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RESUMO

INVEASTIGAC;AO EXPERIMENTAL DE FATORES QUE MODIFICAM
PARAMETROS DE DEPENDENCIA E RECAIDA POR ANFETAMINA

AUTOR: Hecson Jesser Segat
ORIENTADORA: Marilise Escobar Burger

A anfetamina (ANF) é uma droga psicoestimulante, cujo uso é capaz de modificar a neuroplasticidade
de éreas relacionadas ao sistema de recompensa, como 0 sistema meso-cortico-limbico. Além dos
fatores relacionados a droga em si, comportamentos aditivos sao também influenciados por outros, como
0 ambiente, estresse e fatores do proprio individuo, incluindo sociabilidade, vulnerabilidade social,
condigbes genéticas, entre outros. Atualmente as abordagens disponiveis para tratamento da
toxicodependéncia por psicoestimulantes sdo escassos e paliativos, o que favorece as recaidas.
Considerando as influéncias externas no contexto da drogadicdo e a caréncia de terapias eficientes, o
presente estudo avaliou fatores que podem interferir nos mecanismos de adi¢éo por ANF, tais como: I)
influéncia do consumo de &cidos graxos trans (AGT) juntamente com a pratica de exercicios fisicos,
sobre parametros de dependéncia pela droga, desde que tal pratica tém sido relacionada a reducdo do
uso de drogas e a ingestdo de AGT tem sido associada a um risco aumentando de comportamentos
aditivos por ANF. A suplementacdio com AGT (3g/kg, v.0.) ocorreu previa (3 meses) e
concomitantemente ao condicionamento com ANF e também durante a fase de execuc¢do do exercicio
fisico moderado (corrida em esteira, 10m/s, por 1h, 5 vezes/semana, por 5 semanas). Neste protocolo
experimental, animais sedentarios e condicionados com ANF apresentaram comportamentos de recaida
pela droga, mas ndo nos que receberam suplementagdo com AGT. Além disso, os animais que
consumiram AGT e condicionados com ANF apresentaram maior ansiedade, que foi prevenida pelo
exercicio fisico. Estes mesmos animais apresentaram maiores niveis de AGT na area tegmental ventral,
striatum e coértex pré-frontal; 1) tratamento da drogadicio com o wuso m-trifluorometil-
difenildisseleneto, cujos efeitos benéficos estdo relacionados as suas propriedades ansiolitica,
antidepressiva e antioxidante. Neste protocolo, observou-se que o tratamento de 14 dias (0,01mg/kg)
preveniu a recaida por ANF sem alterar a memoria de trabalho nos animais. Também, o tratamento
reduziu a captagdo da serotonina no cortex pré-frontal além de reduzir danos oxidativos nesta regido
cerebral; I11) uso da ANF ultradiluida e dinamizada (isoterapico), em escala centesimal (10%4).
Observou-se que o tratamento com o isoterapico reduziu a recaida ao uso da ANF, modificou parametros
moleculares relacionados a drogadicdo (D1R, D2R, tirosina hidroxilase e transportador de dopamina)
além de modular parametros oxidativos no cortex pré-frontal de ratos; 1V) avaliagdo comparativa entre
protocolos de exercicio fisico moderado e intenso. Neste protocolo os animais foram submetidos a
natacdo com ou sem carga de peso adicional, durante 5 semanas. Foi observado que o exercicio
moderado reduziu a recaida pela droga e também reduziu comportamentos de ansiedade, enquanto que
0 exercicio intenso ndo. Além disso, 0 exercicio moderado aumentou os niveis de BDNF, pro-BDNF e
TrkB no hipocampo dos animais. Por outro lado, observou-se que o exercicio intenso reduziu D1R,
tirosina hidroxilase e aumentou D2R. Tomados em conjunto, 0s quatro protocolos experimentais
apresentados aqui, foram desenvolvidos através do condicionamento dos animais (ratos Wistar albinos
machos) com ANF (4,0 mg/kg, i.p.). As analises comportamentais aliadas as alteragdes moleculares e
oxidativas geram abordagens Uteis no tratamento da toxicodependéncia pela ANF e futuramente
contribuir para protocolos terapéuticos anti-drogadic¢&o.

Palavras-chave: Drogadigdo. Exercicio fisico. Organocalcogénio. Ultra diluido. Gordura trans.



ABSTRACT

EXPERIMENTAL INVESTIGATION ABOUT THE FACTORS THAT MODIFY
ADDICTION PARAMETERS AND THE RELAPSE INTO AMPHETAMINE

AUTHOR: Hecson Jesser Segat
ADVISOR: Marilise Escobar Burger

Amphetamine (AMPH) is a psychostimulant drug able to modify the neuroplasticity of areas related to
the reward system; for instance, the mesocorticolimbic system. Besides the factors linked to the drug
itself, addictive behaviors are also influenced by environment, stress and characteristics belonging to
the person, which include sociability, social vulnerability, genetic conditions among others. Currently,
the available approaches for the treatment of psychostimulant drug addiction are scarce and palliative,
favoring relapses. Considering the external influences on drug addiction and the lack of efficient
therapies, the current study evaluated the following factors that can interfere in AMPH addiction: I) the
influence that the consumption of trans fatty acids (TFA) together with the practice of physical
exercises, observing the drug addiction parameters. Such practice has been related to the reduction in
the use of drugs, and the TFA intake has been associated to a higher risk of addictive behavior regarding
AMPH. The supplementation with TFA (3g/kg, v.0.) happened before (3 months) and concomitantly to
the AMPH conditioning and during the moderate physical exercise phase (running on the treadmill,
10m/s, for 1h, 5 times/week, for 5 weeks). In this experimental protocol, the sedentary animals
conditioned with AMPH showed relapse behavior, while the ones that received the supplementation
with TFA did not. In addition, the animals that consumed TFA and were AMPH conditioned showed
higher anxiety, which was prevented by the physical exercise. These animals presented higher levels of
TFA in the tegmental ventral area, striatum and pre-frontal cortex, 1) the drug addiction treatment using
m-trifluoromethyl-diphenyldiselenide has beneficial effects, which are related to its anxiolytic,
antidepressant and antioxidant properties. In this protocol, it was observed that the 14-day treatment
(0,01mg/kg) prevented the AMPH relapse without altering the working memory of the animals. The
treatment reduced the serotonin uptake in the pre-frontal cortex and reduced the oxidative damages in
this brain region as well; I11) the use of ultra-diluted and dynamized AMPH (isoterapic), in centesimal
scale (102%). In this protocol, the AMPH relapse was reduced, the molecular parameters related to drug
addiction (D1R, D2R, tyrosine hydroxylase and dopamine transporter) were modified; besides, the
oxidative parameters in the pre-frontal cortex were modulated; IV) comparative evaluation of the
moderate physical exercise protocol and the intense one. In this evaluation, the animals were submitted
to the swimming test with or without extra weight load during 5 weeks. It was observed that the moderate
exercise reduced the drug relapse and anxiety behaviors, while the intense exercise did not. Besides, the
moderate exercise increased the levels of BDNF, pro-BDNF and TrkB in the hippocampus. On the other
hand, it was observed that the intense exercise reduced D1R, tirosine hidroxilase and increased D2R.
The four experimental protocols presented in this work (male, albino Wistar rats) were developed
through the AMPH (4,0 mg/kg, i.p.) conditioning of the animals (male, albino Wistar rats). The
behavioral analyses combined with the oxidative and molecular changes generate tools that can be useful
for the treatment of AMPH addiction and in future contribute to anti-drug treatment protocols.

Key Words: Drug addiction. Physical exercise. Organocalcogen. Ultra-diluted. Trans fat.
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APRESENTACAO

Esta tese esta estruturada em sec6es dispostas da seguinte forma: Introducéo; Objetivos;
Desenvolvimento (Referencial Teorico, Artigos 1, 2 e 3 e Manuscrito Cientifico 1); Discusséo;
Concluséo e Referéncias.

Os itens Materiais e Métodos, Resultados, Discussdo dos resultados e Referéncias
encontram inseridos nos préoprios artigos e manuscrito na se¢do “Producdo Cientifica” e
representam a integra desse estudo.

Ao fim encontram-se os itens “Discussdo” e “Conclusao”, nos quais ha interpretagdes ¢
comentarios gerais dos artigos e manuscrito contidos neste estudo.

As “Referéncias” referem-se somente as citagdes que aparecem nos itens “Introducgao”,

“Referencial Teorico” e “Discussdo”.
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1 INTRODUCAO

A dependéncia ¢ um quadro caracterizado pelo conjunto de sinais e sintomas que
indicam o uso compulsivo de uma ou mais substancias, incluindo comportamentos que fogem
do controle do individuo. E, quando impedido de utilizar tais substancias, esse individuo
desenvolve disforia, ansiedade e irritabilidade (KOOB; Le MOAL, 1997; 2008). Além disso, a
incidéncia a recaidas ao uso abusivo de drogas, apds longos periodos de abstinéncia é muito
frequente em individuos previamente dependentes. Drogas psicoestimulantes como
anfetaminas sdo capazes de produzir diminuicdo do sono, da fadiga e do apetite, além de
aumentar a sensacgdo de autoconfianca e capacidade de concentracdo. No entanto, o uso clinico
destas substancias é altamente restrito, uma vez que tem o poder de desenvolver quadros de
dependéncia (KUMAR, 2008; BOUTREL; KOOB 2004; QU, 2008; VOLKOW et al., 2009;
GRAEFF, 1989). Mesmo assim, muitos atletas, estudantes, médicos motoristas e pilotos fazem
0 uso indiscriminado dessas drogas sem considerar os efeitos indesejaveis da droga, como
hipertermia, taquipneia e, em longo prazo, perda excessiva de peso, ansiedade e insonia
(CENTRE FOR ADDICTION AND MENTAL HEALTH, 2004; MATSUMOTO et al., 2002;
YONAMINE, 2004).0 uso destas substancias pode afetar a neuroplasticidade no sistema
mesolimbico-mesocortical, que esta relacionado a mecanismos de recompensa, contribuindo
assim para a dependéncia (HOOKS et al., 1993; ROBINSON; BERRIDGE, 1993). Nessas
regides encefalicas, as anfetaminas atuam como substratos para o transportador de
monoaminas, impedem a recaptacao desses neurotransmissores e inibem a monoaminoxidase
(enzima responsavel pela degradacdo das monoaminas), culminando em um aumento da
concentracdo de dopamina (DA), norepinefrina (NE) e serotonina (5-HT) na fenda sinaptica
(BERMAN et al., 2009; HOLMES; RUTLEDGE, 1976; ROTHMAN; BAUMANN, 2003).

Os tratamentos desenvolvidos e empregados no tratamento da toxicodependéncia por
psicoestimulantes, como a ANF, sdo pouco eficazes quando se trata de individuos intensamente
dependentes (RIBEIRO; MARQUES, 2002). Dessa maneira, a compreensao dos mecanismos
aditivos e como eles sdo influenciados; a busca por ferramentas que auxiliem no tratamento da
drogadicdo por anfetaminas torna-se imprescindivel. Entre os fatores que influenciam os
comportamentos aditivos, pode-se destacar o perfil alimentar dos individuos. Neste sentido,
acidos graxos (AG) séo substancias presentes em uma ampla variedade de alimentos e possuem
funcBes estruturais, protetoras e de fornecimento e armazenamento de energia (COSTA;
SILVA, 2002). Os habitos alimentares na sociedade ocidental tém sido direcionados para o

consumo elevado de alimentos industrializados que contém uma grande quantidade de AG
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saturados e gordura trans (AGT) que sdo produzidos artificialmente e utilizados na fabricagéo
de alimentos industrializados conferem uma melhor palatabilidade e aumentado tempo de
prateleira aos alimentos (KHANAL; DHIMAN, 2004; REMIG et al., 2010; STENDER et al.,
2008). A ingestdo de AGT tem sido associada a um risco aumentando de doencas sistémicas,
inflamatorias, disfuncdo cognitiva e favorecimento de comportamentos aditivos (SUN et al.,
2007; MOZAFFARIAN et al., 2006; FILLIT et al., 2008; KUHN et al 2015).

Em contrapartida, a eficacia da atividade fisica regular na prevencdo de doencas
cronicas é bem descrita (MORA et al., 2007; OMS, 1994; BARBANTI, 1990). Este tipo de
atividade favorece o melhoramento das habilidades psicolégicas, fisicas e sociais, retarda o
aparecimento de doencas neurodegenerativas e tem sido considerado um método alternativo
relacionado com a reducdo do consumo de drogas (COSGROVE et al., 2002; HOWELLS et
al., 2005; KIRALY; KIRALY, 2005; SUTOO; AKIYAMA, 2003; COTMANAND;
BERCHTOLD, 2007). Outras ferramentas que podem ser Uteis no tratamento da drogadicéo,
sdo moléculas organicas com atividade farmacolégicas. Neste cenario, o m-trifluorometil-
difenildisseleneto [(m-CFs-PhSe)2] pode ser um forte aliado no que diz respeito ao tratamento
de adicdo por psicoestimulantes, como as anfetaminas, uma vez que este composto ja apresenta
resultados relacionados a atividade antioxidante, ansiolitica, antidepressiva e antipsicética
(BRUNING et al.,2009; 2011; MACHADO et al., 2006), sintomas estes muito relacionados a
dependéncia e crises de abstinéncia por anfetaminas. Ainda neste contexto, existem terapias
que se baseiam na utilizacdo de preparac6es medicamentosas com diversas escalas de diluicéo,
que visa promover a cura do paciente por meio de uma estimulacdo do organismo, levando-o a
homeostasia e tratando-o de forma integrada (FONTES, 2012; HATADA 2004; TEIXEIRA et
al., 2004). Dessa maneira tal terapia utiliza compostos ultra-diluidos e dinamizados que tratam
a origem da doenca e ndo so seus sinais e sintomas (HATADA, 2004; GRIFFITH, 2009).
Baseado neste conceito, propde-se 0 uso de isoterapico de anfetamina (ANF) como uma
tentativa de minimizar sinais relacionados a dependéncia a esse psicoestimulante.

Dessa maneira, a execucao deste estudo pré-clinico é de fundamental importancia, visto
que investiga ferramentas de fontes distintas que culminam em um elo comum, o tratamento da
toxicodependéncia por ANF. Além disso, é importante a execugdo de protocolos experimentais
deste cunho pois também favorecem a elucidagdo de mecanismos de adicdo ainda
desconhecidos. Por fim, espera-se que futuramente as abordagens terapéuticas aqui
apresentadas, possam ser extrapoladas para o0 uso em seres humanos com finalidades

terapéuticas semelhantes.
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1.1.0BJETIVOS

1.1.1. Objetivo geral

Avaliar a influéncia de diferentes fatores (terapéuticos e ambientais), capazes de reduzir
a adicdo por anfetamina, através de alteracBes comportamentais relacionadas a ansiedade,
memoria e recaida ao uso da droga, como também modificagdes oxidativas e moleculares em

areas cerebrais de ratos expostos a ANF.

1.1.2. Objetivos especificos

— Verificar a influéncia do consumo de AGT e do exercicio fisico moderado, sobre parametros
comportamentais de adicdo (ansiedade, preferéncia e recaida) e alteracGes nos constituintes

lipidicos das membranas cerebrais de ratos adultos adictos por ANF;

— Avaliar modificagdes moleculares e comportamentais (memoria, ansiedade, preferéncia e
recaida) induzidas por diferentes intensidades de exercicio fisico, em ratos previamente

condicionados com ANF;

— Verificar a possiveis efeitos do (m-CFz-PhSe). sobre parametros comportamentais de
preferéncia e recaida a ANF, como também, de memoria, e as consequentes alteracdes

moleculares em &reas cerebrais relacionadas ao sistema de recompensa por ANF;

— Avaliar a possivel acdo terapéutica da ANF ultra diluida sobre parametros comportamentais
de preferéncia e recaida, como também de ansiedade, além de alteracGes moleculares em

areas cerebrais relacionadas ao sistema de recompensa por ANF.



18

2. REFERENCIAL TEORICO
2.1. ADICAO: CONTEXTO HISTORICO E PIDEMIOLOGIA

O uso de substancias psicoativas é uma pratica milenar e universal e pode-se dizer que
a histéria da dependéncia de drogas se confunde com a prépria histéria da humanidade. Ou seja,
substancias de origem vegetal ou animal sempre foram utilizadas pelos seres humanos, desde
as épocas mais remotas em diversas culturas e religides, para um grande leque de finalidades
que se estendem desde seu emprego ludico, com fins estritamente prazerosos, até o
desencadeamento de estados de éxtase mistico/religioso (CARRANZA; PEDRAO, 2005;
MARTINS; CORREA, 2004).

No final do século XIX, o uso de substancias psicoativas passou da esfera religiosa para
a da medicina, ou seja, comecgou-se a observar-se aspectos farmacoldgicos das drogas. Entéo
diversas substancias que eram vistas como nefastas e demoniacas, para os religiosos, passaram
a ser observadas como criadoras de dependéncia, para a classe médica. Neste sentido, a
Organizacdo Mundial da Saude (OMS), desde 2001, considera a dependéncia por substancias
psicoativas como uma doenca crénica primaria de recompensa cerebral, caracterizada pelo uso
compulsivo de uma ou mais substancias. A dependéncia a substancias e situacdes que
desencadeiam intensos comportamentos obsessivos e irresistiveis de repetir determinado
evento, € denominada adicdo (ARAUJO et al., 2008). Os eventos que envolvem adicdo a
substancias psicoativas estdo cada vez mais emergentes na sociedade e extrapolam o nicho
droga-usuario uma vez que podem desencadear uma série de acontecimentos: como a geragédo
e fomento a criminalidade e altos custos médico-hospitalares, e isso torna a adicéo a substancias
psicoativas uma das doengas com exorbitantes custos de tratamento e reabilitagdo (UHL;
GROW, 2004).

Segundo a OMS (2004), a dependéncia a substancias psicoativas € estabelecida quando
o individuo faz uso ininterrupto ou regular de alguma substancia que gera necessidades fisicas
ou psicologicas de retornar a utiliza-la. Comportamentos de dependéncia a substancias
psicoativas provocam desregulacdo de circuitos neurais envolvidos na manutencdo de
atividades fisiologicas e inconscientes como sono, sede, fome, libido que irdo regular
comportamentos conscientes relacionados a manutencdo da sobrevivéncia e reproducéo
(KOOB et al., 2016; Le DOUX, 2012; FREUD, 2001). A dependéncia a substancia psicoativas
se da primeiramente pela apresentacdo de um estimulo prazeroso, que € o uso da substancia, na

sequéncia ocorre a retirada desse estimulo, que é seguida pela compulsao (vontade de reutilizar
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a substancia). Esses estagios complementam-se e intensificam-se com o consumo repetido da
substancia, levando ao estado patoldgico da dependéncia, devido ao excesso de ativagdo do
sistema limbico (KOOB et al., 2014; 2016). A recaida ao uso abusivo de drogas € muito
frequente em individuos previamente dependentes, sendo geralmente, acompanhada de
prejuizos neuropsiquiatricos que envolvem instabilidade emocional, depresséo, anedonia,
impulsividade, agressividade, déficit de atengdo, entre outros (MAJEWSKA, 1996). Além
disso, afeta diretamente os individuos usuérios e indiretamente seus familiares, bem como a
sociedade em geral (UHL; GROW, 2004; VOLKOW; BALER; GOLDSTEIN, 2011).

Substéncia psicoativas, como cocaina, anfetamina ou canabis sdo significativamente
consumidas anualmente em todo o mundo. Segundo a UNDOC (2014) cerca de 243 milhdes de
pessoas com idades entre 15-64 anos de idade utilizaram alguma droga ilicita em 2012 e esse
numero aumentou 3 milhBes no ano de 2013 (UNDOC, 2015). O European Monitoring Center
for Drugs and Drug Addiction (2015), informou que na Europa cerca de 11,7% (14,6 milhdes),
1,9% (2,3 milhdes) e 1,4% (1,8 milhdes) de pessoas entre 15 e 34 anos usaram cannabis, cocaina
e “ecstasy”, respectivamente.

As drogas psicotrépicas, como as citada acima, podem ser classificadas de diferentes
maneiras, mas Chalout, (1971) as classificou de acordo com o mecanismo de a¢do no sistema
nervoso central em: a) Depressoras: barbitlricos, benzodiazepinicos, opioides, etanol,
inalantes; b) Estimulantes: cocaina, anfetaminas e derivados; ¢) Perturbadoras: &cido lisérgico
(LSD), mescalina, canabinoides. Essas substancias, de acordo com a Carlini et al. (2001), tem
a capacidade de induzir alteracdes de comportamento, humor e cognicdo, possuindo grande

propriedade reforcadora podendo levar a dependéncia.

2.2. AS DROGAS PSICOESTIMULANTES: ANFETAMINAS E DERIVADOS

Algumas drogas psicoestimulantes induzem euforia, aumento da vigilia e energia além
de intensa emotividade no usuério, e também provocam forte dependéncia. Entre o0s
psicoestimulantes, 0s que merecem mais destaque sdo a cocaina e a familia das anfetaminas
(SOFUOGLU; SEWELL, 2009). O desenvolvimento da dependéncia por drogas
psicoestimulantes como a cocaina e as anfetaminas se da pela ativacao das vias dopaminérgicas
mesocorticolimbicas. Esse sistema cerebral de recompensa € constituido pela ATV, localizada
no mesencéfalo, que emite projecdes neuronais ao estriado ventral (nucleous accumbens),
amigdala, cortex pré-frontal e hipocampo (GRAEFF; GUIMARAES, 2012) (Figura 1). Drogas

como as anfetaminas sdo substancia simpatomiméticas com agdo predominante no SNC, elas
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sdo agonistas indiretos uma vez que atuam como substratos para o transportador de
monoaminas, elas também impedem a recaptacdo das monoaminas e, em menor intensidade,
inibem a MAO que é responsavel pela degradacdo de neurotransmissores como a NE e DA
(SULZER et al.,1995). Juntos, esses mecanismos de acdo culminam em uma elevada
concentracdo de monoaminas na fenda sindptica de neur6nios do sistema mesolimbico,
relacionado com a hedonia e desenvolvimento de dependéncia, motivacdo e excitacdo
(PETTENUZZO et al., 2008; ACQUAS et al., 2002). Estruturalmente, as anfetaminas
pertencem a classe das feniletilaminas, com uma substituicdo de um grupo metila na posicéao
do carbono alfa (Figura 2), porém diversas modificagdes ne estrutura original foram realizadas

para a sintetizacdo de farmacos anfteminicos.

Figura 1- Esquema das vias dopaminérgicas mesocortico-limbico no cérebro de rato.
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Abreviagdes: NAc: nucleous accumbens; ATV: &rea tegmental ventral; MCP: matéria cinzenta
periaquedutal; NR: nucleos da rafe; LC: locus coeruleus. FONTE: Segat, 2015.

As anfetaminas, surgiram no século XIX, e eram utilizadas com a finalidade clinica de
aliviar a fadiga, estimular o SNC e também dilatar as vias aéreas para facilitar a ventilagdo. Ja
na década de 30, passaram a ser prescritas no tratamento do transtorno de déficit de atencao e
hiperatividade (TDAH) (RIBEIRO; MARQUES, 2002). Mas seu uso massivo se deu a partir
da década de 40, quando a substéncia foi amplamente utilizada na segunda Guerra Mundial por
soldados e pilotos com a finalidade de aumentar a coragem, reduzir a fadiga e a fome, e
consequentemente, suportarem melhor as condigOes adversas dos campos de batalha (SILVA,

2002). Na década de 60, houve uma intensificacdo do uso popular das anfetaminas, de forma
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legal, gerando uma “epidemia anfetaminica”. Tal fato levou as organizac¢des da satde publica
a investirem esforcos para o controle do uso desses farmacos. Iniciou-se, a partir de entdo, o
controle da comercializacdo, uma vez que as anfetaminas passaram a ser consideradas drogas
psicotropicas, sendo, portanto, ilegal seu uso sem acompanhamento médico adequado
(RIBEIRO; MARQUES, 2002).

Figura 2- Representacao estrutural basica de uma molécula de anfetamina.

.~ _CH;
]

Metila substinunte po C alfa
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FONTE: Adaptado de Brunton; Chabner; Knollmann, p. 279, 2012.

Os medicamentos contendo derivados anfetaminicos ainda sdo largamente utilizados
seja por prescricdo médica, seja com carater abusivo e ilicito. Na clinica médica alguns dos
medicamentos anfetaminicos prescritos sdo os denominados moderadores do apetite, cuja acdo
anorexigena tem a capacidade de promover emagrecimento. Os principais medicamentos sdo a
anfepramona, femproporex, mazindol e sibutramina (BELLAVER, et al., 2001; BARONEZA,
et al., 2007). Este grupo de medicamentos € comercializado exclusivamente sob prescricao
médica, com rigoroso controle de comércio, ou seja, em 12 de maio de 1998, foi criada a
portaria n° 344 do Ministério da Salde, que regulamenta o comércio e consumo de substancias
psicotropicas, como as anfetaminas. Porém em outubro de 2011 foi criada uma resolucdo da
Diretoria Colegiada (RDC) n° 52, que vetou a fabricacéo, importacdo, exportacao, distribuicao,
manipulacdo, prescricdo, dispensacdo, aviamento, comércio e uso de anfepramona,
femproporex e mazindol. A sibutramina permanecia liberada, respeitando a dose maxima diaria
de 15mg/dia e prescri¢des, dispensacdes e aviamentos de receitas deveriam ser realizados por
meio de Notificacdo de Receita “B2”. Em 2015, através da RDC 50/2014, esses medicamentos
voltaram a ser comercializados, porém com algumas restricdes, como dose méxima diéria
estabelecida para cada principio ativo e também a notificacdo de Receita “B2”. Além dos
medicamentos acima citados, ainda é largamente prescrito por profissionais da saude

habilitados o metilfenidato. Esse medicamento é utilizado licitamente no combate do TDAH,



22

principalmente em criangas (RITZ et al., 1987; BERMAN et al., 2009). Além disso, o
metilfenidato é usado de forma incontrolavel por profissionais da saude, estudantes e também
motoristas de caminh&o, em decorréncia da propriedade da droga em aumentar a vigilia e 0
estado de alerta por maior periodo de tempo, otimizando a concentracdo e 0 raciocinio
(YONAMINE, 2004). Fica claro que os efeitos indesejaveis decorrentes do uso de
psicoestimulantes anfetaminicos sdo desconsiderados por estes grupos, incluindo a elevacdo da
temperatura corporal, da frequéncia cardiaca e respiratéria, a inibicdo do apetite e
consequentemente a reducéo do peso corporal e, em um periodo mais longo de tempo, sintomas
de ansiedade e insonia (MATSUMOTO et al., 2002).

llicitamente, algumas drogas anfetaminicas sdo utilizadas de maneira recreacional e
indiscriminada por pessoas de todas as idades, mas sendo o publico jovem o maior consumidor.
As anfetaminas ilicitas mais consumidas sdo a metilenodioximetanfetamina (MDMA), que
popularmente € conhecido como “ecstasy” ou “bala” e também a metanfetamina (LILE et al.,
2005; WESTOVER et al., 2008). No entanto, apds doses elevadas ou uso prolongado, 0s
psicoestimulantes podem produzir sintomas que incluem aumento psicomotor e potencial de
reforco positivo, e em alguns casos, delirios, alucinac@es, crises de panico, agressividade
intensa, sintomas muito semelhantes aos da esquizofrenia e que podem requerer tratamento
psiquiatrico (BELLOT et al., 1997; GRAEFF, 1989; ROTHMAN; BAUMANN, 2003).

2.3. PREFERENCIA CONDICIONADA DE LUGAR COMO MODELO EXPERIMENTAL
PARA ESTUDO DA ADICAO A PSICOESTIMULANTES

Um estimulo reforcador induz determinados comportamentos oriundos do individuo em
decorréncia de uma assimilacdo desse estimulo ao ambiente pelo qual ele o individuo se
encontra. Nesse sentido, o reforco pode ser positivo ou negativo, no primeiro caso, o estimulo
induz comportamentos que tendem a se repetir, enquanto que no segundo o estimulo induz
comportamentos aversivos (FERSTER et al., 1977). Dessa maneira, comportamentos
indesejaveis de um organismo podem ser modificados e substituidos por comportamentos
desejados em determinadas situacOes. Para isso, pode-se exemplificar um experimento
realizado por Skinner (1989), o qual um rato privado de adgua aprendia que se apertar uma
alavanca ele recebe agua, dessa maneira houve uma modificacdo comportamental do rato (o
aprendizado de apertar a alavanca) em decorréncia de um estimulo (receber agua), criando uma

relacdo entre o0 ambiente e 0 comportamento, chamado condicionamento operante.
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Drogas de abuso, como anfetaminas sdo capazes de induzir dependéncia, e
consequentemente efeitos reforcadores positivos, uma vez que o individuo usuério tende a
modificar comportamentos para conseguir usa-las novamente. Os efeitos de recompensa
induzidos por drogas de abuso tém sido avaliados através da PCL (SEGAT et al., 2014;
KAUER-SANT ANNA et al., 2007). Este paradigma € baseado na habilidade do animal em
encontrar pistas ambientas do aparato previamente associadas aos efeitos hedonicos provocados
pela droga (CRUZ; MARIN; PLANETA, 2008). A PCL envolve o pareamento repetido de um
compartimento com um estimulo especifico (droga), enquanto o compartimento oposto é
pareado com um estimulo neutro (veiculo da droga). O dia do teste ocorre apds o
condicionamento e na auséncia dos estimulos, é permitido ao animal acesso livre aos
compartimentos. Um maior tempo de permanéncia no compartimento pareado anteriormente
com a droga indica a preferéncia do animal pela droga, enquanto o menor tempo indica aversdo
(TZCHENTKE, 1998; 2007). O teste de PCL também pode verificar a recaida a droga apds um
periodo de extingcdo. Para tal, algumas variacdes de inducdo de recaida podem ser utilizadas,
entre elas, pode-se citar o método do re-condicionamento, por um curto periodo seguido de um
novo teste de PCL (SEGAT et al., 2014).

O protocolo de PCL empregado em roedores encontra validade frente a dependéncia em
humanos, demonstrado por relatos de toxicodependentes que apresentaram fortes associacoes
com ambientes nos quais faziam uso de drogas de abuso (NEISEWANDER, et al. 1990). Desse
modo, o protocolo de PCL tem sido amplamente utilizado para evidenciar a dependéncia e testar
possiveis terapéuticas no abuso de drogas (ANTONIAZZI et al., 2014; KUHN et al., 2015;
VEY etal., 2015).

2.4. FATORES QUE INFLUENCIAM A ADICAO E RECAIDA POR ANFETAMINA

Os comportamentos aditivos, de maneira geral, sdo influenciados por diversas fatores,
como o ambiente em que o individuo vive, fatores de estresse ao qual esta submetido, contexto
social, entre outros. Os tratamentos desenvolvidos e empregados no tratamento da
toxicodependéncia por psicoestimulantes, como a ANF, sdo pouco eficazes quando se trata de
individuos intensamente dependentes (RIBEIRO; MARQUES, 2002). Dessa maneira, a
compreensdo dos mecanismos aditivos e como eles s&o influenciados; a busca por ferramentas

que auxiliem no tratamento da drogadi¢do por anfetaminas torna-se imprescindivel.
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2.4.1. Influéncia da dieta rica em &cidos graxos trans sobre parametros aditivos por
anfetamina

Os AG sdo substancias presentes em uma ampla variedade de alimentos, 0s quais, na
forma de lipidios, possuem funcgdes estruturais, protetoras e de fornecimento e armazenamento
de energia (COSTA; SILVA, 2002). S&o compostos organicos formados por uma cadeia de
hidrocarbonetos ligada a um grupo carboxilico (-COOH). E dependendo da sua natureza
estrutural, os AG podem ser saturados ou insaturados. Os primeiros, apresentam apenas
ligacGes simples enquanto que nos outros ocorre a existéncia de duplas ligacbes. Além disso,
0os AG insaturados podem conter apenas uma insaturacdo, 0s monoinsaturados, ou varias
insaturacoes, os AGPI (KIM et al., 2010).

Os AG sdo componentes essenciais na estrutura das membranas celulares fosfolipidicas,
inclusive, ocorrem em abundancia no SNC. Muitos dos AG podem ser sintetizados pelo
organismo dos mamiferos. No entanto, alguns AGPI ndo conseguem ser sintetizados
endogenamente, entdo necessitam ser obtidos através da dieta. Entre os AGPI podemos citar 0s
AG da série dmega-3 (n-3) e 6mega-6 (n-6), cuja denominacao representa a posicao da primeira
insaturacao, no terceiro e sexto carbono a partir do n terminal, respectivamente (LEHNINGER;
NELSON; COX, 2002). Entre os alimentos que constituem as principais fontes de AG n-3
figuram a carne de peixes marinhos de aguas geladas e profundas (sardinha, salmao, cavala,
truta, arenque), 6leos e produtos derivados de pescados, nozes e 6leos vegetais (chia, canola e
linhaca) (LARSSON et al., 2004; SOCCOL et al., 2003; WAINWRIGHT, 1992). Os AGPI n-
6 sdo encontrados nos 6leos vegetais de soja, girassol, milho, cartamo, semente de uva, papoula,
gérmen de trigo e semente de algoddo (McCUSKER; GRANT-KELS, 2010; SANGIOVANNI;
CHEW, 2005).

Na dieta € necessario que exista um equilibrio entre o consumo de AG n-3 e n-6, para a
manutencdo adequada da homeostase das membranas celulares, porém nos habitos alimentares
ocidentais ocorre a prevaléncia do consumo de AGPI n-6 (DAS, 2006). Além disso, durante o
processo de cozimento e processamento dos alimentos, os AGPI n-3 séo perdidos ou oxidados,
0 que compromete o reduz o teor desses lipidios na dieta (DAS, 2006). Essa consequente
deficiéncia em AGPI n-3 na dieta ocidental e abundancia em AGPI n-6, resulta em uma razao
muito elevada n-6/n-3. Tal proporcdo desequilibrada pode estar associada com a moderna

prevaléncia de doencas cardiovasculares, cancer, diabetes e desordens e doencas
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neurodegenerativas e cutaneas, os quais afetam milhGes de pessoas em todo o mundo
(SIMOPOULOQS, 2003; VIOLA; VIOLA, 2009).

Além disso, atualmente os habitos alimentares na sociedade ocidental tém sido
direcionados para o consumo elevado de alimentos industrializados como bolos, biscoitos,
sorvetes, fast foods, que contém uma grande quantidade de AG saturados e AGT, resultando
em uma baixa proporgdo de AGPI (FERNANDEZ-SANJUAN, 2000). Segundo a Comissdo do
Codex Alimentarius (2004), os AGT sdo definidos como isémeros geométricos dos AG
monoinsaturados e poli-insaturados, contendo as ligacbes com atomos de Hidrogénio na
configuragdo trans (Figura 3). A formacdo de AGT pode ocorrer de maneira natural através da
hidrogenagdo de AG na microbiota ruminal, ou por hidrogenacéo artificial de 6leos e gorduras
de origem vegetal e animal (marinha), em presenca de catalisador quimicos (MOZAFFARIAN
et al., 2006). Neste sentido, produtos provenientes de ruminantes, tais como leite e carne podem
conter pequenas quantidade de AGT, razdo pela qual € muito dificil eliminar tais gorduras de
uma dieta equilibrada (JAKOBSEN et al., 2006; KHANAL; DHIMAN, 2004). Em segundo
lugar, os AGT produzidos artificialmente e utilizados na fabricacdo de alimentos
industrializados conferem uma consisténcia mais rigida a gordura e ponto de fusdo
intermediario, tornando-a desejavel na industria alimenticia, pois fornecem caracteristicas
favoréveis aos alimentos, como textura e sensa¢do na boca mais agradaveis, e melhor
estabilidade oxidativa dessas gorduras, aumentando a vida de prateleira do produto (KHANAL,;
DHIMAN, 2004; REMIG et al., 2010; STENDER et al., 2008).

Figura 3- Estrutura quimica de um acido graxo apresentando a configuracéo cis (A) e
de um acido graxo apresentando a configuracdo trans (B).

A
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FONTE: Adaptado de De Oliveira, 2016.
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A ingestdo de gorduras aumentou mais de 60% durante os dltimos 35 anos (WELLS;
BUZBY, 2008) e representa, atualmente, entre 1,7 a 8% do total de ingestdo mundial de lipidios
(OSSO et al., 2008). A ingestdo de AGT tem sido associada a um risco aumentando de doencas
cardiovasculares (SUN et al., 2007), diabetes tipo 2 (SUN et al., 2007), disfuncdo cognitiva
(FILLIT etal., 2008) e doencas inflamatdrias (MOZAFFARIAN et al., 2006). Os AGT da dieta
sdo absorvidos e transportados até as células, onde sdo utilizados como fonte de energia ou
depositados nos tecidos para utilizacdo futura (CURI, 2002). Nos tecidos humanos, a absorcéo,
0 transporte, a incorporacao e a excrecao dos AGT ocorrem de forma similar a outros AG da
dieta, competindo inclusive pelos mesmos sistemas enzimaticos envolvidos na sintese de AGPI
(MAHFOUZ; KUMMEROW, 1999). Aparentemente, as concentracdes de AGT incorporados
aos tecidos refletem seu consumo (EMKEN, 1979). Desse modo, os AGT sdo capazes de
modular a funcéo celular alterando a fluidez da membrana (tornando-a mais rigida), as respostas
aos receptores e as propriedades bioquimicas das células (ROACH et al., 2004; SALEM et al.,
1999). Neste sentido, os AG, por constituirem cerca de 60% da matéria seca do encéfalo,
desempenham um papel fundamental e dindmico no desenvolvimento e manutencdo desse
tecido, participando na transducéo de sinais, transcricdo de genes além de estarem envolvidos
na manutencdo do fluxo sanguineo cerebral, inclusive modulam respostas a a¢do das drogas
(PETTERSEN; OPSTVEDT, 1992).

Desse modo, apesar da sua utilidade tecnoldgica, os efeitos do consumo desses AG nos
alimentos tém apresentado grande controvérsia, no que diz respeito ao efeito dos AGT na
fisiologia e metabolismo humano. Estudos anteriores ja provam a influéncia nociva dos AGT
em relacdo a pardmetros neuropsicoldgicos e essa influéncia normalmente é mais elevada
quando a ingestdo desses lipidios inicia-se na fase de gestacdo, seguida pela adolescéncia sendo
também sustentada quando se inicia na idade adulta, revelando uma preocupacdo voltada a
qualidade da alimentacdo desde a gestacdo até as fases mais maduras da vida (PASE et al.,
2017; 2015; KUHN, et al., 2015; TREVIZOL et al., 2015).

2.4.2. Exercicio fisico regular como terapia adjuvante no tratamento de adi¢éo por
anfetamina

A eficacia da atividade fisica regular na prevencdo de doencas crénicas é bem descrita.
Diversos estudos relatam os beneficios do exercicio fisico a longo prazo na prevencao e
tratamento de doencas cardiovasculares, diabetes melito, hipertensdo, cancer, obesidade, artrite
entre outros (MORA et al., 2007; OMS, 1994; BARBANTI, 1990). Especialmente em jovens,
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a prética de exercicios fisicos regulares gera resultados positivos como adoc¢do de uma dieta
saudavel, desestimula o uso de tabaco, alcool e outras drogas, além reduzir a violéncia e
promover integracao social (OMS, 1994).

Segundo Campersen et al. (1985), a atividade fisica é definida como qualquer
movimento corporal realizado pela musculatura esquelética, que leve a um gasto energeético
acimado repouso. Além disso, é reconhecida como um importante componente de um estilo de
vida saudavel, sendo recomendada por medicos e especialistas (DONALDSON, 2000). A
pratica de exercicio fisico regular, em casos de ex-usuarios e usuarios de drogas, pode criar uma
rede de cooperagédo proporcionando 0 encontro para praticar esportes e manter a unido entre os
pares (MIALICK, 2008). Este tipo de atividade favorece o melhoramento das habilidades
psicoldgicas, fisicas e sociais e tem sido considerado um método alternativo relacionado com a
reducdo do consumo de drogas (COSGROVE et al., 2002

A atividade fisica regular tem a capacidade de aumentar a auto-estima (MORGAN,
1982; WAADE, 2004), bem-estar (NORRIS; CARROLL; COCHRANE, 1990; 1992;
MULLER et al., 2006) e diminuir incidéncia de depressdo (VEALE et al., 1992; DUNN et al.,
2005) e ansiedade (ANTUNES et al., 2005; MANGER; MOTTA, 2005). Além disso, 0
exercicio fisico exerce efeitos neuroprotetores, principalmente pela reducdo de lesGes cerebrais
e por retardar o aparecimento de diversas doengas neurodegenerativas como Alzheimer e
esquizofrenia (HOWELLS et al., 2005; KIRALY; KIRALY, 2005; SUTOO; AKIYAMA,
2003; COTMANAND; BERCHTOLD, 2007). Outros fatores importantes modificados pelo
exercicio fisico sdo a memoria e o aprendizado, devido ao fato de que eles sdo influenciados
pela neurogénese e também pela proliferacdo de células endoteliais e gliais em regides cerebrais
especificas criticas para o desenvolvimento de memdrias e consolidacdo do aprendizado, como
0 hipocampo e cértex pré-frontal (ECKERT; ABRAHAM, 2013; GELFO et al., 2009).

Estudos pré-clinicos em roedores demonstram que a atividade fisica, seja voluntaria
através de corrida em roda, ou forcada através da natacdo ou esteira ergometrica, reduzem auto-
administracdo de drogas de abuso como cocaina (SMITH; LYNCH., 2011), metanfetamina
(ENGELMANN et al., 2013), morfina (HOSSEINI et al., 2009) e heroina (SMITH; PITTS,
2012). Além disso, ja foi relatado que o exercicio fisico reduz a dependéncia por cigarros de
tabaco, bem como recaida apds um periodo de extingdo (SANCHEZ et al., 2013). Também,
independentemente de ser executado concomitantemente ou ndo concomitantemente com o
acesso a droga de abuso, o exercicio fisico mostra efeitos protetores em diferentes estagios do
ciclo da adicédo (BARDO; COMPTON, 2015).
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A nivel molecular, o exercicio fisico parece estimular o estado redox do cérebro e
aumentar a atividade de enzimas antioxidantes, atenuando a formacéo de espécies reativas e
melhorando, assim, as funcgdes fisiologicas (RADAK et al., 2001; RADAK; CHUNG; GOTO,
2005), mesmo se realizado de forma intensa (OGONOVSKY et al., 2005). Além disso,
evidéncias mostram que o exercicio fisico espontdneo pode aumentar os niveis de Fator
Neurotréfico Derivado do Cérebro (BDNF, do inglés, Brain Derived Neutrophic Factor), uma
neurotrofina responsavel pela diferenciacdo, crescimento e sobrevivéncia de neurbnios
dopaminérgicos, colinérgicos e noradrenérgicos durante a vida adulta (MATTSON, 2004,
SCHUMAN, 1999; NEEPER, 1996) e sinapsina I, cujo papel é auxiliar a liberacdo de vesiculas
sinapticas (VAYNMAN, 2004; HICKS, et al., 1998; GRIESBACH et al., 2007).

Nesse sentido, o exercicio fisico promove uma modulacéo da plasticidade e melhora a
funcionalidade cerebral normal e comprometida (COTMAN; BERCHTOLD, 2002; SUTQOO;
AKIYAMA, 2003). Ademais, em um estudo prévio realizado com ratos em nosso laborat6rio
mostrou que o exercicio fisico aerdbico regular e sistematico é capaz de modular o sistema de
recaptacdo pré-sinaptico de DA em situacbes de desequilibrio causado por drogas e/ou
patologias (TEIXEIRA et al., 2011). Desse modo, o exercicio fisico regular € uma ferramenta
que vem mostrando inimeros beneficios frente ao uso abusivo de drogas (COSGROVE et al.,
2002). Outro estudo do nosso grupo (SEGAT et al., 2014) mostrou os beneficios da pratica de
exercicio regular e moderado frente a sinais de dependéncia por ANF. No entanto, até o
momento ainda é desconhecido como a intensidade do exercicio fisico pode influenciar nos

comportamentos aditivos por psicoestimulantes, como a ANF.

2.4.3. Atividade farmacol6gica dos compostos organicos de selénio no tratamento de
adicdo por anfetamina

O Selénio (Se) é um elemento quimico, importante na nutricdo de mamiferos, pois ele
atua no funcionamento de diversas enzimas, entre elas a glutationa peroxidase, uma enzima do
sistema de defesa antioxidante que desempenha um papel fundamental na protecédo do
organismo contra os danos oxidativos (RAYMAN et al., 2000). Na natureza o Se é encontrado
em duas formas, a organica (selenocisteina, selenocistina e selenometionina) e inorganica
(selenito e selenato), sendo a primeira forma mais biodispénivel e menos toxica (NARAJJI et
al., 2007).

A deficiéncia desse mineral esta relacionada a problemas musculares, alteracoes

digestivas, doencas do sistema cardiovascular, alem de pré-disposicao ao desenvolvimento de
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neoplasias e diabetes (NAVARRO-ALARCON et al., 2000; ORTUNO et al., 1997;
JASKIEWICS et al., 1998). Também, reduzidos niveis de Se no SNC estdo relacionados com
0 aparecimento de doencas neurodegenerativas como a doenca de Alzheimer e comportamentos
depressivos (SCHWEIZER et al., 2004; PASCO et al., 2012). Neste sentido, pesquisadores tém
investido esforcos para estudar as propriedades farmacoldgicas de compostos organicos
contendo atomos de Se (PARNHAM et al., 1991).

Alguns estudos ja demonstraram que moléculas organicas de Se apresentam atividades
farmacologicas (NOGUEIRA; ROCHA, 2011), como ¢é o caso do disseleneto de difenila
[(PhSe).], que mostrou acdo antioxidante (LUCHESE et al., 2007), antinociceptiva
(SAVEGNAGO et al., 2007), antidepressiva (GHISLENI et al., 2008) e anti-inflamatoria
(LUCHESE et al., 2012). Essa molécula, devido a sua alta lipoficilicidade, tem a capacidade de
transpor a barreira hematoencefalica e exercer seus efeitos no SNC (PRIGOL et al., 2010). No
entanto, alguns estudos apontaram que o (PhSe)> mostrou-atividade toxica no SNC e também
evidéncias de teratogenicidade em roedores, quando administrado pela via intraperitoneal
(NOGUEIRA et al., 2004; WEIS et al., 2006; ROSA et al., 2007). Dessa maneira, modificacdes
estruturais na molécula de (PhSe)2, como a adi¢do de um grupo CFs a cada fenila, resultam no
m-trifluorometil-difenildisseleneto (m-CFz-PhSe),, um composto que apresentou menor
toxicidade que o (PhSe),, uma vez que ndo apresentou atividade convulsivante em doses
equivalentes (NOGUEIRA et al., 2003) (Figura 4).

Figura 4: Estrutura quimica do m-trifluorometil-difenildisseleneto [(m-CFs-PhSe)].

CF;

FONTE: Bruning et al., 2011.

Contrariamente, a molécula de (m-CF3-PhSe), mostrou atividade anticonvulsivante em
modelo de inducéo de crises convulsivas com pentilenotetrazol (PRIGOL et al., 2009b). Além

disso, estudos demonstraram que ela exerce efeitos antioxidantes, antinociceptivos (BRUNING
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et al., 2014) e antipsicoticos (PRIGOL et al., 2009). E também foi observado acdo ansiolitica e
antidepressiva do (m-CF3-PhSe). por atuar no sistema serotoninérgico cerebral, uma vez que
esse composto é capaz de inibir a recaptacdo de 5-HT, em sinaptossomas de cérebro de ratos e
também de inibir a enzima MAO, responsavel pela degradacdo da 5-HT (BRUNING et al.,
2009; 2011; 2015). Neste cenario, o (m-CF3-PhSe). pode ser um forte aliado no que diz respeito
ao tratamento de adicdo por ANF, uma vez que este composto ja apresenta resultados
relacionados a atividade antioxidante, ansiolitica, antidepressiva e antipsicotica, sintomas estes

muito relacionados a dependéncia e crises de abstinéncia por psicoestimulantes.

2.4.4. Utilizacéo do principio do similia similibus curantur no tratamento da adi¢cao por
anfetamina

A ciéncia homeopatica é um sistema de cura distinto dos principios alopaticos, sendo
essa segunda corrente considerada, no ocidente, a tradicional estratégia terapéutica para o
tratamento de enfermidades (LUZ, 1996). De maneira geral, a homeopatia, € uma ciéncia que
visa promover a cura, levando em consideracdo, como protagonista, o enfermo, e néo a sua
doenca (TEIXEIRA; LIN; MARTINS, 2004). Esse modelo de tratamento baseia-se no conceito
de que determinadas substancias induzem, quando tomadas por pacientes sadios, 0S mesmos
sintomas que tem a capacidade de curar em um enfermo, administrando-se doses infinitesimais
(ultradiluidas) dessas substancias (TEIXEIRA; LIN; MARTINS, 2004). Esta terapia baseia-se
na utilizacdo de preparacdes medicamentosas altamente diluidas que, mesmo além do nimero
de Avogadro, podem ter efeitos bioldgicos, promovendo a cura por meio de uma estimulacéo
do organismo levando-o a homeostasia (BASTIDE, 2006; FONTES, 2012; HATADA, 2004).
Assim, pode-se dizer que a homeopatia trata a origem da doenca e ndo sé seus sintomas,
combatendo por meio da semelhanca dos sintomas do doente (HATADA, 2004, GRIFFITH,
2009).

Esta ciéncia foi desenvolvida e difundida inicialmente pelo médico alemdo Samuel
Hahnemann, no século XVIII, apds estudos e reflexdes baseados na observacédo clinica e em
experimentos realizados na época. Hahnemann, ao traduzir a Matéria Médica, do médico
escocés Willian Cullen, ficou indignado que o autor atribuiu a eficiéncia terapéutica da droga
quina ao seu efeito tdnico sobre o estdbmago do paciente acometido por malaria. Nao
concordando com essa teoria, por si s6, experimentou diariamente certa quantidade da quina e

para sua surpresa, passou a apresentar uma série de sintomas tipicos de malaria: esfriamento da
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ponta dos dedos dos pés e das maos, fraqueza e sonoléncia, taquicardia, pulsagdo rapida,
ansiedade e temor intoleraveis, pulsagao na cabega, rubor nas faces entre outros sinais
relacionados a malaria. Ao suspender o uso da droga, sua saade voltou a normalidade. O
resultado desse experimento chamou a atengao de Hahnemann para o adagio hipocratico similia
similibus curantur, ou seja, uma droga reconhecidamente eficiente no tratamento da malaria
era capaz de produzir sintomas semelhantes aos da doenca em um individuo sadio. De 1790 a
1796, Hahnemann experimentou numerosas substancias, sempre em pessoas sadias, além de
realizar extensa pesquisa na literatura médica sobre sinais e sintomas provocados por drogas
toxicas, tornando-se mundialmente conhecido como “pai da homeopatia” (FONTES, 2012, cap
1).

Diante de varios estudos com diversos insumos, Hahnemann, postulou quatro principios
basicos da homeopatia: 1) a lei dos semelhantes: a qual prediz que qualquer substancia capaz
de provocar determinados sintomas em seres sadios, é capaz de curar uma enfermidade que
apresente esses mesmos sintomas; Il) a experimentagao no homem sadio: é o procedimento de
testar substancias em individuos sadios para elucidar os sintomas que irao refletir sua acao.
Assim, a prescricao homeopatica deve basear-se na comparagao entre 0s sintomas apresentados
pelo paciente enfermo e os sintomas que a droga a ser prescrita, sob a forma de medicamento,
produziu em individuos sadios; Ill) as doses minimas: consiste em sucessivas diluices
seriadas, em progressao geométrica, em diversas escalas (1:10; 1:100; 1:50.000, por exemplo),
alternando cada diluicdo com movimentos de agitacdo vigorosos, denominando esse processo
de dinamizacdo. As sucessivas diluicdes seguidas de dinamizacdes elevam a poténcia
terapéutica do insumo. Assim, quanto maior a poténcia ou dinamizagao do medicamento, menor
a probabilidade de encontrarmos moléculas da droga original na solugao; e 1) remédio tnico:
esse constitui um dos fundamentos mais importantes da homeopatia do ponto de vista médico-
cientifico e o mais dificil de ser realizado na pratica, pois exige do clinico conhecimentos
bastante profundos da matéria médica homeopatica. O remédio Unico consiste na metodologia
de adotar um Unico insumo, que seja capaz de atuar em todos ou quase todos 0s sintomas e
sinais apresentados pelo paciente enfermo. Esse principio, torna o tratamento homeopaético, de
certa maneira, individual, ou seja, cada caso deve ser minunciosamente investigado para que
seja efetuada a prescricdo de determinado insumo (TEIXEIRA, 2006; 2011).

Os medicamentos homeopaticos visam a prevengdo ou cura por meio da ativagao de um
complexo reativo natural do proprio organismo. Esses medicamentos podem ser oriundos de
matéria vegetal, animal ou mineral. E para sua preparacdo, este devera ser diluido e dinamizado

mediante uma farmacotécnica especial, utilizando veiculos e excipientes especiais e
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apropriados (FARMACOPEIA HOMEOPATICA BRASILEIRA, 2011). Uma classe de
insumos homeopaticos sdo os isoterdpicos, que podem ser classificados em auto ou hetero-
isoterapicos. Os auto-isoterapicos sdo medicamentos manipulados a partir de compostos
organicos do paciente (leite, sangue, saliva, pus), ja 0s hetero-isoterapicos representam o0s
isoterdpicos cujos insumos sao obtidos externamente ao paciente, que podem ser alérgenos,
alimentos, cosméticos, medicamentos, toxinas, poeira, polen ou solventes, que de alguma forma
desencadeiam uma sensibilizacdo ao paciente, segundo a Farmacopeia Homeopatica Brasileira
(2011).

Neste sentido, no tratamento da drogadicdo ja € utilizado, o principio da cura pelo
semelhante em diversos segmentos da clinica médica. Esse procedimento, denominado terapia
agonista consiste na administracdo de uma substancia capaz de induzir efeitos semelhantes aos
causados pela droga (RUSH et al., 2010). Ja é descrito a utilizacdo da opioides como metadona
ou buprenorfina no tratamento da adicdo por heroina, também o metilfenidato, um
psicoestimulantes tém sido amplamente prescrito como ferramenta terapéutica para o transtorno
de déficit de atencdo e hiperatividade (DUNBAR et al., 2016; KAKKO et al., 2003; FOLTIN
et al., 2016). Além disso, um estudo conduzido por Negus e Mello (2003), mostrou que o
tratamento com ANF reduziu parametros de adicdo induzidos por cocaina, reforcando a
importancia da terapia dos semelhantes.

Baseando-se no fato de que a ciéncia homeopatica €, desde 1979, reconhecida como
especialidade pela Associacdo Meédica Brasileira, e que sua utilizacdo vem sendo
gradativamente incluida nos servi¢os publicos de salde (SANTANNA; HENNINGTON;
JUNGES, 2008), propde-se o uso de isoterapico de ANF como uma tentativa de minimizar
sinais relacionados a dependéncia a esse psicoestimulante. Uma vez que a administracdo de
ANF ultradiluida, aléem do quociente de Avogadro, ou seja, sem a presenca de moléculas
biologicamente ativas da droga, pode ter potencial terapéutico no tratamento da drogadicao por
ANF. E importante ressaltar que essa estratégia farmacolégica utiliza o principio da terapia
agonista, mas sem provocar efeitos colaterais ja conhecidos pela administracdo de diversas

drogas em doses convencionais.
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3. PRODUCAO CIENTIFICA

Os resultados que fazem parte desta tese estdo apresentados sob a forma de artigos e um
manuscrito cientifico, 0s quais encontram-se aqui organizados. Os itens Materiais e Métodos,
Resultados, Discussdo dos Resultados e Referéncias encontram-se nos proprios artigos e
manuscrito. Os artigos e 0 manuscrito encontram-se dispostos na integra de maneira a

proporcionar um melhor entendimento do estudo como um todo.
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1. Introduction severe cases), malputrition and (nsomnia, as well as more serious
complications ke hypertension, neural damage, death from cardiac

Amphetamine (AMPH) and its dertvatives can promote and enhance arvhythmia, and hemorrhagic stroke (Phillips o1 al, 2008), Also,
alertness, motivation, willingoess, courage and wellbelng (Volkow withdrawal after chronic drug use has been related to the development
etal, 2009). Some AMPH-Tike drugs such as methylphenidate and si- of anxiety and depressive-like behaviors (Sogat ot al, 2014, Kubn et sl

butramine are widely used by medical clinic mainly to treat attention 2013), AMPH and its dertvatives such as methamphetamine and me-
deficit hyperactivity disorder (ADHD) snd marbid obesity, respectively thyllene-dioxy-methamphetamine (MDMA, or “ecstasy”), are the mast
(Berman et al., 2009, Clegg-Kmynok et al,, 2011). However, chronic use commonly abused licit psychostimulants (Westover er al, 2008),
o‘ AMPH and its dedvmm has been related to negative consequences, whose addiction s related to high relapse rates (Aharoanvich ot al,
g P y loss (likely due to neural toxicity in more 2006) even after prolonged abstinence periods (Shabam ot al, 2003,
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Considering the soctal context, the Western soclety has directed
their eating habits for the consumption of processed foods, which sull
contain hydrogenated vegetable fat (HVF) even after some countries
have restricted its use. This fat accounts for about 60% of truns fatty
acids (TFA) of total fatty Acids (FA) (Stender e al, 2006). Fatty acids
are considered very important constituents in cellular membranes,
playing a structural role and as a source of metabolic energy. In cu-
karyotes, FA occur in membranes in cis configuration (Fox o1 al, 2004),
whereas TFA occur by a double bond in trans configuration In some
microorganisms in rumen (Cronan ond Thomas, 2009). TFA are artifi-
cially generated from hydrogenation of vegetable oils, and are used in
margarines, deepfried fast food bakery products, und crackers
{(Mozaffarian et al. 2006), These FA are used to improve durability,
palatability and texture in industrialized products (Tarrago-Tran
Phillips et al., 2006),

Many nutritional studies indicate that high consumption of rans fats
may cause several adverse effects on human health including increased
plasmatic markers of inflammation, and decreased antioxidant defenses
against oxidative stress (0S) (Cassagno ef al, 2005). It is well docu-
mented that dietary TFA can be quickly incorporated into membrane
phospholipids and it can alter cell membrane asymmetry and fuidity,
altering the blochemical properties as well the functionality of their
proteins (Mosgodo ot al, 1998; Larqud ot ol 2001), As demonstrated
by previous studies of our research group, which have shown that
chroale consumption of HVF ks related o promoting ultraviolet-induced
early skin aging, movement disorders, and development of mania-like
sympetoms (Barcelos ef al., 2013; Tetseira et al, 2002 Trevizol et al.
20173). Besides, it was associated to increased preference and self-ad-
ministration of AMPH (Kabn et al, 2013, 2015).

It is difficult to verify the consumed amount of TFA in different
countries due to variation of lifestyle, food culture, and economic de-
velopment of each country, However, western countries have revealed
high TFA consumption (Chinss e al., 2003; Ening o1 al, 1983; Lake
et al, 1998; Largué et al, 2001), despite the restrictive measures
adopted in some countries. In fact, since 2003, countries such as Den.
mark, Austria, Switzerland, Iceland, Norway, Hungary and Sweden (yet
to be implemented), have limited the content of industrialized TFA or
included recommendations for voluntary reduction by the industry,
accompanied by nutritlonal recommendations and awareness programs
on the adverse effects of TFA (Uuuy et ul.. 2009; Downs et al , 2013). In
this sense, the World Health Ovganization (WHO) recommends limiting
trans fat intake to bess than 1% of the total energy intake (Unuy ef ol
2009).

Considering a healthy lifestyle, regular physical activity is beneficial
over mental and physical aspects, It is known that physical exercise
modulates some newrotransenitters such as nocepinephrine, which is
assoctated with alermess; dopamine, reluted to reward-motivated be-
havior; and serotonin, thought to contribute to feelings of well-being
and happiness (Lin and Kuo, 2013). In this sense, it is well known that
regular physical activity is able to improve mood, cognition, and de.
crease depressive symptoms, movement disorders, and it seems that
memory is improved by acrobic and resistance exercises through dif-
ferent molecular mechanisms (Dveslandes, 2014 Rebar et al, 2015
Hernandez of ul, 2014, Oguh et al, 2014; Teixeira ef al, 2012). In this
sense, regular physical exerclee may contribute to reduce mental and
physical deteriorations related to both AMPH use {Segat et al, 2014,
Thanos et al. 2010) and TPA consumption (Teixeira et al, 2011ab),
since even after Jong periods of AMPH.absti xiogenic and de-
pressive behaviors are commonly observed. In this context, psychosti-
mulant drugs are strongly related to high relapse rates upon re-exposure
to drug (Thanos e< al, 2013, Segat et al, 2014).

Individuals addicted to AMPH present higher relapse rates, even
after long periods of withdrawal. In addition, relapse is wsually ac-
companied by neuropsychiatric impairments involving emotional in-
stability, depression, impulsivity, aggressi and deficit
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(Wajewskn, 1996), According to Magrinelli and Oliveira (2006), the
high rate of relapse of drug-dependent individuals occurs regardless of
the modality and number of treatments they undergo throughout their
lives. As a result, treatment models need different types of interven-
tions, including different strategies to approach the problem, con-
sidering biological, psychological and social elements (Kaplan and
Oudeyer, 2007). Considering this, the current study was performed to
assess the influence of chronic forced treadmill running on behavioral
(withdrawal and re-conditioning) and biochemical analysis after AMPH
expasure in rats chronically supplemented with HFV, which is nich in
TFA

2. Material and methods
21. Animals

Male Wistar rats weighing 350 = 10 g were used. Groups of three
{ = 1) animals were kept in Plexiglas cages with free access ta food and
water in a room with controbled temperature (22-23°C), on a 12h
light/dark cycle with lights on at 7:00 am, The experimental protocol
was approved by the Animal Ethics Committee (Universidade Federal
de Santa Marla - UFSM 079/2013), which is affiliated to the National
Council for the Control of Animal Experimentations (CONCEA), fol-
lowing international norms of animal care and maintenance. All efforts
were made to minimize animal suffering and to reduce the number of
animals used in the experiments,

22 Composition of the seandard chow and oil/fats used as dietary
supplement (Tuble 1)

The lipid profile of the standard chow (Puro Trato”, Santo Augusto,
Brazil) used to feed animals consisted of saturated fatty acids (SFA)
(24,45%), monounsaturated fatty acids (MUFA) (34.34%), n-3 (2,88%)
and n-6 (37.33%) polyunsaturated fatty acids (PUFA). Soybean oll (SO)
was used a8 source of n-6 PUFA, whereas hydrogenated vegetable fat
(HVF) was used as a source of TPA, used in FA supplementations. SO is
composed of 06 PUFA as the major FA, and both n6/n-3 ratio (11.14)
and TPA content ((.15%) was lower than HVF, which presents about
200% of TFA and 21.42 n-6/n-3 ratio. The supplementations presented
an (socaloric profile, since each gram of oll/fats pravides about 9Cal,
according to Khulll et al (1992) .

23. Chemicals
0-AMPH (Merck, Germany) (4 mg/mL kg '), dissolved in NaCl

0.9% (AMPH-vehicle) was used (Kuhin et al, 2013, Segot et al, 2014,
Antanlezzl et ul, 2014),

24 Experimental protocol

Animals, Initially aging 4 months old, received SO or HVF (3 g/kg)
once i day, 5 tmes & week by gavage (a bulb tipped gastric gavage

Tuble 1
Falty sedde composition (% of toeal identified FA) of the dhiw, S0 und TFA supplersented
T different expertmenial prougs.

Fanty acids Chow S0 nvr

LSFA 2445 17.11 24.90
L MUFA 3434 26.04 s
In-3 PUFA 285 450 Q48

In-6 PUFA ”s 49,92 028
T TFA 05 0as 1945
n-6/n3 PUFA matio 1196 14 U

SFA - Sauraced Fatty Ackds MUFA - Monowosatwrmied Fatty Acds, PUFA ~
Polyuraturated Fatty Acids, TPA - Trans Faity Acids
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needle cannula was attached to & syringe and used 10 deliver the
compound into the esophagus) (Kulun ef al, 2013, Trevizol et ol 20135
Barceloy et ul. 2017) for 6 weeks. This supplementation was maln-
tained throughout the experimental protacol. SO was used as control
group, once it contains adequate PUFA levels and is widely consumed
around the world (Simopoalos, 2002 Yehuda et ol 2002), whereas
HVF was used as source of TFA. SO and HVF are isvealoric supple-
mentations used to prevent metabolic and experimental imbalances
among animals (McDonald et al, 2011), which could interfere with the
antioxidant defense system (Diniz et al, 2004). After 6 weeks, half of
each experimental group (S0 or HVF, n = 28) was conditioned with
AMPH or Vehicle (NaCl 0.9%) in the CPP paradigm for 14 days, re
sulting in 4 experi | groups (SO-Vehicle; SO-AMPH; HVF Vehicle;
HVF-AMPH, n = 14 each). Twenty-four hours after the last con-
ditioning session, all animals were submitted to the first CPP test, to
assess AMPH preference. Subsequently, these four groups were again
divided into sedentary (SED) and exercised (EX) groups, resulting in 8
final groups (n = 7): 1) SO-Vehicle-SED; 2) SO-AMPH-SED; 3) HVF-
Vehicle-SELy; 4) HVF-AMPH-SED; 5) SO-Vehicle-EX; 6) SO-AMPH-EX;
7) HVF-Vehicle-EX; 8) HVF-AMPH-EX, The cxercised animals were
submitted to a chronic daily treadmill physical activity regimen for 4
weeks, as described below, After a chronic exercise period, animals
were submitted 1o three more re-conditioning days with AMPH or ve-
hicle. Twenty-four hours after the last re-condhitioning, behavioral tests
in the second CP'P test, open field task (OF), and elevated plus maze test
(EPM) were performed, to assess AMPH reward, locomotor status and
anxiety-like symptoms, respectively, All behavioral tests were blinded,
and observers could not identify experimental groups. Twenty-four
hours after behavioral assessments, animals were anesthetized with
sodlum thiopental (50 mg/kg, Intraperitonally) and euthanized by
exsanguination. Bralns were Immediately removed and cut coronally at
the caudal border of the olfactory tubercle, for FA incorporation ani-
lysis. The ventral tegmental area (VIA) was dissected from - 6.84 10
~6.96 mm posterior to bregma, 0.0 mm to 1.0 mm from midline and
ventral ~B8.5 to 9.0 mm below dura; the striatum was dissected from
2.76 1o —3.96 mm posterior (o bregma, 1.6 mm to 4.8 mm from mid-
line and ventral ~3.2 to 8.0 mm below dura; and for the prefrontal
cortex (PFC) were considered all cortex layers from 276 to -3.96
posterior to bregma (Paxines and Walson, 2007). FA Incorporation
analysis were performed in these brain areas (Fig 1)

2.5 Behavioral assessments

2.5.1. Conditioned place preference paradigm

In this model, an “unconditioned stimulus”, which can be acquired
in the repeated sections as “conditioned stimuli”, shows similarity to
the Pavlovian classic conditioning (Tzschentke, 1998). It is natural that

h and ather animal species show prefi for some places aver
others, and it can be due to sensory characteristics of particular places,
or it may be acquired as a q af events d with those

places (Hustom et al. 2012). Therefore, the CPP method has become
considerably important and is now routinely used in neurosciences,
genetics, and pharmacology to explore the reinforcing effects of natural
and pharmacological stimuli (Teschearke, 1098). Conditioned place
prefecence (CPP) Is an animal model used to assess the hedonic re-
inforcing effects of drugs. It uses a three-compartment box separated by
manual guillotine doors: two compartments of equal size
(45 x 45 » 50 cm) with equivalent intensity of light but different vi-
sual cloes: one with white floor and striped walls, and other with
striped floor and smooth white walls. These two compartments con-
verge to i third smaller and neutral compartment. The apparatus was
cleaned with alcobol 20% using a wet sponge and paper towels before
the introduction of each animal. On day 1, rats were kept for 15 min In
each compartment for habitwation, except the neutral one: on day 2,
rats performed the pre-test, which consists of letting the animal freely
choose one of the compartments for 15 min, being discarded rats that
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show strong unconditioned aversion (less than 25% of the session time)
or preference (more than 75% of the session time) for any compartment
[Vargues ef ul, 2006). On the following 14 days, animals were comdi-
tioped with AMPH for 25min in the compartment they spent the
shortest time in the pre-test, and with vehicle in the paired compart-
ment, with an interval of 4 h between each administration. After this
conditioning stage, on testing day, rats were placed in the common
compartment with free access to both compartments, Exploration was
considered the total time spent in both compartments except the neutral
one. Time spent in the drug-paired compartment was interpreted as
preference, whereas time spent away from that environment was in-
terpreted as aversion (Segot ef al, 2004; Kahn et ol, 2013; Antoninzxi
et al, 2014). After 4 weeks of physical activity (described below), an-
imals were submitted to three more days of AMPH re-conditioning in
the CPP apparatus, which was followed by an additional test of drug
preference as described above. Withdrawal symptoms were quantified
by the highest time spent in the drug-paired enviconment in this second
drug exposure (adapted from Cruz e al., 2008: Seyat e al, 2014).

252 Chronic daily treadmill physical activity regimen

A custom-made matorized treadmill was used to conduct forced
exercise on the rats, The treadmill was divided into six Plexiglas run-
ning lanes and running was forced by a piece of metal sheet that acted
as a barmier o keep rats enclosed on the treadmill, The treadmill min-
ning regimen began with 10 min/day at a steady rate oo & motor-driven
treadmill with no Incline, This speed is within the range previously
described by Thanos et al (2010), The rate was hedd constant, and the
exercise duration was extended by 10 min/day until it reached 60 min/
day. At this point, rats were given a ten-minute break after the first half
bour of exercise (Segir et al, 2014; Telxeirn et al, 2011a.b), The ex-
crcise-treated rats were maintained on this daily exercise regimen,
5 days per week, for the following 5 weeks, which started 24 h after the
first CPP testing. Sedentary rats remained in their home cages.

2.5.3. Elevated plus mase

To assess anxiety-like symptoms, animals were observed in the
elevated plus maze (EPM), which Is based on the innate fear rodents
bave for open and elevated spaces, and the trade-off between motiva-
tion to explore a novel envir and fear (Montgomery, 1995). The
upparatus cangists of a platform elevated 50 am from the floor. Forty-
centimeter (40 em)  high  walls  enclose two  opposite  arms
(50 em x 10 cm) whereas the other two arms have no walls. All arms
have a central intersection (10 em x 10 em). At the beginning of the
test, the rat was placed in a central intersection facing an open arm.
Time spent in the open arms, frequency of head dipping in the open
arms, hed attend p in closed arms (defined by an ex-
ploratory posture in which the mouse stretches forward and retracts to
the original pasiti ithout | ing forward), and entries number
in both clased and open arms (number of total entries) were quantified
for 5 min in the EPM.

2.5.4. Open-field test

Animals were placed individually in the center of an open-field (OF)
arena (40 cm x 40 cm x 30 cm) with black plywood walls and a white
floor divided into nine equal virtual squares, as previously described by
Kerr et al (2005), The number of crossings (horizontal squares crossed)
and rearings (vertical movements) were quantified for 5 min and used
as measures of spontancous Jocomotar activity and explarstory beha-
vior, respectively.

2.6 Brain far acids analysis

Fat was extracted from the VTA, wriamm ond PFC samples using
chloroform and methanol as deseribed by Bligh and Dyer (1959) and
used for FA profile determination. To prevent lipid oxidation during
and after extraction, 0.02% butyl hydroxyl-toluene was added to the
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chloroform. Fatty acid composition was determined by gas chromato- = 7.23, p < 0.05] was observed. The behavioral ossessment per-
graphy. Fat was saponified in a methanolic KOH solution and then es- formed before physical activity showed that AMPH-exposed rats from
terified In a methanolic H,50, solutlon (Hariman wnd Lago, 1973), bath SO and HVF supplementations remained longer time in the drug-
Methylated FA were analyzed with a gas chromatograph (Agilent conditioned place compared 1o vehicle, which showed no place pre-
Technologies - HP 689 N) equipped with a capillary column DB-23 ference (Fig 2a). AMPH re-conditioning increased AMPH-CPP oaly in
(60m x 0.25mm x 0.25um) and a flame ionization & . The d y SO groups, while physical activity prevented it, Also, there
temperature of the injector port was set at 280 °C and nitrogen was the was no re-conditioning-induced CPP in any groups fed with HVF-rich
carrier gas used (0,9 ml/min). After injection (1L, split ratio 50:1), the diet (g 2b),

oven temperature was held at 160 °C for | min, then increased to 240 °C

at 4 'C/min and held at this temperature for 9 min. Standard FA methyl 1.2. Locomation and exploration parameters assessed in

esters were performed under the same conditions and the subseguent ilkzmdmlnml HSIC.

retention times were used to identify the FA. Fatty acids were expressed Three-way ANOVA revealed no Influence of supplementations ar

as percentages of the total FA content. physical activity on AMPH withdrawal on crossing number assessed on
the OF task (Vlg. %a).

2.7, Seansreal analysts In OF, three-way ANOVA of rearing number revealed a significant

main effect of physical exercise [F(2,48) = 29.24, p < 0.05], and a

The FA profile was analyzed by one-way ANOVA, CPP data before significant supplementation x physical activity interaction [F(2,48)
the chronic forced exercise regimen were analyzed by two-way ANOVA, l9 20, p < 0.05). Duncan's test showed na significant difference in
and for other analysis, threeway ANOVA was used. Analysis were imals supplemented with SO. However, HVF
followed by Duncan’s post-hoc test (Software package Statistic 8.0 for dexmndmmgmmbuwhmmpmdmwvm:mp
Windows), Values of p < 0.05 were considered statistically significant Physical activity increased this parameter per se in HVF group when
for all compartsons made, Power analysis sample calculation (Manova- compored to sedentary rats In the same supplementation. AMPH-in-
Two-way; Statistica software) was cared out to verify the balance Jected animals supplemented with HVF and submitted 1o physical ac-
between number of subjects, the largest of the observed effects and the tivity showed an Increase in rearing number when compared to vehicle,

required alpha value, sedentary and 50 groups (1'iy. b

3. Results 3.1.3, Anxiety-tike symptoms assessed in the elevated plus moze are shown
in Fig 4

3.1. Behavioral assessments In the EPM, three-way ANOVA of time spent in open arms revealed

a significant main effect of drug, physical exercise, supplementation [F

31,1, Development of amphetamine preference assessed in conditioned (2,48) = 10.50, 810 and 1849, p < 0.05, respectively), and 8 sig-
place preference s shown in Fiy 2 nificant  drug = supplementation  (nteraction  [F(2,48) = 11.14,
Two-way ANOVA of CPP revealed a main effect of AMPH [F(1,52) p < 0.05). Dupcan’s test showed that AMPH per se reduced time in

= 1172, p < 0.05). After the physical activity protocol followed by open arms In SOsupplemented group and physical activity reversed it,
AMPH re-conditioning, a significant AMPH * diet interaction [F(2,48) In HVF supplementation, both vehicle and AMPH animals showed a
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Fig. 2. AMPH-conditiened place prference (CI'F) (4mp/, | - foor 14 days) belune 4 weeks of toeadmill restning (Fig. 2a), fullowed by re-conditiosing with AMPH (Fig 2b). Dees ure
expressed a5 mean = SEM for p < 005, * " differcace b 50 3ad HVF sspplementations ln the samo dreg and training group; # indicases stgnificnat
differeece b d y and ed proupe in the same FA suppd w0 and deug shministration + nd tmifi il ! vehicle sod AMPH grosps in the
same tmining aod FA sepplementations.
reduced time in open srms of EPM, whilst physical activity could re- changes of FA position in the VTA, Striatum and PFC. Groups sup-
verse this parameter {Fig. Aa) plemented with HVF showed higher amounts of SFA and TFA in the
Three-way ANOVA of head dipping revealed main effects of drug, VTA. Smm and PFC than SO groups. On the other hand, HVF-sup-
physical exercise, supplementation [F(2,48) = 10.50, 8.10 and 18.49, d groups p d lower n6 in the VTA and Striatum,

p < 0,05, respectively] and significant drug x physical exercise, sup- und PUFA content was reduced anly in the VTA of HVF.supplemented
plementation x physical  exercise, and drug x physical  ex- animals, when compared to SO group (Table 2),

ercise % supplementation interactions [F(2,48) = 5.66, 24,46, 566,

p < 0,05, respectively]. Posi-hoc test showed that AMPH per s¢ in SO-

supplemented group decreased head dipping frequency while physical 4. Discussion

activity reversed It. Both vehicle and AMPH sedentary groups supple-

d with HVF showed reduced bead dipping, and physical activity Recreational use of AMPH drugs has been related to psychiatric
Increased this parameter (1iy. 4b), consequences, which include dependence, reward and relapse (Arendt
Three-way ANOVA of stretched attend posture revealed main effect ef al, 2017; Bverin, 2014). Recent studies from our laboratory have

of physical activity [F(2,48) = 20,76, p < 0.05] and a significant shown the importance of studying pharmacological tools to minimize
drug » physical activity interaction [F(2,48) =« 8.40,p < 0.05]. Post- AMPH preference and relapse (Antomiazzi et al, 2014; Kuhn et al,
hoc test showed that AMPH per se Increased this behavioral parmmeter 2013; Segat e1 ol 2014, 2016). In the current study, it has been pos-
in SO supplementation, while physical exercise reversed It In HVF sible to observe that 14 days of AMPH conditioning were able to induce
groups, a decrease of swretched attend posture was observed only In plun: preference, evidenced in the CPP paradigm, regardless of dietary

AMPH-exercised animals compared to sedentary ones (Vig 4¢). ion, In addition, five weeks of physical activity following
Regarding the 1otal number of wrm entries, no significant difference AMPll-ooodmunmg were sufficient to reduce AMPH re-exposure-in.
was observed among groups (Fig. 4d). duced relapse symptoms, as observed in SO group. These findings

confirm the beneficial influence of physical activity on psychostimulant
addiction, and carroborate our previous study which showed decreased
32 Farty acids composition of the ventral tegmental area, striatum end AMPH.CPP after physical exercise (Segat et 2l 2014). Taking into ac-

prefrontal cortex count a chr lly ¢ d fat, studies of our group have sbown
I d AMPH-prefi e In HVF.suppk d rats when P
Animals supplemented with SO or HVF for three months presented to SO groups (Kuhn et al, 2013, 2015). H , in those stuci
2
3. (a) 304 (b) .

03 vehice
& AMPH (4.0 mokg)

SE
SO HVF
Fig. 3. Effect of 30 and HVF supplementations teer AMPFH withdrawal In rans submisted mlwedunlnaﬂnlll reaning a0 lecometee (Fig. 3a) and exploratory (Fig 3h) behavior i the
opwen-fiekl task Imunnpn--lm—m~$l'Mﬁwp"on,\' di b SO ard HVF wigpl i -“n—-lmg-uhrmwnmﬂ
d y and ulnmeumerh A ond drug + Ind| vehicle and
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imals were b d during enrly life, including gestation and well as preventing oxidative damages in brain areas related to drug

lactation, while hae both supplementations and AMPH conditioning addiction; i) act as a neuroprotective agent, since it enhances synaptic
started in adulthood. Ocnlhhminlln:wilhlhcﬂndiwbyr\nku plasticity, accelerating the maturation of dendritic spines in newborn

aed Carvoll (2010), which reparted that both | ant are of rod (Griesbuch et ul, 2007)% and iii) exert modulator

more vulnerable to drug sddiction during adol once synapli effects on dopamine uptake, especially when this transporter was pre-

plasticity facilitates drug scquisition lewrmning. viously damnged by oxidative processes resulting from dopamine excess
In thiz study, as previously observed (Segat of ol 2014), physical (Telxwira et al., 201 1a.b)

exercise reduced AMPH relapse, which was evidenced In the CPP Furthermore, our study showed that three days of re-conditioning

parndigm. In this sense, AMPH was able to produce significant changes was not sufficient to induce relapse symptoms in HVF-supplemented

In both dopaminergic and serotoninergic neuronal pathways, leading to animale. Teiein et ol (20110) conducted an experiment that 4-day

neurotoxic events, which may be related to axidative stress, ex- Barmes-maze training in HVF-supplemented animals evidenced memory
citotoxicity and mitochondrial dysfunction (Carvalho er ol 2002 impairment, Following this line of thinking, our result regarding the re-
(ﬂmr'll\ﬂ et al, 2014). Considering that AMPH increases DA release, conditioning could be explained by memory impairments induced by
[E g its lation in the synaptic cleft (Robertson e al., 2009), HVF supplementation. In this sense, physical activity Is able to promaote
such excess is susceptible to umondannn and generation of DA-qui- neurogenesis once it i a ber of brain phins such as
nopes, which can damage neurons and other cells (Teixeira e al, BDNF levels, which play a central role in neuronal differentiation
2009). In recent reports, we have shown that reguliar physical activity {Erickson et ul., 2012; Sehustian et al., 2011).

reduced AMPH-induced refapse behaviors (Segat o1 ol 2014). In fact, In lhe current study, our findings have also shown that AMPH in-
physical activity was able to! i) improve redox status, minimizing de- hed attend p which is a behavioral parameter re-
leterious influence from AMPH-induced reactive species, improving lated to higher anxiety lnmdmu (Espejo, 1997; Rodgers and Jahnson
antioxidant defenses (Teixeirn et ul, 20130,k Segat v al, 2014), as 1995), Furthermore, HVF-supplemented and AMPH-conditioned rats

Table 2
Fotty sckt composition of the ratx VTA, Stristum mad FEC adter supplementanions with aflerent fatty ackds (% of 1aal Batry acikds identatied).
VIA faratum LS

Patty wcid S0 HYF 50 HVF 50 HvE
LA 4107 = 087 4351 = 081" 3508 = a6 4183 * 0w 4153 + D40 4479 = 016t
IMUTA M08 = 08l M3 = 007 an68 = 114 MET T 058 2,20 1 0.4 2488 = 025
A 1990 = 030 1838 = o347 2450 = 02 2485 + 0.20 |+ 04t NI = on
iné 121 = 00 0467 = noa* 1766 = 022 1562 = 017 1654 + 0.7 1837 = o071
ind 7746 = 017 686 = No4* oo = 024 023 + o.0% 1206 = 0.22 1194 = 005
XIPA als = 0.0 0467 = 003 nd 194 = 0.9 nd 018 = Q0207

Ablweviations SFA - Saturated Pairy Acids, MUFA - Mosoumsaturated Fatty Ackls, FUFA - Polysosatwated Fatty Acids, TFA - Trons Patty Acids * Indicates sgnificent difference from SO
wreap
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spent less time in open arms and showed less head dipping in the EPM
task, indicating higher anxiety levels (Fspejo, 1997, Rodgers and
Johason 1995). In contrast, physical activity was able to reverse these
behavioral parameters induced by AMPH and HVF mpplememm n
corroborates the previous study, which showed that regul
activity may prevent anxiety development related to drug ahﬂinena
(Segnt et ol 2014, Tetxeirn ef al, 20110.b; Griesbach et al., X07), Our
findings cannot be considered a locomotor artifact, once experimental
groups showed stmilar entries number in both closed and open arms of
the EPM, Also, a similar result was found in the OF task, where crossing
number was similar among experimental groups. However, we have
also observed decreased rearing number in HVF-supplemented rats,
Indicating less exploratory activity, as previously observed by T'eixein
et al. (2011 b). Similarly to Teizeira et al. (201 1u.b), this impaired
expl y behavior was prevented by physical activity, confirming
the protective properties of on brain functi
WAhnmdicthmbmducrlhedbththell
membrune pbcsphahpldl. mndlfyln; its fluidity and plasticity, pro
moting bi ional changes in neurons, whon con-
sequences are still undm (Saleen &1 al, 2001; Roach et al,
Ferndndes Sanjuun, 2000). FA are important components of the bnin
composition, and high levels of lipids are found in peuronal membranes
and myelin sheath. Consequently, changes in the FA composition can
exert important influence oo the nervous system functions as well as on
the development of neuronal diseases (Telxeirn of al, 2012 Auestud,
2000, Salvatl et al., 2000), Recent studtes of our group have shown that
TFA from diet can be incorporated into brain areas and affect lts
function (Trevizol er al, 2013; Dias of al, 2015 Xuhn et al, 2013,
2015), As observed here, TFA incorporation in the VTA, striatum and
PFC may be reflected on behavioral changes such as anxiety develop-
ment and decreased exploratary activity. In contrast, these changes
were not observed in exercised animals, reflecting the beneficial in.
fluence of physical activity to prevent disturbances, especially on
AMPH abstinence symptoms (Segat et al, 2014).

5, Conclusion

In summary, our findings show that the type of dietary FA may be
differemly reflected on the FA profile in different brain areas of the CNS
such as the VTA, stristum and PFC, modifying behavioral parameters
refated to AMPH preference. In this context, physical exerclse was able
to prevent AMPH-induced anxiety-like bebaviors, but it did ot modify
relapse bebaviors following AMPH re-conditioning (n HVF-supple-
mented rats,
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3.2. ARTIGO 2 m-TRIFLUOROMETHYL-DIPHENYLDISELENIDE AS A
PHARMACOLOGICAL TOOL TO TREAT PREFERENCE SYMPTOMS RELATED TO
AMPH-INDUCED DEPENDENCE IN RATS

Segat HJ, Martini F, Barcelos RCS, Brining CA, Nogueira CW, Burger ME
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Amphetamine [AMPH] abuse & 3 world concern and a seriows public bealth problem. Repeated administration
of hugh doses of AMPH Induces newropsyehiatric consequences, including addictan, reward and psychasis.
whose pharmacological treatment has shown limited effectiveness. The m-triffuoromethyd-diphenyldiselenide
|{m-C¥,-Phse) | has been documented as a promising pharmacological agent in different animal modeds related
to oxidative damage, In this study, we exanuned the influence of {m-CFy-PhSe | on withdrawal following re-
exposure to AMPH, Wistar rats received d-AMPH or saline in the conditioned place preference (CF) paradigm

Keywords:
An:::mnum for 8 days Then, half of each initial {AMPH or saline) experimental group was treated with (m-CF-PhSe), or
Addiction vehade, resulting in foar final groups: 1) Saline/vehicle: i) [m-CFy-PhSe),/saline; 5} AMPH vehicle: and iv)

Memaory AMPH/(m-CF-PhSe ), After fourteen days of {m.CF3-PhSe ), treatment, animals were re-exposed to AMPH or
Conditionmg velicke in the CPP paradigm for three more days in order to assess drug re-condimoning and memarny locomator
activity, performed 24 h after AMPH re-exposure m the CPP and the Y muze, respectively, Subsequently, ex-vivo
assays wese carried out in samples of the peefrontal cortex (PFC) of the animals. The {m-CF - %Se), treatment
was able to prevent AMPH-mduced re-conditionming symptoms in rats. Behavioral observations in the Y maze
lﬂdmdmmlhmdmh\ﬂ“nwmwndkmlms HT uptaiee as well as oxidative dam-

age in the PRC, whereas {m-CF,-PhiSe}; treatment exerted 2 preventative dTec! against these alterations. The

current findings suggest that (m-CF,-Phse); might be idered a I

irxtuced addiction.
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1. Introduction

There has been great concern regarding the use of amphetamines
and similar psychostimulant drugs as a public health issue, once they
are the second most commonly abused Illicit drugs worldwide. Their
manufacture, trafficking and use have been increasing in several coun-
tries in the last decade, favoring the addiction in society (WHO, 2010).
Addiction has involved high medical and hospital costs, decrease in
daily activities, promoting marginalization and crime, affecting not
only psychostimulants users, but also their families, and society (Uhl
and Gronw, 2004).

According to Valkow et al. {2009), psychostimudants are widely used
around the world, and they promote increased alermess, mativation,
willingness, courage as well as wellbeing. Therefore, amphetamines
such as methylphenidate and sibutramine are used in medical clinic
for treating mainly attention deficit hyperactivity disorder (ADHD),
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and morbid obesity, respectively (Berman et al,, 2009; Clegy-Kraynok
et al, 2011 ). Howewver, other amphetamines such as methamphetaming
and methylene-dioxy-methamphetamine (MOMA or “ecstasy”™) are
Wlicitly used due their high addiction power (Westaver et al., 2008).
Amphetamines play a central role in the dopaminergic system Increas-
ing dopamine (DA, narepinephrine (NE) and serotonin { 5-HT) levels in
the synaptic cleft in mesocortical-limbic brain such as the prefrontal
cortex (PRC), which are related to rewarding. motivation and arousal
(Holmes and Rutledge, 1976; Budygim et al, 2004,

Furthermore, psychostimulant addiction is associated with high
rates of relapse after profonged abstinence periods {Shaham et al,
2003; Thanes et al,, 2013). Discontinuation of ampbetamine (AMPH)
administration after chronic use is frequently related to anxiety and
depressive-like behaviors (Segat et al._ 2014, Kuha et al. 2013 ). In thes
sense, alternatives for the treatment of psychostimulant addiction
must be investigated, as shown in a previous study from our research
group that physical exercise decreased drug preference (Segat et al,
2014). Furthermore, physical exercise has been related to increased
self-esteem, well-being and reduced incidence of anxiety and depres-
sion [Segat et al, 2014: Manger and Matta, 2005), In this sense, m
trifluoromethyl-diphenyldiselenide {{m-CF3-PhSe},| i a lipophilic
compound that has shown promising efficacy In the treatment of



47

2 M) Sepat ¢ ot | Progress i Newro-Psychupharmoceliogy & Sokigicol Ayrhioery 66 (2016) 17

neuropsychiatric conditions, since it crosses the blood beain barner and
reaches the central nervous system (CNS), where it exerts antioxsdant,
anxiolytic, antidepressant and antipsychotic effects (Briining et al,
2009, 2011; Machado et al, 2006). In fact, the anxiolytic and antidepres-
sant properties attributed to (m-CFy-PhSe); have been related to
sefective inhibition of monoamine oxidase A and decrease 5-HT uptake
(Bruning et al., 2009, 2015). In this sense, 5-HT release is mdified in the
PFC after AMPH exposure, what may consequently induce reinforce-
ment (Millan et al,, 1999; Miller and Jacobs. 2010), In addition, AMPH
abstinence is commonly related to anxiogenic and depressive behaviors,
even after long periods. In this context, psychostimulant drugs are
associated with high relapse rates upon re-exposure to drug (Thanos
et al, 2013; Segat et al, 2014),

Animal models of dependence and relapse to psychostimulant drugs
have been employed by ours (Antoniazzi et al. 2014a, 2014b; Kuhn
et al, 2013; Segat et al, 2014) and other groups (Cruz et al,, 2008;
Shen et al, 2004}, which Include conditioned place preference (CPP),
In this model, animals are able to associate a specified compartment
of the apparatus to receive the addictive drug, what can be observed
through the longer permanence of the animal in this compartment,
The current study was performed to assess the influence of {m-CF,-
PhSe}, on behavioral { withdrawal and re-conditioning) and biochemi-
cal analysss after AMPH exposure,

2. Material and methods
2.1. Animals

Male Wistar rats weighing 100 £ 10 g were used, Groups of three
(4 1) animals were kept in Plexiglas cages with free access to food
and water in a room with controlled temperature (22-23 °C) on a
12 helight/dark cycle with lights on at 7:00 am. The experimental
protocol was approved by the Animal Ethics Committee (Universidade
Federal de Santa Marta — UFSM 079/2013), which is affiliated to the
National Council foe the Control of Animal Experimentations (CONCEA),
following intermational norms of care and animal maintenance. All
efforts were made to minimize animal suffering and to reduce the
number of animals used in the experiments.

22, Drugs and Sofutions

DJ-AMPH (Merck, Germany) (4 mg-mL /kg), dissolved in saline
(NaCl 0.9%; AMPH-vehicle) was used (Kuhn et al,, 2013; Segat et al,,
2014), The dose of (m-CF3-PhSe); and the sub-chronic treatment
period were based on Briining et al. (2015), which have shown that
(m-CF3-PhSe), for 14 days in a dose of 0.1 mg/kg p.o. demonstrated a
decrease in 5-HT uptake, related to anti-depressive-like behaviors, The
(m-CF;-PhSe ), (0.1 mg/kg) was dissolved in canola oil [{m-CF.-
PhSe},-vehicle), resulting in the following four groups: i) Saline vehicle:
1) Saline/(m-CFy-PhSe )5 i) AMPH/vehicle; and iv) AMPH/{m-CFy-
PhSe ). (m-CF;-PhSe), was prepared and charactenized in our laborato-
ry by the methed previously described (Paulmier, 1985), Analysis of 'H
NMR and C NMR spectra showed analytical and spectroscopic data in
full agreement with their assigned structure. The chemical purity of (m-
CF;-PhSe); (99.9%) was determined by GC/MS. Rats received the drugs
in a constant volume of 1 ml/kg' body weight,

2.3, Behavioral assessments

2.3.). CPP paradigm

CPP 1s an animal model used to assess the hedonic reinforcement
effects of drugs. 1t uses a three-compartment box separated by manual
guillotine doors: two compartments of equal size (45 « 45 ~ 50 cm)
with equivalent intensity of light but different visual clues: one with
white floor and striped walls, and the other with striped floor and
smooth white walls. These two compartments converge to 3 third

smalter compartment. The apparatus was cleaned with alcohol 20%
using a wet sponge and paper towels bafore the introduction of each
animal On day 1. rats were kept for 15 min in each compartment for ha-
bituation, except the neutral one; on day 2, rats performed the pre-test,
which consists in letting the animal freely choose one of the compart-
ments for 15 min, being discarded rats that showed strong uncondi-
tioned aversion {Jess than 25% of the session time) or preference
{more than 75% of the session time) for any compartment (Vazquez
et al., 2006), On the following 8 days, animals were conditioned with
AMPH for 25 min In the compartment they spent the shortest time in
the pre-test, and with saline in the paired compartment, with an inter-
val of 4 h between each administration. After this conditioning phase,
on testing day, rats were placed in the common compartment with
free access to both compartments. Exploration was considered the
total time spent in both compartments except the neutral one. Time
spent in the drug-paired compartment was interpreted as preference,
whereas time spent away from that environment was interpreted as
aversion (Segat et al, 2014; Kuhn et al,, 2013). After 14 days of {m-
CF;-PhSe); treatment, animals were submitted to three more days of
AMPH re-conditioning in the CPP apparatus, which was followed by
an additional test of drug preference as described above (Fig. 1). Re-
conditioning symptoms were quantified by the higher time spent in
the drug-paired environment in this second drug exposure [adapred
from Cruz et al. 2008; Segat et al. 2014).

232 Y-maze

According to Chu et al. (2012, the Y-maze apparatus consisted of
three arms 32 cm (Jong) « 10 cm (wide) with 26 cm walis. Testing
was performed In the same room and at the same time to ensure envi-
ronmental consistency. Briefly, each rat was placed at the center of the
Y-maze and allowed to explore freely through the maze during a
5 min session. The sequence and total number of arms entered were
quantified. An entry into an arm was considered valid when ever
four paws entered the arm, and alternation was defined as three
consecutive entries in three different arms (e, 1,23 or 23.1), The
percentage alternation score was calculated using the following
formula:

(Toulaltemation number) 100
Totalentricsnumber-2 '

Furthermore, the total number of arm entries was used as a mea-
sure of general activity for the animals. The maze was wiped clean
with 20% ethanol between each animal in order to minimize odor
cues,

24, Ex vivo assays

After behavioral assessments, all animals were anesthetized with
sodium thiopental (50 mg/kg body weight, Lp.) and cuthanized by
decapitation. Brains were immediately removed and cut coronally at
the caudal border of the oifactory bulb. The PRC was dissected according
10 Paxines and Watson (2007, and homogenized in adequate bufler
according to each ex vivo assay.

24,1, Protein carbanyl (PC) determination

The damage to proteins was assessed in the PFC by determination of
carbonyl groups based on the reaction with dinitrophenylhydrazine
(DNPH) (Levine et al, 1990), Briefly, proteins were precipitated by the
addition of 20% trichloroacetic acid, and re-dissolved in DNPH. The
quantificanon of protein carbonyls in the samples was determined by
the absorbance of 370 nm

242, Catolase {CAT) activity
CAT activity was spectrophotometrically quantified in the same
brain structure cited above, by the method proposed for Acbi (1984),
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Fig. 1. Expermmental desgn: after the pre-test, aninsals weree treated with AVPH (4 mg/kg ip.) in the CPFP paradigm for § days, whess the 15t bebaviorat was perf d. Then,

animials were treated with (m-CF -PhSe ), (01 mg/ks po.) (0 = 9 or 10) for 14 days, followed by three moce days of AMPH conditioning, Tweaty-fows Bowrs after the Lt AMPH

allministeation, animals were subrmitted o behavioral anadysis followed by iochermical asalysis. Abbreviations: AMIPH: amphet

which involves monitoring the disappearance of H,0; in the presence of
cell homogenate (pH 7 at 25 "C) at 240 nm for 120's. Enzymaric activity
was expressed in pmol Hy0,/mindg tissue,

2.5, Synaptosomal ['H] 5-HT uptake

|"H] 5-HT uptake was carvied out in samples of crude synaptosomes
obtained from the PFC of rats as described by Gray and Whittaker
(14962), with some madifications. Samples were placed into lce-cold
sucrose solution (032 M. pH 7.4/1:20 w/v), cut into small pieces and
homogenized using a glass Potter-Elvehjem tube with a Tedlen pestle.
The homogenate solution was centrifuged at 1000 g at4 “Cfor 10 min in
a refnigerated centrifuge. The pellet was discarded and the supematant
was subsequently centrifuged at 12,000 g at 4 °C for 20 min. The final
pellet was suspended in ten volumes of ice-cold sucrose solution
{032 M, pH 74), and then used as a crude synaptosome preparation
in the | "H]5-HT uptake assay. The ['H]5-HT uptake into synaptosomes
was carried out as previously described (Rocha et al, 2007), with
some modifications. The synaptosomal suspension {100 pg of protein)
was pre-incubated at 37 “C for 10 min in a physiological salt solution
(pH 7.4, adjusted with phasphonic acid 1%) with the following composi-
tion: 115 mM NaCl. 5 mM KCI, 25 mM NaHCO,, 1.2 mM MgS0,, 1.2 mM
KH3P0O. 1 mM CaCly, 11 mM glucose, and 0.01 mM pargyline plus ascor-
bic acid (0.1%). After pre-incubation, the | *H)5-HT uptake was initiated
by the addition of 8 nM [*H]5-HT. Synaptosomes were incubated for a
further 6 min at 37 “C. The | *H]5-HT uptake was stopped by the imme-
diate placement of assay tubes Into ice, followed by centrifugation at
12,000 g at 4 °C for 5 min. Final peliets were washed with cold incuba-
tion buffer, Radioactivity present In pellet was measured In a saintilla-
tion counter. Non-specific activity was obtained in the presence of
75 pM Imipramine at 4 °C, Specific |'H]5-HT uptake was indirectly
estimated by subtracting the non-specific uptake from the total uptake
determinad at 37 "C. Results were expressed as fmol of | "HJ5-HT uptake
g of protein/min.

2.6 Statistical analyses

The CPP data before (m-CFy-PhSe); treatment were analyzed by
Student’s T test. For other analysis, two-way ANOVA followed by
Newman — Keuls test were used (Software package Statistic 8.0 for
Windows). Valwes of p < 0.05 were considered statistically significant
for all comparisons made. GraphPad Prism® (version 5.01) was used
to create the figures.

and CFF conditinned place preleronce.

3. Results
3.1, Behavioral assessmients

3.1.1. The preference development Jor AMPH assessed in CPP is shown in
Hg 2

Two-way ANOVA of CPP revealed a main effect of AMPH and (m-
CF3-PhSe); [F(2.34) = 5.73. p < 0,05 and 6.06, p < 0,05, respectively|
after fourteen days of (m-CF5-PhSe); treatment followed by AMPH re-
canditioning, as well as a significant AMPH x (m-CF,-PhSe); interaction
[F{2,34) = 4.18, p < 0.05]. The behavioral assessment performed before
(m-CF5-PhSe); treatment showed that AMPH-exposed rats remained a
longer time in the drug-conditioned place than the saline group,
which did not show CPP (p < 0,05) (Fig. 2a),

AMPH re-conditioning increased the time spent in CPP only in the
vehicke group, However, (m-CF;-PhSe); treatment did not induce CPP
after AMPH re-conditioning (Fig. 2b).

2.1.2. AMPH administration and ( m-CF-PhSe ), treatment did not influence
wuorking memory

In order to assess the influence of AMPH and (m-CF;-PhSe),
treatment on memory and locomoter activity we used % alternation
and total arm entries in the Y-maze paradigm, respectively. No differ-
ences were observed among groups for % alternation (Fig. 3a) and
rotal arm entries (Fig. 3b) in this behavioral test,

32, Bipchemical assessments

In the PFC, two-way ANOVA of CAT activity and PC levels revealed a
significant main effect of AMPH [F(2,27) = 553 and 14.09. p < 0.05
respectively] and a significant AMPH x (m-CF;-PhSe); interaction
[F{227) = 5.28 and 13.25, p < 0.05, respectively|. While AMPH reduced
CAT actwity per se in relation to control group, (m-CF3-PhSe); was able
to increase the activity of this enzyme in AMPH-exposed rats (Fig. 4a).
While saline-injected animals showed no differences in PC levels,
AMPH exposure increased this oxidative markes in the vehicle-
injected group. In fact, animals exposed 1o AMPH and treated with
(m-CFy-PhSe); showed equal PC levels when compared to the
experimental groups which not received AMPH (Fig, 4b).

33, 'H[5-HT uptake

Two-way ANOVA of [*H] 5-HT uptake revealed a significant main
effect of (m-CFy-PhSe); [F(2.16) = 1045, p < 0.05) and a significant
AMPH x (m-CF;-PhSe); interaction [F{2,16) = 9.72, p < 0.05] in the
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PFC. While saline-treated groups showed no differences in [*H|5-HT
uptake, AMPH increased this uptake. The (mn-CF;-PhSe); treatment
prevented the influence of AMPH on [*H]5-HT uptalce, since this level
was similar to that observed in the saline-mjected groups (Fig. 5).

4, Discussion

AMPH s a widely abused psychostimulant which is considered a
public health problem duee to its abuse and addiction. In this sense, the
recreational use of AMPH drugs has been related o psychiatric
consequences, which indude dependence, reinforcement. reward and
relapse, since its chronic use in high doses can develop psychosis, lead
to an overdose, and even death (Rothman and Baumann, 2003;
Arendt et al, 2011 ). Recent stuchies from our laboratory have shawn
the importance to study pharmacological tools to minimize AMPH prel-
erence (Antoniazzi et al, 2014b; Kuhn et al, 2013; Segat et al, 2014). In
the current study, we have found thart: i) AMPH conditioning induced
CPP; i} (n-CFy-PhSe); treatment after AMPH conditioning with subse-
quent re-exposure was able to prevent the drug re-conditioning, as
observed by the fewer time spent in the drug-conditioned compart-
ment, hi) nedther AMPH or (m-CFy-PhSe); medified memory and loco-
motor activity in rats as observed in the Yemaze: iv) (m-CFy-PhSe ),
showed beneficial influence preventing both the increase of ['H|5-
HT uptake, and the oxidative damage AMPH-induced, which were
determined in the PFC. It is well established that AMPH and cocaine
Increase the synaptic concentrations of DA, NE, and 5-HT by stimu-
lating their release and inhibiting their uptake in the mesocortical-
limbic system {Banks et al,, 2014, Holmes and Rutledge, 1976).

30+ (.) 80+

L
:

Total arms entries
?

o

differonce 15 o as mean + SEM. for “[p < 0.05) and **"(p < 000011

Increased fevels of moncamines in the synaptic cleft are related to
rewarding, motivation and arousal (Holmes and Rutledge, 1976;
Budygin et al., 2004). However, the abrupt cessation of AMPH
injection may induce drug withdrawal symptoms such as craving
and depression-like symptoms due to the decrease of monpamines
In hedonic brain areas (American Psychiatric Association, 1994;
Markou et al,, 1998).

In this regard, the phenomena involved in drug dependence may be
better understond through animal madels such as: i) conditioned place
preference (CPP) and i) self-administration (Cruz et al,, 2008 ). The
main feature of CPP s that its experimental protocol involves passive
exposure to drug In fact, this particularity of the CPP paradigm 1s
distinct from the self-administration protocol, in which the history of
drug experience Is under the control of the animal (Bardo and Bevins,
2000), In the CPP paradigm, an “unconditioned stimulus®, which can
be acquired in the repeated sections as "conditioned stimuli®, shows
similarity to the Pavlavian classic conditioning { Yzschentke, 1998} It
Is natural that humans and other animal species show preference for
some places over athers, and this preference can be due to sensory
characteristics of particular places, or they may also be acquired as a
consequence of events associated with those places (Huston et al,
20173), Therefore, the CPP method has assumed considerable impor-
tance and is now routinely used in neurosciences, genetics, and
pharmacology to explore reinforcing effects of natural and pharmaco-
logical stimuli (Tzschentke, 1998). Furthermore. some advantages
may be observed in the CPP protocol, such as: 1) adequate sensitivity
at low drug doses, which can be assessed using only a single drug
pairing; ii) it allows to measure both reward and aversion; iii) it can

(b)

£ Vehice
£33 (m-CF,-PhSe),

& &

Fg 3 Influence of (mCF, PhSe |, (01 ng /&g, po.) on the ¥-maze task, performed 24 h after the Last AMPH Injection.

&

p Total arm

entries (Fig. 2a) and 1 altecoation [Fg 3b) were guannified. Data are expeessed as mean + SEM.
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be tested when animals are in a drug-free-state; iv) it does not require
surgical procedure: and v) there is a controlled dose of drug, making it
a low-cost procedure (Carr et al, 1989), Taken together, these proper-
ties indicate that CPP is a potentially useful paracigm to test drug
addiction, since if is related [o craving, reward, extinction, and relapse.
In fact, these factors are intensely influenced by environmental cues,
serving as basts for the CPP paradigm (Tzschentke, 1998; Bardo and
Bevins, 2000), The CPP paradigm has been widely used in our laboratory
(Kuhn et al, 2013, 2015; Segat et al. 2014; Antoniazzi et al., 20143,
2014b), and its methodological essence is simple and hughly replicable,
in addition to numerous advantages already mentioned. In the present
study, animals showed AMPH-CPP, since this drug is closely related to
hedonic symptoms, and these were significantly minimized by the
(m-CF;-PhSe), treatment. According to Bardo and Bevins (2000),
there Is na reasonable argument remaining to support the claim that
the CPP paradigm and the self-administration procedure are isomocphic
measures, Indeed, while CPP test is related to drug-reward, self-
administration measures motivation and perseverance toward drug
(reinforcing effects) (Van der Kam et al, 2009).

According to outcomes obtained from the Y-maze task carried out
24 h after the last AMPH injection, locomotor activity and memorsy
were not modified, as well as togal anm entries and £ alternation, show-
ing no significant difference. While a previous study by our group has
shown increased AMPH-induced locomotor activity (Trevizol et al.
2013), the current findings were not assessed undes AMPH influence,
In fact, this assessment was carrled out during the abstinence period,
and no differences were observed in locomotor activity or memary in
the Y maze paradigm. In this sense, these findings allow us to suggest
that the AMPH-induced place preference was not due to locomotor
influence or memory loss, thus corroborating with other studies.

.- .-
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g L) for R days, Ansrls sequestally recetved {o-CF-PhsSe ), (01 mgSg po ) o
wehicke, followed by theee move days of AMPH adminisiration. Sigmificant diffenence is
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(Segat etal, 2014; Takamatsu etal., 2011}, In fact. while chronic admin-
istration of AMP#{ has been related to damage to memory (Frees et al,
2015; Amsten, 2006), our outcomes showed no memary impairments
in the animals assessed. This does not contradict the iterature data,
especially because in addition to AMPH being sub-chromnically adminis-
tered, the behavioral assessments were not carvied out under influence
of the drug, but during its withdrawal Furthermore. the aim of this
study was 1o assess behavioral consequences of AMPH withdrawal, as
well as the possible beneficial effect of (m-CF3-PhSe)2 during the
absence of AMPH, In this sense, memory and locomotor activity assess-
ments were useful to show that the findings observed in CPP were not
anartiface, and this place preferénce was a consequence of the establish-
ment of AMPH-induced drug addiction,

In our study we venfied the influence of {m-CF3-PhSe)2 on the
PFC over AMPH wathdrawal because this brain region is part of a
mesocortical crewit that has connections with the limbic system via re-
cipracal projections to the tegmental ventral area and the nucleus
accumbens (Murray ¢t al, 2014), Also, it is believed that the PFC exerts
control over beain functions, and any impairment of this brain asea
could lead to changes in the clreuit of limbic peurotransmission
{Kalivas and Volkow, 2005 ). Furthermare, the PFC contains high density
of 5-HT receptors (Buhot, 1997), whose activation modulates the activ-
ity of dopaminergx neurons in the ventral tegmental area, ariginating
bath mesacortical and mesolimbic pathways. These dopaminergic path-
ways play an important role on the regulation of mood, as already
evidenced after AMPH withdrawal, when individuals show depressed
and unstable moeds (Celada et al, 2004; Williams et al, 2002). Thus,
changes In gene expression in sub-areas of the PFC may underlie some
behavioral and psychological manifestations observed during with-
drawal from psychostimulant drugs including AMPH (Murray ot al.,
2014).

In vitro and in vivo studies have shown that 5-HT selective trans-
porter (SERT) activity is increased by activation of p38 MAPK {Malynn
et al, 2013; Zhu et al, 2010} leading to an increased 5-HT uptake. In
addition, repeated doses of AMPH have been related to activation of
P38 MAPK, while p38 MAPX inhibitors were related to decrease of
AMPH reward, what could be observed in CPP (Gerdjikov et al, 2004).
These data corroborate with Scholl et al (2009), which showed
decreased 5-HT concentration in the medial prefrontal cortex during
AMPH withdrawal, as similarly shown by Dworkin et al {1995), In
fact, these malecular markers are related to activity of inflammatory
mediators such as IL-6, IL-1§%, TNF-¢x and COX-2 following microghia
activation (Hanisch, 2002; La Voie et al., 2004), Of particular interest
to our study, recent findings have shown that p38 MAPK activation
was inhibated by (m-CF3-PhSe); (Briming et al,, 2015), allowing us to
suggest that this compound s able to exert modulatory effects on
SERT activity by decreasing p38 MAPK activation, since our findings
showed increased AMPH-induced 5-HT uptake, which may have been
modulated by (m-CF3-PhSe),, Interestingly, our study showed that
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|m-CFs-PhSe}, treatment decreased | *H]5-HT uptake in the PFC of rats
during AMPH abstinence {drug withdrawal). In the current study we
found an increase of ["H|S-HT uptake In the PFC of rats during AMPH
abstinence, and (m-CF3-PhSe ), prevented it. In this sense, we hypothe-
size that (m-CF3-PhSe); acts as a modulator of 5-HT transporter,
preventing the increase of its activity, 5-HT is an important neurotrans-
mitter involved in the neural regulation of mood {Duman et al, 1997),
and the PRC is closely refated to drug addiction and reward symptoms
(Tzschentke, 2000}, In fact, an enhanced 5-HT negrotransmission
underhies the therapeutic response to a different class af antidepressant
treatment. Fluoxeting, @ selective 5-HT uptake inhibitor, is widely used
in the treatment for depression and its action mechanism is similar to
(m-CFy-PhSe); (inhibition of 5-HT uptake). Corroborating our study,
Harrison et al, (2001) have shown that AMPH withdrawal symptoms
were reduced by fluoxetine treatment. Furthermore, Takamatsa et al.
(2011} have found that paroxetine, a classical antidepressant drug.
inhibited methamphetamine CPP in mice. While Briining et al. (2014)
have shown antidepressant properties of (m-CF3-PhSe); in the brain
of mice by the decrease of 5-HT uptake, a recent study by the same
research group has shown that this compound was able to exert protec-
tive properties wn relation to pewroinflammation, observed by the
decrease of pro-inflammatory cytokines such as p-38 MAPK, NF-k8,
COX-2, andd the increase of BDNF levels in the contralateral cortex
(Bruning et al, 2015).In this sense, it is evident that 5-HT plays an
imiportant role in AMPH preference and abstinence during drug with-
drawal. In addition, it is important to highlight that (m-CF3-PhSe ),
showed a Lethal Doses, (LDsg,) of 234 mg/kg in rats and 278 mg/kg in
mice {Wilhelm et al, 2009; Savegnago et al, 2009), In the current
study, a dose of 0,1 mg/kg was used, which is correspondent to the
lowest dose capable to show antidepressive pharmacological effects
(Braming et al, 2015) by decreasing 5-HT uptake, as assessed in the
present protocol. In this sense, it Is possible to observe a high interval
between (m-CF3-PhSe ), pharmacological effects assessed in this study
and its LDsy, allowing us to assume a relative safety of this compound
in the tested doses, However, additional toxicological aspects involving
[m-CF3-PhSe); should be performed.

Oxidative damage has been observed in response to high doses of
psychostimulant drugs such as amphetamines, thus leading to long-
term neurochemical changes (Yamamoto and Bankson, 2005), CAT
activity, which Is an important enzymatic antioxidant defense system,
was significantly Jower in the PFC of the AMPH group, together with
increased PC fevels, which is related to oxidative stress development
(Rodriguez-Casado et al, 2007 ). This significant reduction in CAT activ-
ity observed in the PFC may be a consequence of increased protein
carbonylation, thus damaging the CAT. According to previous studies
from our group, Increased PC levels in cortex and reduced antioxidant
defense system were observed after AMPH mjection (Trevizol et al,
2013; Segat et al,, 2014), On the other hanel. (s-CFs-PhSe); treatment
reverted AMPH-induced PC Jevels increase and CAT activity reduction
due to its antioxidant capacity (Prigol et al., 2009).

The (n-CFy-PhSe); reduced AMPH-Iinduced place preference after
drug re-exposure, and prevented 5-HT uptake increase, maintaining
the physiclogic oxidative status parameters in the PFC Taken together,
our results indicate that (m-CFy-PhSe); was able to exert a modulatory
role in the PFC, which is highly susceptible to AMPH-induced damage.
Based on this shudy, we propase that (m-CF-PhSe); can be an adjuvant
therapy to prevent psychostimulant drug preference, thus minimizing
the harmful effects relared to addiction. Based on these findings,
additional studies must be conducted in order to elucidate if {m-CFs-
PhiSe), is able 10 affect AMPH-induced reinforcing effects, considering
malecular aspects invalved in the psychostimulant addiction.
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W1 Segec e al

1. Introduction

Addiction s & serlous health, medical and soch lc con-
cernand according to the [1], approximately 246 million people used
addictive drugs recreationally in 2013, and 27 million people were
suffering from disorders induced by addiction. AMPH, h b
mine and methylenedioxymethamphetamine (ecstasy”™) are enmp.la
of psychostimulants related to abuse and develop of addicrion,
anxiety like behaviors and memory impairment after chronic use [2,%],

Chronle and repeated exposure 10 AMPH may develop behavioral
sensitization, a ph hypothesized to play a key rale in vul-
nerability to drug addiction and relapse [1]. AMPH is able to increase

ines in the rtical-limbic system, Le. PFC, leading to
plastic changes and damages to these brain areas [5]. In this sense, the
developosent of medicines that may act in this neural pathway could be
a strategy 10 help in the treatment of addiction. However, treatment is
not well established so far, but it is known that it involves two ap-
proaches [5): while the first alms to mdn« drug wse and craving, and
prevent relapse, the d is d such as anti.de.
pressive and anti-psychotic drugs have been used in preclinical and
clinical stadies (6],

In this scenario, isotherapy could be useful, since it consists of the
administration of the same highly diluted substance which caused the

rhid when admini d in its § I form [7,5]. Ultra.
hxghdﬂuumm dutions b d Avogadro limits, with serial dilu-
tions and succussions. They mn)- elicit effects an living beings, which
may be suppressive or stimulant at multiple levels, including the cel-
Iular level (V). The substances are so highly diluted that no original
nﬂudeupmudﬂdrhlologluleﬂeﬂsmmhtmhem
lated to molecular bio-inf duced via water [10,11], Based
on this, in the present study we § the th tic p ial of

Newrvscience Lemers €50 22019) 138144

70%. Fallowing solutions were made by dissolving 1 (mass) pars of the
preceding solution in 99 (mass) parts of ethanol 70%. Each new solu-
oo obtained was peepared laan:w. clean glass bunlcnndvoluﬂms
were submitted 1o manually vi haking in the ical di

100 strokes in 158 [9,16,17] be{w«n esch dlhulns step. This proce-
dure was repeated until a “concentration” of 10 *' mg/mL was
reached,

2.3 Experimental proocol

Animals were designated to two groups (saline and AMPH) and
exposed to the CPP protocal (as described below). After the first CPP
test, which was performed to verify AMPH peeference, each group was
re-assigned, resulting in four final groups: i} saline/vehicle; i) saline/
AMPH-1S0; iii) AMPH/vehicle; iv) AMPH/AMPH-ISO. AMPH-ISO and
vehicle were administered into rats' mouths with an automatic pipette,
inlvuhmlenll).lu!..twlundnyfw 14 days. After the AMPH.ISO

animals d an additional single dose (2mg/kg) of
AMPH/saline and were re-expased to the CPP paradigm. Sequentially,
anxiety-like symptoms were also guantified in the EPM. Rats were eu-
thanized by decapitation with gulllotine, as recommended by CONCEA,
24 b after the last behavioral analysis for PFC dissection and following
biochemical and molecular analyses (Vg 1),

2.4 Behavioral assessments

24.1, CPP paradigm

CPP ix a well described bebavioral model to assess hedonic re
Iinforcement effects of drugs. Briefly, the apparatus i3 composed by a
box divided into three compartments, with different visual cues. The

< - NG R CPP p | & d by 5 ph 1) Habi 11} Pre-test; 111)
AMPH-1SO an behavioral (withdrawal, relapse, and y )
biochemical Diofle) A midlacils 2 eudsted o corudm:n:s:‘l) cPr test, according to [14]); and V) Relapse, ac
AMPH addiction.

R . ‘ 24.2 EPM test
2. Exp P This behavioral test is performed in order to evaluate anxety-re-
lated p Ia the p study, we evaluated tune spent In the

2.1. Animals

Male Wistar rats weighing 100 = 10y were used for this study,
corresponding to the adol period of s, which is related to
higher vulperability to develop drug abuse [12]. The animals were
housed in Plexiglas cages, with food and water ad Hbitum. They were
kept in 2 ronem with controlled temperature {22-23°C) on a 12 hlight/
diark cycle. This experimental protocol was approved by the Animal
Exhics Committee (Universidade Federal de Santa Maria — UFSM 079/
2013), associated to the National Council fue the Control of Animal
Expertmentations (CONCEA),

2.2 Drugs and solurkony

Far this study, d--AMPH (4,0 mg/kg) was used [13-15]. The pre-
paration of AMPH-ISO Involved 12 successive dilutions, The first so-

apen arms (s), open arms entries (number), total arms entries (number),
head dipping frequency and Al (caleul

(19},

d by the following formula)

(=) (EE)

2.5 Western blotting analysis

Molecular analyses were performed by the Western blosting
method, according to Kuhn et al. [20]. The following proteins were
quantified using the pelmary antl-bodées ag follows: Anti-DAT (1:500;
Santa  Cruz Biotechnology), anti-TH (3:1000, Santa Crux Bio-
technology), amti-DIR (1:700, Sama Cruz Biotechnology), anti-D2ZR
(1:700, Santa Cruz Blotechnalogy), and anti-actin (1:3.000, Santa Cruz

lution was prepared by dissolving 0.1 g of AMPH in 9,9 ml of ethanal Bsotechnology). The dary antibodies used were anti-rabbit
17 CPP test m Fig. 1. Experimental design: After the pre-test,
ettt wnimaly were treated with AMPH (4 mg/kg) in
maUFpndlgmlmsdeIhl"h
'I' ‘EM was performed, Then, an.
g imals were treated with AMHHSO«V&I&
conditicning Incab N

= | Placsbe LLl foe 14 days, and un the followisg day they were
'l ‘l 11 Injected with AMPEE (2.0 mg/kg) and submitted
al‘ '!m X I 1 to a relapse test in CHP followed by the EPM
14 dmn 200 20 test. Twenty hours after thete behaviorsd ay.
dmals were d foc mole-

cular and boch al analyses in the pres cartex. Ab AMPH: by PP: conditsoned place preference; EPM: elevaned phos maze.
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(1:40000, Santa Cruz Blotechnology) or anti-goat 1gG HRP conjug:
(1:20000) according 1o the antibody specifications. Data were stan.
dardized according to actin values.

2.6, Biochemical assays
After euthanasia, brains were immedistely removed, the PFC was

di d and b d 1:10 (wiv), and subsequently used for the
following biochemical assessments:

2.0.1. TBARS cstimation

Lipid peroxidation was perf d in the PFC homogenate super-
natant described |n detalls b)' Ohkawa es al. (21 l A pink coloration Is
determined by a colorimetric method th e jon of mal
andialdehyde, resulting from oxidative damqe o cellular lipid mem-
branes,

2.6.2. PC levels estimation

The quantification of protein carbonyls in the PFC samples was
assesved by areaction with dinitrophenylhydrazine as described in de-
tails by Levine et al, [22]

2.6.3. NPSH levels escimation

The concentration of NPSH was d ined in the sup of
the PFC homogenate of rats alter the reaction with 5.5 dithio-bis- (2-
nitrobenzoie acid) (XTNB) according to Ellman [22], with modifica-
tions described by Jacques-Sifva et al. [24].

2.6.4. CAT activity esnmation

CAT activity was meassred in the PFC homogenate sccording to
Aebi, [25). This analy the degradation of H0, for 1205
Enzymatic activity was expressed in pmol H,0,/min/g tissue,

2.7. Seatistical amalysis

CPP data before AMI'H-IS0 treatment wero lmlyud by Student’s ¢-
test For other analyses, y ANOVA fallowed by N
1est were performed. \'ulun of p < 0.05 were considered statisticully
significant for all comparisons made, GraphPad Prism® (version 5.01)
was used to create the figures.

3. Results
3.1. Behavioral assessmets

3.1.1. Influence of treatment with AMPH-ISO on AMPH-induced CPP in
rats

The behavioral assessment performed before AMPH-1SO treatment
shawed that AMPH-exposed rats remained o longer time in the drug.
conditioned place than the saline-injected group, which did not show
place preference (p < 0.05) (Fig 2a). In the relapse test, AMPH-

24h AMPH withdrawal
80-

< preference for drug, while AMPHISO
p d this relapse behavior (Fiy. 2b).

312 Anxiety-like beh d in the EPM
AMPH-ISO treatment increased open arms entries number in the
EFM in both saline and AMPH groups (Fiz. fa). In addition, AMPH-
cunduwncd animals that were subsequently treated with AMPH-1SO
d i d tocal ber of entnies (1. 3¢) and spent a longer
time in the open arms (Fig. Jb) of the EPM. Thus, AMPH-ISO treatment
reduced the anxlety Index (Fip 3d) and Increased head dipping fre-
quency (Fig. %) in both saline and AMPH.treated groups.

3.2 Western blocring analysis

AMPH-ISO treatment per 2¢ increased DAT (Fig 4a), AMPH-can-
ditioning per s increased DAT, TH and DIR (V. 4a-¢, respectively),
while both AMPH-ISO nnd AMPH decreased D2R immunoreactivity per
se (Fig 4d). Furth when animals recelved AMPH and were
treated with AMPELISO, DAT, TH and D1R immunareactivity decreased
in relation 1o AMPH-conditioned group. For D2R, the influence of
AMPH-SO showed no effect on the PFC (g «d)

3.3 Biochemical assessments in the PFC of ras

While AMPH-ISO howed no diffe per se in the
oxidative status of the PFC (Hn -a-d). its influence was observed in
AMPH-conditioned animal d CAT activity (Vig. Sa)
and NPSH levels {Iz 5b), d«mused lipoperexidation observed by
TBARS levels (Fig. 5c) and PC bevels (Fig. 5d).

4. Discussion

In the current stady, we have observed that AMPH-ISO prevented
relapse behavioss in animals, which showed AMPH preference in the
CPP paradigm, and reduced anxiety behaviors. Furthermore, AMPH-
180 improved axidative status, thus decreasing the immunoreactivity of
dopaminergic molecular targets in the PFC. Ia the last few years, our
research group have invested efforts to understand different factors
related to addiction [173-15,20), In these studies, drug preference in the
CPP paradigm has been observed together with anxd
molecular adaptation in brakn aress ulam 1o addlmon. Wﬂng "
causal relationship between behavioral, béoch | and
parameters.

Agonist xhwnpy has been applied in different seg of
clinic, especially in the addicti whose approach has not
been thoroughly assessed, and this treatment method consists of the
administration of a substance that induces similar effects to those of the
addictive drug [26). In this sense, clinical evidences have shown ben-
eficial effects of oplold drugs such as mcthndone or bupnnorphme o
treat heroin d ! as well as nicotine as i y to
cessation l"/'.?ﬂ] Besides, methylphenidate and more mmuy

i o

sl

Fig. 2, Influence of AMPH-1SO lrummnl m
AMPH adds d n the
CPP st mmap before  treatment
(Fig Za), and AMPH-CPP relagee after (reas-
ment (Fig. 2h). Daga ore expressed s mean
+ SEM (p = 005). ‘ndicates significant
difference frum saline group and *mndicates
significant difference from vehicle

3 Plecsbo
3 isoterapic
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(a) L)) (c)

Opes arrew lhvw
fachy

Tots wrres errries
(rramizer)

(C)] (=)

e Mg
fa

Salew L Tom. -

Pig. 3. nfloence of AMPH.ISO oo anxiety beh d ins the d plus maze test. Numbes of entries & open arms (3a), time spent in open arms {3b), total
entries number (3c), anxiety index (3d0), and hnd dippimg number (Je) were calculated. Data are exp d ns mean = SEM (p < 0.05), ‘indicates significant
dilference from sadine group and * i gnifi i from wvwhicke.

modafinil have also been used to treat attention deficit and hyper- Evidences suggest that drug which are monoamine releasers (DA
activity disorder [29), reinforcing that a similar pharmacothernpy Is and S-HTL au:h as appetive suppeessants, could be effective to treat
able to minimize symp of the di Furthermore, [10], i puych ddiction. Neverthel it is g liy known that
that AMPH treatment decreased self-admini of ine In b es usedd I replacement therapy may be uuss—lolmim with the
Rhesus monkeys, respective abused drug, but they typically have slower onsets of action

Salke AMPH Satne  AMPN
AT - —

AT e -
(a) lm.’ - :

Sotne AN
DR o -
AT ————
c M-:h ¢ - & -
- . .
200
1%
§1.
s
£ Lo
&
[} -
AMPH
Hg.‘.ﬂlunudwﬂ—lso tm, of dog & (da), ty I ¥ (4b), M pros (4¢) and D2
{4y ivity in the p mmbummuwuxdamun‘&!&l(p<0%) ndlmmmﬁamdxﬂtmhmnhmmlnd

“indicates significant difference from VM
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Fig. 5. Influence of AMPH-[SO 1reas
ment on oxidative stitus in the PPC of
ey CAT activity (4a), NPSH levels

x {4b), THARS Jevels (4¢), and proteln
carbony] levels (4d) in the FFC. Data
Mo expressed A mess = SEM,
{p < 0.051 “badicates significant duf-
ference from saline group and * in-
dicates pgnificant defference frum ve-
hicke,

N
il
Ore ~. 1
! H_lﬂml i-

and Yonger half-lives, being also less reinforcing, whatr make them
useful to treat addiction. On the other hand, such substances can lead to
some side effects, however, this phenomenon occurs with all drugs used
[41-24]. In this sense, ultra-high diluted AMPH was used in the current
study to treat addiction symptoms induced by AMPH itsell. 1t is im-
portant te observe that this preparation goes beyond Avogadro's
number, indicating that there is no presence of the AMPH molecule, and
thls characteristic reduces toxicity and side effects, as observed after

i ion of athes amph leri High dilution pre-
parations has been used sucoessfully in other treatments, such demon-
strated in & recent study conducted by Magar ot al. [34], which used an
ultra.diluted of Toxicodendron pubescens in order to decrease in-
Nammation and oxidative damage induced by neuropathic pain.

CPP is a behavior model used 1o assess prefi and relapse of

.

reduction of D2R In mesolimblc areas have been assoclated 10 & greater
susceptibility 10 develop dependence behaviors, because D2R are sell-
Inhibitory to regulation of DA release, leading to a reduction of DA
synthesis [44]. In this sense, animals with low Iew.k ofDZa could shavr
elevated hyperactivity and motivation related to drug-i d
[45]). These findings reinforce the hypothesis that AMPH-ISO reduces
addiction and absti Y We believe that although AMPH.
IS0 does not have any lnnnemeon D2R, its influence on DIR, DM’and
TH may be closely involved in the medulation of reward mech
related to AMPH-induced dopaminergic neurotransmission.

AMPH adminlstration can Induce anxsety-tke behaviors I rodents
[46,47). The apimals exposed to the current experimental paradigm
showed anxiety-like behaviors when under AMPH stimuli, as demon-

addictive drugs such as AMPH [14,15,55]. This experimental procedure
shaws same advantages such as 1) low tralning sesstons; 1) not an In-
vasive procedure; iii) sensitivity to low doses of drug [50]. Our current
findings bave evidenced that animals conditioned with AMPH showed
CPP, and this behavior was extinct after AMPH-ISO treatment, in-
dicating & reduced relapsing behavior, We believe that relapse extinc-
tion may be reflected on AMPH-ISO actlon in the dopaminergic braln
system, It is well known that DA plly:lcamulmletnaddlmm.md
modifications in the expressi involved in the i

nergic peuratransmission may nff«t lhc addictive process [47]. DAT is
a pratein which plays a crucial role in the dopaminergic neuro

transmission, once it mediates about 95% of the DA uptake (3], Be-
sides, TH Is a limiting enzyme on the DA synthesis castade and this
enzyme Is negatively regulated by the DA auto-receptar (D2R) activa-
tion, resalting in higher or lawer DA levels, occording to the demand
[29]. In our study, AMPH conditioning increased DAT and TH im-

munoreactivity, whereas AMPH-1SO administration pmumd It. Our
findings corroborate Filipenko et al. lml who showed of

d by the anxiety index abtained from the EPM paradigm, Besides,
AMPH SO treatment prevented the development of anxiety-like beha-
viors of both AMPH and vehicle (control) animals, indicating anxiolytic
activity of this AMPH.ISO per se.

The PFC, & brain area related to mesocortical cireuits, exerts control
an hrain functions related to limbic nearotransmission, and impals-
ments in this area could Jead to changes in this circuit [48). According
o Li e al. (49) mu)nmpbemum»mauced oxidative stress ts o very
important factor which i y and modifi
ticity, As mentioned above, AMPH mcrenm manoymines releue
leaving them more susceptible to enzymaﬂc degmd-ﬂnn and auto-
xidation. The bol deri ) can induce
oxidative damage and Inhlblt mcmmoletules functions mh 8 pro-
teins and lipids [50). Our findings bave shown that AMPH per se did not
favar the development of oxidutive damage, passibly due to the longer
Interval (fourteen dsys) animals spent without psychastimulant treat-
ment. C ily, p dies from our group [13-15.51] showed
axidative dnmagc in brain areas of AMPH -injected animals, especinlly

"

an
mRANA expression of DAT and TH rewards i ance
AMPH promotes a loag activaticn of lhe dopumlnerpc system due to
the elevated release of DA, with conseqquent increase of both DAT and
TH expression. In addition to these proteins (DAT and TH), DA re-

prors are involved in dopaminergic ian, and conse-
quently in ding hani: imulated by drugs [11]. Some
studies have shown that DIR agonisss induce CPP, suggesting the in-
volvement of these in 4 [42,45]. Also, a

e 2yIp

142

b brain ples were d even after many sequential doses
of AMPH were administered. | ingly, our lave shown
that AMPH-150 improved oxidative unn In the PFC of AMPH-condl-
tioned animals, as observed by the minor level of protein carbonyl and
lipid peraxidation (TBARS levels), besides increased antioxidant de-
(met. as also observed by increased CAT activity and NPSH levels,

forcing the b £l of the AMPH-ISO treatment. Pur-
thermore, 0o signal of toxicity on the PFC was observed in AMPH-ISO-
treated rats, suggesting that this pharmacotherapy is able to stimulate

ficial &
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the maintenance of cellular homeostasis when brain cells are exposed to
& toxic agent such as AMPH.

In summary, we are showing that AMPH-ISO modifies malecular
proteins in the dopaminergic pathway, acting favarably on oxidative
status, which together may be reflected on behavioral adapeations re-
lated to addiction. Our study ks proposing an unconventional method
that may exert beneficial effects on AMPH addiction with the use of an
ultra-high diluted preparation obtained from the psychostimulant drug
itself.
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ABSTRACT

Introduction: Addiction is related to chronic relapse disorder, without effective
treatment. In general, physical exercise has shown beneficial influences on drug addiction, such
as decreasing both the time and severity of AMPH-induced abstinence syndrome and
preventing relapse behaviors. However, the literature lacks studies about the influence of the
intensity of the physical exercise on addiction. Objective: Our aim was to compare both
moderate and intense physical exercise on behavioral (withdrawal, relapse, and anxiety), and
molecular parameters related to AMPH addiction. Methods: Animals were submitted to
conditioned place preference (CPP) paradigm with AMPH. After 8 days of conditioning,
animals were submitted to swimming physical exercise protocol (moderate and intense).
Behavioral evaluations were performed to assess the influence of both exercise protocols on
addiction parameters, including relapse after AMPH-reconditioning, working-memory,
locomotor activity and anxiety-like symptoms, which were assessed in CPP, Y-maze and
elevated plus maze task, respectively. The hippocampus of rats was used for western blotting
analysis. Results: Moderate exercise reduced AMPH relapse and anxiety-like behaviors, while
intense exercise could not do it. Also, moderate exercise increased BDNF, pro-BDNF and TrkB
immunoreactivity in the hippocampus, and these parameters were not modified by intense
exercise. Also, intense exercise decreased the immunoreactivity of the dopaminergic cascade,
as observed in both DI1R and tyrosine hydroxylase (TH), thus increasing D2R in the

hippocampus. Conclusion: Moderate exercise showed a better influence than intense exercise,
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reducing relapse and AMPH-induced anxiety-like behaviors, whose action mechanism

involved should be thoroughly investigated.

Keywords: psychostimulants, CPP, relapse, dopamine, neurotrophins

1. INTRODUCTION

Drug abuse corresponds to a wide-ranging problem around the world, once it does not
only concern the psychoactive substances user, damaging the individual himself, his family and
the society (Pratta and Santos, 2006). So, few social phenomena carry more costs with justice,
health and news in the media than the abusive consumption of alcohol and drugs (Laranjeira et
al., 2007). This phenomenon is a chronic relapse disorder, defined by two major characteristics:
i) compulsion for the drug, favoring behaviors toward excessive intake ii) loss of control in
limiting intake (American Psychiatric Association, 2013). An important aspect of
neurobiological research related to addiction is the understanding of neuroadaptative cellular
and system processes that lead to addiction (Koob, 1997).

The most direct influence of addictive drugs occurs in dopamine (DA) neuronal circuits,
inducing changes in the reward system (Schultz and Romo, 1990). Amphetamine (AMPH) is a
classical drug which acts in the DA system, as well as its derivatives such as methamphetamine,
MDMA  (3,4-methylenedioxymethamphetamine) or ‘Ecstasy’, methylphenidate and
dextroamphetamine (Carvalho et al., 2012; Daberkow et al., 2013; Sulzer et al., 1995).
Methylphenidate and dextroamphetamine are clinically used to treat attention-deficit
hyperactivity disorder and narcolepsy, respectively, while ecstasy or methamphetamine are
used with an abusive and recreational character, especially by young people (Fry, 1998; Parrott,
2000; Volkow et al., 2012). In this sense, AMPH abuse and its derivates is widespread, while
repeated exposure to these substances can lead to addiction by increasing DA neurotransmission
in reward pathways, which extend projections from ventral tegmental area to Nucleus
accumbens (NAc), dorsal striatum, hippocampus and prefrontal cortex (PFC) (Godino et al.,
2015; Howell and Kimmel, 2008; Schultz, 2000).

An important concern is the lack of effective treatment that can reduce abstinence
syndrome and prevent relapse (Cao et al., 2016). Also, AMPH withdrawal is accompanied by
craving, anxiety and depressive behavior in both humans and animal models (Segat et al., 2017,
2014; Vuong et al., 2011). In this sense, our research group has invested efforts to find

innovative tools that can contribute to reducing behaviors related to addiction and relapse,
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preserving a healthy brain. Among these, recent studies from our group evaluated the
pharmacological aspects of an organochalcogen compound (Segat et al., 2017), and the
beneficial influence of chronic and moderate physical exercise over AMPH addiction
parameters (Segat et al., 2017, 2014). Moreover, moderate and chronic physical exercise has
been shown promising results to reduce AMPH-abstinence syndrome and consequently prevent
relapse in rodents. Of particular interest, it is known about the innumerable modalities of
physical exercise, being unknown the influence of physical exercise intensity in addiction
situations. The current study was developed to compare two different intensities of exercise
(moderate and intense) on addiction parameters involving behaviors (withdrawal, relapse, and

anxiety), and molecular parameters related to AMPH addiction.

2. MATERIAL AND METHODS

2.1.ANIMALS

For this experimental protocol, 32 Wistar male rats (100+£10g) were used. Rats were
kept in Plexiglas cages (containing shavings of pine wood), and maintained in a temperature
controlled room (22+1°C), with food and water ad libitum, in a 12h light/dark cycle. The current
experimental protocol was approved by the Animal Ethics Committee (Universidade Federal
de Santa Maria — UFSM 079/2013), which is affiliated to the National Council for the Control
of Animal Experimentations (CONCEA).

2.2.EXPERIMENTAL PROTOCOL

Animals were submitted to habituation in conditioned place preference (CPP) apparatus,
24h after habituation it was performed the CPP pre-test, and in the 8 following days the animals
were conditioned with AMPH (4.0mg/kg, i.p.)(Kuhn et al., 2015, 2013, Segat et al., 2017, 2016,
2014) or Saline (NaCl 0.9%) in the CPP paradigm, resulting in 2 experimental groups (saline
and AMPH). Twenty-four hours after the last conditioning session, all animals were submitted
to the first CPP test, in order to assess AMPH preference. Subsequentially, AMPH group was
divided into sedentary (SED), exercise without weight overload (EX 1) and exercise with
weight overload (EX 2), resulting in 4 final groups (n = 7-9): i) Saline-SED; ii) AMPH-SED
i) AMPH-EX 1; iv) AMPH-EX 2: Exercised animals were submitted to a chronic swimming
protocol for 4 weeks. After the training period, animals were submitted to another three days
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of AMPH re-conditioning (to induce relapse behavior). Twenty-four hours after the last re-
conditioning section, CPP behavioral tests, elevated plus maze (EPM) test, and Y-maze task
were performed to assess AMPH reward, locomotor status, anxiety-like symptoms and working
memory, respectively. Twenty-four hours after behavioral assessments, animals were
anesthetized with sodium thiopental (50mg/Kg, intraperitoneally) and euthanized by
decapitation (Segat et al., 2016). Brains were immediately removed and cut coronally at the
caudal border of the olfactory tubercle, for western blotting analysis in the hippocampus (Figure
1).

2.3.CPP PARADIGM

CPP uses a three-compartment box separated by manual guillotine doors: two
compartments of equal size (45x45x50 cm) with different visual cues: one with white floor and
striped walls, and other with striped floor and smooth white walls. These two compartments
converge to a third (smaller and neutral) compartment, gray colored. The apparatus was cleaned
with alcohol 20% before the introduction of each animal. CPP protocol consists of 4 phases as
follows: I) Habituation: on day 1, rats were kept for 15 min in each compartment for habituation,
except in the neutral one; I1) Pre-test: on day 2, it was performed the pre-test, which consists of
letting the animal freely choose one of the compartments for 15 min, being discarded rats that
show strong unconditioned aversion (less than 25% of the session time) or preference (more

than 75% of the session time) for any compartment; I11) Drug conditioning: on the following 8

days, animals were conditioned with AMPH for 25 min in the compartment they spent the
shortest time in the pre-test, and with vehicle in the paired compartment, with an interval of 4h
between each administration; I\V) CPP test: this phase occurred 24h after the last conditioning
section. On the testing day, rats were placed in the common compartment with free access to
both compartments. Exploration was considered the total time spent in both compartments
except in the neutral one. Time spent in the drug-paired compartment was interpreted as
preference, whereas time spent away from that environment was interpreted as aversion
(Antoniazzi et al., 2014; Kuhn et al., 2013; Segat et al., 2014). After 4 weeks of physical
exercise (described below), animals were submitted to three more days of AMPH re-
conditioning in the CPP apparatus, which was followed by an additional test of drug preference

as described above. Withdrawal symptoms were quantified by the highest time spent in the
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drug-paired environment in this second drug exposure (adapted from Cruz et al., 2008; Segat
etal., 2017).

2.4.DAILY PHYSICAL EXERCISE REGIMEN PROTOCOL

Following the conditioning phase (described above), exercised rats were divided into
two experimental groups moderate and intense physical exercise. Animals were subjected to a
swimming protocol in a plastic container (diameter 180cm x depth 45cm) under continuous
supervision, with water temperature set to 29+1°C. Physical exercise protocol consisted in 4
swimming sections of 10 minutes each, with 5 minutes rest (on a platform that allowed them to
rest without leaving the water) between each swimming section, 5 times a week during 4 weeks
(adapted from Segat et al., 2014; Teixeira et al., 2009). Moderate physical exercised rats swam
without weight overload, while intense physical exercised rats swam with progressive weight
overload (with bags placed in rats back), starting with 3% of body weight and increasing 1%
every other day reaching 12% of weight overload at the end of swimming protocol. Sedentary

rats were maintained on the platform in the same water, without swimming.

2.5.ELEVATED PLUS MAZE TEST

In order to assess anxiety-like symptoms, animals were submitted, during 5min, to EPM
test, which is based on the innate fear rodents have for open and elevated spaces, and the choice
between motivation to explore a novel environment and fear (Montgomery, 1955). The
apparatus consists of a platform elevated 50cm from the floor, with 40cm high walls enclosing
two opposite arms (50cm x 10cm) whereas the other two arms have no walls. All arms have a
central intersection (10cm x 10cm). At the beginning of the test, the rat was placed in a central
intersection facing an open arm. Open arms entries, open arms time, total entries number and

anxiety index (calculated using the following formula):

Anxiety index= 1— ((Open arms time) (Open arms entries) /2)

total time Total entries

2.6.Y-MAZE TEST
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Y-maze apparatus consisted of three arms 32cm x 10cm (long x wide, respectively) with
26cm walls. Rats were placed at the center of the Y-maze and allowed to explore freely through
the maze during a 5min session. The sequence and the total number of arms entered were
quantified. Alternations were defined as three consecutive entries in three different arms (i.e.
1,2,3 or 2,3,1, etc.) (Chu et al., 2012). The percentage alternation score was calculated using
the following formula:

Total alternation number
( - ) 00
Total entries number — 2

2.7.TRAINING VERIFICATION (BLOOD LACTATE MEASUREMENTYS)

The lactate concentrations of blood samples were determined in a lactate analyzer
(Accutrend Lactate, Roche, Sdo Paulo, SP, Brazil) to determine the effectiveness of swimming
as an aerobic/anaerobic training protocol. Lactate measurements were performed in sedentary
moderate and intense groups, 3 times during the exercise protocol (3%, 6% and 12% of

overload), immediately after swimming section.

2.8.EX VIVO ASSAYS
2.8.1. Western blotting analysis

Brains were quickly removed and hippocampus was dissected, frozen and stored at -
80°C until use for western blotting analysis. The samples were homogenized in lysis buffer,
protein concentration was determined in each sample according to BCA Protein Assay Kit
(Pierce, IL, USA), using bovine serum albumin (BSA) as standard. Briefly, equivalent amounts
of protein samples were separated by electrophoresis on a 10% polyacrylamide gel and
electrotransferred to a PVDF membrane (Millipore, MA, USA). Non-specific binding sites
were blocked in Tris-buffered saline (TBS), pH 7.6, containing 5% non-fat dry milk.
Membranes were rinsed in buffer (0.05% Tween-20 in TBS) and then incubated with primary
antibodies. The primary antibodies were anti-D1R (1:700; Santa Cruz Biotechnology), anti-D2
(1:700, Santa Cruz Biotechnology) and anti-TH (1:1000, Santa Cruz Biotechnology), anti-DAT
(1:700, Santa Cruz Biotechnology), anti-proBDNF (1:500, Santa Cruz Biotechnology), anti-
BDNF (1:2000, Abcam Biotechnology), anti-TrkB (1:500, Santa Cruz Biotechnology), anti-
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actin (1:500, Santa Cruz Biotechnology,), followed by anti-rabbit (1:40.000, Santa Cruz
Biotechnology,) or anti-goat 1gG horseradish peroxidase conjugate (1:20.000, Santa Cruz
Biotechnology) according to the antibody specifications. After rinsing with buffer, the
immunocomplexes were visualized by chemiluminescence using the ECL kit (GE Healthcare,
Amersham Pharmacia Biotech Inc., NJ, USA) according to the manufacturer’s instructions. The
film signals were digitally scanned and then quantified using ImageJ software
(http://rsb.info.nih.gov/ij/index.html, RRID: SCR_003070). The data were standardized

according to actin values.

2.9.STATISTICAL ANALYSIS

The comparisons between control and AMPH sedentary group were analyzed by
Student’s T-test, and comparisons among AMH groups in different physical exercise protocol
were performed by one-way ANOVA followed by Newman-Keuls test were used (Software
package Statistic 8.0 for Windows). Values of p<0.05 were considered statistically significant

for all comparisons made. GraphPad Prism® (version 5.01) was used to create the figures.

3. RESULTS

3.1. BLOOD LACTATE MEASUREMENT

Blood lactate remained elevated during all physical exercise training period in intense
physical exercise group when compared to moderate and sedentary rats (data not shown).

3.2.THE PREFERENCE DEVELOPMENT FOR AMPH ASSESSED IN CPP

The behavioral assessment performed before physical exercise protocols showed that
AMPH-exposed rats remained more time in the drug-conditioned place than the vehicle group,
which did not show CPP (p<0.001) (Figure 2A). AMPH re-conditioning increased the time
spent in CPP in the SED group when compared to control group (p<0.001). Also, AMPH-EX1
animals showed no AMPH-reconditioning (p=0.001), contrarily to AMPH-EX2, which did
show this behavioral parameter (p<0.0001), when compared to AMPH-SED group (Figure 2B).
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3.3.AMPH ADMINISTRATION, EX1 OR EX2 AND TREATMENT DID NOT INIUENCE
WORKING MEMORY

In order to assess the influence of AMPH and physical exercise (AMPH-EX1 or AMPH-
EX2) on memory, we used % alternation and total arm entries in the Y-maze paradigm. No
differences were observed among groups for % alternation (Figure 3A) and total arm entries

(Figure 3B) in this behavioral test.

3.4 ANXIETY-LIKE SYMPTOMS ASSESSED IN THE ELEVATED PLUS MAZE

Rats submitted to AMPH-EX1 showed higher open arms entries, evaluated in EPM
when compared to AMPH and AMPH-EX2 group (p<0.05) (Figure 4A). Total entries in EPM
was higher in AMPH group when compared to the control group (p<0.05). AMPH-EX1 and
AMPH-EX2 groups showed the highest total entries number when compared to AMPH-SED
group (p<0.05) (Figure 4B). The AMPH-SED group remained less time in open arms of EPM
when compared to control group (p< 0.0001) and AMPH-EX1 remained more time in open
arms when compared to AMPH-SED group (p<0.05) (Figure 4C).

3.5.EX VIVO ASSAYS: WESTERN BLOTTING ANALYSIS
3.5.1. Hippocampal dopaminergic circuit

D1R showed higher immunocontent in the AMPH-SED group compared to control (p>
0.01), and AMPH-EX2 showed lower immunocontent than AMPH-SED and AMPH-EX1
groups (p<0.05) (Figure 5A). AMPH groups showed lower D2R immunocontent when
compared to control (p<0.01) and AMPH-EX2 showed higher D2R immunocontent when
compared to AMPH-SED and AMPH-EX1 groups (p<0.01) (Figure 5B). TH immunocontent
was higher in the AMPH-SED group when compared to control (p<0.01) and AMPH-EX2
exhibited lower TH immunocontent than AMPH-EX1 group (p<0.05) (Figure 5C). DAT
immunocontent was higher in the AMPH-SED group when compared to control (p<0,001) and
AMPH-EX2 (Figure 5D).

3.5.2. Hippocampal BDNF cascade
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AMPH group showed higher BDNF immunocontent in the hippocampus when
compared to control group (p<0.01) and AMPH-EX1 showed higher BDNF immunocontent
when compared to AMPH-SED and AMPH-EX2 groups (p<0.01) (Figure 6A). Pro-BDNF
showed higher immunocontent in the hippocampus of AMPH-EX1 when compared to AMPH-
SED and AMPH-EX2 groups (p<0.01) (Figure 6B). TrkB showed higher immunocontent in
AMPH-EX1 group when compared to AMPH-SED and AMPH-EX2 groups (p<0.01) (Figure
6C).

4. DISCUSSION

Pharmacological treatment for addiction is difficult due to the chronic relapsing nature
of this behavioral disorder, even after long-term abstinence periods, and the literature lacks
effective treatments for drug addiction (Van den Oever et al., 2010). In the last years, our
research group has studied the effects of different treatments for addiction and relapse to
psychostimulant drugs, including physical exercise, which has promising results as a
complementary therapy to the addiction treatment (Segat et al., 2017, 2016, 2014). However,
for the best of our knowledge, this is the first study developed to compare two different
intensities of physical exercise, an intense and a moderate protocol. Animals were conditioned
previously with AMPH, in order to develop drug preference in CPP paradigm, being
subsequently submitted to one of each exercise protocol. Physical exercise was performed in a
swimming pool, where one group swam without overload (moderate), while another swam with
progressive overload (intense). In order to evaluate the training efficacy, blood lactate was
quantified, allowing us to monitor its progressive levels, establishing metabolic differences
between both exercise protocols. Also, moderate physical exercise prevented AMPH-relapse,
while intense physical exercise did not prevent it. Anxiety-like symptoms, observed in the EPM
were reduced in animals submitted to moderate physical exercise. In addition, no differences in
working memory were observed in exercised groups. Furthermore, both physical exercises were

related to changes in hippocampal molecular targets, which are involved in addictive processes.

Blood lactate is considered an important indicator of physical performance, and its
blood increase is resulting from overload exercise (Gobatto et al., 2009; Orok et al., 1989).
Corroborating with this subject, in the current study, the blood lactate measurements were

performed immediately after swimming section, and we found higher blood lactate levels in the
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intense physical exercise group, confirming that this exercise model is significantly stronger
than moderate physical exercise.

Physical exercise constitutes a potential nonpharmacological tool for the addiction
treatment in both early and late stages of addiction, being capable to reduce craving symptoms
and risk of relapse (Scerbo et al., 2010; Ussher et al., 2014). Furthermore, recent studies of our
group have shown benefits of moderate physical exercise on drug addiction, once this modality
of physical exercise was able to reduce AMPH-relapse (Segat et al., 2017, 2014). Of particular
interest for the current study, our findings related to CPP paradigm are in accordance to those
previous outcomes, where moderate physical exercise prevented AMPH-relapse, but the intense
physical exercise was not able to show this beneficial influence. In fact, CPP paradigm
constitutes a relevant animal model, which is frequently used to assess both preference and
relapse to addictive drugs (Cruz et al., 2008; Kuhn et al., 2013; Segat et al., 2017, 2016, 2014;
Thanos et al., 2013). Drug positive reinforcement, such as CPP development, has been related
to activation of dopaminergic neurotransmission in brain areas involved in the
mesocorticolimbic system, which exerts an important role in the drug addiction (Tzeng et al.,
2015). It is well known that modifications in the expression of proteins involved in the
dopaminergic neurotransmission may affect addictive processes (Tzeng et al., 2015). Therefore,
here we evaluated the immunocontent of molecular targets in the hippocampus of the animals.
It is important to note that this brain area integrates the mesolimbic system, exerting a strong
impact on memorization and feeling of pleasure, such as those subsequent to drug use (Volkow
et al., 2003).

Physical exercise is prescribed as a complementary treatment for many medical
disorders rehabilitation due to be related to wellbeing and to exert positive effects on mood,
memory, and anxiety (Stréhle, 2009). In the current study, we observed that moderate physical
exercise reduced anxiety-like behaviors in the rats, as observed by increased entries and time
spent in open arms assessed in the EPM, revealing reduced anxiety index. These findings are
in accordance to previous studies of our group, which showed the moderate physical exercise
prevented anxiety-like behaviors during AMPH withdrawal (Segat et al., 2017, 2014). On the
other hand, intense physical exercise did not exert influences on anxiety-like behaviors.
Likewise, some studies have shown that intense physical exercise can be drastically harmful,
because it increases reactive species generation, leading to an oxidative stress damages to the
individual (Peijie et al., 2003; Rosa et al., 2007; Teixeira et al., 2009). Also, some authors

reported that animals intensely exercised showed memory impairments, due to exercise-
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induced stress (Diamond et al., 1992; Rosa et al., 2007). However, in our current outcomes, we
did not observe memory impairments in any type of exercise in both groups, which was
accessed in Y-maze paradigm, corroborating to a previous study of our group (Segat et al.,
2016). Such difference from other studies may be understood by dosage schedule, frequency or
time of AMPH administration, described during chronic protocols. Although here we did not
observe these impairments, considering it was a sub-chronic protocol and memory damage is

usually caused by chronic protocols (Arnsten, 2006; Fries et al., 2015).

Moreover, molecular analysis showed that D1R, D2R, TH and DAT immunocontent
in the hippocampus was not modified by the moderate physical exercise, remaining similar to
the sedentary group, which was also exposed to AMPH conditioning. Some studies have shown
that D1R agonists and decreased D2R (innately) are related to increased susceptibility to
develop drug addiction, once DI1R in the limbic system is directly involved with these
behavioral parameters, while D2R is involved in self-inhibitory regulation of DA release,
leading to a minor synthesis of this neurotransmitter (Graham et al., 2007; Tournier et al., 2013).
Also, DAT reduced expression or activity can lead to increased DA levels in the synaptic cleft
stimulating the reward system (Bannon et al., 2001). Besides, the synthesis of DA is regulated
by TH, and TH is in turn regulated by the activation of D2R auto-receptors, resulting in a DA
synthesis production according to requirement (Lindgren et al., 2001). Taken together, the
proteins above mentioned are able to elevate DA concentration in the synaptic cleft, favoring
the addiction process and relapse to addictive drugs, as showed in this study, considering
AMPH exposure increased D1R, TH, and DAT, decreasing D2R levels in the hippocampus.
However, our current findings showed that the moderate physical exercise reduced AMPH
relapse, modifying the DA cascade in a similar manner to AMPH mechanism. These outcomes
may be understood due to the fact that physical exercise is capable to modulate the
dopaminergic reward pathways, which are overactivated by AMPH. Contrarily, intense
physical exercise did not prevent the AMPH-relapse in CPP, possibly because this kind of
physical exercise acts as an unpleasant agent, favoring drug relapse, unlike the moderate
exercise discussed above. At the molecular level, intense physical exercise was related to
decreased D1R, D2R, TH, and DAT, compared to sedentary animals. Also, it was already
demonstrated that intense physical exercise could induce oxidative damages in the
dopaminergic brain area, leading to motor impairments (Teixeira et al.,, 2009). These
impairments could be related to the “Overtraining syndrome”, a condition characterized by

several symptoms such as depression, anorexia, headache, loss of concentration and
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coordination (Fry et al., 1991). This syndrome commonly appears after extenuating physical
exercise, when physical intensity stops to exerts benefits and starts to be harmful (Meeusen et
al., 2007). The hypothesis which explains these harmful effects of “Overtraining syndrome” is
the “central fatigue”, proposed by Acworth et al., 1986, which mention that DA, NE, and 5-HT
synthesis and metabolism is influenced by intense exercise and the alterations induced by this
syndrome may lead to AMPH relapse.

Reinforcing the beneficial influences of the moderate physical exercise, our current
study also showed increased pro-BDNF, mBDNF and TrkB immunocontent in the
hippocampus. Pro-BDNF (an immature isoform of the BDNF) and mBDNF (mature BDNF,
produced by clivage of pro-BDNF) are members of the neurotrophins family of growth factors,
acting as markers of plasticity related to neuron survival (Chao and Bothwell, 2002; Greenberg
et al., 2009). Also, TrkB is a high-affinity neurotrophin receptor widely expressed in the
mammalian brain, and its increased levels are related to brain protection (Klintsova et al., 2004).
In line with this, Erickson et al., 2012 concluded that a decreased BDNF level may be related
to hippocampal dysfunction, which presents symptoms such as memory impairments and
elevated risk to depression, while aerobic exercise appears to improve these dysfunctions.
Another author showed that the physical exercise increased BDNF gene expression, increasing
the BDNF levels, providing long-term protection in both drug abstinence and relapsing
behaviors (Gomez-Pinilla et al., 2011). Our current findings are in agreement with these since
the moderate physical exercise performed here was related to an increase in mBDNF, pro-
BDNF and TrkB, resulting in decreased AMPH relapse. However, the parameter mentioned
above was not modified by intense physical exercise, leading us to propose that strong exercise

cannot exert beneficial influence over drug addiction processes.

In this scenario, moderate and regular physical exercise may be an important tool used
to reduce psychostimulant addiction. However, it is important to observe its intensity, once
intense exercise can be stressful and harmful to addicted individuals. However, more studies

must be conducted in order to elucidate additional involved mechanisms.
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Figure 1

Figure 1: Experimental design: After the pre-test, animals were treated with AMPH (4 mg/kg,
i.p.) in the CPP paradigm for 8 days, when the 1% behavioral assessment was performed. Then,
started one week of physical exercise adaptation and at the sequence, they were submitted to a
swimming protocol without (moderate exercise) or with weight overload (intense exercise) for
4 weeks. After training period rats were re-conditioned for more three days in the CPP
paradigm. After re-conditioning, it was performed 2" CPP test, EPM, and Y-maze. Twenty
hours after these behavioral assessments, animals were euthanized for molecular analyses in
the hippocampus. Abbreviations: AMPH: amphetamine; CPP: conditioned place preference;

EPM: elevated plus maze; BW: body weight.
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Figure 2: Influence physical exercise regimens on AMPH addictive parameters assessed in the
CPP test. AMPH-CPP induced (4 mg/k, i.p. for 8 days) before physical exercise regimen (Fig.
2A), and AMPH-CPP relapse after training period (figure 2B). Data are expressed as mean *
S.E.M (p<0.05). “indicates significant difference between sedentary and AMPH-sedentary

groups. Different lowercase indicates significant difference among physical exercise training
in AMPH injected rats.
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Figure 3: Y maze: Influence of physical exercise on working memory observed in Y-maze,

performed 24h after last AMPH re-conditioning. It was quantified % alternation (3A) and total

arms entries (3B). Data are expressed as mean + S.E.M (p<0.05).
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Figure 4: Influence of physical exercise on anxiety behavior assessed in the elevated plus maze
test, performed 24h after last AMPH re-conditioning. It was quantified open arms entries
number (3A), total arms entries (3B) and open arms time (3C). Data are expressed as mean *
S.E.M (p<0.05). “indicates significant difference between sedentary and AMPH sedentary
groups. Different lowercase indicates significant difference among physical exercise training
in AMPH injected rats.
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Figure 5: Influence of physical exercise on dopaminergic cascade markers, quantified in the
hippocampus. It was evaluated D1R (5A), D2R (56B), TH (5C) and DAT (5D). Data are
expressed as mean + S.E.M (p<0.05). “indicates significant difference between sedentary and
AMPH sedentary groups. Different lowercase indicates significant difference among physical

exercise training in AMPH injected rats.
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Figure 6: Influence of physical exercise BDNF cascade markers, quantified in the hippocampus.
It was evaluated BDNF (6A), Pro-BDNF (6B) and TrkB (6C). Data are expressed as mean +
S.E.M (p<0.05). “indicates significant difference between sedentary and AMPH sedentary
groups. Different lowercase indicates significant difference among physical exercise training
in AMPH injected rats.
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4. DISCUSSAO

Nos Ultimos anos, estudos do nosso grupo de pesquisa tém avaliado parametros de
dependéncia relacionados a diferentes drogas psicoestimulantes, incluindo cocaina, ANF e
morfina. Tais estudos abordaram fatores nutricionais, como o consumo crénico de gorduras
industrializadas, ricas em AGT, (KUHN et al., 2013; 2015), o qual facilitou a preferéncia pela
droga; Estimulacdo tatil no periodo neonatal de roedores (ANTONIAZZI et al., 2014), a qual
exerceu influéncias benéficas envolvendo a prevencédo da adi¢éo por cocaina e anfetamina; E a
pratica regular e continua de exercicios fisicos, a qual foi benéfica na reducdo dos sinais de
ansiedade e de recaida ao uso da droga (SEGAT et al., 2014). Em todos os protocolos
experimentais, os dados de comportamentos de preferéncia e busca pela droga aditiva
ocorreram conjuntamente com o0 desenvolvimento de estresse oxidativo e alteracfes
moleculares envolvendo o sistema dopaminérgico em areas cerebrais de reforco e hedonia,
sugerindo uma relacéo causal.

A adicao por ANF, que € o foco do presente estudo, tém alcancado indices alarmantes
em todo mundo, cujas consequéncias sdo devastadoras pois provocam danos ao proprio usuario,
que muitas vezes sao irreparaveis, atingindo também a familia e a sociedade (POTENZA et al.,
2011; UHL; GROW, 2004; VOLKOW et al., 2011). Pessoas adictas em substancias ilicitas
financiam o trafico de drogas, além de incentivarem indiretamente, a marginalizacdo e a
criminalidade. Embora a clinica médica tenha investido esfor¢cos para promover tratamento aos
adictos, estes sdo basicamente paliativos e sintomaticos, ndo havendo antidoto ou tratamento
especifico que possa aliviar os sintomas de abstinéncia a retirada da droga, ou mesmo, promover
a prevencdo de recaidas ao uso da mesma, representando assim um elevado custo econémico e
social (DIEHL et al., 2010). Na maioria das vezes, tais tratamentos envolvem medicamentos
antipsicoticos, antidepressivos e ansioliticos, cujas a¢fes farmacolégicas ndo tratam a base da
patologia, alem de desencadear muitos efeitos adversos (DIEHL et al., 2010).

Para induzir e avaliar a dependéncia por ANF o modelo experimental de PCL foi
escolhido, uma vez que estemodelo animal € bem aceito no ambiente cientifico e comumente
utilizado para estimar comportamentos de preferéncia e de recaida por drogas aditivas, como a
ANF (KUHN et al, 2013; SEGAT et al, 2014; CRUZ; MARIN; PLANETA, 2008; THANOS
et al, 2010; 2013). O modelo constiste em condicionar os animais com uma droga aditiva em
um compartimento que fornece pistas ambientais as quais serdo associadas com os efeitos
hedonicos da droga. Uma maior permanéncia neste compartimento durante o periodo do teste,
define uma PCL positiva (TZSCHENKE, 1998). Em comparagdo com outro modelo animal,
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conhecido por auto-administracdo, quando o proprio animal administra a droga através de
implante de canula na veia jugular, o protocolo de PCL apresenta algumas vantagens, incluindo
um reduzido numero de sessdes de treino, permite quantificar tanto reforco positivo quanto
negativo (aversdo), ndo requer procedimentos cirurgicos invasivos e a dose administrada fica
sob o controle do experimentador (CARR, 1989).

Neste sentido, os estudos mostrados na presente tese apresentam como foco, alguns
fatores que interferem nos mecanismos aditivos da ANF. Acreditamos que tais estudos sao de
suma importancia, pois alem de fornecerem ferramentas terapéuticas para o tratamento da
adicéo, auxiliam nos mecanismos da compreensédo da neurobiologia dos processos aditivos e
hedonicos relacionados ao uso de drogas. Desse modo, primeiramente foi investigado o fator
dietético sobre a adicdo. Nosso grupo de pesquisa ja mostrou interessantes estudos envolvendo
a influéncia do consumo cronico de gorduras trans sobre o desenvolvimento de diferentes
patologias neuropsiquiatricas, incluindo a drogadicdo (PASE et al., 2017; 2015; KUHN, et al.,
2015; TREVIZOL et al., 2015), nos quais o consumo desta gordura foi iniciado na adolescéncia
ou mesmo desde a vida intra-uterina. No presente protocolo experimental, a suplementacao de
gordura trans teve inicio quando os animais ja eram adultos, o que de forma inovadora, reforca
a o risco do consumo de tais gorduras pela populacdo. Concomitante ao consumo destas
gorduras sintéticas, e também preocupando-se com habitos saudaveis de vida, nosso estudo
também investigou se a préatica regular de exercicios fisicos de intensidade moderada, como um
fator de protecdo e/ou prevencao da adicdo a drogas aditivas, em presenca de gorduras contendo
AGT, ja que esta faz parte da dieta ocidental, especialmente entre a populacdo jovem,
consumidora de lanches e "fast foods". Esse estudo foi realizado para dar sequéncia a um estudo
anterior, o qual mostrou influéncias benéficas do exercicio moderado sobre o status oxidativo
de area cerebral envolvida no sistema de recompensa, reduzindo também comportamentos de
adicio por ANF (SEGAT et al., 2014). E importante ressaltar que toda populagio ocidental em
geral esta exposta aos efeitos deletérios das gorduras contendo AGT, mesmo sem
conhecimento, ja que a legislagdo em vigor, particularmente no Brasil, através da RDC
360/2003 da ANVISA, permite a omissdo de seus teores quando estes sdo menores que 0,2/g
por porcdo de alimento, fazendo criangas, jovens, adultos e idosos "consumidores
inconscientes™ de tal produto. Além dos efeitos danosos sobre a neurotransmissao e 0 SNC, as
gorduras trans tém se mostrado nocivas sobre diferentes sistemas organicos, incluindo sistema
cardiovascular (SHAHA; THADANI, 2018; MOZAFFARIAN, et al. 2006). O presente estudo
propds entdo investigar as consequéncias do consumo desta gordura sobre parametros de

drogadicdo em individuos adultos, reforgando a gravidade do consumo de tais produtos.
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Na sequéncia dos estudos, outros trés protocolos experimentais foram desenvolvidos
com a finalidade de propor novas ferramentas terapéuticas para o tratamento da adi¢do por
ANF, os quais envolveram parametros comportamentais, oxidativos e moleculares relacionados
a drogadicdo por ANF. E importante ressaltar que estes fatores terapéuticos aqui propostos,
embora possuam natureza e mecanismo de acao distintos, apresentam um alvo comum, que é
reduzir a adicdo e recaida pela ANF.

Como exposto no artigo 2, o organocalcogénio (m-CFz-PHCF)2, mostrou respostas
benéficas sobre parametros de drogadicdo induzidos pela ANF, apresentando-se como uma
nova ferramenta farmacoldgica de mecanismo convencional, ja que constitui uma molécula de
estrutura quimica previamente conhecida e exerce atividades antioxidante, ansiolitica,
antidepressiva e antipsicotica ja descritos previamente (LUCHESE et al., 2007; GHISLENI et
al., 2008; BRUNING et al., 2009; 2011; 2015), constituindo uma abordagem farmacoldgica
inovadora interessante para o tratamento da adigdo. Outra terapia escolhida, a qual foi mostrada
no artigo 3, foi 0 uso de uma preparacdo medicamentosa ndo convencional, constituida a partir
da propria ANF ultradiluida em meio alcodlico. Esta preparacdo, possui baixo custo, nédo
apresenta efeitos colaterais (quando utilizada de maneira correta e supervisionada por
profissional), constitui natureza de formulacdo incorporada nas especialidades médicas e essa
linha terapéutica integra o sistema publico de saude brasileiro (BUXTON, 2000; JAIN, 2003;
GUTHLIN, 2005; MONTEIRO; IRIART, 2007). Por fim, através do manuscrito 1, nosso foco
recaiu novamente sobre a pratica regular de exercicios fisicos, a qual constitui uma ferramenta
ndo farmacoldgica, porém neste momento, uma comparacao entre os efeitos benéficos de
exercicios de diferentes intensidades sobre parametros de adicdo por ANF, foram avaliados. O
protocolo experimental incluiu a pratica de exercicio moderado, enquanto o outro foi intenso e
extenuante. Tal protocolo foi desenvolvido com o objetivo de delimitar o manejo do exercicio
fisico a fim de otimizar seus efeitos benéficos sobre os ja descritos, parametros de drogadicdo
induzidos pela ANF, mantendo assim a homeostasia.

Todos os protocolos experimentais apresentados nesta tese envolveram o protocolo de
PCL. Um ponto muito importante do estudo foi a avaliagdo comportamental de recaida a ANF
apos o periodo de extin¢do. Verificamos que os animais ndo expostos ao exercicio, (m-CFs-
PhCF)2 ou ANF ultradiluida apresentaram comportamento de preferéncia a ANF apds a dose
de desafio, caracterizando a recaida. Uma duvida que surgiu durante o processamento dos
resultados foi se os animais submetidos aos diferentes tratamentos poderiam ter suas funcoes

de memoria prejudicadas, o que poderia comprometer as observacdes de beneficios de tais
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tratamentos frente a recaida pela droga. Entéo, o teste de labirinto em Y foi conduzido para
eliminar o viés de que a reducao da recaida fosse consequéncia de perda de memodria. O labirinto
em Y é um paradigma que estima a memdria de trabalho do roedor, o qual apresenta um
comportamento natural de explorar os bracos do aparato de modo sequencial (CHU et al.,
2012). Apenas no primeiro experimento, a avaliacdo de memoria ndo foi realizada, mas nos
acreditamos que houve interferéncia da memoria nos animais suplementados com gordura
trans, visto que esses ndo recairam ao uso da droga, enquanto que 0s animais que receberam
OS recairam. Além disso, tal prejuizo de memdria relacionado ao consumo de gordura contendo
AGT ja foi observado em um estudo anterior conduzido por Teixeira et al. (2011), quando os
animais adultos, expostos cronicamente a suplementacdo de gordura contendo AGT, também
apresentaram reducdo de memoria espacial. Além disso, outras analises comportamentais
relacionadas a adicdo foram efetuadas, como a avaliacdo dos parametros de ansiedade durante
0 periodo de abstinéncia. Nesse sentido, os animais previamente adictos por ANF foram
submetidos ao teste do LCE, um teste j& bem caracterizado para a avaliacdo de comportamentos
relacionados a alteracGes nos comportamentos de ansiedade (BARR et al., 2010; KOMADA, .,
TAKAO; MIYAKAWA, 2008; LIN; PARSONS, 2002; NIN et al., 2012). Deste modo,
verificamos que os animais submetidos ao exercicio moderado (artigo 1 e manuscrito 1), como
também os animais submetidos ao tratamento com o isoterapico (artigo 3), apresentaram
reducdo de comportamentos de ansiedade, concomitante com a menor procura pela droga
observada no teste de PCL. No protocolo de exercicio intenso (manuscrito 1), os animais ndo
demonstraram reducdo do comportamento de ansiedade durante abstinéncia, mostrando
desvantagens dessa modalidade de exercicio fisico frente a recaida por ANF, uma vez que
animais submetidos ao exercicio intenso também apresentaram recaida.

Em todos os protocolos experimentais aqui apresentados, analises ex vivo em areas
cerebrais de recompensa dos animais foram conduzidas. No artigo 1, observamos que a
suplementacdo com gorduras trans aumentou a incorporacao de AGT nas membranas lipidicas
da ATV, striatum, e CPF. Resultados semelhantes a este ja haviam sido mostrados em estudos
anteriores do nosso laboratorio (PASE et al., 2017, 2015; KUHN, et al., 2015; TREVIZOL et
al., 2015), corroborando com os achados mostrados aqui. Deste modo, nés propomos que a
modificacdo observada no contetdo fosfolipidico das membranas pode ter sido refletida sobre
os comportamentos modificados, conforme ja discutido acima, reforcando a importancia do
cuidado em relacdo ao consumo de alimentos industrializados e "fast foods".

O (m-CFs-PHCF),, conforme relatado por Bruning et al (2014), mostrou atividade

antidepressiva, uma vez que o composto promoveu a inibicdo da captacdo de 5-HT no cérebro
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de camundongos, aumentando assim a concentracdo deste neurotransmissor na fenda sinaptica.
A 5-HT é uma amina biogénica, sintetizada a partir do triptofano, cujos efeitos estdo
relacionados a regulacdo do sono, da temperatura corporal, reproducao, alteracbes emocionais,
processos cognitivos e comportamentos sociais (DAYAN; HUYS, 2009; JACOBS; AZMITIA,
1992). Ja foi descrito que a abstinéncia por ANF também esta associada com comportamentos
tipo depressivos, como reducdo da motivagédo e desespero (CRYAN; HOLMES, 2005). Neste
sentido, o (m-CFs-PHCF), atua similarmente aos farmacos antidepressivos inibidores de
seletivos de re-captacdo de 5-HT como a fluoxetina. Outro fator que merece destaque neste
estudo é o fato de que o (m-CF3-PHCF)2 reduziu os danos oxidativos cerebrais induzidos pela
ANF. Estes achados corroboram com o estudo de Prigol et al. (2009a), o qual mostrou que essa
molécula reduziu os niveis de proteina carbonilada e sub-produtos de peroxidacdo lipidica no
cérebro total de ratos. No artigo 3, uma reducdo dos danos oxidativos foi observada, uma vez
que o tratamento com o isoterapico em presenca de ANF mostrou atividade antioxidante. O
dano oxidativo ocorre quando existe um desequilibrio entre as defesas antioxidantes do
organismo e 0s agentes pro-oxidantes (EBADI; SRINIVASAN; BAXI, 1996; JENNER;
OLNAW, 1996). Alguns agentes, como farmacos ou outras moléculas sdo capazes de gerar
espécies reativas no citoplasma, na mitocéndria ou membrana celular e, de acordo com o sitio
de formacdo, sdo capazes de danificar proteinas, lipidios, carboidratos e 0 DNA (ANDERSON,
1996; YU; ANDERSON, 1997). A consequéncia de tais danos inclui alteracdes neurocognitivas
que foram refletidas sobre modificacbes comportamentais, conforme mostrado nos artigos que
compdes essa tese. A reducdo dos danos oxidativos ocorreu de forma paralela aos
comportamentos de menor recaida ou menor ansiedade.

Nos dados que remetem as andlises moleculares, como mostrados no artigo 3 e
manuscrito 1, algumas alteragOes, que a primeira vista podem ser discrepantes, foram
observadas. No protocolo em que o isoterapico foi o tratamento utilizado (artigo 3), observamos
uma reducdo do imunocontetdo do DAT, TH e D1R, enquanto a ANF foi capaz de aumentar
estes parametros. No manuscrito 1, algumas diferencas entre as duas intensidade de exercicio
fisico foram observadas, enquanto o exercicio intenso reduziu o imunocontetdo da TH e D1R
e elevou 0 D2R, o exercicio moderado ndo modificou estes pardmetros em relacdo ao grupo
sedentario que foi também condicionado com ANF. De fato, o DAT desempenha um papel
crucial na neurotransmissdo dopaminérgica, uma vez que ele medeia cerca de 95% da captacao
da DA desde a fenda sinaptica até o interior do terminal pré-sinaptico (BANNON et al., 2001).
Essa acdo regula os niveis de DA na fenda sinéptica e consequentemente, os desajustes na



93

funcéo deste transportador podem estar envolvidas na fisiopatologia da drogadicdo (TZENG,
et al., 2015). Além disso, um experimento conduzido por Filipenko et al. (2001) mostrou um
aumento concomitante da expressdo do mRNA do DAT e da TH, uma enzima limitante da
sintese da DA, frente aos estimulos de recompensa. Os receptores dopaminérgicos na regido
cortical e amigdala podem modular mecanismos de recompensa ou a formagdo de
condicionamento quando estimulados pela administracdo da droga e também estdo envolvidos
no desenvolvimento de abstinéncia quando ocorre a extingdo da droga (MIRENOWICZ;
SCHULTZ, 1996, SCHULTZ, 1998). Alguns estudos mostram que agonistas D1R induzem
PCL e auto-administracédo, isso mostra o envolvimento deste receptor nos sinais de recompensa
(ABRAHAMS et al., 1998, GRAHAM et al., 2007). Embora ambos os D1R e D2R estéo
envolvidos em mecanismos de recompensa natural, os D1R desempenham papel importante na
aquisicdo das fases iniciais da recompensa e 0s D2R aumentam a relevancia motivacional da
recompensa apos sua aquisicdo (RANALDI; BENINGER, 1993).

Considerando o manuscrito 1 aqui apresentado, o grupo que realizou exercicio
moderado também apresentou aumento no imunocontedo dos fatores neurotréficos cerebrais
(pro-BDNF, BDNF e, TrkB). Assim, em ambos experimentos desenvolvidos com o isoterapico
(artigo 3) como com o exercicio moderado (manuscritol) apresentaram modificacfes a nivel
molecular refletidos sobre os parametros de adi¢do, conforme observado através das analises
comportamentais. Além disso, o exercicio moderado exerceu efeitos benéficos, como pode ser
observado pelo aumento no imunoconteddo de fatores neurotréficos cerebrais, culminando em
uma menor busca pela droga. Em contrapartida, o exercicio intenso (manuscrito 1), mesmo
reduzindo o imunocontetdo de marcadores moleculares das vias de recompensa semelhante ao
isoterdpico, ndo resultou melhora no desempenho comportamental de adicdo, tanto que os
animais submetidos a este protocolo recairam ao uso da droga. Ha relatos que a préatica de
exercicio extenuante, como no caso do protocolo executado no manuscrito 1, induz a sindrome
de “overtraining”, que gera uma exaustdo dos neuromoduladores cerebrais, despertando
sintomas depressivos e de ansiedade (ACWORTH, 1986; FRY; MORTON; KEAST, 1991).
Além diso, o exercicio intenso ndo induziu aumento nas vias neurotréficas cerebrais, mostrando
entdo que € necessaria a compreensdo global dos fatores pelos quais o cérebro esta exposto.
Embora alguns fatores ativem vias semelhantes, essa ativacdo pode ser benéfica ou ndo,
dependendo de outras complementares que resultam em danos e refletem em alteracdes

comportamentais, conforme observado nos estudos que compde a presente tese.
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Felizmente, nossas proposic¢des pré-clinicas para o tratamento da drogadicdo por ANF
mostraram efeitos benéficas. Os aspectos abordados aqui, podem e devem, futuramente,
contribuir com os protocolos terapéuticos anti-drogadicéo, pois sao de facil execucdo, de baixo
custo econdémico e com poucas contraindicacdes, desde que executados de maneira correta com

superviséo de profissionais capacitados.
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5. CONCLUSAO

A ANF é uma droga psicoestimulante que provoca alteragdes moleculares e oxidativas
em regibes cerebrais associadas a hedonia. Tais alteracfes séo refletidas em comportamentos
aditivos, conforme observados nos protocolos aqui apresentados:

- Foi possivel observar a grande importancia de uma dieta contendo baixas quantidades
de produtos industrializados, como fatores de oposicdo a drogadicdo por ANF. E é
recomendavel que a alimentacdo saudavel seja acompanhada pela préatica de exercicios fisicos
regulares e continuos, de intensidade moderada;

- No entanto, faz-se necessario que a pratica de exercicio fisicos seja executada de forma
prazerosa para O paciente, caso contrario, pode se tornar um fator de estresse, cujas
consequéncias ndo sdo Uteis na drogadicao por ANF;

- Verificamos que o tratamento com o [(m-CFz-PhSe)2], mostrou-se promissor, Vvisto
que reduziu parametros de dependéncia e recaida em ratos condicionados com ANF. Isso
provavelmente ocorreu devido as suas ansioliticas, antioxidantes, antipsicoticas e
antidepressivas, previamente comprovadas;

- Observamos uma outra face para os tratamentos da drogadicao, cujos resultados foram
promissores. Verificamos que a administracdo de um isoterapico, que emprega a lei da cura do
semelhante pelo semelhante, ou seja, 0 emprego da prépria droga ultradinamizada e ultradiluida

reduziu parametros de adi¢do por ANF e melhorou a homeostase cerebral de ratos.
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