial de abuso, dependendo do contexto do seu emprego
(LILE et al., 2005; WESTOVER; NAKONEZNY; HALEY, 2008; HEAL et al., 2013).
Tal situacdo favorece a importdncia da compreensdao das respostas
comportamentais, bioquimicas e moleculares decorrentes da drogadicdo em busca
de prevencgao e tratamento.

Os estimulantes s&o a segunda categoria de drogas mais amplamente
utilizadas no mundo, correspondendo a 68 milhdes de usuarios apenas no de 2018
(WORLD DRUG REPORT, 2019). Em vista disso, desde que os farmacos
psicoestimulantes tém sido empregados como tratamento de primeira escolha no
tratamento do TDAH em criangas e adolescentes (AMERICAN PSYCHIATRIC
ASSOCIATION, 2013, SWANSON; BALER; VOLKOW, 2011), ha uma grande
preocupagao sobre seus efeitos a longo prazo, dada a constatagdo de que o uso
continuado de psicoestimulantes n&o prescritos (por exemplo cocaina, anfetamina e
metanfetamina) podem produzir efeitos adversos no comportamento, incluindo
sensibilizagdo, paranodia, dependéncia e psicoses (DALLEY et al., 2005; MARCO et
al., 2011). Como agravante, muitas vezes o diagnostico do TDAH é realizado por
médicos ndo especialistas em saude mental (ANGOLD, 2000; VOLKOW; INSEL,
2003; EVANS; MORRIL; PARENTE, 2010), levando a erros diagnosticos e,
consequentemente, na inefetividade do tratamento (YANOFSKI, 2011).

Além disso, o uso “off-label”, ou seja, o uso nao aprovado, que nao consta na
bula, de farmacos psicoestimulantes tem se tornado popular entre pessoas
saudaveis de diferentes idades, os quais utilizam esse tipo de medicacdo em busca
de melhora na capacidade cognitiva para atividades relacionadas ao aprendizado, a
vida académica e também para prolongar o estado de vigilia (MINZENBERG,;
CARTER, 2008; REPANTIS et al., 2010; GOZZI et al., 2012).

Nesse sentido, o modafinil (MOD), um agente promotor da vigilia, considerado
um psicoestimulante com propriedades psicotrépicas distintas dos psicoestimulantes

classicos como as anfetaminas e derivados, ndo possui mecanismo de agao



16

totalmente elucidado (DOPHEIDE et al., 2007; ROWLEY et al., 2014), bem como
seu potencial de abuso n&o esta totalmente esclarecido (MINZENBERG; CARTER,
2008; GOZZI et al., 2012). Este tem sido proposto como terapia alternativa para
tratamento do TDAH em pacientes pediatricos e adolescentes, especialmente
quando quando a medicacdo de primeira escolha (metilfenidato e/ ou
dextroanfetamina) apresenta baixa eficacia clinica (RUGINO, 2007; GERRARD;
MALCOM, 2007; GOEZ et al., 2012). Além disso, tem sido utilizado por individuos
saudaveis em busca de melhora na cogni¢do (KIM, 2012; SUDGEN, 2012).

Neste contexto, € importante considerar a possibilidade de abuso do MOD
quando utilizado durante a adolescéncia, devido ao fato de que nem todas as
estruturas cerebrais estdo completamente desenvolvidas nesse periodo, tornando-
as mais suscetiveis a diversos tipos de alteragbes exogenas (MARIN; PLANETA,
2004; LEVY et al. 2014). Como consequéncia, o MOD podera estar induzindo
modificagdes e/ ou danos em distintas areas cerebrais, principalmente na via
mesolimbica dopaminérgica que esta intimamente envolvida na adicdo a

substancias.

2 REVISAO DA LITERATURA

21 A EPIDEMIOLOGIA DA ADICAO E AS ESTRUTURAS CEREBRAIS
ENVOLVIDAS

A adicdo é um dos disturbios psiquiatricos que envolve uma grande quantia
em gastos publicos, principalmente porque esta relacionado com elevados custos
meédico-hospitalares, perda da produtividade do individuo dependente, além de
pesados custos sociais relacionados a criminalidade e marginalizacdo (UNITED
NATIONS OFFICE ON DRUGS AND CRIME, 2014; MCLELLAN, 2017). A iniciagao
ao consumo de substancias psicoativas até o desenvolvimento da adi¢ao envolve
diversos fatores de risco que podem ser individuais (genéticos), culturais, biologicos,
sociais e ambientais (OMS, 2004).

Segundo o Relatério Mundial sobre Drogas, publicado em 2019, estima-se
que 271 milhdes de pessoas ou 5,5% da populagdo adulta mundial usou drogas
aditivas em 2017, mas o fato mais preocupante é que 35 milhdes dessas pessoas

que usaram drogas desenvolveram disturbios relacionados ao seu uso, ou seja, 0
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uso é tdo perigoso ao ponto de que os usuarios desenvolvem dependéncia e
necessitam de tratamento (WORLD DRUG REPORT, 2019).

Os estimulantes s&o a segunda categoria de drogas mais amplamente
utilizadas no mundo correspondendo a 68 milhdes de usuarios no ano passado
(WORLD DRUG REPORT, 2019). Estima-se 29 milhdes de usuarios de anfetaminas
e que fazem o uso indevido de estimulantes de prescricdo médica e 21 milhdes de
usuarios de “ecstasy” (WORLD DRUG REPORT, 2019). Na América Latina os
psicoestimulantes mais usados sao cocaina e estimulantes de prescricdo sem
propésitos médicos (WORLD DRUG REPORT, 2019).

Segundo o Il Levantamento Nacional sobre o Uso de Drogas pela Populagao
Brasileira publicado em 2017, a classe dos anfetaminicos aparece em terceiro lugar
entre as classes de medicamentos mais consumidas de forma nao prescrita ou
consumidas de forma diferente da prescrita durante a vida. N&do houve diferenca
entre os sexos, a faixa etaria que apresenta maior prevaléncia de consumo € a de
25-34 anos e o nivel de escolaridade de maior prevaléncia foi o de pessoas que
possuiam ensino superior completo ou mais (BASTOS et al., 2017).

Assim sendo, se evidencia a relevancia dessa problematica para a sociedade
e sendo uma doenga, o tratamento psicolégico e farmacolégico da adicdo é
frequentemente seguido de recaidas ou reincidéncias. Como consequéncias,
também ocorrem prejuizos neuropsiquiatricos que compreendem a instabilidade
emocional, depressao, anedonia, impulsividade, agressividade, déficit de atencéo,
entre outros (MAJEWSKA, 1996; PAU; LEE; CHAN, 2002).

Apesar da intensa pesquisa e dos avancgos cientificos na area, a adigao
continua sendo considerada um gravissimo problema de saude publica (POTENZA
et al., 2011), que afeta ndo apenas os individuos dependentes, mas também a
sociedade (VOLKOW; BALER; GOLDSTEIN, 2011). Estudos clinicos revelam que
individuos que iniciam o uso de substéncias psicoativas antes da idade adulta
tendem a desenvolver adicdo (HINGSON; HEEREN; WINTER, 2006; CHEN;
STORR; ANTHONY, 2009) e acreditam que ha envolvimento da maturagéo cerebral
incompleta (SOWELL et al., 1999; DEAS et al., 2000).

As substancias psicoativas que produzem dependéncia sdo conhecidas por
ativarem a via de recompensa — a via mesolimbica dopaminérgica (RANG et al.,
2016) provocando a liberacdo de dopamina (DA) frequentemente de maneira mais

explosiva e mais prazerosa do que a liberagdo ocorrida naturalmente no estriado
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ventral ou nucleus accumbens, conhecido como o “centro da recompensa ou centro
do prazer hedbnico” do cérebro (STAHL, 2014). Sendo assim, o circuito
dopaminérgico mesolimbico € considerado a via final comum do reforco e da
recompensa por drogas aditivas.

O nucleus accumbens esta relacionado ao aprendizado e a motivacgao,
atingindo a maturidade somente no periodo médio da adolescéncia (ACQUAS et al.,
2002; GOGTAY et al.,, 2004; PETTENUZZO et al., 2008). Como varias estruturas
cerebrais e neurotransmissores estdo envolvidas na via de recompensa, as
consequéncias geradas pelo abuso de drogas podem ser diferentes nas fases
envolvidas: intoxicagdo, fissura, dependéncia e abstinéncia (GOLDSTEIN;
VOLKOW, 2002).

A intoxicacdo é caracterizada pelo uso abusivo, ou seja, autoadministragao de
qualquer substancia que cause consequéncias adversas. Ja a fissura é
caracterizada pela compulsdo, agdes repetitivas de atos habituais (busca pela
droga) mesmo diante de consequéncias adversas e pela impulsividade, agdes
arriscadas, nao planejadas em resposta a estimulos externos, sem considerar as
consequéncias negativas, tanto para o préprio usuario, como para outras pessoas.
Quando o quadro de dependéncia se instala, ocorrem adaptagbes fisiologicas
produzidas pela administragcao repetida da droga e quando o uso & abruptamente
interrompido ocorre a abstinéncia fisica e psiquica (STAHL, 2014).

Em relacdo aos estimulantes, a abstinéncia fisica caracteriza-se pela
presenca de sintomas e sinais fisicos de quando o individuo para de fazer o uso da
droga como, por exemplo, fadiga crbnica, sonoléncia profunda ou agitacéo,
dificuldade de concentracdo, fome, letargia, irritabilidade e tremores. Ja na
abstinéncia psiquica, os sintomas mais comuns sao ansiedade, depressao,
sensacgao de vazio, pensamentos paranoicos e delirios, variando a intensidade de
individuo para individuo, podendo até chegar ao desenvolvimento de sindrome
psicética (KATZUNG et al., 2012).

As areas cerebrais envolvidas nos circuitos afetados pelas drogas s&o
inervadas por projecdes que envolvem diversos sistemas de neurotransmissores e
modificagdes nessas proje¢ées modulam a maiorias das adaptagdes que ocorrem
durante a adigdo (CRUZ et al., 2004; KATZUNG et al., 2012; STAHL, 2014). Ocorre
a projecao dos neurdnios dopaminérgicos da ATV para diversas estruturas cerebrais

envolvidas nas emog¢des, pensamentos, memdaria e planejamento.
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O sistema nigro-estriatal esta envolvido na ativagdo motora e comportamento
de motivagdo e é composto por neurénios dopaminérgicos projetados a partir da
substancia negra até o caudado-putamen (GERFEN, 1984). As estruturas do
estriado sdo totalmente desenvolvidas no final da adolescéncia, entretanto suas
funcbes sdo mediadas pelo coértex pré-frontal, o qual coordena fungdes executoras
(SOWELL et al.,, 1999; ARES-SANTOS, 2012). Outras estruturas cerebrais
envolvidas na drogadicdo que também s&o inervados pela via dopaminérgica
mesolimbica sdo a amigdala, que desempenha um papel importante nos estados
motivacionais que estdo diretamente relacionados com a adicdo, (MEREDITH,;
CALLEN; SCHEUER, 2002) e o hipocampo, responsavel pela memobria e
aprendizado (VOLKOW; FOWLER; WANG, 2003). De particular importéncia, o
hipocampo ¢é altamente sensivel ao abuso de drogas durante periodos do
desenvolvimento devido as suas continuas alteragcbes estruturais e funcionais
durante a adolescéncia e idade adulta, as quais sio vitais para a sua maturacéo e
funcdo neuronal (IZENWASSER, 2005).

O desenvolvimento da drogadigdo é uma continua progressdo do uso
recreacional e regular ao uso compulsivo, acompanhado de uma transi¢ao
comportamental, que se da do comportamento direcionado a um alvo inicial com
uma associacao resultado-acdo a um comportamento habitual com uma associagao
resposta-estimulo. Acredita-se que essa transformacdo comportamental coincide
com uma transi¢cdo funcional do sistema dopaminérgico do estriado ventral para o
estriado dorsal (LESSCHER; VANDERSCHUREN, 2012; EVERITT; ROBBINS,
2013).

Em vista disso, estimulos adversos em periodos de desenvolvimento como a
adolescéncia, em que nem todas as estruturas cerebrais encontram-se totalmente
desenvolvidas, podem tornar o individuo mais suscetivel ao desenvolvimento de

disturbios neuropsiquiatricos.

2.2 DROGAS PSICOATIVAS ESTIMULANTES

As drogas psicoativas sdo aquelas substancias que chegam ao SNC e

causam alteragdes na funcdo cerebral. Podemos classifica-las em drogas que
exercem tanto efeitos estimulantes, quanto efeitos depressores sobre o0 SNC e ainda
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dentro desses grupos podemos classifica-las como substéncias licitas e ilicitas.
(OMS, 2004).

No grupo das drogas psicoestimulantes de uso licito com prescricdo médica
se enquadram os anorexigenos anfetaminicos (anfepramona e femproporex), os
derivados anfetaminicos empregados no tratamento do TDAH como o metilfenidato,
a d-anfetamina e a lisdexanfetamina, os agentes promotores da vigilia do tipo n&o
anfetaminicos utilizados em casos de narcolepsia como o modafinil e o armodafinil.
Além dessas, outras drogas psicoestimulantes como a metanfetamina, a 3,4-
metilenodioximetanfetamina (MDMA), popularmente conhecido como écstasy, a
dextroanfetamina, a cocaina e seus congéneres, como o crack, sdo de uso ilicito e
apenas utilizadas com propodsito de abuso (TIEGES et al.,, 2009; HOWARD et al.,
2010).

Os psicoestimulantes, em geral, apresentam como efeito principal o aumento
da vigilia, redugao da sensacao de fadiga e alguns apresentam melhora na cognigéo
a curto prazo, isso ocorre em administragbes agudas e em doses baixas a
moderadas. Esses efeitos relacionam-se ao aumento dos niveis de DA
extraneuronal nas terminagbes nervosas dopaminérgicas (PEREIRA et al., 2006).
Apos doses elevadas ou longos periodos de uso, os psicoestimulantes podem
produzir sintomas que incluem desde excitagcado, euforia, aumento da atividade
locomotora, pensamentos desordenados até episodios psicoticos (alucinagdes e
delirios), os quais necessitam de tratamento psiquiatrico (RANG et al., 2016).

Além disso, o uso de psicoestimulantes causa sintomas fisicos como tremor,
inquietagdo, comportamento esterotipado e também hipertensdo, inibigdo da
motilidade gastrintestinal, taquicardia, hipertermia podendo chegar a insuficiéncia
cardiaca, acidente vascular encefalico e convulsdes, em casos mais graves
(CARVALHO et al., 2012; STAHL, 2014). Experimentalmente, os psicoestimulantes
aumentam a atividade locomotora e sao facilmente auto-administrados pelo seu
potente efeito aditivo ou de reforco (ROTHMAN; BAUMANN, 2003).

As drogas psicoativas estimulantes constituem uma entidade terapéutica em
alguns casos, mas também s&o passiveis de abuso, dependendo do contexto de seu
emprego (LILE et al., 2005; WESTOVER; NAKONEZNY; HALEY, 2008). Nesse
sentido, torna-se de grande importancia elucidar seus efeitos e mecanismos de agéo
frente a adicdo. Assim, o desenvolvimento de novas estratégias para tentar

compreender 0s mecanismos neurobiolégicos visando a prevengao e tratamento da



21

adicdo podem ser consideradas prioridade, frente aos prejuizos causados as

familias e a sociedade.

2.3 VIA MESOLIMBICA DOPAMINERGICA

Conforme mencionado anteriormente, as substancias psicoativas que
produzem adigdo sdo conhecidas por ativarem a via mesolimbica dopaminérgica, ou
também conhecida como a via de recompensa, mencionada por alguns autores
como “centro da recompensa ou centro do prazer hedbénico do cérebro” (STAHL,
2014; HILAL-DANDAN; BRUNTON, 2015; RANG et al.,, 2016). Logo, o circuito
dopaminérgico mesolimbico é considerado a via final comum do reforco e da
recompensa por drogas aditivas.

Essa via tem origem na ATV que faz proje¢cbes para o nucleus accumbens
(estriado), amigdala, hipocampo e CPF (Figura 1). De uma forma geral, as drogas
aditivas agem ativando essa via e, como diferentes circuitos cerebrais estado
envolvidos, as consequéncias neurobiologicas podem ser diferentes nas diversas
fases envolvidas como a intoxicagao, fissura, dependéncia e abstinéncia, pois as
alteracdes que ocorrem nos niveis das monoaminas como a DA, noradrenalina (NA)
e serotonina (5-HT) sdo responsaveis por multiplos dominios que afetam desde a
cognicao até o comportamento motor (GOLDSTEIN; VOLKOW, 2002, WISE, 2004).

Figura 1 - Vias dopaminérgicas no cérebro. (a) via nigroestriatal, (b) via mesolimbica e mesocortical.
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As drogas psicoativas agem provocando a liberacdo de DA de uma forma

mais explosiva e prazerosa do que a liberagdo ocorrida naturalmente no estriado
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ventral ou nucleus accumbens, uma parte do sistema limbico do cérebro, a qual
acredita-se estar envolvida em muitos comportamentos emocionais, como sensagao
de prazer, euforia, motivagdo e recompensa, atingindo a maturidade somente no
periodo médio da adolescéncia (ACQUAS et al., 2002; GOGTAY et al., 2004,
PETTENUZZO et al., 2008; STAHL, 2014). Assim, a via mesolimbica desempenha
um papel importante em varios comportamentos relacionados a adigao.

Em vista disso, acredita-se que a impulsividade e a tomada de decisdes
arriscadas, que sao caracteristicas do individuo adicto, estdo relacionadas a
alteragdes dos impulsos nervosos que partem do estriado e chegam ao CPF, o qual
esta relacionado as fung¢des executoras, assim como na cogni¢gdo (SWANN, et al.,
2009; FLECK et al., 2012; MASON et al., 2014).

Em vista do importante papel da DA na adicio, sua sintese ocorre a partir do
aminoacido tirosina (Figura 2), o qual é levado para dentro do terminal
dopaminérgico através do transportador de tirosina e convertido a DA através da
acao de varias enzimas, sendo a tirosina hidroxilase (TH) a mais importante e a

enzima limitante do processo.

Figura 2 - Sinapse dopaminérgica. TH: tirosina hidroxilase; DOC: dopamina descarboxilase; L-DOPA:
levodopa; MAO: enzima monoaminoxidase; COMT: enzima catecol-o-metil transferase DAT:
transportador de dopamina; VMAT: transportador vesicular de monoaminas; DOPAC: acido 3,4-di-
hidroxifenilacético; HVA: acido homovanilico; D1-5: receptores dopaminérgicos;
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Apos a sintese da DA, a mesma € transportada para as vesiculas sinapticas
através do transportador vesicular de monoaminas do tipo 2 (VMAT-2) onde é
estocada até a sua liberagcédo na sinapse durante a neurotransmissao. A acao da DA
na sinapse € terminada através de multiplos mecanismos (SIEGEL, 2005; STAHL,
2014).

A DA liberada pode ser transportada para dentro do neurénio pré-sinaptico via
o transportador de dopamina (DAT) onde podera ser estocada nas vesiculas
sinapticas para posterior uso ou ainda dentro do neurénio pré-sinaptico, podera ser
destruida pela enzima monoamina-oxidase A ou B (MAO-A ou MAO-B,
respectivamente). A acdo da DA podera ser terminada extracelularmente via outra
enzima, a catecol-O-metil-transferase (COMT) (STAHL, 2014).

Além disso, os receptores pré-sinapticos dopaminérgicos do tipo D2 (D2R)
fazem o feedback negativo nos terminais pré-sinapticos. Existem também os
receptores pos-sinapticos que regulam a neurotransmissao, esses incluem os
receptores dopaminérgicos do tipo D1-D5 (D1R, D2R, D3R, D4R e D5R), cada qual
com distintas acdes, sendo expressos em diferentes quantidades em diversas areas
cerebrais. Todos esses receptores sao transmembrana e acoplados a proteina G, os
D1R e D5R ligam-se a Gs e estimulam a adenilato ciclase (AC) e a ativagédo da
proteina quinase A (PKA). Os D2R, D3R e D4R ligam-se através da Gi e ativam os
canais de potassio, bem como inibem os canais de calcio e a AC (SIEGEL, 2005;
RANG et al., 2016).

A maioria dos corpos celulares dopaminérgicos tem origem no mesencéfalo,
na ATV e na substancia negra (SN). A DA é liberada da ATV e SN e alcanca seus
alvos através de diferentes vias axonais. O nivel da atividade funcional
dopaminérgica nessas vias vai depender da quantidade de DA que sera liberada,
das ligacdes nos terminais pré e pds-sinapticos, dos eventos catabdlicos na sinapse,
da atividade dos transportadores pré-sinapticos e do numero e tipos de receptores
pos-sinapticos que estdo presentes na regidao cerebral em especial (STAHL, 2014).

2.4 EFEITOS DA ANFETAMINA SOBRE O SNC
A anfetamina (ANF), pertencente ao grupo das drogas psicoestimulantes, é

uma amina simpaticomimética que exerce poderosas agdes estimulantes sobre o
SNC (HILAL-DANDAN; BRUNTON, 2015). A estrutura quimica (Figura 3) da
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anfetamina apresenta um anel fendlico com uma cadeia lateral de hidrocarbonetos e
um grupamento amino possuindo um grupamento alfa-metil. Essa estrutura basica &

compartilhada por outros psicoestimulantes do tipo anfetaminicos.

Figura 3 - Estrutura molecular da anfetamina

Fonte: http://psychotropicon.info/amphetamin/.

Devido a sua rapida absorcdo no trato gastrointestinal, a ANF penetra
livremente pela barreira hematoencefdlica, o que explica os seus efeitos
pronunciados sobre o SNC, assim como sua distribuigdo na maior parte dos tecidos.
E excretada de forma inalterada na urina, sendo a excregdo aumentada quando a
urina esta mais acida. A meia vida plasmatica da ANF pode variar de 5 até 30 horas
dependendo da quantidade ingerida, do fluxo urinario e do pH (VREE, 1973; RANG
et al., 2016), em ratos o tempo de meia vida da ANF é menos de 1 hora (CHO et al.,
1973).

Do ponto de vista clinico, a administracdo oral de doses clinicamente
aprovadas de ANF bloqueia os transportadores de noradrenalina (NET), de DA
(DAT) e serotonina (SERT). A droga age como um inibidor competitivo € um
pseudosubstrato desses transportadores ligando-se ao mesmo sitio das
monoaminas e, como consequéncia, inibe a recaptacdo das monoaminas como a
NA, a DA e a 5-HT (STAHL, 2014; SULZER, 2011; KUCZENSKI, 1995). A ANF
possui isbmeros, o dextrégiro (d) e o levégiro (/). O isbmero d é mais potente que o /
para ligagcdo ao DAT, enquanto que ambos isbmeros exercem poténcia de agao
equivalente sobre o NET. Assim, os sais mistos de d, /-anfetamina possuem agao
relativamente maior sobre o DAT do que sobre o NET (STAHL, 2014).

Entretanto, em individuos que fazem uso abusivo, a ANF desencadeia outros
efeitos devido as altas doses utilizadas, assim como compete com as monoaminas
devido a sua similaridade estrutural, ndo s6 atuando como substratos para os
transportadores de monoaminas, mas também porque entram no neurdnio pre-

sinaptico (CAO, 2016). Apos a inibicdo competitiva do DAT, a ANF é transportada
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para o terminal dopaminérgico pré-sinaptico e pode agir como inibidor competitivo do
VMAT-2 o que desencadeia um deslocamento de DA das vesiculas promovendo um
aumento da liberacdo de DA, assim como inibe a atividade da enzima MAO,
reduzindo o metabolismo citosdlico da DA (SULZER, 2011).

Essa DA liberada pode acumular-se no citoplasma do neurdnio pré-sinaptico
e sofrer auto-oxidacdo (HERMIDA-AMEIJEIRAS, 2004), promover a abertura dos
canais e também inverter a diregcdo do DAT liberando mais DA na sinapse. Essas
acdes nao estdo ligadas a qualquer possivel acao terapéutica da ANF, e sim
contribuem para o reforgo, recompensa, euforia e uso abusivo (TEIXEIRA-GOMES
et al., 2015; CAO, 2016).

Estudos experimentais evidenciam que a ANF assim como os seus analogos
sdo capazes de produzir neurotoxicidade, esse fendmeno foi primeiramente descrito
por Pletscher et al. em 1963. Nesse sentido, os efeitos toxicos da ANF podem levar
a deplecdo de DA a longo prazo, decréscimo no numero de transportadores e
degeneracgao de neurdnios e terminais nigroestriatais dopaminérgicos (CADET et al.,
2007; CARVALHO et al., 2012; ARES-SANTOS et al., 2012).

A ANF é conhecida por induzir a oxidacao de lipidios e proteinas e aumentar
a formacgao de espécies reativas (ER) tanto no cérebro de individuos que fazem uso
abusivo (FITZMAURICE et al., 2006), assim como em ratos expostos a droga (DA-
ROSA et al., 2012; CUNHA-OLIVEIRA, REGO, OLIVEIRA, 2013; TUNG et al., 2017).

Em um estudo com primatas, a grande produgéo de ER geradas pela ANF foi
correlacionada a uma reduc¢ao na atividade do DAT no estriado de macacos devido
a reacao das ER com os grupos sulfidrilicos do transportador (HASHIMOTO, 2004).
Da mesma forma, em um estudo em cultura de células, uma unica exposi¢ao de
ANF diminuiu a fungao do DAT (GERMAN et al., 2012).

A exposicado repetida ou altas doses de ANF em roedores causa déficits
dopaminérgicos persistentes incluindo redugdo no conteudo estriatal da densidade
do DAT, na atividade da TH e na fungdo do VMAT-2, o que resulta em déficits
persistentes de DA (VOLZ et al., 2007; CRUZ et al., 2010; RAINERI et al., 2012).
Além disso, a administracdo repetida de psicoestimulantes inicia uma transiente
dessensibilizagdo dos D2R, resultando em aumento nos disparos e amplificacdo da
liberacado de DA e, por fim, em alteragbes nos mecanismos de transdugéo de sinais
(ANDERSON, PIERCE, 2005). Assim, estudos em animais tém mostrado uma
relagdo entre a diminuida disponibilidade dos D2R e a aumentada motivagao pela
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recompensa a drogas, refletindo-se em uma vulnerabilidade a adicdo a ANF
(TOURNIER et al., 2013).

Ja os D1R sdo criticos em processos relacionados a recompensa
independente da droga de abuso administrada (MARTINEZ-RIVERA et al., 2015).
Foi demonstrado que a inativacdo do D1R exerceu um efeito protetor frente a
neurotoxicidade induzida por metanfetamina prevenindo perda neuronal
dopaminérgica e gliose no cérebro de camundongos (ARES-SANTOS et al., 2012).
Além disso, agonistas D1R levam a preferéncia pela droga no modelo animal de
preferéncia de lugar condicionada (PLC), enquanto antagonistas bloqueiam esse
comportamento (BENINGER; MILLER, 1998; YOUNG; GEYER, 2010).

Como os neurdnios dopaminérgicos sao encontrados em diversas areas
cerebrais, as consequéncias geradas devido ao aumento de monoaminas a curto
prazo ou a longo prazo causado pelo uso de ANF s&o distintas, afetando desde a
cognicao, até a o sistema de recompensa e o comportamento motor, 0 que se
explica, em parte, devido a possivel e irreversivel perda de corpos neuronais e
terminais axénicos (WISE, 2004; CAO, 2016).

2.5 ESTRESSE OXIDATIVO

Considerando o potencial da DA, uma catecolamina que modula sinalizagcbes
sinapticas (SEAMANS; YANG, 2004), em afetar o funcionamento do SNC na adicéo,
o0 aumento da atividade dopaminérgica gera niveis elevados de DA nas sinapses, 0s
quais sao uma fonte para produgcdo de ER no cérebro (REES et al., 2007). As ER
sdo atomos ou moléculas de alta instabilidade e meia-vida curta que rapidamente
reagem podendo danificar proteinas, lipideos e DNA quando em excesso (Figura 4)
(YU; ANDERSON, 1997; HALLIWELL; GUTTERIDGE, 2007).

Figura 4 - Via do estresse oxidativo. ER: espécies reativas; O, : dnion superoxido; H,O,: perdxido de
hidrogénio; HO™: radical hidroxil; ": elétrons desemparelhados; H': hidrogénio.

e + 2H* e +H* *Proteinas
ER 0," g' H,0, gi'OH - Lipideos

*DNA

Fonte: Autor.
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Entretanto, em quantidades fisiolégicas, as ER s&o necessarias durante
alguns processos como a destruicdo de patdogenos invasores, também atuam como
segundos mensageiros nas células nervosas, estdo envolvidas na regulacdo do
calcio intracelular e na fosforilagdo de proteinas e ativacdo de fatores de transcrigao
(VALKO, 2007).

Mecanisticamente, a DA pode ser metabolizada via enzima MAO, ou sofrer
auto-oxidagdo resultando na produgédo de ER, tais como o anion superéxido (Oy),
peroxinitrito (ONOOQO"), peroxido de hidrogénio (H20O2) e acido dihidroxifenilacético ou,
ainda, pode sofrer uma hidroxilagdo ndo enzimatica na presenca do ion ferro (Fe**) e
H20, levando a formacéo de seu metabdlito toxico, a 6-hidroxidopamina (6-OHDA)
(CHIUEH et al., 1992; HERMIDA-AMEIJEIRAS, 2004; CAO, 2016). Ambas as vias
possuem potencial para causar uma disfuncao celular, pela elevada producédo de ER
e metabdlitos toxicos.

Neste sentido, o organismo humano possui um sistema de defesas
antioxidantes que atuam na inativacdo ou detoxificacdo desses compostos. Essas
defesas antioxidantes podem ser classificadas como enzimaticas e ndo enzimaticas
(HALLIWELL, 2007). Entre as enzimaticas podemos citar a glutationa peroxidase
(GPx), a catalase (CAT) e a superoxido dismutase (SOD). A GPx é responsavel por
transformar o H,O, em agua, através da converséo da glutationa reduzida (GSH) em
oxidada (GSSG). A SOD promove a conversao do radical O, em H,O e, por fim, a
CAT, a mais importante peroxidase em detoxificar o H,O, em excesso, remove o
H,O, através da sua conversao em H,O, prevenindo a producéo do radical hidroxil
(MATES; SANCHEZ-JIMENEZ, 1999). Dentre as defesas ndo enziméticas, podemos
citar a GSH, coenzima Q, o acido ascoérbico (vitamina C), os tocoferdis, carotenoides
e flavondides, entre outros, os quais sdo descritos como agentes redutores n&o
enzimaticos neutralizadores de ER (HALLIWELL, 2007).

O cérebro é altamente vulneravel aos efeitos nocivos das ER devido a sua
alta taxa metabdlica e a concentragao elevada de acidos graxos poliinsaturados e a
presenca de metais de transicdo, além de apresentar baixas concentracbes de
antioxidantes e capacidade reduzida de regeneragao (FLOYD, 1999; REYNOLDS et
al., 2007). Tanto as ER quanto os metabdlitos toxicos formados pela degradagao da
ANF podem depletar essas defesas antioxidantes (CADET, 2007; YAMAMOTO;
RAUDENSKY, 2008) levando ao estresse oxidativo (EO) cerebral. O EO é uma
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consequéncia da prevaléncia da geragao de ER em detrimento da sua degradacéo
ou inativagdo pelas defesas antioxidantes (BERK et al., 2011).

A carbonilagdo de proteinas € um biomarcador amplamente utilizado para
avaliar o dano oxidativo as proteinas. Grupos carbonil sdo introduzidos nas
proteinas por uma variedade de vias oxidativas. ER podem reagir diretamente com
as proteinas ou podem reagir com moléculas como agucares e lipideos gerando
produtos (espécies reativas carboniladas) que, por sua vez, reagem com as
proteinas (DALLE-DONNE et al., 2006). Dessa forma o acumulo de proteinas
carboniladas nos tecidos neurais estdo associados com uma variedade de doencas
neurodegenarativas, assim como com a adigdo (DIAS et al., 2017; SEGAT et al.,
2016; METZ et al., 2019).

A peroxidagdo de lipideos € também uma das consequéncias do dano
cerebral induzido por ER. A peroxidacéo lipidica altera a fluidez e a permeabilidade
das membranas celulares, o que consequentemente prejudica a atividade de
enzimas presentes nas membranas, a ligagdo de moléculas aos seus receptores, as
interagbes celulares, o transporte de nutrientes e a fungdo de segundos
mensageiros (MEAGHER; FITZGERALD, 2000).

Sendo os efeitos das drogas de abuso sobre o SNC cruciais para o
desenvolvimento da drogadi¢do (LESHNER, 1997), muitas evidéncias d&o suporte
ao papel do EO na toxicidade induzida pela ANF em diferentes 6rgdos como
cérebro, coracdo, figado e rins (CUNHA-OLIVEIRA; REGO; OLIVEIRA, 2013).
Foram encontrados niveis aumentados de peroxidacdo lipidica e oxidacdo de
proteinas no cérebro de usuarios dessa droga (FITZMAURICE et al., 2006), e ratos
expostos a ANF apresentaram niveis elevados de ER em diferentes areas cerebrais
(CUNHA-OLIVEIRA; REGO; OLIVEIRA, 2013).

A exposigao tanto aguda como crénica a ANF aumentou os danos as
proteinas e aos lipideos em diversas areas cerebrais de ratos, assim como causou
alteracdes na atividade enzimas antioxidantes como a SOD e CAT (CASTRO et al.,
2009; FREY et al., 2006a,b). Além disso, essas alteragdes na via oxidativa estéo
relacionadas as alteracbes comportamentais observadas na drogadicdo (DA-ROSA
et al., 2012; CUNHA-OLIVEIRA; REGO; OLIVEIRA, 2013).

Em vista disso, estudos evidenciam o envolvimento do EO na adi¢do a drogas
como a ANF (YAMAMOTO; RAUDENSKY, 2008; STEINKELLNER, 2011; SEGAT et



29

al., 2014, 2016; TUNG et al., 2017; DIAS et al., 2017; METZ et al., 2019), sendo uma

das vias que se encontram descompensadas durante a adigao.

2.6 PLASTICIDADE SINAPTICA

As bases bioldgicas da adigdo mostram ser um quadro complexo de interagéo
entre cascatas de sinalizagdo intracelular envolvidas na neuroplasticidade e
sobrevivéncia neuronal, bem como a relagao destes com fatores ambientais e suas
consequéncias para o organismo (RUSSO et al., 2009; GHITZA et al., 2010;
KIRKPATRICK; JOHANSON; DEWIT, 2013; STAHL, 2014). Em vista disso, a
literatura da suporte a ideia que uma das vias que sofre influéncia na adicdo é o
gene-alvo do fator neurotréfico derivado do encéfalo (BDNF), uma neurotrofina que
modula a atividade neuronal e a plasticidade sinaptica (RUSSO et al., 2009; GHITZA
et al., 2010; KUHN et al., 2015b).

O BDNF e sua cascata de sinalizagado constituem um alvo proposto para a
adicdo, como local de possivel falha na transducédo de sinais pelas monoaminas.
Assim, desempenha um papel importante em uma ampla variedade de processos
neurais durante o desenvolvimento tanto de animais como de humanos (POST,
2007). Durante o Periodo do desenvolvimento, o BDNF €& importante para os
processos de neurogénese, sobrevivéncia neuronal e maturagdo normal das vias
neurais. Ja em adultos, o BDNF é importante para a plasticidade sinaptica e
crescimento dendritico. Desta forma, alteragbes nessa neurotrofina sdo bem
documentadas no curso da adi¢cao (GHITZA et al., 2010).

A expressdo do gene do BDNF pode ser regulada por mecanismos
epigenéticos, ou seja, mecanismos que ndo envolvam alteragbes na sequéncia de
nucleotideos como, por exemplo, a metilacdo do DNA ou uma modificacdo na
histona. Adicionalmente, a liberagdo de BDNF pode ser constitutiva ou mais
frequente regulada por estimulos (WATERHOUSE; XU, 2009), o que pode ser um
importante fator na adicdo. Em relagdo a sintese e liberagdo dessa neurotrofina, em
nivel nuclear, podem ser produzidas diferentes transcricbes do acido ribonucleico
mensageiro (RNAm) do BDNF que estdo prontas para serem transcritas do nucleo
para o citoplasma. Ja no reticulo endoplasmatico, essa molécula é traduzida para a
forma de pr6-BDNF. O pro-BDNF recém-sintetizado se dirige ao complexo de Golgi
e pela acdo de endoproteases é clivado em BDNF maduro. As vesiculas contendo
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BDNF fundem-se a membrana, em um processo dependente de calcio e o BDNF &
liberado para o meio intracelular (LU; PANG; WOO, 2005; GRANDE et al., 2011).

A diferenciacao dos efeitos das formas de pr6-BDNF e BDNF maduro séo de
grande importancia porque essas moléculas possuem agdes bioldgicas distintas por
atuarem em diferentes receptores (LU; PANG; WOO, 2005). A ligagdo do BDNF
maduro ao receptor de tirosina quinase tipo B (TrKB) é responsavel por efeitos
benéficos como, por exemplo, eficiéncia sinaptica, conectividade neuronal e
neuroplasticidade, exercendo um papel crucial nas fungdes cognitivas que incluem a
formacgao e consolidacdo da memodria no hipocampo (MATSUMOTO et al., 2008).
Por outro lado, a ligagao do pro-BDNF ao receptor pan-neurotrofico (p75NTR) esta
relacionada a mecanismos de apoptose celular (GRANDE et al., 2011).

O BNDF €& amplamente expresso no SNC e sua expressido encontra-se
alterada em varias condi¢des patologicas (NAGAHARA, TUSZYNCKI, 2011; LU et
al., 2013, FRIES et al., 2015), incluindo a adigdo (ANGELUCCI et al., 2007; SHEN et
al., 2014). Dependendo da area ceberal estudada diferentes sdo as alteragdes
encontradas nessa neurotrofina. Ratos que receberam repetidas exposicdes a d-
ANF apresentaram niveis diminuidos de BDNF hipocampal, fato relacionado com
déficits na memoria de reconhecimento (DE LIMA et al., 2011). Em um estudo
avaliando a exposicédo de doses repetidas (7 dias) e (35 dias) a ANF e a memoria de
ratos, foram encontrados prejuizos de memoria nos dois grupos expostos, sendo
mais pronunciado nos animais do grupo cronico. Além disso, esses prejuizos foram
acompanhados de um aumento nos niveis do mMRNA do BDNF no CPF e amigdala e
de uma diminuicdo no hipocampo (VALVASSORI et al.,, 2015). Um outro estudo
evidenciou a diminuicdo dos niveis do BDNF no cortex e hipotalamo de ratos
expostos crénicamente a ANF, correlacionando estes achados com a toxicidade
induzida pela ANF em neurdnios dopaminérgicos (ANGELUCCI et al., 2007).

Entretanto, outros estudos apresentam resultados diferentes frente a
parametros de adicdo em relag&o aos niveis dessa neurotrofina. Um recente estudo
mostrou um aumento na expressdo do mRNA do BDNF no CPF medial apos o
restabelecimento da PLC por d-ANF (SHEN et al., 2014). Também foi encontrado
um aumento da expressdao do BDNF apods repetidas administragcdes de ANF na
amigdala, cértex e hipotalamo de ratos (MEREDITH; CALLEN; SCHEUER, 2002).

Em 1993, um novo fator neurotréfico de neurénios dopaminérgicos cerebrais

foi identificado, o fator neurotréfico derivado da glia (GDNF, do inglés glial cell-



31

derived neurotrophic factor) (LIN et al., 1993). O GDNF é expresso no SNC durante
o desenvolvimento. No cérebro adulto ele € expresso em areas mais restritas,
podendo ser encontrado em altos niveis no estriado (dorsal e ventral), talamo, cortex
e hipocampo (CARNICELLA; RON, 2009).

O GDNF e seus diferentes receptores sao reconhecidos como uma das
principais redes neurotréficas do SNC, importantes para o desenvolvimento,
manutengao e fungdo de uma variedade de neurdnios e células gliais. O GDNF faz
parte do controle de multiplos processos, desde a sobrevivéncia neuronal até a
orientacdo axonal e formacgao da sinapse no SNC em desenvolvimento, além do
controle da fungéo sinaptica e respostas regenerativas no SNC adulto (LOVE et al,
2005; IBANEZ; ANDRESSOO, 2016). Nesse sentido, exerce influéncias em diversos
disturbios do SNC, incluindo a adicao (CARNICELLA; RON, 2009).

O primeiro estudo relacionando a sinalizagdo do GDNF com a adig&o reportou
que a sua injegcdo intracranial na ATV suprimiu os efeitos da administracéo
prolongada de cocaina, incluindo varias adaptagdes bioquimicas e comportamentais
relacionadas ao uso da droga (MESSER et al.,, 2000). Drogas psicoestimulantes
como a ANF sao conhecidas por modular a expressdo do GDNF e sua sinalizagao,
entretanto, os resultados variam de acordo com o regime (agudo ou crdnico) de uso
da droga (CARNICELLA; RON, 2009).

Um importante papel para o GDNF endoégeno na regulagdo do
comportamento aditivo é sugerido por estudos que fazem o uso de anticorpos anti-
GDNF e estudos com camundongos mutantes para o gene do GDNF, os quais
apresentaram aumentada sensibilizacdo aos efeitos da cocaina e metanfetamina.
Além disso, o GDNF enddgeno parece ser relevante para controlar a ingestao de
etanol no periodo da abstinéncia (CARNICELLA; RON, 2009). Dessa forma, o GDNF
desempenha um papel regulatério na agcado das drogas de abuso e a maioria dos
estudos sugere que a ativagdo da via do GDNF resulta em atenuagao de alteragdes
comportamentais e bioquimicas observadas apds a exposi¢ao de roedores a drogas
de abuso (CARNICELLA; RON, 2009).

Sendo assim, a principal hipétese que guia a atual pesquisa neurobiologica
sobre a drogadigéo e recaida a drogas de abuso é que a exposi¢céo crénica a drogas
causa neuroadaptacdes de longa duragao e alteragdes na plasticidade sinaptica que
contribuem para a vulnerabilidade a preferéncia por drogas de abuso assim como a
recaida durante periodos de abstinéncia e sido distintas de acordo com a area
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cerebral avaliada (NESTLER, 2001). Nesse sentido, o uso de modelos animais para
elucidar as alteragcdes que ocorrem nas vias moduladas por fatores neurotroficos sao

de grande importancia para o melhor entendimento de alvos moleculares da adigao.

2.7 EFEITOS DO MODAFINIL SOBRE O SNC

O MOD ¢é classificado como um farmaco psicoestimulante do tipo nao
anfetaminico (Figura 5). Ele € um agente promotor de vigilia de acdo comprovada,
cujo mecanismo de ac&o molecular exato ndo é totalmente conhecido (STAHL,
2014). O MOD é o primeiro metabdlito do adrafinil, um farmaco que foi introduzido
para o tratamento da narcolepsia na década de 1980. Desde 1994 o modafinil esta
disponivel como farmaco (RANG et al., 2016) aprovado pelo Food and Drug
Administration (FDA) para o tratamento da sonoléncia diurna excessiva (hipersonia)
e da narcolepsia (BALLON; FEIFEL, 2006).

Figura 5 - Estrutura molecular do modafinil

Fonte: https://www.gratispng.com/png-5m2u9u/.

O MOD é rapidamente absorvido apdés uma unica ou multiplas doses orais
alcancando o pico de concentragao plasmatica 2 a 4 horas apds a sua administragao
(WONG et al., 1999). A presenga de alimentos no trato gastrointestinal pode deixar
mais lenta a taxa de absorcdo, mas ndo afeta a extensao total de sua absorgdo. E
altamente lipofilico e se liga a aproximadamente 60 % das proteinas plasmaticas,
primariamente a albumina. Os principais metabdlitos circulantes devido a
degradacdo do MOD ndo parecem exercer nenhuma atividade significante no
cérebro e na periferia (ROBERTSON; HELLRIEGEL, 2003). O tempo de meia vida
de eliminagdo do MOD é de aproximadamente 12 a 15 horas de uma dose clinica
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(WONG et al., 1999), além disso pode ser determinado no plasma e urina (TSENG
et al., 2005).

Tentativas clinicas tém sido realizadas para seu uso na fadiga, adicédo a
metanfetamina, cocaina e nicotina, TDAH em criangas e adultos, depresséo,
transtorno bipolar, esquizofrenia e na doencga de Alzheimer e Parkinson (GERRARD;
MALCOM, 2007, REICHEL; SEE, 2010, SCORIELS; JONES; SAHAKIAN, 2012,
SOYKA; MUTSCHLER, 2016). O MOD também € usado na apneia obstrutiva do
sono e transtorno do ciclo circadiano (MINZENBERG; CARTER, 2008). Ainda,
possui uso off-label como “smart drug” ou “pilula da inteligéncia”, pela sua possivel
acao de melhora na cognigdo com baixo potencial de abuso (MINZENBERG;
CARTER, 2008, SCORIELS; JONES; SAHAKIAN, 2012). Entretanto, alguns relatos
de caso evidenciam que o MOD quando utilizado em altas dosagens possui efeito de
reforco, sendo relatados um caso de psicose, sintomas de retirada, dependéncia e
de abuso (KATE; GROVER; GHORMODE, 2012; KRISHNAN; CHARY, 2015;
SOYKA; MUTSCHLER, 2016).

Embora o MOD aumente o controle cognitivo pela clara modificagdo das
fungdes cerebrais (MOREIN-ZAMIR; TURNER; SAHAKIAN, 2007; SCHMAAL et al.,
2013), seu mecanismo de agédo nao é totalmente elucidado e, por agdo em nivel
celular, seu uso ainda é questionado. Acredita-se que os efeitos do MOD ocorrem
devido a fraca inibicdo do DAT, ou seja, ele inibe a recaptagcdo da DA por se ligar ao
DAT, mas com baixa poténcia (RANG et al., 2016).

Além disso, ha estudos evidenciando que o MOD age sobre diversos NT do
SNC, ou seja, aumenta a liberagdo de 5-HT (FERRARO et al., 2000; 2002), diminui
o acido gama-aminobutirico (GABA) no nucleus accumbens e aumenta os niveis de
glutamato no hipocampo e talamo (FUXE, 1997; FERRARO et al., 1998, STONE et
al., 2002). Também, tem sido sugerido que o MOD ativa neurénios de orexina no
hipotalamo lateral (CHEMELLI et al., 1999), levando a liberagdo de histamina e
orexina e indugdo do estado de vigilia (ISHIZUKA; MUROTANI; YAMATODANI,
2010). Entretanto, a ativagdo do hipotalamo lateral ndo parece ser necessaria para a
acao do MOD, visto que ele é capaz de promover a vigilia em pacientes com perda
de neurdnios orexinérgicos hipotaldmicos na narcolepsia. Essa ativagdo pode ser
secundaria as a¢des do MOD sobre os neurénios dopaminérgicos (STAHL, 2014).

Ainda assim, alguns estudos destacam os efeitos neuroprotetores do MOD
(AGUIRRE et al., 1999, VAN VLIETA et al., 2008; SANTOS, 2012) envolvendo
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alguns processos oxidativos (XIAO et al., 2004) com a hipétese de que ele poderia
agir diretamente sobre algum alvo antioxidante que ainda permanece desconhecido
e, assim, reduzir os niveis de radicais livres (GERRARD; MALCOLM, 2007).

Em relacdo aos efeitos do MOD sobre o sistema dopaminérgico, as
concentragcdes de farmaco apos administracdo oral produzem uma substancial agao
sobre o DAT e as concentragdes plasmaticas sdo sustentadas por 6 a 8 horas,
ocorrendo ocupacado completa do DAT. Estas caracteristicas poderiam ser ideais
para a atividade ténica da DA, promovendo a vigilia ao invés de intensificar a
atividade dopaminérgia fasica a qual é responsavel pelo reforco e uso abusivo
(STAHL, 2014).

Tal como acontece com diversas drogas aditivas, os efeitos comportamentais
do MOD tém sido estudados em modelos animais e em humanos. Estudos pré-
clinicos evidenciam que o MOD pode exercer primariamente seus efeitos sobre a
excitacao neuronal através da interacdo com o DAT e, subsequentemente, aumentar
a neurotransmissao dopaminérgica (MADRAS et al.,, 2006; KOROTRKOVA et al.,
2007; QU et al.,, 2008; ZOLKOWSKA et al.,, 2009; FEDERICI et al., 2013)
semelhantemente, mas com menor afinidade (MIGNOT et al., 1994), que a cocaina
(RITZ et al., 1987). Um estudo com tomografia de emissao de positrons revelou que
o MOD se liga a mais de 50% dos DAT e 44% dos NET no estriado de macacos
(MADRAS et al., 2006). Um estudo com o uso de animais insensitivos a cocaina,
demonstrou que o MOD potencializa os sinais dopaminérgicos no cérebro pela
inibicdo do DAT e, dessa forma, poderia atuar no mesmo local de ligagdo da cocaina
(FEDERICCI et al., 2013). Entretando, Deroche-Gamonet et al. (2002) mostraram
que sob um regime de diferentes doses (32-256 mg/kg, intraperitoneal, i.p.) o MOD
nao induziu PLC. Um recente estudo demonstrou que o pés-tratamento com MOD
foi neurorestaurativo levando a um aumento da DA em neurdnios dopaminérgicos
estriatais em camundongos tratados com 1-metil-4fenil-1,2,3,6-tetrahidropiridina
(MPTP) (ANDO et al., 2018).

Além disso, um estudo clinico, no qual foram avaliadas uma ampla gama de
doses em adultos saudaveis e sem histérico de abuso de drogas, o MOD e a d-ANF
produziram qualitativamente e quantitativamente efeitos semelhantes (MAKRIS et
al., 2007). Ja em um relato de caso, um paciente adulto com TDAH e que fazia o
abuso de ANF quando passou a ser tratado com MOD apresentou melhora na
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inatencdo e hiperatividade assim como o paciente cessou o uso de ANF (MANN;
BITSIOS, 2009).

Até o momento, os estudos com animais revelam resultados que muitas
vezes sao contraditérios sobre os efeitos comportamentais e neurobiolégicos do
MOD. Dessa forma, a pesquisa com roedores torna-se de grande importancia na

tentativa de elucidar os possiveis mecanismos desse medicamento.

2.8 ESTUDOS EXPERIMENTAIS NEUROFARMACOLOGICOS EM ROEDORES

Sao crescentes os estudos que utilizam roedores em diferentes modelos
animais para investigagdo do processo da adigdo elucidando efeitos
comportamentais, neuroquimicos e fisiologicos (ARES-SANTOS et al., 2012;
MOREIRA-SILVA et al., 2014), especialmente, os estudos no nosso grupo de
pesquisa (ANTONIAZZI et al., 2014; KUHN et al., 2015a, 2015b, SEGAT et al., 2015,
2016; VEY et al. 2015; ROVERSI et al., 2016; MILANESI et al., 2017). Algumas
drogas psicoativas utilizadas de forma abusiva devido a sua habilidade de agir como
reforcadoras, como consequéncia, padrbes comportamentais como a procura e
administragdo da droga ocorrem para garantir o seu consumo. O refor¢o induzido
por drogas € avaliado em animais de laboratorio por diferentes métodos.

Nesse sentido, o teste da PLC pela droga, um paradigma classico baseado no
condicionamento estimulo-ambiente, tem sido empregado devido as suas inumeras
possibilidades de avaliagbes comportamentais e simplicidade de realizagéo
(SANCHIS-SEGURA; SPANAGEL, 2006; TZSCHENTKE, 2007). O teste da PLC
emprega diferentes contextos ambientais que originalmente s&o neutros e apds eles
serem apresentados repetidamente na presenga de uma substancia com potencial
abusivo como, por exemplo, a ANF, o animal passa a adquirir propriedades de
reforco através da associagdo contexto ambiental-droga, estabelecendo a PLC
relacionada a droga (EVERITT; ROBBINS, 2005).

Geralmente, o aparato da PLC consiste em uma caixa contendo trés
compartimentos. O compartimento neutro menor e outros dois compartimentos de
tamanhos iguais, porém apresentando contextos ambientais diferentes. Um
compartimento é associado com a administragdo da droga enquanto o outro é
associado com a administragdo do veiculo. Apés o condicionamento, ou seja,

repetidas exposi¢cées da droga pareada com o veiculo (dose e duragdo de acordo
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com a droga de escolha), o teste (livre de administracdo de droga ou veiculo) é
realizado, no qual o animal tem livre acesso aos compartimentos. Dessa forma, o
tempo gasto no compartimento associado a droga é considerado como preferéncia
pela droga e o tempo gasto no compartimento associado com o veiculo é
considerado como aversao pela droga (SANCHIS-SEGURA; SPANAGEL, 2006).
Diversas drogas aditivas apresentam diferente capacidade em produzir PLC.
Enquanto os opiaceos e drogas psicoestimulantes produzem intensa PLC sob uma
ampla gama de condigbes experimentais, outras drogas como o etanol, nicotina e
canabinoides produzem resultados mais inconsistentes (CUNNINGHAM et al., 2003;
TZSCHENTKE, 2007). Em geral, uma clara preferéncia é atingida quando as drogas
sdo administradas imediatamente antes da exposicdo ao ambiente de contexto e
quando a rota de administracdo garante rapida e altas concentragbes cerebrais da
droga (SANCHIS-GEGURA; SPANAGEL, 2006). Dessa forma o aparato da PLC
torna-se uma ferramenta util para a avaliacdo dos efeitos comportamentais frente a

exposicao a drogas de abuso.

3 JUSTIFICATIVA

O uso de farmacos psicoestimulantes tém se tornado frequente entre as
pessoas saudaveis em busca de melhora da memoria e das fungdes de cognitivas e
entre pacientes com diagnosticos errbneos do TDAH, levando a exposigcéo
prolongada e desnecessaria a esse tipo de farmaco. Sendo o MOD um farmaco
psicoestimulante, torna-se importante avaliar a influéncia de seu uso durante a
adolescéncia e se tal exposicdo pode predispor o individuo ao uso de drogas
psicoativas como a ANF em diferentes periodos da vida.

4 OBJETIVOS
4.1 OBJETIVO GERAL

Avaliar a influéncia da exposicdo de doses repetidas ao MOD durante a
adolescéncia sobre a preferéncia e recaida por ANF em diferentes periodos do

desenvolvimento, além de seus efeitos comportamentais, bioquimicos e moleculares

em areas cerebrais envolvidas na adicdo em ratos machos.
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4.2 OBJETIVOS ESPECIFICOS

Protocolo I:
Investigar a influéncia da administragdo de doses repetidas de MOD em
animais adolescentes frente a parametros comportamentais e de estresse oxidativo

em areas cerebrais envolvidas na adi¢ao.

Protocolo II:
Avaliar a influéncia da administragao de doses repetidas de MOD em animais
adolescentes sobre a preferéncia por ANF na idade adulta mensurando:
* comportamentos de locomocdo, ansiedade e memodria apos a retirada da
droga;
* alteragdes no status oxidativo do hipocampo;
* parédmetros moleculares dopaminérgicos como DAT, D1R e D2R no
hipocampo;
* niveis de BDNF, um indicador de sobrevivéncia e plasticidade neuronal, bem

como seu precurssor, pro-BDNF, e seu receptor Trk-B, no hipocampo.

Protocolo lll:
Avaliar a influéncia da administracdo de doses repetidas de MOD sobre a
preferéncia por ANF em animais adolescentes mensurando:
* comportamentos de ansiedade apos a retirada da droga;
» alteragdes no status oxidativo na ATV e estriado;
* parémetros moleculares dopaminérgicos como TH, DAT, D1R, D2R na ATV e
estriado.

Protocolo IV:
Avaliar a influéncia do tratamento de doses repetidas com MOD sobre a
recaida por ANF em animais adolescentes através da analise de:
* comportamentos de locomogédo e memodria;
* parémetros moleculares dopaminérgicos como VMAT-2, DAT, D1R, D2R no

estriado ventral;
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* niveis de GDNF e BDNF, parametros moleculares indicadores de
sobrevivéncia e plasticidade neuronal, bem como do precurssor do BDNF
(pro-BDNF) e de seu receptor Trk-B no estriado ventral.

5 METODOLOGIA

5.1 ANIMAIS

Foram utilizados ratos Wistar machos jovens, com 21 dias de idade,
provenientes do biotério central da UFSM, mantidos em grupos de quatro animais
por gaiolas plasticas com livre acesso a agua e comida, em uma sala com
temperatura controlada (22-23°C) e ciclo de 12h claro/ escuro (luzes acesas as
07:00h a.m.). Os animais foram manuseados de acordo com os principios éticos de
experimentacdo animal elaborados pelo Conselho Nacional de Controle de
Experimentagcdo Animal (CONCEA). O presente projeto foi aprovado pelo comité de
ética e bem-estar animal dessa universidade (UFSM/ CEUA n° 9429030215).

5.2 DELINEAMENTO EXPERIMENTAL

Os animais foram designados a diferentes protocolos experimentais conforme

detalhamento abaixo.

5.2.1 Protocolo experimental |

Este estudo foi realizado como um piloto para avaliar os efeitos
comportamentais e bioquimicos da administracdo de doses repetidas de MOD
durante o periodo da adolescéncia (dia pos-natal, DPN 28-42) (TIRELLI; LAVIOLA,;
ADRIANI, 2003) (Figura 1). De acordo com a literatura, os estudos realizados com o
MOD envolvem uma ampla gama de doses (SCORIELS; JONES; SAHAKIAN,
2012), enquanto que a dose utilizada nesse estudo foi escolhida devido ao fato de
ser uma dose que foi administrada pela via oral em roedores e também por ser a
dose correspondente a maxima dose utilizada em humanos (WONG et al., 1999;
WATERS et al., 2005, TSANOV et al., 2010).
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Figura 1 - Desenho experimental do Protocolo |I. DPN: dia pés-natal; MOD: modafinil; TCA: teste do
campo aberto; LCE: labirinto em cruz elevado; TRON: teste do reconhecimento do objeto novo.

*TCA
LCE
TRON

MOD
|| Aclimatagéo I 64 mg/kg p.o. I

DPN 21 28 42

& == Avaliagées compostamentais *

R ==k==FEutanasia

Fonte: Autor.

Foram utilizados ratos recém-desmamados (DPN 21, n=14), os quais apos
aclimatacdo de 7 dias foram divididos em dois grupos: i) CONTROLE (grupo veiculo,
n=7, volume equivalente a MOD, p.o.) e ii) MOD (grupo modafinil, n=7, 64 mg/kg, 1
ml/kg, p.o.). Estes animais receberam uma dose diaria de MOD (64 mg/kg, 1 ml/kg,
p.o.) ou veiculo por gavagem durante 14 dias consecutivos. No dia seguinte, estes
animais foram submetidos a avaliagdes comportamentais do teste do campo aberto
(TCA), labirinto em cruz elevado (LCE) e teste de reconhecimento do objeto novo
(TRON) descrito nos itens 5.3.1, 5.3.2, 5.3.3. Vinte e quatro horas apos as
avaliagcbes comportamentais, os animais foram anestesiados (tiopental, 50 mg/kg, 1
ml/kg, i.p.) e eutanasiados, o enceéfalo foi dissecado em CPF, hipocampo, estriado e
regiao da ATV para analises do status oxidativo conforme item 5.4.

5.2.2 Protocolo experimental Il

Este estudo foi realizado para avaliar os efeitos da administracdo de doses
repetidas de MOD durante a adolescéncia (DPN 28-42) frente a PLC por ANF na
idade adulta (DPN 60) (Figura 2). Foram utilizados ratos recém-desmamados (DPN
21, n=28) que apos aclimatagao de 7 dias foram divididos em dois grandes grupos: i)
Controle (grupo veiculo, n=14, volume equivalente MOD p.o.) e ii) MOD (grupo
modafinil, n=14, 64 mg/kg, 1 ml/kg, p.o.) conforme protocolo de administragdo oral

descrito anteriormente. Ao final do tratamento oral, esses animais ndao foram
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manuseados até a idade adulta (DPN 60), exceto para pesagem semanal e limpeza

das caixas.

Figura 2 - Desenho experimental do Protocolo Il. DPN: dia pds-natal; MOD: modafinil; TCA: teste do
campo aberto; LCE: labirinto em cruz elevado; TRON: teste do reconhecimento do objeto novo.
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|
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Fonte: Autor.

Aos 60 dias de idade, cada grande grupo de animais (Controle e MOD) foi
subdividido gerando 4 sub-grupos experimentais para realizagdo do protocolo da
PLC por ANF conforme item 5.3.4: i) Controle (grupo controle (n=7): recebeu injegao
de solugdo salina 0.9%, i.p., volume equivalente ao de ANF; ii) MOD (grupo
modafinil (n=7): recebeu injecdo de soluc¢ado salina 0.9%, i.p., volume equivalente ao
de ANF; iii) ANF (grupo anfetamina (n=7): recebeu ANF na dose de 4 mg/kg, 1
ml/kg, i.p. (ANTONIAZZI et al., 2014; KUHN et al., 2015a) e iv) MOD+ANF (grupo
modafinil + anfetamina: recebeu ANF na dose de 4 mg/kg, 1 ml/kg, i.p.).

Um dia apds o teste da PLC foram realizadas as analises comportamentais do
TCA (item 5.3.1), LCE (item 5.3.2) e TRON (item 5.3.3). Vinte e quatro horas apds as
analises comportamentais, os animais foram anestesiados (tiopental, 50 mg/kg, 1
ml/kg, i.p.) e eutanasiados para a retirada do encéfalo, do qual foi dissecado o
hipocampo (PAXINOS; WATSON, 2007) para determinagao do status oxidativo (item

5.4) e para analises moleculares (item 5.5).
5.2.3 Protocolo experimental Il

Para a avaliacdo dos efeitos da administragdo doses repetidas de MOD (DPN

28-42) frente a PLC por ANF na adolescéncia (Figura 3), foram utilizados ratos
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recém-desmamados (DPN 21, n=28). Apés aclimatagao de 7 dias, os animais foram
divididos em dois grandes grupos: i) CONTROLE (grupo veiculo, n=14, volume
equivalente MOD, p.o.) e ii) MOD (grupo modafinil, n=14, 64 mg/kg, 1 ml/kg, p.o.)
conforme protocolo de administracdo oral descrito anteriormente.

Figura 3 - Desenho experimental do Protocolo Ill. DPN: dia pés-natal; MOD: modafinil; TCA: teste do
campo aberto; LCE: labirinto em cruz elevado.
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Fonte: Autor.

No DPN 43, cada grande grupo de animais (CONTROLE e MOD) foi
subdividido gerando 4 sub-grupos experimentais para realizagdo do protocolo da
PLC por ANF conforme item 5.3.4.: i) Controle (grupo controle (n=7): recebeu injec&o
de solugdo salina 0.9%, i.p., volume equivalente ao de ANF; ii) MOD (grupo
modafinil (n=7): recebeu solugéo salina 0.9%, i.p., volume equivalente ao de ANF; iii)
ANF (grupo anfetamina (n=7): recebeu ANF na dose de 4 mg/kg, 1ml/kg, i.p.; iv)
MOD+ANF (grupo modafinil + anfetamina: recebeu ANF na dose de 4 mg/kg, 1
ml/kg, i.p.).

Um dia apos o teste de PLC, as analises comportamentais do TCA (item
5.3.1) e LCE (item 5.3.2) foram realizadas com os grupos experimentais. Vinte e
quatro horas apds a Uultima observagdo comportamental, os animais foram
anestesiados (isoflurano inalatério) e eutanasiados para remogédo do encéfalo, do
qual foram dissecados o estriado e a regido da ATV (PAXINOS; WATSON, 2007).
As estruturas cerebrais foram utilizadas para determinag&o do status oxidativo (item

5.4), como também para analises moleculares (item 5.5).
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5.2.4 Protocolo experimental IV

Para a avaliacao dos efeitos do tratamento de doses repetidas de MOD apds
a PLC por ANF ja estabelecida na adolescéncia (Figura 4), foram utilizados ratos
recém-desmamados (DPN 21, n=28). Apés aclimatagao de 7 dias, os animais foram
separados em dois grandes grupos, e submetidos ao protocolo de PLC conforme
item 5.3.4: i) Controle (grupo controle, n=14, foi administrado solugdo salina 0.9%,
i.p.), volume equivalente ao de ANF) e ii) ANF (grupo anfetamina, n=14, foi
administrado solugdo de ANF na dose de 4 mg/kg, 1ml/kg, i.p.).

Figura 4 - Desenho experimental do Protocolo IV. DPN: dia p6s-natal; MOD: modafinil; TCA: teste do
campo aberto; TRON: teste do reconhecimento do objeto novo.
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Fonte: Autor.

No DPN 39, cada grande grupo de animais (Controle e ANF) foi subdividido
em 4 sub-grupos experimentais para o tratamento diario de MOD por gavagem,
resultando nos seguintes grupos: i) Controle (grupo controle (n=7), recebeu veiculo
por gavagem, em volume equivalente ao de MOD; ii) MOD (grupo modafinil (n=7),
recebeu solugdo de MOD na dose de 64 mg/kg, 1ml/kg, p.o.); iii) ANF (grupo
anfetamina (n=7), recebeu veiculo por gavagem em volume equivalente ao de MOD;
e iv) ANF+MOD (grupo anfetamina + modafinil (n=7), recebeu solu¢do de MOD na
dose de 64 mg/kg, 1ml/kg, p.o.). O tratamento com MOD consistiu em uma
administragdo diaria durante 14 dias. No DPN 53, os animais foram re-
condicionados com ANF por 3 dias e no quarto dia foi realizado o teste da PLC por
ANF (SEGAT et al, 2016).

Um dia apds o teste da PLC foram realizadas com todos os 4 grupos
experimentais as analises comportamentais do TCA (item 5.3.1) e TRON (item

5.3.3). Vinte e quatro horas apos a ultima analise comportamental, os animais foram
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anestesiados (isoflurano inalatério) e eutanasiados para a retirada do encéfalo, do
qual foi dissecado o estriado ventral (PAXINOS; WATSON, 2007) para a realizag&o
das avaliagbes moleculares (item 5.5).

5.3 ANALISES COMPORTAMENTAIS

5.3.1 Teste do campo aberto (TCA)

O TCA avalia a atividade locomotora e exploratoria dos animais. Cada rato foi
colocado individualmente, durante 5 minutos, no centro de um aparato de madeira
quadricular de area de campo aberto nas dimensdes de 40 x 40 x 30 cm, subdividido
em nove quadrantes iguais conforme descrito por Kerr et al. (2005). Foram
quantificados durante este periodo o numero de cruzamentos (crossings, quadrados
horizontais cruzados com as quatro patas) e o numero de levantamentos (rearings,
movimentos verticais) que sao utilizados como medidas de atividade locomotora e
comportamento exploratorio, respectivamente. Além dessas avaliagdes, foi
quantificado o numero de cruzamentos no quadrante central e o numero de pellets
fecais que sao utilizados como medidas adicionais de ansiedade (RAMOS;
MORMEDE, 1988). O aparato foi limpo com uma solugéo de alcool 20% e toalhas de
papel antes da introducéo de cada animal.

5.3.2 Teste do labirinto em cruz elevado (LCE)

Esse teste se baseia no medo e/ou aversdo inata que os roedores
apresentam a espacos abertos e elevados avaliando respostas de ansiedade
(PELLOW et al., 1985). O aparato de madeira é elevado a 50 cm do chao e consiste
em 4 bragos, dois bragos opostos (50 x 10 cm) sédo fechados por paredes de 40 cm
de altura, enquanto os outros dois bracos ndo tém paredes. Os quatro bracos
possuem um ponto de intersecgdo, uma plataforma central (10 x 13,5 cm) que
permite 0 acesso a qualquer um dos quatro bracos. No inicio de cada ensaio, o rato
€ colocado na plataforma central voltado para um brago aberto para exploracdo do
aparato por 5 minutos (min) (WALF; FRYE, 2007). O aparelho é limpo com uma
solucao de alcool etilico a 20% e toalhas de papel antes da introdugdo de cada

animal.
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Os comportamentos quantificados sdo o tempo gasto nos bragos abertos e
fechados; o numero de entradas nos bragos abertos e fechados; a exploracao total
(numero de entradas em todos os bragos do aparato) e, ainda, outra medida
etoldgica avaliada é a frequéncia de mergulhos de cabecga (do inglés head-dipping,
movimento exploratorio de cabeca sobre os lados dos bragos abertos em diregao ao
chao). A entrada em qualquer brago do aparato € definida quando o animal entra no
braco com as quatro patas. A exploragao total € calculada como o numero de
entradas em todos os bragos do aparato (WALF; FRYE, 2007).

A partir dessas quantificacdes € realizado o calculo do indice de ansiedade
que integra as medidas comportamentais conforme segue:

indice de ansiedade = 1 - [((tempo gasto nos bragos abertos/ tempo total no
aparato) + (numero de entradas nos bragos abertos/ exploragéo total no aparato)) /
2]

Os valores do indice de ansiedade vao de 0 a 1, sendo que valores mais
préximos de 1 expressam comportamento de ansiedade aumentado (COHEN et al.,
2012).

5.3.3 Teste de reconhecimento do objeto novo (TRON)

Este teste é relacionado a motivagdo natural dos animais a explorar
novidades, sendo considerado um instinto inato que o animal usa para reconhecer o
ambiente (HELDT et al., 2007).

O TRON é conduzido no mesmo aparato do TCA e a memoria de
reconhecimento foi avaliada como previamente descrito por De Lima et al. (2005): o
piso do aparato foi coberto com maravalha durante o teste de memdria. No primeiro
dia, os ratos tiveram uma sessdo de treinamento na qual foram expostos a dois
objetos idénticos (A1 e A2, brinquedos Lego®), que estavam posicionados em dois
cantos adjacentes, 5 cm das paredes, e os ratos tiveram livre acesso para explorar o
aparato e os objetos por 10 min (sesséo de treinamento).

Uma hora apos a sessado de treinamento € realizado o teste que avalia a
memoria de curto prazo (1h apds o treinamento). Durante a sess&o de teste, os
ratos tiveram 5 min para explorar o aparato na presenga de dois objetos: o objeto
familiar A e um segundo novo objeto B, que estavam colocados na mesma posigao

da sessdo de treinamento. Todos os objetos apresentavam texturas, cores e
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tamanhos similares, mas diferentes formas (cilindricas ou quadradas). Entre as
sessodes, 0s objetos foram limpos com uma solugéao de alcool 20%.

A exploragao € definida como cheirar ou tocar o objeto com o nariz. Um indice
de reconhecimento é calculado para cada animal e expressado pela razdo TN/(TF +
TN) (TF = tempo gasto explorando o objeto familiar; TN = tempo gasto explorando o

novo objeto).

5.3.4 Preferéncia de lugar condicionada com anfetamina

A PLC é um modelo animal usado para avaliar os efeitos heddnicos de drogas
que causam dependéncia. O aparato da PLC consiste em uma caixa dividida em
dois compartimentos de (45 x 45 x 50 cm) cada um com diferentes estimulos visuais,
e ambos acessiveis a partir de uma area exterior retangular (18 x 36 x 50 cm) com
piso e paredes lisas na cor cinza. Os compartimentos sdo iluminados indiretamente
por luz incandescente (60W) e possuem equivalente intensidade de luz. Um
compartimento possui piso liso e paredes brancas listradas, enquanto o outro
compartimento possui piso listrado e paredes brancas lisas. O aparato foi limpo com
alcool etilico 20% usando esponja e toalha de papel antes da inser¢gdo de cada
animal.

A PLC com ANF foi realizada através das seguintes etapas: habituacéo, pré-
teste, condicionamento e teste. Os animais sdo colocados por 15 min em cada
compartimento para a habituagao, totalizando 30 min O objetivo deste procedimento
€ excluir o comportamento exploratério que € comum em novos ambientes durante
as etapas posteriores (pré-teste e condicionamento) evitando, assim, interpretagdes
equivocadas.

No dia seguinte, o tempo gasto pelos animais em cada compartimento é
monitorado durante 15 min, o que € considerado o pré-teste. Esta etapa é realizada
para determinar o lado em que o animal recebera a droga. A partir desses
resultados, o compartimento em que cada rato passar mais tempo durante o pré-
teste sera definido como o compartimento preferido inicialmente, enquanto que o
compartimento em que passar menos tempo sera escolhido para o condicionamento
com a droga. Os animais que durante a fase de pré-teste passam mais que 75% do
tempo de exploragdo em um dos compartimentos, sao excluidos (VAZQUEZ et al.,
2006).
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A etapa de condicionamento de preferéncia de lugar é conduzida por uma
injecdo diaria da droga (ANF) durante 8 dias no compartimento onde cada animal
permaneceu menos tempo durante o pré-teste, pareado com uma injegao de veiculo
(0,9% de NaCl), depois de um intervalo de 4 h (MARTIN; ITZHAK, 2000) no outro
compartimento. Grupos controle, tratados com veiculo, recebem duas inje¢des
diarias de solucdo de 0,9% de NaCl em ambos os compartimentos da PLC em
turnos alternados. Depois de cada administracdo da droga (ANF ou veiculo), os
ratos sdo imediatamente colocados e mantidos no interior do mesmo compartimento,
durante 25 min. Este mesmo procedimento € realizado quatro horas mais tarde,
quando todos os ratos recebem uma injecgdo de veiculo, sendo mantido no interior
do compartimento oposto por mais 25 min (CARLEZON et al., 2002).

Ao final da etapa de condicionamento, todos os animais sdo submetidos ao
teste de 15 min sem a administracdo da droga ou veiculo. Esta avaliagdo esta
relacionada a preferéncia pela droga (ANF) e é realizada 24 h apds a ultima sessao
de condicionamento. Os resultados sdo expressos como a porcentagem de tempo
em que os animais de cada grupo experimental permanecem no compartimento
associado com a ANF durante o periodo de abstinéncia.

Além da preferéncia pela ANF, € possivel avaliar a recaida pela droga, ou
seja, apos a preferéncia pela droga ja estar estabelecida, os animais recebem algum
tipo de tratamento e € entao realizado o re-condicionamento com a droga (ANF) por
trés dias, e no quarto dia os animais sdo submetidos ao teste de recaida pela droga
(SEGAT et al., 2014).

5.4 ANALISES BIOQUIMICAS

Parte do encéfalo foi dissecado em regides especificas, as quais foram
homogeneizadas com tampéao Tris-HCI 10 mM (pH=7,4) na proporgao 1:10 para as
analises bioquimicas de avaliacdo do status oxidativo.

5.4.1 Determinacgao da atividade da catalase (CAT)

A atividade da CAT foi determinada de acordo com Aebi (1984), através do
monitoramento da degradagdo do H»O2, no tecido estudado, mensurado
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espectrofotometricamente em 240 nm. A atividade enzimatica € expressa em

Unidades (U)/ mg tecido (1 U decompde 1 pymol H,O2/min em pH=7 a 25°C).

5.4.2 Determinacgao de espécies reativas (ER)

Os niveis de ER foram mensurados usando a 2',7’-diclorofluoresceina
diacetato (DCHF-DA), um oxidante fluorescente, segundo a metodologia de Hempel
et al. (1999), onde a intensidade da fluorescéncia € diretamente proporcional a
quantidade de ER no meio. A oxidacdo da DCHF-DA a diclorofluoresceina (DCF)
fluorescente foi determinada a 488 nm para excitacdo e 525 nm para emissdo. O
conteudo de proteina foi normalizado pela quantificagdo de acordo com Lowry et al.
(1951). Os resultados s&o expressos em % do grupo controle.

5.4.3 Determinacao da peroxidacgao lipidica

Determina-se a lipoperoxidagdo baseando-se na dosagem de espécies
reativas ao acido tiobarbiturico (TBA). Segundo a metodologia de Ohkawa, Ohishi e
Yagi (1979), esta técnica consiste em aquecer o material biolégico com TBA, em
meio acido, e medir a formacdo de um produto de cor rosea, dosado
espectrofotometricamente em 532 nm. Os resultados sdo expressos em nmol
malondialdeido (MDA)/g tecido.

5.4.4 Determinacao de proteina carbonilada (PC)

Conforme a metodologia de Yan et al. (1995), esta técnica baseia-se na
reacao da 2,4-dinitrofenilhidrazina (DNPH) com os grupos carbonila das proteinas.
Como resultado obtém-se um cromogeno de cor amarela que pode ser dosado
espectrofotometricamente em 370 nm e os resultados sdo expressos em nmol

carbonila/ g tecido.

5.5 AVALIACOES MOLECULARES POR WESTERN BLOT

Os tecidos foram homogeneizados em tampao de lise contendo 137mM NacCl,
20mM Tris-HCI pH=8,0, 1%NP40, 10%glycerol, 1mM fenilmetilsulfonilofluoreto
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(PMSF), 10ug/mL™ aprotinina, 0,1mM cloreto de benzeténio e 0,5mM vanadato de
sédio. Os homogenatos foram centrifugados a 12000g por 30 min e o sobrenadante
utilizado para a dosagem da concentragéo total de proteinas de acordo com o kit
MicroBCA (Pierce, IL, USA), utilizando albumina de soro bovino (BSA) como padréo.

As amostras de proteina foram separadas por eletroforese em gel de
poliacrilamida de 8%-12%, de acordo com a proteina de interesse, e
eletrotransferidas para membrana de PVDF (Millipore, MA, USA). Os locais de
ligacdo ndo especificos foram bloqueados com solugdo de Tris tamponado com
salina (TBS), pH=7,6, contendo 5% de leite seco sem gordura.

As membranas foram lavadas em tampao (0,05% Tween-20 in TBS) e depois
incubadas com anticorpos primarios: anti-GDNF (1:1000; Santa Cruz Biotechnology,
CA, USA), anti-BDNF (1:500; sc-546, Santa Cruz Biotechnology, CA, USA) e
(1:1000; Abcam, Cambridge, UK), anti-pro-BDNF (1:500; sc-546 Santa Cruz
Biotechnology, CA, USA e 1:1000; Abcam, Cambridge, UK), anti-TrkB (1:500; sc-12,
Santa Cruz Biotechnology, CA, USA) anti-tirosina hidroxilase (TH) (1:1000; sc-7847
Santa Cruz Biotechnology, CA, USA), anti-VMAT-2 (1:1000; Santa Cruz
Biotechnology, CA, USA), anti-DAT (1:500; sc-14002, Santa Cruz Biotechnology,
CA, USA) anti-D1R (1:500; sc-14001, Santa Cruz Biotechnology, CA, USA) anti-D2R
(1:500, sc-9113 Santa Cruz Biotechnology, CA, USA) e anti-actina (1:2.000; sc-1616,
Santa Cruz Biotechnology, CA, USA e 1:50.000; Sigma-Aldrich, St. Louis, USA)
seguidos pelos correspondents anticorpos secundarios conjugados a peroxidase sc-
2020 ou sc-2054 (1:40.000; Santa Cruz Biotechnology).

A actina foi utilizada como controle interno de carregamento dos géis de tal
forma que os dados sdo normalizados pelos seus valores. Apos algumas lavagens
com tampao, os imunocomplexos foram revelados por quimioluminescéncia usando
ECL kit (GE Healthcare Life Sciences, NJ, USA) e visualizados em
fotodocumentador. As bandas foram digitalizadas e quantificadas utilizando o
software ImageJ.

5.6 ANALISE ESTATISTICA
Os dados obtidos foram tabelados e expressos em média + desvio/erro

padrao. No estudo piloto os dados foram analisados através de ANOVA de uma via
seguido pelo teste post hoc de Tukey. Nas outras analises foi aplicado o teste de
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Levene para a verificagdo da distribuicdo normal dos dados. Dados paramétricos
foram analisados por ANOVA de uma ou duas vias seguido pelo teste post hoc de
Tukey quando apropriado pelo software Statistical Package for the Social Sciences
(SPSS) versédo 10. Valores de p<0.05 sao considerados estatisticamente
significativos em todas as comparacoes feitas.

6 RESULTADOS

6.1 PROTOCOLO EXPERIMENTAL |

Influéncia da administracao de doses repetidas de MOD durante a
adolescéncia: estudo piloto

Resultados

Ganho de peso

A administragdo de doses repetidas de MOD durante o periodo da
adolescéncia n&o alterou o ganho de peso semanal dos animais quando comparado
com o grupo controle (dados ndo mostrados).

Atividade locomotora e exploratoria

A administracado de doses repetidas de MOD no periodo da adolescéncia nao
alterou a atividade locomotora e exploratoria dos animais, as quais foram avaliadas
no TCA.

Tanto os animais do grupo controle, quanto os do grupo MOD apresentaram
locomogédo semelhante (numero de crossings) (p=0,42), assim como semelhante
atividade locomotora vertical exploratoria (numero de rearings) (p=0,54). Além disso,
ambos os grupos apresentaram resultados similares para o numero de visitas ao
centro do aparato (p=0,73) e numero de pellets fecais (p=0,84), sendo esses dois
parédmetros considerados indicativos de ansiedade (Figura 1).

Sinais de ansiedade
A administracado de doses repetidas de MOD no periodo da adolescéncia nao
alterou os sinais de ansiedade avaliados no teste do labirinto em cruz elevada.
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Tanto os animais do grupo controle, como os do grupo MOD nao
apresentaram resultados estatisticamente significativos no tempo de permanéncia
nos bragos abertos (p=0,66), no numero de entradas nos bragos abertos (p=1,00),
no numero de entradas totais (p=0,59), assim como no indice de ansiedade (p=0,84)
(Figura 2).

Memoria de curto prazo

A administracdo de doses repetidas de MOD no periodo da adolescéncia
melhorou a memodria recente dos animais, a qual foi avaliada no TRON
(F(1,12)=7,67, p=0,01).

Os animais do grupo MOD apresentaram um maior indice de reconhecimento

quando comparados com o grupo controle (Figura 3).

Avaliacao do status oxidativo cerebral

A administragcdo de MOD durante 14 dias no periodo da adolescéncia causou
alteragdes no status oxidativo em diferentes areas cerebrais dos animais.

Na ATV, o grupo MOD apresentou um aumento na atividade da CAT
(F(1,12)=171,57, p=0,00), nenhuma alteragdo na geragdo de ER junto com uma
reducdo da peroxidagao lipidica (F(1,12)=25,56, p=0,00) e aumento na carbonilagao
de proteinas (F(1,12)=13,45, p=0,00), (Figura 4A-B).

No estriado, o grupo MOD apresentou atividade da CAT aumentada
(F(1,12)=40,60, p=0,00), maior geragao de ER (F(1,12)=7,43, p=0,01) e menor
carbonilagdo de proteinas (F(1,12)=19,09, p=0,00), sem alteracdo dos niveis de
peroxidacéo lipidica (Fig. 5A-B).

No CPF, o grupo MOD apresentou atividade da CAT aumentada
(F(1,12)=84,28, p=0,00), diminuicdo da geragdo de ER (F(1,12)=7,56, p=0,01) e
menor carbonilagdo de proteinas (F(1,12)=25,70, p=0,00), sem alterar os niveis de
peroxidacéo lipidica (Fig. 6A-B).

No hipocampo, o MOD n&o exerceu influéncias significativas quando
comparado com os animais do grupo controle nos mesmos parametros avaliados
(Fig 7A-B).
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Discusséao

A partir dos resultados preliminares obtidos neste estudo piloto, podemos
verificar que a administragdo de doses repetidas de MOD na dose de 64mg/kg
(corresponde a dose maxima utilizada por humanos) (TSANOV et al., 2010) em
ratos Wistar machos adolescentes, durante 14 dias nao alterou o ganho de peso dos
animais, a atividade locomotora ou sinais de ansiedade. Entretando foi capaz de
melhorar a memoria de curto prazo.

Em relagdo ao status oxidativo cerebral, o MOD apresentou distintas
influéncias, de acordo com a area cerebral avaliada. Entretanto, uma alteragao que
pdde ser observada em todas as areas avaliadas, com exceg¢ao do hipocampo, foi o
aumento na atividade da CAT, uma enzima que atua na defesa antioxidante (BERK
et al., 2011). Ja nos marcadores de danos oxidativos, no geral, podemos dizer que o
MOD reduziu esses marcadores ou ndo causou alteragdes significativas, desde que,
apenas duas areas avaliadas nao mostraram tal beneficio.

Deste modo, este estudo piloto mostrou que o MOD exerceu influéncia sobre
a memoria recente dos animais, como também sobre o status oxidativo em distintas
areas cerebrais avaliadas. Visto que apenas alguns estudos descrevem os efeitos
do MOD sobre a via do estresse oxidativo (XIAO et al., 2004; ORNELL et al., 2014),
tais observacgdes apresentam importante aspecto frente a adigao.
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Figura 1. Influéncia da administracdo de doses repetidas de modafinil sobre a atividade locomotora
dos animais. Numero de crossings (A), numero de rearings (B), nimero de visitas ao quadrante
central (C), numero de pellets fecais (D). Dados sdo expressos como média + media do desvio
padrdo. p<0.05. C: grupo controle; MOD: grupo modafinil.
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Figura 2. Influéncia da administracdo de doses repetidas de modafinil sobre sinais de ansiedade dos
animais. Tempo gasto nos bragos abertos (segundos) (A), numero de entradas nos bragos abertos
(B), numero de entradas totais nos bragos abertos e fechados (C), indice de ansiedade (D). Dados
sdo expressos como média + media do desvio padrdo. p<0.05. C: grupo controle; MOD: grupo
modafinil.
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Figura 4. Influéncia da administragcdo de doses repetidas de modafinil sobre o status oxidativo da
area tegmental ventral. Atividade da catalase (A), geragdo de espécies reativas (B), peroxidacao
lipidica (C), carbonilacdo de proteinas (D). Dados s&o expressos como média + media do desvio
padrdo. * Indica diferenca significativa do grupo controle. p<0.05. C: grupo controle; MOD: grupo
modafinil; CAT: catalase; DCF-RS: 2'7’-diclofluoresceinadiacetato; TBARS: substancias reativas ao
acido tiobarbiturico.



A
150-
*
l— ? S—
SE
ﬁ [ 100 e
U g l- I.I I I.l o
§ § hmama e ]
So i poseepn e
ZE e
%
0 Qe
C
150+
S -1 e
3 e
O e e
2 1001 e
< < [
33 s
= 50 L
) [
S P
5 HEEEEE
0 e

Carbonilagao de proteinas

Geragao de DCF-RS

w

(% controle)

O

(nmol carbonil/ g tecido)

150+

1004

504

56

Oc
E3 MOD

4000+

3000

20004

10004

k"]
a

0

Figura 5. Influéncia da administragcdo de doses repetidas de modafinil sobre o status oxidativo do
estriado. Atividade da catalase (A), geracdo de espécies reativas (B), peroxidacado lipidica (C),
carbonilagédo de proteinas (D). Dados s&o expressos como média + media do desvio padréo. * Indica
diferenca significativa do grupo controle. p<0.05. C: grupo controle; MOD: grupo modafinil; CAT:
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Figura 6. Influéncia da administragcdo de doses repetidas de modafinil sobre o status oxidativo do
cortex pré-frontal. Atividade da catalase (A), geracdo de espécies reativas (B), peroxidagao lipidica
(C), carbonilagdo de proteinas (D). Dados sédo expressos como média + media do desvio padréo. *
Indica diferenga significativa do grupo controle. p<0.05. C: grupo controle; MOD: grupo modafinil;
CAT: catalase; DCF-RS: 2’7’-diclofluoresceinadiacetato; TBARS: substancias reativas ao acido
tiobarbiturico.
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Figura 7. Influéncia da administracdo de doses repetidas de modafinil sobre o status oxidativo do
hipocampo. Atividade da catalase (A), geragdo de espécies reativas (B), peroxidagéo lipidica (C),
carbonilagédo de proteinas (D). Dados s&o expressos como média + media do desvio padréo. * Indica
diferenca significativa do grupo controle. p<0.05. C: grupo controle; MOD: grupo modafinil; CAT:
catalase; DCF-RS: 2'7’-diclofluoresceinadiacetato; TBARS: substancias reativas ao acido
tiobarbiturico.
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Abstract: Addiction is a serious health problem which leads to general social impairment. The period of adolescence plays a sig-
nificant role in drug abuse liability. Psychostimulants, such as modafinil (MOD), are majorly used by teenagers seeking improve-
ments in cognition, which contributes to its indiscriminate use. This study aimed to investigate the influence of MOD (64 mg/kg
by gavage, once a day) treatment during adolescence [post-natal day (PND) 28-42] on amphetamine (AMPH, 4 mg/kg i.p.)-con-
ditioned place preference (CPP) in early adulthood (PND 60). Our findings showed that AMPH increased CPP for the drug and
anxiety-like behaviours; on the other hand, AMPH decreased the number of crossings and recognition index. In addition, AMPH
decreased catalase activity and increased reactive species, malondialdehyde and carbonyl protein levels in the hippocampus.
AMPH also increased pro-brain derived neurotrophic factor (BDNF), tyrosine kinase receptor B, dopamine transporter, DIR and
decreased BDNF and D2R immunoreactivity. Contrarily, animals pre-exposed to MOD showed reduced AMPH-CPP, no locomo-
tor impairment, less anxiety-like behaviours and no memory deficits. In addition, MOD showed antioxidant activity by prevent-
ing AMPH-induced oxidative damage in the hippocampus. Moreover, molecular analysis showed that MOD was able to
modulate the hippocampal dopaminergic system, thus preventing AMPH-induced impairments. Animals that received MOD dur-
ing adolescence showed reduced AMPH-CPP in early adulthood. These unexpected behavioural effects of MOD on CPP could
be due to its hippocampal dopaminergic system modulation, mainly by its action on DIR, which is closely linked to drug addic-

tion. Nevertheless, further studies are necessary.

The use of prescription stimulant drugs has gained popularity
worldwide especially among healthy people [1,2]. Brazil
emerges as fifth in the annual prevalence of misuse of pre-
scription stimulants, according to the World Drug Report [3].
The high percentage of healthy individuals using stimulant
drugs for cognitive enhancement suggests that most people are
seeking for memory benefits [4]. Thus, outweighing that in
some cases of short or long-term use may trigger or exacer-
bate mental illnesses such as anxiety, depression, psychosis
and even addiction [5-7].

Drug abuse and addiction remain considerable health problems
[2,8], and there is substantial evidence that the use of addictive
drugs can cause dependence problems more quickly when their
use starts before adulthood, mainly with the use of psychostimu-
lant drugs [9]. During adolescence, the brain undergoes continu-
ous changes [10] and studies state behavioural implications of
this fact [11,12]. Some behaviours are common during this per-
iod, including the urge for new experiences overbalancing risks,
what may increase tendencies to experiment drugs [2]. Therefore,
when individuals achieve the addictive state, they keep making
poor choices despite the negative consequences [13].

Author for correspondence: Marilise Escobar Burger, Departamento de
Fisiologia e Farmacologia, Programa de Pés-Graduagao em Farma-
cologia, Centro de Ciéncias da Sadde, Universidade Federal de Santa
Maria (UFSM), 97105-900 Santa Maria, RS, Brazil (e-mail marilise.
burger @ufsm.br).

Regarding drug abuse reward, dopamine (DA) is a crucial
neurotransmitter involved. The reward system is a product of
DA pathway, which connects the ventral tegmental area of the
midbrain to the limbic system, and involves the nucleus
accumbens, the amygdala, the hippocampus and the medial
prefrontal cortex [14]. The imbalance between dopaminergic
circuits that underlie reward, conditioning and executive func-
tions such as emotional control and decision-making, is
thought to contribute to compulsive drug use and loss of con-
trol in addiction [15,16].

From this point of view, modafinil (2-[(Diphenylmethyl) sul-
finyl] acetamide) (MOD) is a psychostimulant of the non-
amphetamine (AMPH) type, approved by the U.S. Food and
Drug Administration (FDA) to treat narcolepsy [17]. Also, it has
been used ‘off-label’ as a cognitive enhancer in other neuropsy-
chiatric conditions [18,19] as well as for the treatment of sub-
stance disorders [20]. The MOD mechanism of action is poorly
understood and appears to involve multiple neurotransmitter
systems resulting in a wide range of neurological effects [6,21].
Taken together, current evidence suggests that MOD can act as
a weak dopamine transporter (DAT) inhibitor binding to the
DAT, increasing extracellular DA levels in synapses [7,22,23].
Also, some studies have shown that MOD exerts antioxidant
activity in some brain areas such as the striatum [19,24,25].

This study was designed to investigate whether MOD
administration in healthy adolescent rats could lead to AMPH

© 2017 Nordic Association for the Publication of BCPT (former Nordic Pharmacological Society)
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preference during early adulthood and whether it could have
influence on behaviour. Hippocampal oxidative status and
molecular targets related to addiction in the dopaminergic sys-
tem were also assessed.

Materials and Methods

Animals. Young male Wistar rats, weighing approximately 100—
150 g, were used in the procedures. They were housed at four per
cage with free access to food and water in a room with controlled
temperature (23 £ 1°C), on a 12-hr light/12-hr dark cycle with lights
turned on at 7 am. throughout the experimental period. The
procedures with animals were approved by the Research Ethics
Committee of Universidade Federal de Santa Maria (UFSM-
9429030215), which is affiliated to the National Council for the
Control of Animal Experiments (CONCEA), following international
norms of care and animal maintenance.

Experimental design. One week after acclimatization, rats [post-natal
day (PND) 28, n = 28] were divided into two experimental groups:
control group (received vehicle, n = 14) and MOD group (received
MOD, n = 14, at a dose of 64 mg/kg) [26]. The treatment was given
by gavage once a day for 14 days (PND 28-42). These animals were
not disturbed until early adulthood, except for weekly weighing and
cleaning of cages. On PND 60, animals were submitted to the
conditioned place preference (CPP) paradigm, when they were
subdivided and half of each group was injected with saline (0.9%
NaCl solution) or AMPH (4 mg/mL i.p.) [27] resulting in the
following groups: control group, MOD group, AMPH group and
MOD + AMPH group. One day after the CPP test, locomotor,
anxiety-like and memory behaviours were assessed. Twenty-four hours
after the behavioural assessments, the rats were anaesthetized followed
by exsanguination, and their hippocampus was dissected for
biochemical and molecular analysis.

Drugs. MOD (Stavigile; Libbs, Sao Paulo, Brazil) tablets (200 mg/
tablet) were thoroughly pulverized by sonication in distilled water, and
DMSO was subsequently added to this suspension to form the
administered treatment mixture. This mixture was administered by
gavage. The dose of 64 mg/kg [26] reflects concentrations of a high
effective dose, for human beings [28].

The b, L-amphetamine dose (Merck, Darmstadt, Germany), 4 mg/
mL, i.p. known for inducing CPP, was chosen based on previous stud-
ies by our group [27].

Behavioural assessments.

Conditioned place preference. The CPP paradigm is widely used in
rodents as a model to assess the hedonic effects of addictive drugs.
The CPP apparatus consists of a box with two compartments of equal
size (45 x 45 x 50 cm) and different visual stimuli (one
compartment had a smooth white floor and striped walls, while the
other had 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. The AMPH-CPP was performed
through the following steps: habituation, pre-test, conditioning and
test.

Habituation was conducted at PND 60 when the animals were
placed for 15 min. in each compartment, totalling 30 min. The pur-
pose of this procedure was to exclude exploratory behaviour that is
common in new environments, thus avoiding misinterpretations.

The pre-test was conducted on the following day (PND 61) when
animals were placed in the central CPP compartment with free access
to the entire apparatus. The time spent by the animals in each com-
partment was monitored for 15 min. This step was carried out to

determine initial chamber preference. From these results, the compart-
ment in which each rat spent more time during the pre-test was
defined as the initially preferred side, whereas the compartment in
which it spent less time was chosen for AMPH conditioning.

The conditioning step (PND 62-69) was carried out by one daily
injection of AMPH for 8 days in the compartment where each animal
spent less time during the pre-test, paired with vehicle (0.9% NaCl),
after a 4-hr interval, in the other compartment. Saline-treated groups
received two daily injections of NaCl solution in both compartments
of the CPP in alternated turns. After each AMPH/saline injection, rats
were immediately placed inside the compartment for 25 min. [29].

On PND 70, all animals were submitted to the test for 15 min.,
without drug/vehicle administration. Results were expressed as the per-
centage of time animals of each experimental group remained in the
compartment associated with AMPH during the abstinence period.

Open-field test. The open-field (OF) test was used to assess the
locomotor activity of rats. Each animal was placed individually in the
centre of an arena (40 x 40 x 30 cm) enclosed by black matte walls
and floor divided into squares, as described by Kerr et al. [30]. The
number of crossings (horizontal squares crossed with four paws) was
recorded for 5 min.

Elevated plus maze. The elevated plus maze (EPM) test was used to
assess the anxiety-like behaviour. The apparatus consisted of a
platform elevated 50 cm from the floor. Forty-centimetre-high (40 cm)
walls enclosed two opposite arms (50 x 10 cm) whereas the other
two arms had no walls. All arms had a central intersection
(10 x 10 cm). At the beginning of the test, the rat was placed in the
central intersection facing the open arm. The entries number and time
spent in the open arms and the total arm entries were evaluated for
5 min. Also, the anxiety index was calculated as

Anxiety index = 1 — [(Time spent in open arms/
Total time in the maze) + (Number of entries in open arms/

Total exploration in the maze)/2].

Anxiety index values range from O to 1, where an increase in the
index expresses increased anxiety-like behaviour [31].

Novel object recognition task. The Novel object recognition task
(NORT) task was used to assess memory [32]. The first step was the
training session in which rats were exposed to two identical objects
(Al and A2, double Lego toys) positioned in two adjacent corners,
and they were allowed to freely explore the objects for 10 min. The
short-term memory test was performed 1 hr after the training session
and the animals were allowed to freely explore the arena for 5 min. in
the presence of two objects: a familiar object A and a second novel
object B, placed at the same locations as in the training session. The
objects had similar textures, colours and sizes but distinctive shapes.
Every time the rats sniffed at or touched the object with the nose, it
was defined as exploration. A recognition index was calculated by the
ratio time spent exploring the novel object/time spent exploring the
familiar object + time spent exploring the novel object.

Tissue preparation. On PND 72, animals were anaesthetized with
thiopental (50 mg/kg i.p.) and killed. Part of the hippocampal tissue
was homogenized with 10 mM Tris-HC1 buffer (pH = 7.4) for
biochemical analysis and the rest was stored at —80°C to perform
molecular analysis.

Biochemical analysis.

Catalase activity. The enzyme activity was spectrophotometrically
quantified by the method of Aebi [33], which is based on monitoring
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the disappearance of hydrogen peroxide (H,O,) at 240 nm. The
enzymatic activity was expressed in pmol H,O,/min./g tissue.

Reactive species levels. Reactive species (RS) levels were measured
using the 2'.7'-dichlorofluorescein diacetate (DCHF-DA) [34]. The
oxidation of DCHF-DA to fluorescent dichlorofluorescein (DCF) was
determined at 488 nm for excitation and 525 nm for emission. An
aliquot of 10 pM of DCHF-DA in ethanol was added to the
supernatants, and the fluorescence intensity from DCF was measured
for 300 s and expressed as a percentage of control group. The RS
levels were normalized by protein content [35].

Protein  carbonyl quantification. The damage to proteins was
quantified by the method of Yan e al. [36], with some alterations.
Soluble protein was mixed with 2.4-dinitrophenylhydrazine (DNPH;
10 mM in 2 M HCI) or HCI (2 M) and incubated at room temperature
for 1 hr. Denaturing buffer (150 mM sodium phosphate buffer, pH
6.8, with 3% sodium dodecyl sulphate), ethanol (99.8%) and hexane
(99.5%) were added, being mixed by shaking and centrifuged. The
protein isolated from the interface was washed twice with ethyl
acetate/ethanol 1:1 (v/v) and suspended in denaturing buffer. Each
DNPH sample was read at 370 nm in a spectrophotometer against the
corresponding HCl sample (blank). The results were expressed as
nmol carbonyl/g tissue.

Lipid peroxidation estimation. Lipid peroxidation (LP) was assessed
by thiobarbituric acid reactive substances (TBARS) [37]. TBARS
assay estimates the LP and was determined through the pink
chromogen produced by the reaction of thiobarbituric acid (TBA) with
malondialdehyde (MDA) at 100°C, measured spectrophotometrically
at 532 nm. Results were expressed as nmol MDA/g tissue.

Molecular assays. Tissue was homogenized in a lysis buffer, and
homogenates were then centrifuged [38]; supernatants were collected,
and total protein concentration was determined according to the
MicroBCA procedure (Pierce, Illinois, USA). Briefly, protein samples
were separated by electrophoresis in an 8%, 10% or 12.5%
polyacrylamide gel and electrotransferred to a PVDF membrane. Non-
specific binding sites were blocked overnight in Tris-buffered saline
(TBS) at 4°C, with 2% BSA and 0.1% Tween-20. Membranes were
rinsed in buffer (0.05% Tween-20 in TBS) and then incubated with
primary antibodies: anti-actin (1:1000; Santa Cruz Biotechnology Cat#
sc-1616 also sc-1616-R RRID:AB_630836, Dallas, USA), anti-DAT
(1:500; Santa Cruz  Biotechnology Cat# sc-14002 RRID:
AB_2190287), anti-dopamine receptor D1 (D1R) (1:500; Santa Cruz
Biotechnology Cat# sc-14001 RRID:AB_2094835), anti-dopamine
receptor D2 (D2R) (1:500; Santa Cruz Biotechnology Cat# sc-9113
RRID:AB_2094973), anti-tyrosine kinase receptor B (Trk-B) (1:500;
Santa Cruz Biotechnology Cat# sc-12 RRID:AB_632557), anti-brain
derived  neurotrophic  factor (BDNF) (1:500; Santa Cruz
Biotechnology Cat# sc-546 RRID:AB_630940), anti-pro-BDNF
(1:500; Santa Cruz Biotechnology Cat# sc-546 RRID:AB_630940)
followed by anti-goat or anti-rabbit (1:40.000; Santa Cruz
Biotechnology Cat# sc-2020 RRID:AB_631728 and Santa Cruz
Biotechnology Cat# sc-2054 RRID:AB_631748) IgG horseradish
peroxidase conjugate. Immunocomplexes were visualized by
chemiluminescence using ECL kit (GE Healthcare Life Sciences, New
Jersey, USA). The film signals were digitally scanned and then
quantified using the Image]J software (Bethesda, Maryland, USA). Actin
was used as an internal control, and data were standardized according
to its values.

Statistical analysis. Data were expressed as the mean + standard
error (S.E.M.) and analysed by two-way anova followed by Tukey’s
post hoc test (software package Statistica 10.0 for Windows, Sao

Caetano do Sul, SP, Brazil). A value of p < 0.05 was considered
statistically significant for all comparisons made.

Results

All data obtained from two-way ANOvA are shown in table 1.

Weight gain.
No differences in body-weight gain were observed in experi-
mental groups (data not shown).

Modafinil administration decreases AMPH-CPP.

Tukey’s test showed that AMPH conditioning increased time
spent in the drug-conditioned place, while MOD pre-treatment
prevented this AMPH-CPP (fig. 1).

Modafinil administration prevents alterations in locomotor
activity.

Tukey’s test showed that during withdrawal (48 hr without
the drug), the AMPH group presented decreased crossing
number in relation to both control and MOD + AMPH groups
(fig. 2A).

Modafinil administration prevents anxiety.

Tukey’s test showed that during withdrawal, the MOD group
increased time spent and the number of entries in open arms
of the EPM compared to control (fig. 2B,C). The

Table 1.
Two-way anova of behavioural, biochemical and molecular parameters
evaluated. ANova revealed a main effect of MOD, AMPH and
MOD x AMPH interaction.

Interaction
Main effect F) 54 MOD AMPH MOD x AMPH
AMPH-CPP 16.48%* 43.32%% 18.487%*
Locomotor activity 21.74%* 17.82%*
Time spent in OA 19.51%%* 10.19%* 10.19%*
OA entries 17.48%%* 12.51%%* 12.51%%
Anxiety index 21.05%* 12.11%%* 12.11%%*
Short-memory 13.14%%* 25.91%* 8.39%*
CAT activity 26.92%% 10.95%* 24.60%*
RS levels 61.19%% 32.02%%
PC quantification 5.24%
LP estimation 22.00%* 67.1%*
pro-BDNF 7.56% 32.47%* 282.05%%*
BDNF 21.17%* 27.24%* 111.20%%*
Trk-B 54.71%%* 84.24%* 83.63%*
DAT 105.63%* 921.68%**
DIDR 29.39%% 10.72%%* 64.83%%
D2DR 153.48#%* 5.25%

AMPH, amphetamine; CPP, conditioned place preference; OA, open
arms; CAT, catalase; RS, reactive species; LP, lipid peroxidation; PC,
protein carbonyl; BDNF, brain derived neurothrophic factor; Trk-B,
tyrosine kinase receptor B; DAT, dopamine transporter; DIDR, dopa-
mine receptor D1; D2DR, dopamine receptor D2; MOD, modafinil.
*Indicates values of p < 0.05.

**Indicates values of p < 0.001.
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Fig. 1. Amphetamine-CPP of young adult rats. Data are expressed as
mean + S.E.M. *Indicates significant differences of treatment (vehi-
cle/MOD) in the same conditioning (saline/AMPH) (p < 0.05). +indi-
cates significant differences of conditioning (saline/AMPH) in the
same treatment (vehicle/MOD) (p < 0.05). MOD, modafinil; AMPH,
amphetamine; CPP, conditioned place preference.

MOD + AMPH group showed increased time spent and num-
ber of entries in open arms of the EPM in comparison with
AMPH (fig. 2B,C). No differences were found in total arm
entries (data not shown). Tukey’s test revealed that MOD
showed lower anxiety index compared to the control group,
whereas MOD + AMPH showed higher anxiety index when
compared to the MOD group (fig. 2D).

Modafinil administration prevents memory impairments.
Tukey’s test showed that during withdrawal, AMPH decreased
the recognition index in relation to both control and
AMPH + MOD groups (fig. 3).

Modafinil administration exerts beneficial effects on oxidative
damage markers and antioxidant defence.

Tukey’s test showed that the AMPH group decreased catalase
(CAT) activity in relation to all other experimental groups

>
&

2]
=
1

Crossing number
n B
o (=}
I I

Saline AMPH

OA entries
o
R
|

0.02

oon L1

Saline

1

AMPH

VERONICA TIRONI DIAS ET AL.

0.8 - 3 VEHICLE
£ @@ MOD
b I *
x 0.6 1
)
©
£ i
.g 04 4 _I._
'E
S 0.2 -
[*]
(%]
o
0.0

Saline AMPH

Fig. 3. Recognition memory of young adult rats. Data are expressed
as mean £ S.EM. *Indicates significant differences of treatment
(vehicle/MOD) in the same conditioning (saline/AMPH) (p < 0.05).
+indicates significant differences of conditioning (saline/AMPH) in the
same treatment (vehicle/MOD) (p < 0.05). MOD, modafinil; AMPH,
amphetamine.

whose activity was similar (fig. 4A). Tukey’s test showed that
MOD treatment decreased RS generation compared to other
groups, whereas AMPH increased RS generation in relation to
both control and MOD + AMPH groups. The MOD + AMPH
group decreased RS generation in relation to AMPH and
increased these levels when compared to MOD (fig. 4B).
Tukey’s test showed that regardless MOD administration,
AMPH increased LP levels, whose amounts were similar to
both control and MOD groups, respectively (fig. 4C). Tukey’s
test showed that the AMPH group presented the highest pro-
tein carbonyl (PC) levels when compared to other groups,
whose values were similar (fig. 4D).

Modafinil administration shows influence on immunoreactivity
of dopaminergic targets.

Tukey’s test showed that MOD and AMPH groups
increased pro-BDNF levels compared to control. However,
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Fig. 2. Locomotor activity (A) and anxiety-like symptoms (B, C, and D) of young adult rats. Data are expressed as mean + S.E.M. *indicates sig-
nificant differences of treatment (vehicle/MOD) in the same conditioning (saline/AMPH) (p < 0.05). +indicates significant differences of condition-
ing (saline/AMPH) in the same treatment (vehicle/MOD) (p < 0.05). MOD, modafinil; AMPH, amphetamine.
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MOD + AMPH decreased pro-BDNF levels in relation to both
MOD and AMPH groups (fig. SA). Tukey’s test showed that
MOD and AMPH groups decreased BDNF levels compared to
control. Nevertheless, the MOD + AMPH group presented
increased BDNF levels in relation to both MOD and AMPH
groups (fig. 5B). Animals of the AMPH group increased Trk-B
levels in relation to control; while MOD and MOD + AMPH
groups showed Trk-B levels comparable to the control group
(fig. 5C).

Dopamine transporter levels increased in both AMPH and
MOD groups when compared to control. However, the
MOD + AMPH group decreased DAT levels in relation to
both MOD and AMPH groups (fig. 6A).

Tukey’s test revealed that the AMPH group increased DIR
and decreased D2R levels in relation to control, respectively.
Nevertheless, MOD + AMPH decreased DIR and D2R levels
when compared to both MOD and AMPH groups (fig. 6B,C).

Discussion

Our current findings demonstrated that animals which received
MOD during adolescence and were exposed to AMPH in
adulthood showed less AMPH preference, no locomotor
impairment, along with less anxiety-like behaviours and no
memory deficits. In addition, MOD showed antioxidant activ-
ity and modulated the dopaminergic system, thus preventing
AMPH-induced impairments in the hippocampus.

Some studies have demonstrated reinforcing properties of
MOD in both human beings and animals [39—41], and this
hypothesis motivated the development of the current study.
Thus, we sought to investigate the impact of MOD treatment
during adolescence on mechanisms involved in the seeking of
AMPH. In fact, adolescence is a critical period of develop-
ment during which not all brain areas are fully developed
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[42], and few studies investigated the influence of MOD expo-
sure during this period on hippocampal changes [6]. The
dopaminergic system can be considered a target for psychos-
timulant drugs such as MOD and AMPH. Thereby, lasting
adaptations in the functions of DA and its receptors in
response to drug exposure are suggested to contribute signifi-
cantly to behavioural consequences [43], as observed in the
current study.

Considering the DA potential to affect the dopaminergic
neurotransmission, AMPHs exert their effects by modifying
the neural DA transport [44]. Indeed, the DAT is responsible
for regulating intracellular and extracellular DA concentrations
and represents a target during the abuse of AMPH [45,46].
We observed an increase in DAT levels considering that
chronic inhibition by antagonists can increase the number of
receptors, a process known as sensitization [47]. Seeking for a
hypothesis to explain our outcome, we argue that MOD may
facilitate sensitization based on the fact that it is a weak DAT
inhibitor [22,48]. Thus, MOD could be promoting a tonic DA
activity not related to reinforcement and abuse [23], in contrast
to AMPH, a psychostimulant that also blocks DAT but could
be more addictive due to its greater potency at DAT and nora-
drenaline transporter (NET) [49,50]. This results in a phasic
DA activity, which is directly related to the development of
addiction [23]. According to our outcome, when MOD is
given prior to AMPH, it can exert a modulating activity on
monoamine release, and when a potent drug is administered,
MOD counteracts AMPH-induced effects reestablishing DAT
immunoreactivity, thus resulting in neuroadaptations of DA. In
addition, it has been suggested that DAT inhibitors cause
redistribution of VMAT-2, thus promoting cytoplasmic DA
sequestration and decreasing AMPH toxicity [44].

Moreover, repeated psychostimulant administration initiates
a transient desensitization of D2R, resulting in increased firing
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Fig. 4. Hippocampal oxidative status of young adult rats. Data are expressed as mean 4+ S.E.M. *Indicates significant differences of treatment (ve-
hicle/MOD) in the same conditioning (saline/AMPH) (p < 0.05). +indicates significant differences of conditioning (saline/AMPH) in the same treat-

ment (vehicle/MOD) (p < 0.05). MOD, modafinil; AMPH, amphetamine.
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Fig. 6. Hippocampal DAT (A), DIR (B) and D2R (C) immunoreactivity. Data are expressed as mean £+ S.E.M. Each two bands in the sequence
corresponds to one bar in the figure. *indicates significant differences of treatment (vehicle/MOD) in the same conditioning (saline/AMPH)
(p < 0.05). +indicates significant differences of conditioning (saline/AMPH) in the same treatment (vehicle/MOD) (p < 0.05). MOD, modafinil;
AMPH, amphetamine; DIR, antidopamine receptor D1; DAT, dopamine transporter; D2R, antidopamine receptor D2.

rates of DA neurons and amplified DA release reflecting alter-
ations in signal transduction mechanisms [15]. In this perspec-
tive, animal studies have shown a relationship between
decreased D2R availability and enhanced motivation for drug
rewards, thus conferring vulnerability to AMPH addiction
[51]. As D2R is closely involved in DA negative feedback,
the loss of this inhibitory control leads to excessive dopamin-
ergic signalling, what may augment the motivational properties
of addictive drugs [52]. Consistent with these findings, as
observed in animals that received AMPH and showed a deficit
of D2R signalling, MOD administration does not counteract
the effects of AMPH on hippocampal D2R levels.

The mechanism underlying MOD-induced stimulant effects
differs from that of AMPH and seems to be partially involved
with DIR [53] and not with D2R. Ares-Santos et al. [54]
revealed a protective effect of DIR inactivation on neurotoxic-
ity induced by methamphetamine. Also, DIR prevents
dopaminergic neuronal loss and gliosis, indicating a role for
DIR in neurotoxic effects of AMPHs. Martinez-Rivera et al.
[55] pointed out that DIR is critical for reward-related pro-
cesses, regardless of the drug administered. Furthermore,
MOD exerts its behavioural effects via DAT inhibition and

this goes beyond downstream effects reflecting in D1R media-
tion as an indirect consequence [53]. In our study, AMPH
increased DIR immunoreactivity, while pre-exposure to MOD
counteracted the AMPH-induced effects. Agreeing with the lit-
erature, while DIR-like agonist produced CPP, DIR-like
antagonist blocked CPP [47]. Also, DIR knockout mice lack
the operant responding for reward [53] showing the relevance
of this receptor in addiction.

We could infer that MOD administration during adolescence
causes neural changes in the hippocampal DAT without alter-
ing DIR and D2R immunoreactivity. When those animals
were exposed to AMPH, there was a modulation on DAT, a
desensitization to decrease the effects of DA not allowing
AMPH to cause alterations in DIR levels, which is directly
related to reward development. Thus, MOD acts restoring the
brain dopaminergic tone [56]. Besides, MOD does not cause
depletion in the cytosolic pool of DA [55, 57]. Also, it can
normalize DA levels in patients addicted to AMPH, because
chronic use decreases those levels [16].

Furthermore, a clinical study showed anxiogenic properties
MOD [6]. Experimentally, Omell er al. [25] observed an anxi-
olytic effect of MOD by an increased number of crossings in
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the centre of the OF task. In our study, we performed a more
suitable test to assess anxiety, the EPM task. MOD per se
showed anxiolytic properties, even after AMPH conditioning.
MOD treatment increased the time spent and entries in open
arms, which are indicative of less anxiety. After 48 hr without
AMPH, the animals showed locomotor impairments that were
demonstrated by decreased number of crossings; however, this
behaviour was not observed in MOD-treated animals which
were also exposed to AMPH. Based on this, we can infer that
MOD prevented anhedonia that could be caused by DA deple-
tion after ceasing AMPH administration.

Amphetamine abuse or dependence is known to cause cog-
nitive deficits [58,59]. Through the current study, we also
observed that AMPH-conditioned animals showed deficits in
the recognition memory, while pre-exposure to MOD induced
long-lasting hippocampal changes. Interestingly, these changes
counteracted AMPH-induced memory deficits in adulthood. A
well-known neurotrophin responsible for the regulation of
synaptic plasticity and synaptic growth is BDNF. It exerts a
crucial role in cognitive functions such as the formation and
consolidation of hippocampus-dependent memory due to the
binding of its receptor, the Trk-B receptor. The mature BDNF
and its pro-form, the pro-BDNF, are capable of binding to the
low-affinity receptor p7SNTR and develop apoptosis in neu-
rons [60,61]. Also, activity-dependent, synaptic secretion of
BDNF, rather than its overall concentration, is the key for
synaptic plasticity. Similar effects were observed when the
levels of TrK-B or its activity were altered [62].

Our study showed that both MOD administration during
adolescence and AMPH conditioning in adulthood were
related to changes in immunoreactivity of pro-BDNF, BDNF
and Trk-B. Thus, pro-BDNF, BDNF and Trk-B levels deregu-
lated by AMPH may alter the signalling, resulting in the
inability of the brain to give appropriate adaptive responses,
contributing to memory impairments, as observed in this
study. In agreement with our results, MOD has a relative acute
impact on precursor cell proliferation as well as cell survival,
but loses this ability in longer treatments, concerning adult
hippocampal neurogenesis [63]. An additional outcome
observed in this study was that MOD did not improve
cognition per se in ‘healthy’ rats. These data are in accordance
with the literature, indicating that MOD does not enhance
baseline performance in both human beings and animals, but
improves cognition when they present cognitive impairments
[56,64-66].

To reinforce the above-mentioned results, AMPH impaired
oxidative metabolism in the hippocampus, which is a brain
area related to recognition memory [59]. Furthermore, the
oxidative stress (OS) pathway is involved in many disorders
including addiction [27,67]. Usually, there is a balance
between oxidant and antioxidant systems and some RS pro-
duced exert a pivotal role in the physiological processes.
Otherwise, when this balance is lost, it can lead to the settle-
ment of OS causing damage to proteins, lipids and DNA,
which may impair the neurotransmission of different brain
areas [68]. Considering that oxidative metabolism is found to
be impaired in addiction, and the potential of DA auto-

oxidation [69], along with MOD antioxidant properties [25],
we decided to assess some aspects of the oxidative status of
our animals.

We observed that MOD exerted antioxidant properties in the
hippocampus, which was demonstrated by its action decreasing
RS generation per se. Contrarily, MOD did not affect other
oxidative damage markers such as MDA and PC levels. Like-
wise, MOD did not cause changes in the CAT activity, an
important antioxidant enzyme. As expected, AMPH increased
all oxidative damage markers besides decreasing CAT activity,
an indicative of OS settlement. When animals were pre-exposed
to MOD, it exerted protective effects against AMPH-induced
OS, even though MOD did not reduce MDA levels only, a rec-
ognized marker of damage to lipids [70].

Considering the potential of DA to affect the dopaminergic
system, an exacerbated increase in the dopaminergic activity is
a source of OS in the brain [69]. This event was observed in
animals that received AMPH, and it was counteracted by
MOD administration. An experimental study showed that
MOD exerted antioxidant properties, thus decreasing MDA
levels and increasing GSH levels [19]. This effect could be
attributed to the MOD ability to regulate DA levels and
decrease oxidative damage through CAT activity, a cytosolic
antioxidant enzyme [71] that diminishes damage caused by
excessive DA release in the cytosol.

To the best of our knowledge, this is the first study to
demonstrate that MOD administration during adolescence and
AMPH-conditioned young adult rats presented changes in
behaviour as well as in the hippocampus. We can suggest that
MOD promotes a modulation in the hippocampal dopaminer-
gic system, thus controlling the cytosolic DA release by acting
as an antioxidant and also by its actions on dopaminergic
receptors.
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ARTICLE INFO ABSTRACT

Drug abuse and addiction are overwhelming health problems mainly during adolescence. Based on a previous
study of our research group, the rats that received modafinil (MD) during the adolescence showed less preference
for amphetamine (AMPH) in adulthood. Our current hypothesis is that MD will show beneficial effects against
AMPH preference and abstinence symptoms during adolescence, a critical lifetime period when drug hedonic
effects are more pronounced. We investigated the influence of MD pretreatment on AMPH preference in con-
ditioned place preference (CPP) paradigm in adolescent rats and anxiety-like symptoms during drug withdrawal
(48 h after the last AMPH dose) in elevated plus maze (EPM) task. Besides that, oxidative and molecular status
were evaluated in the ventral tegmental area (VTA) and striatum. Our findings showed, as it was expected, that
adolescent animals developed AMPH preference together with anxiety-like symptoms during the drug with-
drawal while the MD pretreatment prevented those behaviors. Besides promoting benefits on reward parameters,
MD was able to preserve VTA and striatum from oxidative damages. This was observed by the increased catalase
activity and reduced generation of reactive species and lipid peroxidation, which were inversely modified by
AMPH exposure. At molecular level, MD exerted an interesting modulatory activity on the VTA and induced an
up-regulation in striatal dopaminergic targets (TH, DAT, D1R and D2R). So far, during the adolescence, MD
presented beneficial behavioral outcomes that could be attributed to its modulatory activity on the striatal
dopaminergic system in an attempt to maintain the adequate dopamine levels.

Keywords:

Reward

Tyrosine hydroxylase
Dopamine transporter
D1 receptor

D2 receptor

1. Introduction

Addiction is considered a chronic brain disease and it persists over
time despite adverse consequences, being recognized as a serious
worldwide public health problem (UNODOC, 2018). Key factors that
influence and/or contribute to addiction development could be cited as
social environmental aspects, genetic factors and psychiatric co-
morbidities (Volkow et al., 2012). Besides that, impulsivity and anxiety
are crucial element traits that represent a risk for the development of
addiction (Katzung et al., 2017; Boskera et al., 2017).

Considering this, the amphetamines are highly addictive drugs fre-
quently abused by adolescents. Its use became popular, not only in
nightlife and in recreational settings, but aiming cognitive and athletic
performance enhancement and to lose weight as well (UNODOC, 2018,

Schelle et al.,, 2014). Amphetamine acutely increases extracellular
concentrations of dopamine (DA) by its reuptake blockade, and the
mechanism is mediated by amphetamine inhibitory actions in each of
these targets: i) dopamine transporter (DAT); ii) vesicular monoamine
transporter 2 (displaces DA from vesicular storage pools); and iii) by the
inhibition of monoamine oxidase (MAO) activity, which subsequently
reduces cytosolic DA metabolism (Hutson et al., 2014). With prolonged
exposure to amphetamine, a compensatory downregulation of the DAT
was reported altering the dopaminergic homeostasis (Vaughan and
Foster, 2013).

Modafinil (2-[(diphenylmethyl) sulfinyl] acetamide) (MD) is a
wake-promoting drug approved by the FDA to narcolepsy treatment. It
is pharmacologically distinct from classical stimulants such as amphe-
tamines; it improves wakefulness with few peripheral or central side
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effects (Wood et al., 2013). Besides, MD is also known as a cognitive
enhancer showing beneficial effects in different neuropsychiatric con-
ditions including addiction (Morley et al., 2017). The main mechanism
of MD effects, among others, is the weak DAT inhibition, which leads to
the increase of extracellular DA levels in the synapse (Minzenberg and
Carter, 2008). From this point of view, amphetamine and MD share, to
a certain degree, some mechanisms of action directly connected to
addiction.

The reward-related behaviors depend on complex processes be-
tween cortico-striatal-limbic networks (Bisagno et al., 2016). In the
reward system, the dopaminergic pathway makes projections from the
ventral tegmental area (VTA) to limbic system areas, including the
striatum (Tkemoto, 2010). The striatum is a key region implicated in
detecting and learning about the novel and rewarding cues in the en-
vironment (Delgado, 2007). A recent study showed that the dopamine
axons continue to grow from the striatum to the prefrontal cortex
during adolescence, and this could predispose or protect against psy-
chopathologies (Reynolds et al., 2018). Regarding these outcomes,
other studies have evidenced that MD presented neuroprotective effects
in brain areas such as the striatum in different experimental protocols.
(Raineri et al., 2012; Gerrard and Malcolm, 2007; Xiao et al., 2004).

Based on a previous study of our research group, MD administration
during adolescence was able to reduce the preference for amphetamine
in rats during their adulthood. From this point of view, we showed that
MD was able to modulate the hippocampal dopaminergic system due to
its beneficial influence on the oxidative status and on the brain-derived
neurotrophic factor (BDNF) pathways (Dias et al., 2017).

Nowadays, the majority of studies involving MD are being devel-
oped with adult animals, being the adolescence a very neglected period.
However, this transitional life period exerts a significant role in drug
abuse liability (Chen et al., 2009). Thus, in this life stage, many changes
are concomitantly experienced; including physical and psychological
maturation and the brain development could be the key to understand
the neural basis of such changes. The drive for independence increases
in social interaction and the discovery of new social contexts directs the
adolescent to an inflection of impulsivity and risky behaviors including
experimentation with drugs (Casey and Rebecca, 2010). Moreover,
pronounced problems towards psychostimulant addiction are quicker
seen when drugs use start before adulthood (SHAMSA, 2014; Chen
et al., 2009).

Considering the background, in the present study, we seek to expose
the relation of the MD effects against amphetamine preference eval-
uated in the conditioned place preference (CPP) paradigm and evaluate
anxiety-like symptoms in the drug withdrawal during the adolescence.
Furthermore, oxidative stress and dopaminergic pathways were in-
vestigated in the VTA and striatum, which are the brain areas directly
related to addiction.

2. Materials and methods
2.1. Animals

Twenty-eight young male Wistar rats (approximately 100-150 g)
were housed in groups of four animals per cage in a room with con-
trolled temperature (23 + 1°C), on a 12-h light/dark cycle (lights
turned on at 7 a.m.). Animals had free access to food and water ad li-
bitum. The experimental procedures followed international norms of
care and animal maintenance approved by the Research Ethics
Committee of the Federal University of Santa Maria (UFSM-
9429030215), which is affiliated to the National Council for the Control
of Animal Experiments (CONCEA).

2.2. Experimental design

Rats were designated to two experimental groups in the postnatal
day (PND) 28: control group (received vehicle, n = 14) and MD group
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(received modafinil at a dose of 64 mg/kg, n = 14) (Tsanov et al., 2010;
Dias et al., 2017). This treatment was given by gavage once a day for
14 days (PND 28-42). On PND 43, animals were submitted to the
conditioned place preference (CPP) paradigm and half of each group
received saline (0.9% NaCl solution, i.p.) or amphetamine (AMPH)
(4 mg/kgi.p.) (Kuhn et al., 2015) resulting in the following groups:
control group, MD group, AMPH group and MD + AMPH group. Forty-
eight hours after the last AMPH dose anxiety-like behaviors were as-
sessed. On the next day, the rats were anesthetized with isofluorane
(inhalation solution), euthanized, and their brains were dissected to
extract their VTA and striatum (Paxinos and Charles, 2013) for bio-
chemical and molecular analysis.

2.3. Drugs

Modafinil tablets (Stavigile; Libbs, Sdo Paulo, Brazil) were thor-
oughly pulverized by sonication in distilled water and the DMSO (0.1%
v/v) was subsequently added to form a suspension. The treatment was
administered by gavage at the dose of 64 mg/kg, which is the con-
centration of a highly effective dose for humans (Tsanov et al., 2010).

The D, L-amphetamine (AMPH; Merck, Germany) at the dose of
4 mg/mL, i.p., which is known to induce CPP, was chosen based on
previous studies of our research group (Dias et al., 2017; Kuhn et al.,
2015).

2.4. Behavioral paradigms

2.4.1. Conditioned place preference

The CPP device consists of a box with two compartments of equal
size (45 %X 45 x 50cm) and different environmental stimuli (one
compartment had a smooth white floor and striped walls while the
other had a striped floor and smooth white walls). Both compartments
were accessible through a central compartment (18 X 36 X 50 cm) se-
parated by manual guillotine doors.

The AMPH-induced CPP was performed according to the following
phases: habituation, pre-test, conditioning and test. On PND 43, habi-
tuation was conducted. This phase consisted in leaving the animals for
15 min. in each compartment, reaching the total time of 30 min. The
purpose of this procedure was to exclude exploratory behavior that is
common in new environments to avoid misinterpretations.

On the following day (PND 44) the pre-test was conducted. This
phase consists in placing the animal in the central compartment with
free access to the entire apparatus. The time spent in each compartment
by the rat was assessed for 15 min. This phase was carried out to de-
termine the innate environmental chamber preference. Based on these
results, each rat was conditioned with AMPH in the compartment that it
spent less time and with saline in the compartment that it spent more
time during the pre-test.

The conditioning phase (PND 45-52) was carried out for 8 days.
Each animal received amphetamine (one daily injection) in the less
preferred compartment paired with vehicle (0.9% NacCl) injection in the
opposite compartment after a 4-h interval. Immediately after each
AMPHy/saline injection, the rat was confined in the compartment for
25 min. (Carlezon et al., 2002). The saline-treated groups received two
daily injections of vehicle solution in both CPP compartments.

The test (without drug/vehicle administration) was conducted on
PND 53, and the time spent in each compartment was assessed for
15 min. Results express the percentage of time spent by the animals in
the compartment associated with AMPH during the abstinence period.

2.4.2. Elevated plus maze

Forty-eight hours after the last AMPH dose, anxiety-like behaviors
were assessed in the elevated plus maze (EPM). The apparatus consists
of a platform elevated 50 cm from the floor. Forty-centimeter-high
(40 cm) walls enclose two opposite arms (50 cm X 10 cm) while the
other two arms have no walls. All arms have a central intersection
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(10cm x 10 cm).

When the animal was facing an open arm, this was defined as the
beginning of the test. The entries number and time spent in the open
arms and the total arm entries were evaluated for 5 min. In addition, the
anxiety index was calculated as:

Anxiety index = 1 — [(Time spent in open arms/Total time in the
maze) + (Number of entries in open arms/Total exploration in the
maze)/2]

Anxiety index values range from O to 1, where an increase in the
index expresses increased anxiety-like behavior (Cohen et al., 2012).

2.5. Biochemical assays

The oxidative status analysis of these two brain areas were eval-
uated by the measurement of the catalase (CAT) activity (Aebi, 1984),
the level of reactive species (RS) (Hempel et al., 1999) and the level of
lipid peroxidation (LP) (Ohkawa et al., 1979).

2.6. Molecular assays

The molecular analyses were performed by western blot as de-
scribed by Dias et al. (2017). Briefly, the membranes were incubated
with the primary antibodies (Santa Cruz Biotechnology): anti-tyrosine
hydroxylase (TH) (1:1000, sc-7847), anti-dopamine transporter (DAT)
(1:500, sc-14002), anti-dopamine receptor D1 (D1R) (1:500, sc-14001),
anti-dopamine receptor D2 (D2R) (1:500, sc-9113) and anti-actin
(1:1000, sc-1616) followed by the appropriate secondary antibody
(Santa Cruz Biotechnology) IgG horseradish peroxidase conjugate.
Actin was used as an internal control and data were standardized ac-
cording to the values.

2.7. Statistical analysis

All the results from behavioral, biochemical and molecular assays
were expressed as the mean + standard error (S.E.M.) and analyzed by
two-way analysis of variance (ANOVA) followed by Tukey's post hoc test
(software package Statistica 10.0). A value of p < .05 was considered
statistically significant for all comparisons made.

3. Results
3.1. Body weight gain

No differences in body weight gain were observed among the ex-
perimental groups (data not shown) indicating that neither MD treat-
ment nor AMPH exerted influences on body weight gain of adolescent
rats.

3.2. Modafinil administration decreased AMPH-induced CPP in adolescent
rats

We first characterized the influence of MD on the AMPH reward in
the CPP paradigm. Two-way ANOVA of the CPP revealed a significant
main effect of MD and AMPH [F(1,24) = 7.43 and 64,08, p < .05,
respectively] on AMPH preference. Tukey's test showed that AMPH
conditioning increased time spent in the drug-conditioned compart-
ment while MD pre-treatment decreased the time spent in the drug-
conditioned compartment (Fig. 1). Taken together, these findings evi-
dence that MD was able to decrease the drug preference in adolescent
rats.

3.3. Modafinil administration prevented anxiety parameters after 48 h of
AMPH withdrawal in adolescent rats

In order to assess the influence of MD on anxiety-like symptoms
during AMPH withdrawal, which is a common symptom during
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Fig. 1. Modafinil administration decreased amphetamine (AMPH)-induced
conditioned place preference (CPP) in adolescent rats. Data are expressed as
mean * S.E.M. *Indicates significant differences of treatment (vehicle/MD) in
the same conditioning (saline/AMPH) (P < .05). *Indicates significant dif-
ferences of conditioning (saline/AMPH) in the same treatment (vehicle/MD)
(P < .05). Abbreviations: MD: modafinil; AMPH: amphetamine.

abstinence (KITANAKA et al., 2008), we performed the elevated plus
maze (EPM) test. Two-way ANOVA of the EPM revealed a significant
main effect of MD and MD X AMPH interaction [F(1,24) = 51.07 and
33.07, p < .05, respectively] on the time spent and [F(1,24) = 7.69
and 7.69, p < .05, respectively] on the head dipping in the open arms
and [F(1,24) = 22.30 and 58.83, p < .05, respectively] on the anxiety
index. No differences were observed in the total arms entries (Fig. 2).

Tukey's test showed that during drug withdrawal MD exerted no
influences per se on anxiety parameters observed in the EPM task, while
AMPH conditioning per se decreased both time spent and head dippings
(exploratory behavior) in the open arms, increasing the anxiety index,
which is a expected result from abused drugs, indicative of abstinence
(Koob and Le Moal, 2001). Interestingly, MD + AMPH group showed
significant increasing in time spent and head dipping in the open arms,
together with a decreasing in the anxiety index in relation to MD- and
AMPH-treated groups (Fig. 2a—d). These findings evidence that MD was
able to prevent anxiety-like symptoms related to AMPH abstinence in
adolescent rats.

3.4. Modafinil modified the oxidative status in the ventral tegmental area

The oxidative stress pathway is involved in different disturbances in
the CNS including addiction (Yamamoto et al., 2010). In view of that,
we evaluated some markers of oxidative damage such as reactive spe-
cies (RS) and lipid peroxidation (LP) as also an important antioxidant
defense in the VTA, the catalase (CAT) activity. Two-way ANOVA re-
vealed a significant main effect of MD and AMPH [F(1,24) = 108.49
and 181.18, p < .05, respectively] on the CAT activity, [F
(1,24) = 26.45 and 22.36, p < .05, respectively] on the RS and [F
(1,24) = 22.07 and 51.82, p < .05, respectively] on the LP levels in
the VTA (Fig. 3).

Tukey's test showed that between the saline administered groups,
MD per se increased both CAT activity and RS generation, decreasing LP
levels. Inversely, AMPH conditioning decreased the CAT activity and
increased both RS and LP levels in the VTA. However, when animals
were treated with MD and subsequently exposed to AMPH con-
ditioning, RS level was decreased in relation to both AMPH and MD
groups, while the CAT activity was totally recovered and LP levels were
decreased in comparison to AMPH group (Fig. 3a—c). All together, our
current findings evidence that MD per se exerted beneficial influence on
the oxidative status, being able to counteract oxidative damages AMPH-
induced in the VTA of adolescent rats.

3.5. Modafinil modified the striatal oxidative status

Carry on our study we evaluate the same markers of oxidative status
of VTA in the striatum. Two-way ANOVA of CAT activity revealed a
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Fig. 2. Modafinil administration prevented anxiety parameters after 48 h of AMPH withdrawal in adolescent rats. (a) Time spent in the open arms. (b) Head-dipping.
(c) Total arms entries. (d) Anxiety index. Data are expressed as mean *= S.E.M. *Indicates significant differences of treatment (vehicle/MD) in the same conditioning
(saline/AMPH) (P < .05). *Indicates significant differences of conditioning (saline/AMPH) in the same treatment (vehicle/MD) (P < .05).

significant main effect of MD, AMPH and MD X AMPH interaction [F
(1,24) = 179.92, 23.16 and 128.45, p < .05, respectively]. Two-way
ANOVA of reactive species (RS) levels revealed a significant main effect
of MD and AMPH [F(1,24) = 26.45 and 22.36, p < .05, respectively].
Striatal lipid peroxidation (LP) levels showed no differences (Fig. 4).

Tukey's test showed that MD treatment per se decreased RS gen-
eration, while AMPH conditioning decreased the CAT activity and in-
creased RS generation in the striatum. Animals treated with MD and
subsequently conditioned with AMPH showed an increased CAT ac-
tivity, which was higher than the one observed in MD and AMPH
groups. Additionally, MD + AMPH showed partial decreasing of the RS
generation, which was significantly minor than AMPH and significantly
higher than MD group (Fig. 4a—c). Our current findings demonstrate the
beneficial influence of MD on the oxidative status of striatum in AMPH-
conditioned adolescent rats.

3.6. Modafinil influence on dopaminergic targets in the ventral tegmental
area

In this section, we investigated the neurobiological MD and AMPH

effects in the dopaminergic pathway of VTA of adolescent rats. Two-
way ANOVA revealed a significant main effect of MD, AMPH and
MD X AMPH interaction [F(1,24) = 27.64, 107.07 and 19.05,
p < .05, respectively] on TH, [F(1,24) = 72.08, 43.92 and 154.80,
p < .05, respectively] on the DAT, a significant main effect of MD and
MD x AMPH interaction [F(1,24) = 283.11 and 470.13, p < .05, re-
spectively] on the DIR, and a significant main effect of MD x AMPH
interaction [F(1,24) = 12.77, p < .05, respectively] on the D2R im-
munoreactivity (Fig. 5).

Tukey's test showed that MD increased per se DAT, D1R and D2R
levels, while AMPH conditioning increased per se TH, DAT and D1R
immunoreactivity in the ATV. Animals treated with MD and subse-
quently conditioned with AMPH showed increased TH, decreased DAT
and D1R in relation to AMPH group, whose immunoreactivity was also
significantly different from the MD group. The MD + AMPH presented
decreased D2R levels in comparison to MD treatment alone (Fig. 5a—d).
From these findings at molecular level, we can infer that MD exerted an
interesting modulatory activity on the VTA of AMPH-conditioned
adolescent rats.
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Fig. 3. Modafinil administration modified the oxidative status in the ventral tegmental area of adolescent rats exposed to AMPH-induced CPP. (a) Catalase (CAT)

activity. (b) Generation of reactive species. (c) Lipid peroxidation. Data are expressed as mean +

S.E.M. *Indicates significant differences of treatment (vehicle/MD)

in the same conditioning (saline/AMPH) (P < .05). *Indicates significant differences of conditioning (saline/AMPH) in the same treatment (vehicle/MD) (P < .05).
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Fig. 4. Modafinil administration modified the oxidative status in the striatum of adolescent rats exposed to AMPH-induced CPP. (a) Catalase (CAT) activity. (b)

Generation of reactive species. (c) Lipid peroxidation. Data are expressed as mean

+ S.E.M. *Indicates significant differences of treatment (vehicle/MD) in the same

conditioning (saline/AMPH) (P < .05). *Indicates significant differences of conditioning (saline/AMPH) in the same treatment (vehicle/MD) (P < .05).

3.7. Modafinil influence on striatal dopaminergic targets

Given continuity to our study, neurobiological influences of both
MD and AMPH were investigated in the striatal dopaminergic pathway
evidencing the same molecular markers of VTA. Two-way ANOVA re-
vealed a significant main effect of MD, AMPH and MD x AMPH inter-
action [F(1,24) = 63.85, 126.78 and 254.25, p < .05, respectively] on
the TH, [F(1,24) = 14.90, 4.62 and 91.28, p < .05, respectively] on
the DAT, [F(1,24) = 10.67, 36.41 and 31.54, p < .05, respectively] on
the D1R, and a significant main effect of MD and MD X AMPH inter-
action [F(1,24) = 16.75 and 8.68, p < .05, respectively] on the D2R

Tukey's test showed that while both MD treatment and AMPH
conditioning per se decreased TH and DAT levels in the striatum, the
experimental group exposed to MD and subsequently conditioned with
AMPH presented increased TH, DAT, D1R and D2R in relation to AMPH
and MD groups (Fig. 6a-d). From these outcomes at molecular level, we
observed that MD exerted an up-regulation of dopaminergic targets in
the striatum of AMPH-conditioned adolescent rats.

4. Discussion

The current study describes that MD-treated animals and subse-

immunoreactivity (Fig. 6).
ty (Fig. 6) quently exposed to AMPH during the adolescence showed minor
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Fig. 5. Modafinil influenced dopaminergic targets in the ventral tegmental area of adolescent rats exposed to AMPH-induced CPP. (a) Tyrosine hidroxylase (TH)
levels. (b) Dopamine transporter (DAT) levels. (c) Dopamine receptor type 1 (D1R) levels. (d) Dopamine receptor type 2 (D2R) levels. Data are expressed as
mean * S.E.M. *Indicates significant differences of treatment (vehicle/MD) in the same conditioning (saline/AMPH) (P < .05). *Indicates significant differences of
conditioning (saline/AMPH) in the same treatment (vehicle/MD) (P < .05). Each two bands, respectively, represents one experimental group.
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preference for the drug, as well as they did not present anxiety-like
symptoms during the withdrawal. In addition to behavioral benefits,
MD modulated the oxidative status and molecular markers of dopami-
nergic pathways of brain areas such as VTA and striatum, which are
closely involved in addiction.

Our study shows that MD administration during a critical period as
the adolescence decreased the AMPH-induced CPP. Furthermore, very
little is known about the MD influences on the brain of adolescent rats
(Scoriels et al., 2012). It has been suggested that exogenous factors that
disrupt normal adolescent brain development may have negative effects
at the moment that the impairment occurs and it persists later in life
(Crews et al., 2007). In a previous study of our research group, the
initial hypothesis was that MD administration during adolescence
would be harmful and the animals would have more preference for
psychostimulant drugs such as AMPH in the adulthood. Interestingly,
we observed that MD decreased the drug preference without causing
locomotor impairment and anxiety-like symptoms in animals after the
drug withdrawal (Dias et al., 2017).

As it was already stated, AMPH withdrawal is recognized by the
development of different symptoms, including depression, anhedonia,
besides anxiety in early drug abstinence (Kitanaka et al., 2008). In
addition, anxiety has been considered the main factor that initiates the
craving and relapse for the drug (Koob and Le Moal, 2001), worsening
the situation. Recent studies have shown anxiolytic properties for MD,
as observed through different animal paradigms (Wadhwa et al., 2018,
Dias et al., 2017, Ornell et al., 2014). Our findings also showed similar
interpretation only when animals were AMPH-conditioned and MD was

able to exert anxiolytic activity. This way, based on our current find-
ings, the MD pretreated animals showed minor anxiety index after
AMPH exposure.

As the adolescence is considered a developmental period char-
acterized by increased risk-taking behavior, this period is prone to the
initiation of substance use (Casey and Rebecca, 2010; Burke and
Miczek, 2014). From this point of view, animal models with rodents
have been useful to study the impact of addictive drugs on the beha-
vioral and neurochemical responses during the adolescence. Besides,
mechanisms underlying the adolescence developmental differences are
not well known, and a proposed explanation is that it is a period of
intense synaptic remodeling in the brain (Crews et al., 2007). Thus, in
our study the MD-induced plasticity could lead to beneficial behavioral
outcomes.

Besides MD ameliorating behavioral parameters, we sought to in-
vestigate its actions on the oxidative status, which is closely involved in
different disorders of the central nervous system (CNS), including ad-
diction (Yamamoto et al., 2010). Striatum and substantia nigra are the
primary brain targets for the damage induced by amphetamines
(Moratalla et al., 2017). Thus, mesolimbic and nigrostriatal dopami-
nergic systems play a pivotal role in the effects of addictive drugs
(Everitt and Robbins, 2013).

In fact, the striatum has been identified as a key site for the neu-
roplastic events that underlie addictive processes, since it is the site
with the highest DA concentration in the brain (Luscher and Malenka,
2011). The striatum is subdivided in dorsal and ventral striatum, being
the dopamine inputs to these striatal areas originated from separate
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populations of midbrain neurons (Di Chiara and Imperato, 1988). The
mesolimbic dopaminergic neurons project from the VTA to the ventral
striatum, while the nigrostriatal dopamine neurons project from the SN
to the dorsal striatum. Dopamine levels in both ventral and dorsal
striatum increase following the administration of addictive drugs
(Moratalla et al., 2017).

The ventral striatum plays a key role in mediating the reinforcing
effects of amphetamines through its dopaminergic innervation (Wise,
2004) and regulates affective components of behavior, including mo-
tivational and emotional processes (Meredith et al., 2008), while the
dorsal striatum is primarily associated with sensorimotor functions as
performance of goal-directed and habitual behaviors (Everitt and
Robbins, 2013). Considering this, in our study we chose to evaluate the
mesolimbic dopaminergic pathway because the VTA and striatum are
closely involved with reinforcement and hedonic processes.

Evaluating VTA and striatum in general, we could infer that MD
modulated the oxidative status of both brain areas, preserving the
balance between oxidant and antioxidants that were impaired by AMPH
exposure. Regarding VTA, one possible explanation is that MD per se
presented increased CAT activity trying to reestablish the homeostasis
because RS levels were elevated. After AMPH exposure, MD could
partially restore the CAT activity and decrease RS and LP levels in VTA.
Therefore, we can infer that VTA is a more sensitive brain area to
changes in the neurochemical environment due to psychostimulant
drug use. In the striatum, MD per se only had influence decreasing RS
generation. After AMPH exposure, the CAT activity was fully preserved
by MD. Furthermore, LP alterations were not found, showing less oxi-
dative damages.

It is clear that MD has noteworthy neuroprotective effects upon
these brain areas modulating the oxidative status, agreeing with lit-
erature data (Xiao et al., 2004, Raineri et al., 2011, Santos, 2012,
Ornell, 2014). In summary, the MD neuroprotective effects could
happen mainly because of its influence on CAT, an antioxidant defense,
rather than directly acting on oxidative damage and these outcomes
could be reflected on behavior, as it was shown in our experiment.
Furthermore, a pilot study of our research group (data not published)
evidenced MD actions increasing CAT activity in distinct brain areas
independently of oxidative damages being present.

Moreover, we cannot rule out the fact that MD as the AMPH group
presented similar molecular outcomes. From this point of view, am-
phetamine is an addictive drug that has features that are shared with
some extent mechanisms of action with MD. In fact, cognitive en-
hancers, as well as addictive psychostimulant drugs, are able to alter
the DAT functionality and they would ultimately increase DA volume
transmission in the synaptic cleft (Bisagno et al., 2016). Furthermore,
D1R and D2R are found anatomically abundant in the striatum, mainly
in the caudate-putamen and nucleus accumbens (Tarazi and
Baldessarini, 2000). These alterations in the dopaminergic activity of
this pathway are related to addiction together with other CNS disorders
(Sulzer, 2011).

In our study, after AMPH exposure, MD pretreatment exerted a
modulatory activity hindering AMPH effects only on DAT and D1R le-
vels in VTA. In the striatum, MD counteracted AMPH effects in relation
to TH, DAT, D1R, and D2R levels, leading to an up-regulation of these
dopaminergic targets. An important fact that could explain our results is
that dopaminergic receptors reach a peak of expression in puberty (PND
28) and then decline to adult levels by PND 35 in healthy adolescent
rats (Tarazi and Baldessarini, 2000). One hypothesis to our results could
be that MD pretreatment started exactly when those receptors were
augmented in the striatum. In view of that, we can propose that the MD-
induced DA increase in this brain area was not considered substantial in
the adolescence and was not enough to cause behavioral impairments.
In this context, MD was be able to modify the dopaminergic molecular
connections resulting in the maintenance or even optimization of the
DA hedonic activity, consequently preventing the preference for the
drug (AMPH) as observed by the decrease of the anxiety-like symptoms,
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which is a common behavior during drug abstinence (Kitanaka et al.,
2008).

Besides that, the dramatic changes in dopamine-rich circuitry
during adolescence it is likely to be related to changes in sensitivity to
rewards distinct from childhood or adulthood (Rocha et al., 2017;
Furuie et al., 2016). So far, MD has shown beneficial effects when im-
pairments occur. Although, when MD was administered to healthy
adolescent rats, it could lead to similar molecular alterations in dopa-
minergic targets according to the different evaluated brain area.

MD could be exerting an up-regulation in the striatal dopaminergic
targets after AMPH exposure, possibly to maintain DA levels. Hence,
this could be reflected in MD behavioral beneficial effects decreasing
AMPH preference and anxiety during the abstinence period. Our find-
ings are in agreement with some literature data, hypothesizing that
investigated pharmacotherapies for the addiction management could
have different underlying mechanisms. These treatments could act
modulating the mesolimbic-dopamine system in a direct or indirect
form to alter the reward experience and to recover the dopaminergic
homeostasis through DA receptors and/or transporters, thus attenu-
ating negative reinforcing effects of withdrawal (Morley et al., 2017).

5. Conclusions

In this study, to the best of our knowledge, we are showing for the
first time that MD administration during the adolescence exerted ben-
eficial influences when these animals were exposed to AMPH-induced
CPP paradigm during this transitional life period. These findings allow
us to infer that MD is able to modulate the dopaminergic system
functionality, consequently preserving VTA and striatum from DA-in-
duced oxidative damages. We believe that MD is counteracting AMPH
effects in the different dopaminergic molecular targets attempting to
maintain adequate DA levels. As it was evidenced in our previous study,
MD treatment exerts different influences according to the evaluated
brain area. Nevertheless, further studies are necessary to investigate the
MD influence on different brain pathways as a treatment for the with-
drawal of addictive drugs during adolescence.
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Abstract

Drug abuse and addiction are considered major health problems and social
concerns nowadays. Based on previous studies of our research group, the rats that
received modafinil (MOD) during adolescence before amphetamine (AMPH) showed
less preference for the drug in the adolescence and adulthood periods. The objective
of this study is to show if MOD could be useful in the treatment of AMPH relapse in
adolescent rats and also verify the MOD influences on the molecular status of the
ventral striatum of these animals. Besides that, the behavioral influence of MOD on
locomotor activity and short-term memory were evaluated. Our findings showed that
adolescent animals developed AMPH preference and relapse without locomotor or
memory impairment. Although, the rats treated with MOD do not present relapse for
the drug and presented memory enhancement. Regarding the molecular status of the
ventral striatum, MOD treatment upon AMPH exposure increased DAT, VMAT-2,
D1R and D2R levels which were decreased by AMPH exposure. About the molecular
markers involved in the maintenance of dopaminergic neurons, MOD treatment upon
AMPH exposure increased TrK-B, pro-BDNF, BDNF and GDNF levels, which were
also decreased by AMPH exposure. So far, MOD treatment upon AMPH exposure
prevented relapse as it also improved memory of rats during the adolescence. These

outcomes were accompanied by an up-regulation of dopaminergic targets and
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neurotrophins related to the maintenance of this important system in drug addiction.

Thus, evidencing the MOD neuroprotective effects on the ventral striatum of rats.

Keywords: relapse; dopaminergic system; neurotrophins; addiction.

Introduction

Drug abuse continues to be a major health problem worldwide nowadays
(UNODC, 2018). Addiction is a chronic disease that causes physiologic and
psychological impairments to the individual and as consequence leads to economic
burden to society (POTENZA, 2011). The stimulant drugs are the second category of
drugs most used in the world corresponding to 68 million of users only in the 2018
year (WORLD DRUG REPORT, 2019). Particularly, the amphetamines are drugs
frequently abused by adolescents (SCHELLE et al., 2014, BASTOS et al., 2017) and
existing studies have found a high correlation between adolescent abuse and
becoming a problem drug user in adulthood (CHEN, STORR, ANTHONY, 2009).
During adolescence, the brain is not completely mature and any exogenous factor,
such as amphetamine (AMPH), could lead to more prejudicial impairments in the
brain in development and the consequences could be presented at the moment that
the impairment occurs and/ or persists over life (CREWS et al., 2007).

Regarding drug abuse and AMPH, the neurotransmitter dopamine (DA) is
highly involved. AMPH is known to activate the reward pathway causing DA release
in a more explosive and pleasurable manner than the release that naturally occurs in
the ventral striatum or nucleus accumbens. AMPH acutely increases extracellular
concentrations of DA mainly by its blockade reuptake involving actions on the DA
vesicular transporter (DAT), the vesicular monoamine transporter 2 (VMAT-2) and
monoamine oxidase (MAO) (VAUGHAN, FOSTER, 2013).

Based on previous studies of our research group (DIAS et al., 2017, 2019)
modafinil (MOD) administration when given before AMPH exposure was able to
reduce the preference for AMPH in adolescence and young adulthood periods. MOD
(2-[(diphenylmethyl) sulfinyl] acetamide) is a wake-promoting drug distinct from
classical stimulants approved by FDA to treat narcolepsy besides its off label uses. It
improves wakefulness with few peripheral or central side effects (WOOD et al., 2013)
and the main mechanism of action is the weak DAT inhibition (MINZENBERG,
CARTER, 2008). From this point of view, the objective of this study was to expose if
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MOD, when given as a treatment for AMPH addiction in rats, could present the same

positive results observed in previous studies.

Materials and methods

Animals

Twenty-eight young male rats (postnatal day (PND) 21, weighing 100-1509)
were housed in groups of four animals per cage in a room with controlled
temperature (23 + 1 °C), on a 12-h light/ dark cycle (lights turned on at 7 a.m.).
Animals had free access to food and water ad libitum during all phases of the
experiment. The experimental procedures followed international norms of care and
animal maintenance approved by the Research Ethics Committee of the Federal
University of Santa Maria (UFSM-9429030215), which is affiliated to the National
Council for the Control of Animal Experiments (CONCEA).

Experimental design

To evaluate the effects of MOD repeated doses after the CPP already
established by AMPH in the adolescence of rats, after 7 days of acclimation, rats
were designed to two experimental groups (PND 28) and submitted to the CPP
protocol: control group (received saline, 0,9% NaCl solution, i.p., n=14) and
amphetamine (AMPH) group (received 4mg/ kg i.p. of AMPH, n=14) (KUHN et al.,
2015). One day after the CPP test half of each group was subdivided resulting in the
following groups: control group, MOD group, AMPH group and, AMPH+MOD group.
They received MOD (64 mg/ kg p.o.) or vehicle for 14 days of treatment. On the PND
53, the animals were reconditioned with AMPH for 3 days and on the next day
submitted to the relapse test (SEGAT et al. 2016). 48 hours after the last AMPH
dose, locomotor activity and short-term memory were assessed. On the next day, the
rats were anesthetized with isofluorane, euthanized and their brains were dissected
to extract the ventral striatum (PAXINOS; CHARLES, 2013) for western blot analysis.

Drugs

Modafinil tablets (Stavigile; Libbs, S&o Paulo, Brazil) were pulverized by
sonication in distilled water and the DMSO (0.1% v/v) was added to form a
suspension. The treatment was administered by gavage at the dose of 64 mg/ kg.
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The d, l-amphetamine (AMPH; Merck, Germany) dose chosen was 4 mg/ ml,
i.p., which is known to induce CPP (DIAS et al., 2017).

Conditioned place preference (CPP)

The CPP is a box with two compartments of equal size (45 x 45 x 50 cm) and
different environmental stimuli (one compartment had a smooth with floor and
smooth white walls. Both compartments were accessible through a central
compartment (18 x 36 x 50 cm) separated by manual doors.

The AMPH-induced CPP was performed according to the following steps:
habituation, pre-test, conditioning and, test. On the PND 28, habituation was
conducted. This phase consisted of leaving the animals for 15 minutes in each
compartment, reaching the total time of 30 minutes. The purpose of this phase is to
exclude exploratory behavior that is common in new environments to avoid
misinterpretations. On the following day (PND 29) the pre-test was conducted. This
phase consists in placing the animal in the central compartment with free access to
the entire apparatus. The time spent in each compartment by the rat was assessed
for 15 minutes. This phase was carried out to determine the innate environmental
compartment preference. Based on these results, each rat was conditioned with
AMPH in the compartment that it spent less time and with saline in the compartment
that it spent more time during the pre-test.

The conditioning phase (PND 30-37) was carried out for 8 days. Each animal
received AMPH (one daily injection) in the less preferred compartment paired with
vehicle in the opposite compartment after a 4-h interval. Immediately after each
AMPHY/ vehicle injection, the rat was confined in the compartment for 25 minutes
(CARLEZON et al., 2002). The vehicle-treated groups received two daily injections of
saline in both CPP compartments.

The test, without drug/ vehicle administration, was conducted on PND 38
(preference) and PND 56 (relapse), and the time spent in each compartment was
assessed for 15 minutes. Results express the percentage of time spent by the
animals in the compartment associated with AMPH during the period of abstinence.

Locomotor activity
The locomotor activity was evaluated in the open-field (OF) test paradigm.
Each rat was placed individually in the center of an arena (40 x 40 x 30 cm) enclosed
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by black matte walls and floor divided into squares, as described by Kerr et al.
(2005). The number of crossings (horizontal squares crossed with four paws) was
analyzed for 5 min.

Short-term memory

The short-term memory was evaluated in the novel object recognition task
(NORT). The analysis consisted first in the training session in which rats were
exposed to two identical objects (A1 and A2, double Lego toys) positioned in two
adjacents corners, and they were allowed to freely explore the objects for 10 min.
The short-term memory test was performed 1 hour after the training session and the
rats were allowed to freely explore the arena for 5 min. in the presence of two
objects: a familiar object A and a second novel object B, placed at the same locations
as in the training session. The objects had similar textures, colors and, sizes but
distinctive shapes. Every time the rats sniffed at or touched the object with the nose
was defined as exploration. A recognition index was calculated by the ratio time
spent exploring the novel object/(time spent exploring the familiar object + time spent
exploring the novel object) (DE LIMA et al., 2005).

Statistical analysis

The results from behavioral and molecular assays were expressed as the
mean = standard error (S.E.M.) and analyzed by Student’s t-test or two-way ANOVA
followed by Tukey’s post hoc test (software package Statistica 10.0). A value of

p<0.05 was considered statistically significant for all comparisons made.

Results

Body weight gain
No differences in the body weight gain were observed among the experimental
groups (data not shown).

AMPH-CPP and influence of MOD treatment during adolescence
Student’s t-test showed that AMPH was able to induce CPP in adolescent rats
(p<0.05) (Figure 1A).
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Two-way ANOVA of CPP revealed a significant main effect of MOD and
AMPH x MOD interaction [F(1,24)=6,16 and F(1,24)=8,08, p<0.08], respectively on
AMPH re-conditioning. Tukey’s test showed that AMPH re-conditioning increased
time spent in the drug-conditioned compartment, while MOD treatment did not induce
AMPH-CPP (Figure 1B).

Influence of MOD treatment upon AMPH-reconditioning during adolescence on
locomotor activity
No differences were observed in the crossing number among the experimental

groups (data not shown).

Influence of MOD treatment upon AMPH-reconditioning during adolescence on
short-term memory

Two-way ANOVA of short-term memory revealed a significant main effect of
AMPH and MOD [F(1,24)=5.78 and F(1,24)=15.21, p<0.05], respectively. Tukey’s
test revealed that the MOD group presented an increased recognition index
compared to the control group. While the AMPH+MOD group presented an increased
recognition index compared to the AMPH group and presented a decreased
recognition index compared to the MOD group (Figure 2).

Influence of MOD treatment upon AMPH-reconditioning during adolescence on
dopaminergic targets

Two-way ANOVA revealed a significant main effect of MOD and AMPH x
MOD interaction [F(1,24)=37.64, F(1,24)=80.93, p<0.05, respectively] on DAT,
[F(1,24)=13.08, F(1,24)=4.37, p<0.05, respectively] on D1R, a significant main effect
of AMPH and AMPH x MOD interaction [F(1,24)=21.19, F(1,24)=45.07, p<0.05,
respectively] on D2R, and a significant main effect of AMPH and MOD [F(1,24)=6.51,
F(1,24)=18.41, p<0.05, respectively] on VMAT-2 immunoreactivity (Figure 3).

Tukey’s test showed that MOD decreased per se only the D2R levels, while
AMPH reconditioning decreased DAT and D2R levels in the ventral striatum. AMPH
re-conditioned animals and treated with MOD showed increased DAT and VMAT-2
levels compared to both AMPH and MOD groups, as also showed increased D1R
and D2R levels compared to AMPH group (Figure 3a-d).
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Influence of MOD treatment upon AMPH-reconditioning during adolescence on
synaptic plasticity related-neurotrophins

Two-way ANOVA revealed a significant main effect of AMPH and AMPH x
MOD interaction [F(1,24)=5.86, F(1,24)=42.71, p<0.05, respectively] on TrK-B,
[F(1,24)=26.15, F(1,24)=6.27, p<0.05, respectively] on pro-BDNF, a significant main
effect of AMPH, MOD and AMPH x MOD interaction [F(1,24)=114.49, F(1,24)=4.86
and F(1,24)=8.29, p<0.05, respectively] on BDNF, and a significant main effect of
MOD and AMPH x MOD [F(1,24)=10.30, F(1,24)=11.40, p<0.05, respectively] on
GDNF immunoreactivity (Figure 4).

Tukey’s test showed that MOD decreased per se only the TrK-B levels, while
AMPH re-conditioning decreased TrK-B, pro-BDNF, BDNF, and GDNF levels in the
ventral striatum. AMPH re-conditioned animals and treated with MOD showed
increased TrK-B, pro-BDNF, BDNF, and GDNF levels compared to AMPH group, as
also showed increased TrK-B and decreased BDNF levels compared to MOD group
(Figure 4a-d).

Discussion

From partial results of the current study, it was possible to observe that the
AMPH conditioning (4mg/kg, i.p.) was able to induce conditioned place preference in
adolescent rats. After 14 days of MOD treatment (64mg/kg) or vehicle, the AMPH re-
conditioning induced CPP only in the AMPH group, while MOD treatment did not
induce AMPH-CPP. This finding is agreeing with our previous studies, which showed
that pretreatment with MOD reduced AMPH-CPP in both, adolescence and young
adulthood periods (DIAS et al., 2017, 2019). This is a very interesting outcome since
it indicates that MOD could be a useful tool in the management of AMPH addiction,
especially in the drug relapse.

This study is in accordance with other that show beneficial influences of MOD
treatment related to increased periods of abstinence in cocaine addicts with comorbid
alcohol dependence (ANDERSON et al., 2009), as also with pre-clinical studies,
MOD decreased methamphetamine self-administration (HOLTZ et al., 2012), it was
effective at reducing cocaine-mainteined responding in non-primates (NEWMAN et
al., 2010). In a model of relapse, MOD attenuating the reinstatement of
methamphetamine seeking behavior following conditioned cues and drug-priming
injections (REICHEL; SEE, 2010).



85

Besides that, the short-term memory of animals was influenced by MOD per
se and MOD treatment upon AMPH exposure, increasing the recognition index. This
outcome is agreeing with other studies that showed MOD beneficial effects on
cognition, including enhancement of working memory performance, learning
acquisition, spatial memory, improved sustained attention and recognition memory in
both rats and humans (MINZENBERG; CARTER, 2008; SASE et al., 2012; GARCIA
et al., 2013; SCORIEL, JONES, SAHAKIAN, 2013; GONZALEZ et al., 2014).
Although, after AMPH-reconditioning during adolescence, it was not observed
pronounceable AMPH detrimental effects, since AMPH and control group presented
similar effects on short-memory, even though AMPH abuse is known to cause
cognitive deficits (BROADBENT et al., 2010).

Additionally, we investigated at the molecular level some targets of the
dopaminergic pathway and some neurotrophins related to maintenance and survival
of dopaminergic neurons in the ventral striatum of rats, since they are directly
affected by psychostimulants such as AMPH (CARNICELLA; RON, 2009).
Concerning dopaminergic targets, MOD treatment upon AMPH exposure resulted in
increased DAT, VMAT-2, D1R, and D2R levels, which were decreased by AMPH
exposure. As we discuss in our previous study, we believe that MOD exerted a
modulatory activity in the striatum to reestablish the dopaminergic homeostasis
maintaining the adequated dopamine levels and this was reflected in the behavior
(DIAS et al., 2019).

To reinforce these results, MOD treatment upon AMPH exposure resulted in
increased TrK-B, pro-BDNF, BDNF, and GDNF levels, which were also decreased by
AMPH exposure. These results are very interesting and innovative; at the moment,
this is the first study to show influences of MOD on GDNF levels upon AMPH
exposure and supports previous research that suggests the regulatory role of GDNF
in addiction. The activation of the GDNF pathway results in the attenuation of
biochemical and behavioral changes caused by abused drugs since it promotes
maintenance and survival of dopaminergic neurons (CARNICELLA; RON, 2009).
Thus, the up-regulation of GDNF could be a valuable strategy to counteract addiction
as stated by other authors, although it is unlikely that GDNF by it-self could be used
as a therapeutic agent because it is a 24KDa protein that cannot rapidly cross the
blood-brain barrier (KASTIN et al., 2003). Likewise, the studies involving BDNF
influences in facilitating or inhibiting drug-taking behaviors are dependent on the drug
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type, brain area, the addiction phase (initiation, maintenance, or abstinence/relapse)
(GHITZA et al., 2010). Given that, drugs such as MOD that exert positive influences
on these endogenous neurotrophins could be useful for the treatment of drug abuse.
Taken together, these findings and the outcomes obtained from previous
protocols, we can hypothesize that treatment with MOD upon AMPH exposure
prevented relapse as also improved memory of adolescent rats. These behavioral
outcomes were accompanied by an up-regulation of dopaminergic targets and
neurotrophins related to the survival of dopaminergic neurons evidencing the MOD

neuroprotective effects on ventral striatum.
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Figure 1. AMPH-CPP before (A) and after MOD treatment (B). Data are expressed as mean + S.E.M.
*indicates significant differences of treatment (vehicle/ MOD) in the same conditioning (saline/ AMPH)
(P<0.05). +indicates significant differences of conditioning (saline/ AMPH) in the same treatment
(vehicle/ MOD) (P<0.05). Abbreviations: MOD: modafinil; AMPH: amphetamine.
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Figure 2. Influence of MOD treatment upon AMPH-reconditioning during adolescence on short-term
memory. Data are expressed as mean + S.E.M. *indicates significant differences of treatment (vehicle/
MOD) in the same conditioning (saline/ AMPH) (P<0.05). +indicates significant differences of
conditioning (saline/ AMPH) in the same treatment (vehicle/ MOD) (P<0.05). Abbreviations: MOD:
modafinil; AMPH: amphetamine.



91

a b
150~ * 200 +
N [ VEHICLE
= VD
c £ __ 1501
£ 3 1001 53
2 g + E £ 1004 -
£ 8 — 3
QE 50 Se
R el 50+
0 0
Saline AMPH Saline AMPH
actin ———— e — actin —— — —
c d
1501 150~
*
E r— . E f— . — L)
gg ™ - g™ -
@ § & § +
5 2 504 8 2 50 =
R =<
0 0
Saline AMPH Saline AMPH
D1R — — — wave D2R e —
actin — e e et actin ———— - e —

Figure 3. Influence of MOD treatment upon AMPH-reconditioning during adolescence on
dopaminergic targets. Data are expressed as mean * S.E.M. *indicates significant differences of
treatment (vehicle/ MOD) in the same conditioning (saline/ AMPH) (P<0.05). +indicates significant
differences of conditioning (saline/ AMPH) in the same treatment (vehicle/ MOD) (P<0.05).

Abbreviations: MOD: modafinil; AMPH: amphetamine.
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Figure 4. Influence of MOD treatment upon AMPH-reconditioning during adolescence on synaptic
plasticity related-neurotrophins. Data are expressed as mean + S.E.M. *indicates significant
differences of treatment (vehicle/ MOD) in the same conditioning (saline/ AMPH) (P<0.05). +indicates
significant differences of conditioning (saline/ AMPH) in the same treatment (vehicle/ MOD) (P<0.05).
Abbreviations: MOD: modafinil; AMPH: amphetamine.
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7 DISCUSSAO

Considerando os resultados apresentados na integra desta tese, o estudo
piloto (protocolo experimental I) que consistiu na exposigéo subcrdnica dos animais
adolescentes ao MOD, durante 14 dias, ndao modificou comportamentos de
locomogédo ou indicativos de ansiedade, mas contrariando nossas expectativas,
mostrou influéncia benéfica sobre a memdria recente desses animais. Entretanto, a
maioria dos estudos pré-clinicos com MOD evidenciam seus efeitos benéficos sobre
a cognicao frente a um dano ja instalado (SCORIELS; JONES; SAHAKIAN, 2012;
FARHOUDI et al., 2013; GONZALEZ et al., 2014; WADHWA et al., 2015), por outro
lado, um outro estudo que avaliou a neurogénese hipocampal em animais mostrou
que o MOD tem um impacto agudo benéfico sobre a proliferagdo e sobrevivéncia de
células precurssoras no giro denteado do hipocampo, mas que em tratamentos mais
longos perde essa habilidade (BRANDT; ELLWARDT; STORCH, 2014).

Como até o momento poucos estudos avaliaram as possiveis influéncias do
MOD sobre a via do estresse oxidativo (XIAO et al., 2004; ORNELL et al., 2011),
sendo que seu exato mecanismo de acdo nao esta bem elucidado, decidimos
investigar seus efeitos sobre essa via em areas cerebrais envolvidas na drogadicao.
Nesse sentido, nossos estudos mostraram que o tratamento subcrénico com MOD
durante a adolescéncia foi capaz de modificar o status oxidativo de areas cerebrais,
como a ATV, o estriado e o CPF. Na verdade, foi possivel observar um aumento na
atividade da enzima antioxidante CAT em todas as areas cerebrais aqui estudadas,
com excecgao do hipocampo, independentemente da existéncia de danos oxidativos.
Assim, o MOD poderia estar agindo, diretamente ou indiretamente, aumentando a
atividade de enzimas antioxidantes e como consequéncia atuando na prevencao de
danos oxidativos. Esse achado corrobora com o estudo de Xiao et al. (2004) no qual
o MOD aumentou os niveis da defesa antioxidante GSH.

A partir desses achados preliminares, no protocolo experimental || decidimos
investigar a influéncia da administragdo de MOD durante a adolescécia frente a PLC
por ANF na idade adulta. Nossa hipotese inicial era de que sendo o MOD, uma
droga psicoestimulante, quando fosse utilizada no periodo da adolescéncia poderia
predispor o individuo ao uso de drogas aditivas na idade adulta. Entretanto,
contrariando nossa hipotese inicial, a pré-exposi¢gao de doses repetidas ao MOD
durante a adolescéncia mostrou beneficios frente a PLC por ANF quando avaliada
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na idade adulta, ja que o grupo exposto ao MOD apresentou menor preferéncia pela
droga. Além disso, apos a retirada da ANF, os animais previamente tratados com
MOD nao apresentaram alteragcdes locomotoras ou comportamentos de ansiedade,
apresentando melhor performance de memdria recente, indicando que ndo houve
desenvolvimento de sintomas de abstinéncia, ou ainda, esses foram minimizados
pelo MOD.

Em relagdo ao status oxidativo hipocampal dos animais, novamente o MOD
mostrou influéncias benéficas prevenindo os danos causados pela ANF como
observado pelo aumento da atividade da CAT, diminuicdo da geragédo de ER e da
carbonilagdo de proteinas, com excec¢ao da peroxidagao lipidica.

No que diz repeito aos alvos moleculares relacionados a memoéria e ao
sistema dopaminérgico, semelhantemente o MOD foi capaz de prevenir os danos
causados pela ANF, agindo como um modulador do sistema dopaminérgico
hipocampal. Acreditamos que a administragdo de MOD numa dose adequada (64
mg/kg, p.o.) durante a adolescéncia pode ser capaz de promover alteragbes
benéficas a longo prazo, em nivel celular e molecular. Dessa forma, o MOD age
preparando o hipocampo para uma situagao extrema, tal como o aumento excessivo
da ativagdo dopaminérgica, o qual ocorre durante o uso de uma droga com elevado
potencial de abuso, como a ANF.

Seguindo na mesma linha de raciocinio, a partir do protocolo experimental Il|
nos decidimos avaliar se os efeitos comportamentais benéficos do MOD se
repetiriam se a exposicdo a ANF ocorresse ainda no periodo da adolescéncia.
Novamente, o MOD foi benéfico, diminuindo a PLC por ANF e também reduzindo
sinais de ansiedade, comumente relacionados a abstinéncia (KITANAKA;
KITANAKA; TAKEMURA, 2008). Nesse experimento resolvemos investigar a
influéncia do MOD na ATV e estriado, as quais constituem importantes areas da via
mesolimbica dopaminérgica diretamente relacionadas com a adicdo, de especial
importancia o estriado, onde se encontra o nucleus accumbens, reconhecidamente
sinalizado por ser o centro hedbnico ou de recompensa e por se a area cerebral que
apresenta a maior concentragdo de DA (LUSCHER; MALENKA, 2011; STAHL,
2014).

Em relag&o ao status oxidativo da ATV, o MOD preveniu os danos causados
pela ANF, aumentando a atividade da CAT, reduzindo a geragdo de ER e da
peroxidacdo lipidica, com excegdo da carbonilagdo de proteinas. Ja no status
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oxidativo do estriatal, o MOD aumentou a atividade da CAT e a carbonilacdo de
proteinas, enquanto reduziu a geracdo de ER e n&o exerceu influéncia sobre a
peroxidagao lipidica.

Na sequéncia desse estudo, os alvos moleculares dopaminérgicos foram
avaliados na ATV, evidenciou-se que o MOD preveniu as alteragdes causadas pela
ANF sobre a TH, DAT, D1R sem modificar os niveis de D2R. Ja no estriado, o MOD
preveniu as alteracbes causadas pela ANF sobre a TH e DAT, além disso causou
um aumento nos niveis de D1R e D2R, o que n&o foi observado nos animais
expostos a ANF. NoOs acreditamos que o MOD atue prevenindo os prejuizos
causados pela ANF em diferentes alvos dopaminérgicos moleculares na tentativa de
manter em equilibrio os niveis de DA.

Tomados em conjunto, os achados desse estudo nos permitem propor que o
MOD pode estar agindo como um modulador do sistema dopaminérgico e do status
antioxidante na ATV e no estriado durante o periodo da adolescéncia em animais.
Tais resultados indicam uma atividade moduladora dopaminérgica do MOD frente a
ANF. Essa hipotese baseia-se no fato de que a exposigcao continua a ANF provoca
um aumento da atividade dopaminérgica, levando a uma deplegdo dos estoques
nesse neurotransmissor durante sua abstinéncia (STAHL, 2014). Assim, ndés
acreditamos que o MOD exerceu uma supra-regulagdo dos alvos dopaminérgicos
durante a abstinéncia a ANF para prevenir a diminuicdo dos niveis de DA e isso

pode ser refletido sobre os efeitos benéficos comportamentais diminuindo a

preferéncia por ANF e reduzindo sinais de ansiedade durante o periodo da
abstinéncia.

Levando em consideracéo os dois protocolos em que o MOD foi administrado
durante adolescéncia e verificada a PLC por ANF tanto na idade adulta como na
adolescéncia, podemos propor que tais achados sao inovadores, ja que até o
momento, nenhum estudo mostrou que a exposi¢ao ao MOD durante adolescéncia
pode induzir neuroadaptagcées de curto e de longo prazo, tornando o individuo
menos suscetivel aos efeitos hedénicos comuns a drogas psicoestimulantes, como a
ANF.

Na sequéncia dos estudos e em vista dos resultados obtidos anteriormente, o
quarto protocolo experimental foi realizado para avaliar a influéncia do MOD como

forma de tratamento da recaida a ANF. Com os resultados obtidos a partir das
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observagbes comportamentais no paradigma da PLC, foi possivel observar que o
tratamento subcrénico com MOD foi capaz de prevenir o comportamento de recaida
pela droga. Além disso, o tratamento com MOD exerceu influéncia benéfica sobre a
memoria recente desses animais. Nesse sentido, as analises moleculares do
estriado ventral nos permitem inferir que o MOD reverteu os prejuizos causados pela
ANF, tanto nos alvos dopaminérgicos (DAT, VMAT-2, D1R e D2R) quanto nas
neurotrofinas relacionadas a manutencdo desse sistema (Trk-B, pro-BND, BDNF e
GDNF). Assim, acreditamos que as alteragdes a nivel molecular refletem os efeitos
benéficos do MOD sobre a recaida por ANF e sobre a memdria desses animais
evidenciando um efeito neuroprotetor do MOD durante o periodo da adolescéncia.

Levando em consideragcdo os achados apresentados nesta tese, os quais
foram obtidos a partir de diferentes protocolos experimentais, é possivel propor que:

a) a exposicdo ao MOD durante a adolescéncia exerceu influéncias sobre o
status oxidativo de areas cerebrais diretamente relacionadas com a drogadi¢c&o, em
especial aumentando a atividade de uma enzima antioxidante, a CAT;

b) quando administrado durante a adolescéncia, o MOD modulou o sistema
dopaminérgico de areas cerebrais como o hipocampo, ATV e estriado, prevenindo
prejuizos comportamentais (preferéncia pela droga, atividade locomotora e
exploratdria, sinais de ansiedade e memoaria) induzidos pela exposigao a ANF tanto
na idade adulta como durante a adolescéncia;

c) o tratamento com MOD durante a retirada da ANF modulou o sistema
dopaminérgico e as neurotrofinas relacionadas a manutengdo do mesmo no estriado
ventral prevenindo a recaida a ANF;

c) O MOD foi capaz de prevenir e/ou reverter os prejuizos comportamentais,
bioquimicos e moleculares causados pela ANF, os quais sdo mais pronunciados
quando os animais sao expostos a droga na vida adulta do que quando comparados

com o periodo da adolescéncia.
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8 CONCLUSAO

Através dos resultados apresentados nesta tese, podemos propor que a
exposi¢cao ao MOD durante a adolescéncia é capaz de exercer efeitos moduladores
sobre o status oxidativo, sistema dopaminérgico e neurotrofinas relacionadas a
plasticidade sinaptica especialmente em regides cerebrais como hipocampo, ATV,
estriado e estriado ventral de ratos, frente a exposicado a ANF ainda na adolescéncia
bem como na idade adulta.

Além disso, considerando os diferentes periodos em que os animais foram
expostos a droga aditiva, ANF, foi possivel observar que na idade adulta, as
alteracbes comportamentais locomotoras, de ansiedade e perda de memdria sao
mais intensamente afetadas do que quando tal exposicdo ocorreu durante a
adolescéncia, indicando diferengas nos mecanismos de neuroadaptag&o do sistema
dopaminérgico de acordo com o periodo do desenvolvimento.

Nesse sentido, o MOD apresenta influéncias benéficas quando um prejuizo
ocorre no SNC, podendo ser uma ferramenta util no tratamento a recaida por ANF.
Entretanto, o MOD quando administrado em ratos adolescentes saudaveis pode
levar a alteragdes moleculares em distintas areas cerebrais relacionadas a adigéo, o

gue indica que seu uso deve ser feito com muita cautela.
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