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RESUMO
A sensibilizagdo comportamental a cocaina consiste no aumento da resposta apos uso
repetido intermitente da substancia, e tem sido apontada como um dos principais fatores
que aumentam o risco do desenvolvimento da dependéncia. Individuos do sexo
feminino t€ém mostrado efeitos mais intensos em resposta ao uso de psicoestimulantes
do que os do sexo masculino, influenciados por diferencas hormonais. Além da
neurotoxicidade induzida por sua acdo nos sistemas dopaminérgico e glutamatérgico
(excitatorios), a cocaina influencia a atividade dos sistemas inibitorios cerebrais (GABA
e taurina), que se contrapde aos sistemas acima. Objetivamos, portanto, verificar a
influéncia dos hormoénios femininos na neurotoxicidade da cocaina e nas adaptagdes dos
sistemas inibitorios cerebrais, secundarias ao uso deste psicoestimulante em fémeas.
Para tanto, foram utilizadas ratas intactas hormonalmente ou ratas ovariectomizadas,
recebendo reposicdo hormonal (progesterona e/ou estradiol) ou ndo. Estas foram
sensibilizadas com doses repetidas de cocaina e seu comportamento (atividade
locomotora e estereotipias) foi monitorado. Para avaliar a influéncia dos horménios na
neurotoxicidade da cocaina, foi realizado Teste Cometa em diferentes regides cerebrais,
para verificar lesio de DNA na célula neuronal. Para verificar a influéncia destes
hormonios nos niveis extracelulares de GABA (e seus precursores, glutamato e
glutamina) e de taurina no cortex pré-frontal medial, os animais foram submetidos a
sessoes de microdidlise apds realizacdo de cirurgia estereotaxica. Os resultados de
comportamento indicaram apenas as fémeas com presenca enddgena de estradiol e
progesterona desenvolveram tanto sensibilizagao locomotora quanto estereotipia. Ja a
reposicdo de estradiol aumentou os comportamentos estereotipados apds desafio a
cocaina, enquanto as ratas que receberam reposi¢ao de progesterona, associada ou nao

ao estradiol, apresentaram menor escore de estereotipia apds cocaina repetida. Tanto a
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exposicao aguda quanto a sensibilizagdo a cocaina induziram dano no DNA em
diferentes regides cerebrais das ratas, exceto no hipotalamo, onde o dano foi comparado
ao das ratas que nao receberam cocaina. A presenca enddgena de estrogeno e
progesterona diminuiu o dano provocado pela administracdo de cocaina em todas as
regides cerebrais, mostrando que uma maior sensibilizacdo em fémeas pode estar
relacionada ao desenvolvimento de neuroplasticidade nas regides avaliadas. Os niveis
extracelulares de GABA, de seus precursores ¢ de taurina também sofreram alteragao
apds exposi¢do a cocaina. A administragdo aguda deste psicoestimulante aumentou os
niveis de GABA, glutamato e taurina e diminuiu os niveis de glutamina no CPFm, de
forma diferente se for considerada a condi¢cao hormonal. Ja a sensibiliza¢ao a cocaina
provocou menor alteragdao nos niveis de GABA e de taurina e consequente aumento nos
niveis de glutamato no CPFm das ratas com presenca hormonal endogena. Estes
resultados sugerem que uma maior sensibilizacdo a cocaina em fémeas pode estar
relacionada a uma hipofuncionalidade dos sistemas inibitorios cerebrais decorrentes da
presenga enddgena dos hormdnios sexuais femininos. Portanto, a sensibilizacdo a
cocaina em fémeas com presenca hormonal (principalmente o estrogeno) esta
relacionada ao desenvolvimento de neuroplasticidade e a uma menor atividade dos
sistemas inibitorios cerebrais, com consequente aumento na atividade excitatéria no

CPFm, uma das regides cerebrais mais importantes no desenvolvimento da adigao.

Palavras-chave: cocaina, sensibilizacdo, neurotoxicidade, GABA, taurina, estrégeno,

progesterona, fémeas.
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ABSTRACT

Behavioral sensitization to cocaine is an increased response after repeated intermittent
use of the substance, and has been identified as one of the main factors that increase the
risk of developing addiction. Females have shown higher effects in response to
psychostimulant use than males, influenced by hormonal differences. In addition to the
induction of dopaminergic and glutamatergic (excitatory) neurotoxicity, cocaine
influences the activity of brain systems inhibitory (GABA and taurine), which is
opposite to the above systems. We aim therefore to investigate the influence of female
hormones on cocaine neurotoxicity and in brain adaptations, secondary to this
psychostimulant use in inhibitory systems of female rats. In this sense, we used
hormonally intact rats or ovariectomized rats receiving hormone replacement therapy
(progesterone and/or estrogen) or not. These were sensitized with repeated doses of
cocaine and its behavior (locomotor activity and stereotypies) was monitored. To
evaluate the influence of hormones on the neurotoxicity of cocaine, Comet Assay was
performed in different brain areas, to verify DNA damage in neuronal cell. To check the
influence of these hormones in extracellular levels of GABA (and its precursors,
glutamate and glutamine) and taurine in the medial prefrontal cortex (mPFC), the
animals were subjected to microdialysis session after performing stereotactic surgery.
The behavior results indicated that only females with endogenous presence of both
estrogen and progesterone developed sensitization by hyperlocomotion and stereotypy.
The estradiol replacement increased stereotypic behaviors after cocaine challenge, while
the rats that received progesterone replacement, associated or not with estradiol, had
lower scores of stereotypy after repeated cocaine. Both acute exposure and sensitization
to cocaine induced DNA damage in different brain areas of female rats, except in the

hypothalamus , where the damage was compared to the rats that did not receive cocaine.
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The presence of endogenous estrogen and progesterone decreased the damage caused by
the administration of cocaine in all brain areas, showing that greater sensitization in
females may be associated to neuroplasticity development in the evaluated areas.
Extracellular levels of GABA, its precursors and taurine also been changed after
cocaine exposure. Acute administration of cocaine increased levels of GABA, glutamate
and taurine and decreased glutamine levels in mPFC, differently according with the
hormonal condition. Already cocaine sensitization caused less change in the levels of
GABA and taurine and subsequent increased levels of glutamate in the mPFC of rats
with endogenous hormonal presence. These results suggest that greater sensitization to
cocaine in females may be related to a hypofunction of brain inhibitory systems
resulting from the presence of endogenous female sex hormones. Therefore,
sensitization to cocaine in females with hormonal presence (especially the estrogen) is
related to the neuroplasticity development and a lower inhibitory activity of brain
systems, with a consequent increase in excitatory activity in the mPFC, one of the most

important brain areas involved in the drug addition.

Keywords: cocaine sensitization, neurotoxicity, GABA, taurine, estrogen, progesterone,

female.
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1.1 INTRODUCAO

I.1.1 Historico e Epidemiologia do Uso de Cocaina

A cocaina (benzoilmetilecgonina) ¢ um alcaldide tropano extraido das folhas do
arbusto Erythroxylon coca, pertencente a familia das eritroxilaceas, que € encontrado ao
leste dos Andes e acima da Bacia Amazénica (Leite, 1999). E cultivada em clima
tropical em altitudes que variam entre 450 ¢ 1800 metros acima do nivel do mar. A
cocaina ¢ conhecida e utilizada ha mais de 4500 anos pelas grandes civiliza¢des pré-
colombianas dos Andes. Ela foi purificada em 1859 pelo alemado Albert Neiman e, em
1902, Willslat conseguiu sintetiza-la em seu laboratorio. Inicialmente, a cocaina era
considerada um farmaco milagroso. No inicio dos anos 20, no entanto, comegaram a
surgir relatos sobre os efeitos toxicos da cocaina, incluindo a tolerancia, dependéncia e
até casos de mortes (Ferreira ef al., 2001). A disponibilidade ¢ o consumo da cocaina
ressurgiram no inicio de 1970 nos Estados Unidos e ao final de 1980 e inicio de 1990,
no Brasil. Com o advento do crack a partir da metade dos anos 80, observou-se uma
tendéncia de queda no uso do cloridrato de cocaina e um aumento do uso desta outra
preparacdo (Bahls e Bahls, 2002).

Atualmente, o uso abusivo de crack e cocaina constituem um grande problema
para a sociedade mundial, decorrente das grandes implicagdes causadas pelo seu
consumo abusivo indo desde as complicagdes neuropsiquiatricas, cardiocirculatoria,
transtornos sécio-ocupacionais, econdmicos € legais (Johanson e Schuster, 2000).
Segundo o relatério mundial sobre drogas da Organizagcdo das Nag¢des Unidas (ONU),
realizado em 2008, o Brasil ¢ o segundo maior mercado de cocaina das Américas (cerca

de 870 mil usudrios) (UNODC, 2008). Embora nao existam dados recentes do consumo
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de drogas ilicitas no Brasil, especialistas percebem um aumento no uso de cocaina nos
ultimos anos (UNODC, 2012).

De acordo com o ultimo Levantamento Domiciliar brasileiro, realizado em 2005
nas 108 maiores cidades do pais (Carlini et al., 2007), a cocaina ¢ a segunda droga
ilicita mais utilizada, sendo superada apenas pela maconha. A pesquisa aponta que 2,9%
da populagdo ja usou cocaina ao menos uma vez na vida. Em relacdo ao crack, dados
deste levantamento revelam a prevaléncia de uso na vida de 0,7%. Além disso, tanto o
uso de crack quanto o de cocaina sao mais predominantes entre individuos do sexo
masculino. No entanto, a porcentagem de mulheres jovens (de 12 a 17 anos) que
fizeram uso na vida de cocaina ¢ igual a encontrada entre os homens desta mesma faixa
etaria (0,4%) (Carlini et al., 2007). Esta constatagdo pode ja estar refletindo a mudanca
cultural com mais aceitagdo em relagdo ao uso de drogas mais “pesadas™ pelas
mulheres. Nos Estados Unidos, cerca de 30% dos usuarios de cocaina sao mulheres
(SAMHSA, 2012). Portanto, o nimero de mulheres que fazem uso de psicoestimulantes
como a cocaina tem aumentado nos ultimos anos, e ha diferengcas nas respostas
comportamentais entre individuos de sexos diferentes, tanto em humanos quanto em
modelos experimentais, sendo o sexo feminino mais sensivel aos efeitos dos
psicoestimulantes do que o masculino. Justifica-se a menor incidéncia de uso de drogas
pelas mulheres por fatores culturais. Assim sendo, ¢ importante estudar as diferengas

biologicas porque ha cada vez mais a aceitacao cultural da semelhancga entre sexos.

I.1.2 Mecanismo de acio da cocaina

A cocaina atua como um poderoso agente simpaticomimético com capacidade

de, simultaneamente, bloquear a recaptacdo e aumentar os niveis de catecolaminas
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como dopamina (DA), serotonina (SHT) e noradrenalina (NA), produzindo a¢ao de altas
concentragdes destas catecolaminas nos receptores pds-sindpticos, o que explica o seu
efeito estimulante do Sistema Nervoso Central (SNC) (Dackis e O’Brien, 2001; Egred e
Davis, 2005).

No entanto, o bloqueio da recaptacdo de DA na via mesocorticolimbica ¢ o
principal mecanismo de acdo da cocaina (Figura 1) (Goldstein e Volkow, 2002; Koob,
2006). Esta via origina-se nos corpos celulares dopaminérgicos na area tegmentar
ventral (ATV) e projeta-se para varias areas do sistema limbico, incluindo cértex pré-
frontal (Cpf), hipocampo (HIPc), amigdala (AMI) e nucleo accumbens (NAc)
(Anderson e Pierce, 2005). A estimulagdo do NAc ¢ responséavel pela sensagdo de
prazer obtida com o uso da droga e tem um papel central no reforco dos
comportamentos de busca. O Cpf, por sua vez, esta envolvido nos processos de tomada
de decisoes, sendo responsavel pelo controle inibitorio, e costuma estar hipofuncionante
nos dependentes quimicos ou individuos com outras comorbidades psiquiatricas,
principalmente aqueles com sintomas de impulsividade (Alves e Carneiro, 2013).

Ao ligar-se aos transportadores que fazem a recaptacdo de DA situados na
membrana pré-sindptica dos neurénios dopaminérgicos, a cocaina inibe a remogdo da
DA na fenda sindptica e sua subseqiiente degradacao pela monoamina oxidase no nervo
terminal. A DA permanece na fenda sinéptica e liga-se livremente aos seus receptores
sobre a membrana pos-sinaptica, produzindo mais impulsos nervosos. Esse bloqueio
aumenta a concentracdo de DA na fenda sinaptica no NAc em até 15 vezes (Grimm,
2007). O aumento da ativagdo da DA na via mesocorticolimbica ¢ o principal
responsavel pelos efeitos refor¢adores e pelo sentimento de extrema euforia induzidos

pela cocaina (Goldstein e Volkow, 2002; Koob, 2006).
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Figura 1. Esquema representativo do mecanismo de a¢do da cocaina no SNC, através
do bloqueio da recaptagdo de DA pelo receptor pré-sinaptico. A. Acao da DA em
condi¢des normais. B. A¢do da DA na presenca de cocaina. Fonte: NEAD, 2013.

Neste sentido, a DA tem um papel crucial na mediagdo dos efeitos refor¢adores
da cocaina (Aarao et al., 2008; Cannon e Bseikri, 2004). O sistema de recompensa tem
participacdo fundamental na busca de estimulos causadores de prazer, tais como
alimentos, sexo, relaxamento, sendo um importante mecanismo de autopreservacao. Por
meio do refor¢o positivo da recompensa, obtida durante essas experiéncias, 0 organismo
¢ impelido a buscé-las repetidas vezes. O refor¢o e a motivagdo, portanto, podem ser
considerados componentes naturais do comportamento e fundamentais na sua
organiza¢do (Stefano et al., 2007). A cocaina, através da estimulacdo dopaminérgica,

mimetiza os sentimentos e a busca de prazer naturais do organismo.

1.1.3 Efeitos agudos da cocaina

Os efeitos da cocaina ja estdo bem estabelecidos na literatura. Livros texto de

farmacologia (Brunton et al., 2011) apontam que a cocaina possui multiplas a¢des, tanto

periféricas, quanto centrais. Esta substancia ¢ um potente estimulante do SNC, com
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acdo inibitdria sobre os transportadores de DA (Brunton ef al., 2011; Laranjeira et al.,
2003; Stahl, 1998).

A intoxicagdo aguda com cocaina produz varios efeitos clinicos, dependendo da
dose, sendo mediada pela inibicao do transportador de DA e, conseqiientemente, pelos
efeitos da excessiva atividade dopaminérgica nas sinapses (Stahl, 1998). O efeito agudo
predominante e mais esperado apds o uso de cocaina ¢ uma intensa euforia e sensacao
de bem estar (Leite, 1999). Outros sintomas psiquicos decorrentes do uso da cocaina sao
o aumento do estado de vigilia, autoconfianga elevada, aceleracdo do pensamento ¢ uma
falsa impressao de aumento das capacidades fisicas, intelectuais e sexuais (Brunton et
al.,2011). Por outro lado, doses elevadas de cocaina podem causar complicagdes como
a morte por overdose, decorrente da excessiva estimulacdo central e simpatica
(Laranjeira et al., 2003).

1.1.3.1 Neurotoxicidade da cocaina

O abuso de cocaina ¢ um grande fator de risco para o aparecimento de
transtornos psiquiatricos e neurologicos, devido as diversas alteracdes na quantidade ou
densidade de neurdnios, bem como na expressdo de fatores troficos no cérebro e na
funcionalidade da barreira hematoencefalica (Alves e Carneiro, 2013).

Estudos em animais sugerem varios mecanismos possiveis para a
neurotoxicidade induzida por cocaina ou seus metabolitos. Conforme revisado por
Olsen (1995), os possiveis mecanismos incluem: alteragdo do canal de sédio e
desenvolvimento do transportador de monoamina, liberacdo de epinefrina pela medula
adrenal com subseqiiente hiperglicemia, vasoconstricdo com hipdxia e subseqiiente
diminui¢do do suprimento de nutrientes, quelacdo de ions de calcio, formacao de

superoxido ou infarto apds isquemia e reperfusdo, inibi¢do enzimatica, reducao da
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atividade neurotréfica, alteracdo na expressdo genética e alteragdes das membranas
plasmaticas.

No entanto, 0 mecanismo exato com que a cocaina induz alteragdes neurologicas
e outras desordens ainda ndo ¢ totalmente compreendido. Estudos que avaliam os
possiveis mecanismos de morte celular associada a cocaina sugerem que tanto a morte
neuronal apoptdtica quanto necrdtica podem contribuir para danos neurologicos
induzidos pela droga. O dano no DNA (4cido desoxirribonucleico) ¢ um potente
estimulo para a morte celular. Em relagdo a estes danos, diferentes modelos biologicos
tem sido utilizado para demonstrar a influéncia de cocaina no DNA, indicando que a
cocaina ¢ capaz de induzir esses danos (Alvarenga et al., 2009; 2011; Alvaro-Bartolomé
et al., 2011; Nersesyan et al., 2013). Por outro lado, Lepsch e colaboradores (2009)
demonstraram que a cocaina induziu fragmentacdo de DNA, ruptura da membrana
celular e reducao da atividade mitocondrial.

A neurotoxicidade da cocaina também tem sido correlacionada com a sua
capacidade, assim como a de seus metabolitos, em produzirem espécies reativas de
oxigénio (Valente et al., 2012). Da mesma forma, em ratos, cocaina induz alteragdes
morfoldgicas nas células gliais (Badisa et al., 2010). Além disso, exposicao fetal a
cocaina diminui a sobrevivéncia neuronal, reduz a extensao de neurite (Snow et al.,
2001), induz a apoptose em neurdnios do locus coeruleus (Dey e Snow, 2007) e induz
morte celular em neurdnios de ratos por indugao de apoptose (Li et al., 1999).

Conforme revisado por Alves e Carneiro (2013), a formacao destes compostos
também pode ser proveniente do metabolismo da DA e da SHT, através da danificacao
de componentes celulares como lipidios, DNA e proteinas. A DA parece ser capaz de
induzir a morte celular programada ou apoptose em determinadas células. Além disso, a

hipertemia observada na intoxicagdo aguda/cronica de dependentes parece incrementar
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a degeneragdo neuronal. Neste sentido, estudos mostram diminui¢do do nimero de
células dopaminérgicas e serotoninérgicas, diminui¢do da densidade dos transportadores
de monoaminas e da expressdao génica do RNA (acido ribonucleico) mensageiro que
codifica o transportador de dopamina (DAT) e de SHT em diversas regides do cérebro
apds exposicao aos psicoestimulantes. O consumo de psicoestimulantes pode ocasionar
perda de terminais dopaminérgicos ou células neuronais. Por outro lado, o envolvimento
dos sistemas inibitorios cerebrais na neurotoxicidade induzida pela cocaina nao estd

bem esclarecida.

1.1.4 Dependéncia, Tolerancia e Sensibilizacdo a Cocaina

Apo6s o uso agudo de cocaina, aparece um periodo de desconforto, depressao,
cansaco e disforia, tdo rapido e intenso quanto os efeitos produzidos pela droga, com
intensidade diretamente proporcional a dose consumida. Instala-se, entdo, o desejo
compulsivo pela cocaina (craving) acompanhado de ansiedade, confusdo, tremores,
irritabilidade, comportamento violento, alucinagdes visuais e tateis, crises paranoicas e
convulsoes tonico-clonicas (Alves e Carneiro, 2013). Estas manifestacoes de
desconforto levam ao uso repetido da droga.

1.1.4.1 Dependéncia

A principal complicacdo cronica relacionada ao consumo de cocaina € o grande
potencial para o desenvolvimento de dependéncia. Segundo o Manual de Diagnosticos e
Estatisticas de Distarbios Mentais — DSM 5 (APA, 2013), a dependéncia se caracteriza
por um padrdo maladaptativo de uso de substancia levando a prejuizo ou sofrimento
significativo, manifestado por 2 (ou mais) dos seguintes critérios, ocorrendo dentro de

um periodo de 12 meses: 1) uso recorrente de substancia resultando em falha no
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cumprimento de obrigagdes; 2) uso recorrente em situagdes em que isso pode ser
fisicamente perigoso; 3) uso continuado da substancia apesar de problemas recorrentes e
persistentes nas esferas social ou interpessoal; 4) tolerancia; 5) abstinéncia; 6) consumir
em maiores quantidades ou por um periodo mais longo do que o pretendido; 7) desejo
persistente ou esfor¢cos mal-sucedidos no sentido de reduzir ou controlar o uso; 8) muito
tempo € gasto em atividades necessarias para a obten¢do, na utilizacdo da substancia ou
na recuperacao de seus efeitos; 9) importantes atividades sociais, ocupacionais ou
recreativas sdo abandonadas ou reduzidas; 10) o uso da substancia continua, apesar da
consciéncia de ter um problema fisico; ou 11) fissura ou craving — um forte desejo ou
urgéncia de usar uma substancia especifica.

Neurobiologicamente, a dependéncia pode ser explicada, ao menos em parte,
pela adaptagdo em regides cerebrais envolvidas no refor¢o e na motivagdo. O potencial
de abuso da cocaina ¢ essencialmente baseado no rapido desenvolvimento de tolerancia
para os efeitos de euforia (Biittner et al., 2003). Além disso, as neuroadaptagdes a
cocaina s3o manifestadas comportamentalmente através da sensibilizagdo psicomotora
(Samaha e Robinson, 2005). Outro fator importante para a dependéncia quimica se
relaciona as manifestacdes de abstinéncia, principalmente do tipo depressdo, que servem
como reforgo negativo, fazendo com que os individuos retomem o uso da droga que foi
recentemente suspensa (Dafny e Yang, 2006). Com isso, estudos indicam que a
tolerancia, a retirada, e as neuroadaptacdes relacionadas com a sensibilizagdo podem
desempenhar um papel importante no processo de criagao da dependéncia (Ben-Shahar
et al., 2004; Dafny e Yang, 2006; Wolf, 1988). Portanto, a  dependéncia  se
desenvolve como resultado da adaptacdo a mudangas evocadas pelo uso cronico de

drogas. Varias modificagcdes neuronais, descritas como indug¢do de neuroplasticidade
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podem ser observadas. Mudangas adaptativas induzidas pela droga podem ser divididas
em duas categorias basicas: tolerancia e sensibilizacao (Brunton et al., 2011).

1.1.4.2 Tolerancia

A tolerancia ¢ a necessidade de doses cada vez maiores da substancia para obter
o efeito desejado. Este fenomeno ¢ caracterizado por um desvio a direita na curva dose-
resposta e resulta de adaptagdes neurofuncionais a acdo prolongada da cocaina (figura
2) (Brunton et al., 2011). A tolerancia €, portanto, uma alteragdo quantitativa na
sensibilidade as drogas com diminuicdo dos seus efeitos, estando associada ao uso
cronico de altas doses de psicoestimulantes como a cocaina ( Laviola et al., 1995; Figlie
et al.,2004).

Pode ser causada por mecanismos farmacocinéticos e farmacodindmicos. Entre
as alteracdes na farmacocinética de drogas destacam-se a tolerancia metabdlica, quando
as drogas sdo capazes de estimular o seu proprio metabolismo (Aardo et al., 2008,
2007). Conforme revisado por Hammer et al. (1997), os fatores farmacocinéticos
provavelmente nao sdo significativos contribuintes para a tolerancia a cocaina, ja que a
administragdo cronica desta droga ndo parece aumentar o metabolismo da mesma, e os
niveis de cocaina no cérebro ndo sio nalterados em animais tratados continuamente com
a droga.

Por outro lado, os fatores farmacodindmicos parecem desempenhar um papel
importante na tolerancia aos efeitos comportamentais da cocaina (Hammer et al., 1997),
como uma capacidade de compensar os efeitos da droga. A tolerancia funcional, que
pode constituir o tipo mais comum, decorre de alteragdes compensatorias nos
receptores, nas enzimas efetoras ou nas agdes da droga sobre as membranas (Aardo et
al., 2008). A tolerancia a cocaina pode ser mediada por mecanismos adaptativos, tais

como a atenuacao da neurotransmissao de DA (Hammer et al., 1997). Conceitualmente,
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a administracao cronica de cocaina pode reduzir a concentracao basal de DA ou alterar a
capacidade de resposta dos receptores dopaminérgicos e/ou de sistemas de segundo
mensageiro. A tolerancia também pode ser causada pela atenuacao do aumento de DA
sindptica produzida pela administracao aguda de cocaina. Outros mecanismos possiveis
subjacentes a atenuacdo de resposta da DA pela cocaina cronica incluem aumento do
metabolismo ou diminuicao da liberagcao dopaminérgica. O resultado ¢ a deplecdao da
concentracdo de DA extracelular e o aumento do limiar de auto-estimulagdo (Figlie et
al., 2004).

1.1.4.3 Sensibilizacao

A sensibilizagdo ou tolerancia reversa consiste na exacerbacdo da atividade
motora ¢ dos comportamentos estereotipados apds a exposicao a doses repetidas
intermitentes de cocaina, acarretando um desvio a esquerda na curva dose-resposta
(figura 2) (Brunton et al., 2011; Laviola et al., 1995). Um exemplo deste fenomeno
pode ser o que acontece com alguns individuos, apos intoxicacao repetida com cocaina,
em doses que anteriormente induziam apenas euforia, passam a tomar forma de psicose

paranoide aguda (Stahl, 1998).

Sensibilizagéo

< -

Efeito relativo

" Tolerancia

Dose

Figura 2. Desvios em uma curva dose-resposta com tolerancia e sensibilizagao.
Adaptado de Brunton e colaboradores, 2011.
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A deplecao dopaminérgica resultante do uso repetido de cocaina provoca
alteragcdes anatdmicas e funcionais nos receptores neuronais, levando a um aumento do
numero ¢ da sensibilidade dos receptores poOs-sindpticos de DA. Além da maior
permanéncia de DA na fenda apos o uso de cocaina, esta catecolamina encontrard um
nimero maior de receptores mais sensiveis para estimular (Figlie et al., 2004). Segundo
revisado por Steketee e Kalivas (2011) a sensibilizagdo comportamental estd associada
com o aumento da transmissao na via dopaminérgica mesocorticolimbica. Vale ressaltar
que o grau de liberagao de dopamina estd diretamente relacionado com o historico de
uso de psicoestimulantes, sugerindo uma resposta aumentada de dopamina com o uso
repetido de drogas.

A sensibilizacdo comportamental a cocaina foi primeiramente relatada por
Downs e Eddy (1932) e, conforme revisado por Robinson e Berridge (2001), ¢ um
fendomeno dose-dependente, geralmente observada apenas quando as drogas sao
administradas intermitentemente. Muitas vezes ¢ mais evidente apos longa
descontinuagcdo do tratamento repetido do que logo apés a cessagdo da droga. A
sensibilizacdo pode persistir por varios meses ou anos, inclusive quando esta ¢ induzida
durante a adolescéncia, podendo perdurar até o inicio da idade adulta (Marin et al.,
2008). Adicionalmente, este fenomeno pode ser observado ndo apenas apoOs a
administracao da droga pelo pesquisador, mas também apds a auto-administragdo da
mesma. Além disso, a susceptibilidade a sensibilizagdo possui grande variabilidade
individual (Robinson e Berridge, 2001).

A sensibilizacdo comportamental ocorre em duas fases temporalmente distintas,
que envolvem diferentes mecanismos anatomicos e fisiologicos: a indug¢do/iniciagdo ¢é
definida como a sequéncia de acontecimentos celulares e moleculares induzidos pelo

uso inicial dos psicoestimulantes que podem levar a mudangas duradouras na fungao
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neuronal responsavel pelo comportamento sensibilizado; a expressdo ¢ definida como a
demonstracdo da alteragao neural decorrente do processo de iniciagdo que medeia a
resposta comportamental aumentada por um periodo prolongado de tempo, na presenga
da droga, apo6s um periodo de abstinéncia (Dafny e Yang, 2006; Vanderschuren e
Kalivas, 2000).

A sensibilizacdo comportamental pode ser atribuida ndo somente a agdo
farmacologica direta das drogas, como também aos conhecimentos associados com o
uso destas. Portanto, a sensibilizagdo ndo ¢ uma consequéncia inevitavel do uso repetido
de drogas. Ela ¢ poderosamente modulada pelo aprendizado e por circunstancias
envolvidas durante o uso da droga. O aprendizado pode modular a sensibilizagdo de
duas maneiras: 1) quando a modulacao da expressdo da sensibilizagdao neural ja foi
previamente induzida, conhecida como modulagdo contexto-especifica. Esta ocorre
quando os animais recebem um desafio da droga em um ambiente diferente daquele em
que anteriormente receberam o tratamento. Neste contexto, a sensibilizagdo
comportamental pode ndo ser expressa, embora se saiba que a sensibilizagdo neural
realmente tenha ocorrido. Esta modulacdo contextual pode contribuir para o papel
fundamental que a sensibiliza¢do desempenha na recaida, quando o individuo retorna ao
local onde costumava receber a droga; e 2) quando a sensibiliza¢cdo neural ¢ induzida
em ambiente reconhecido pelo individuo hd menor efetividade na inducao da
sensibilizacdo pela droga (ou, ao menos, a velocidade e o grau de sensibilizagdao
produzida por uma determinada dose da droga). Por exemplo, quando doses baixas a
moderadas da droga, administradas no ambiente onde o animal vive, mostram-se menos
eficazes na indugdo da sensibilizacao do que se as mesmas doses fossem dadas em um

ambiente desconhecido (Robinson e Berridge, 2001).
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Inicialmente, acreditava-se que a tolerancia, que acompanha o uso da maioria
das substancias indutoras de dependéncia, desempenhava o papel principal nas
toxicodependéncias (Vetulani, 2001). No entanto, ha algum tempo presume-se que a
sensibilizacdo sirva como modelo de indugcdo de dependéncia aos psicoestimulantes,
estando envolvida no desenvolvimento e manutencao da dependéncia, desempenhando
um papel mais importante que o da tolerancia na procura € no uso compulsivo de
cocaina (Robinson e Berridge, 1993; Dafny e Yang, 2006).

1.1.4.4 Vias neurais envolvidas na dependéncia e na sensibilizacdo a cocaina

Segundo Wise e Bozarth (1987), o estabelecimento da dependéncia estd
relacionado a capacidade da droga em ativar as vias de recompensa cerebrais e induzir
estimulagdo psicomotora. Em alguns individuos, o uso repetido de drogas pode produzir
adaptagdes permanentes no sistema neural de recompensa, tornando-o cada vez mais
sensibilizado a droga e aos estimulos associados (Robinson e Berridge, 1993). Assim, a
sensibilizacdao das vias motivacionais e estimulantes das drogas poderia contribuir mais
fortemente para o aumento da busca pela droga e, consequentemente, para o
estabelecimento da dependéncia (Robinson e Berridge, 1993; Stewart e Badiani, 1993).

Portanto, a literatura propde que a dependéncia decorre de neuroadaptagdes que
aumentam o incentivo motivacional para obter a substincia. Essas neuroadaptacdes
ocorrem principalmente na via dopaminérgica mesocorticolimbica e podem ser
avaliadas por adaptacdes neuroquimicas nessa via ou por meio da sensibilizagdo
comportamental. Portanto, a teoria da sensibilizagdo do incentivo motivacional parece
explicar a dependéncia.

As vias dopaminérgicas mesocorticolimbicas, essenciais para o fluxo de
informagdes entre o sistema limbico ¢ o motor, além de estarem envolvidas nos

mecanismos de recompensa das drogas, também fazem parte do processo de
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sensibilizacdo comportamental (Dafny e Yang, 2006). Além da ATV, do NAc e do
estriado dorsal, o Cpf também possui um importante papel na sensibilizagao
comportamental aos psicoestimulantes, uma vez que estes formam coletivamente o
“circuito motivacional” (Pierce e Kalivas, 1997). Portanto, este circuito esta envolvido
na tradugdo dos estimulos ambientais e farmacologicos na resposta motora adaptativa ao
processo de sensibilizagdo aos psicoestimulantes.

Hé algum tempo ja se discute as vias neurais envolvidas no processo de
sensibilizacdo comportamental. Conforme revisado por Pierce e Kalivas (1997), além
do NAc, a expressao da sensibiliza¢ao envolve o engajamento de outros trés nucleos do
circuito motivacional: 1) aumento na transmissdo de glutamato e diminui¢do na
transmissdo do Acido gama-aminobutirico (GABA) na ATV 2) redugdo da transmissdo
dopaminérgica no Cpf, com consequente aumento desta transmissao no NAc. Esta
redugdo dopaminérgica ¢ causada pelo aumento da transmissao glutamatérgica na ATV
e no NAc; 3) aumento da liberagao de GABA no ventral pallidum (VP) com diminui¢ao
da atividade das vias inibitorias GABAérgicas eferentes para a ATV e tdlamo médio
dorsal.

Mais recentemente revisado por Steketee e Kalivas (2011), aponta-se outras
regides envolvidas no desenvolvimento e expressdo da sensibilizacdo comportamental.
Os neurénios GABAérgicos projetam-se ao NAc e ao cortex pré-frontal medial (CPFm)
a partir da ATV, enquanto os terminais de DA localizados no NAc também liberam
glutamato (GLU). Este circuito pode ser ativado por projecdes do CPFm para a ATV,
provavelmente através do tegumento laterodorsal (TLD). Além de conexdes diretas, a
ATV influencia provavelmente indiretamente o NAc ¢ o CPFm via projecdes para a
amigdala basolateral (ABL) e o ntcleo paraventricular (NPV). Finalmente, o HIPc ¢

provavel que atue no sistema dopaminérgico mesolimbico através de entradas para a
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ATV. Assim, como ilustrado na figura 3, o CPFm fornece entrada excitatoria, direta ou
indiretamente através do TLD. Ja a ATV fornece influéncia dopaminérgica para o NAc,
direta ou indiretamente, através da ABL e do NPV. Este circuito pode ser igualmente

influenciado pela entrada hipocampal direta na ATV e do CPFm para o NAc.

TLD
TPP

CPFm NAc ATV

NPV

Dopamina

Glutamato ABL
GABA

Desconhecido

Hip

Figura 3. Topografia das neurotransmissdes associadas com a sensibilizagdo
comportamental. Legenda: CPFm (cortex pré-frontal medial), tegumento laterodorsal
(TLD), tegmento pedunculopontino (TPP), nicleo accumbens (NAc), area tegmentar
ventral (ATV), nacleo paraventricular (NPV), amigdala basolateral (ABL), hipocampo
(Hip). Traduzido de Steketee e Kalivas (2011). O NAc ¢ modulado pela entrada de DA
a partir da ATV que inerva direta ou indiretamente este alvo, através do NPV e da ABL.
O NAc também recebe diretamente glutamato do CPFm, bem como proje¢des indiretas
através da LDT/PPT e ATV. Finalmente, a ATV também recebe indiretamente a entrada
de glutamato do hipocampo.

Com isso, entende-se que as vias neurais envolvidas no processo de
sensibilizacdo a cocaina fazem parte de um complexo mecanismo, envolvendo inimeros

neurotransmissores € regioes cerebrais, que necessitam de estudos adicionais para serem

completamente elucidados.

I.1.5 Influéncia dos hormoénios sexuais femininos na sensibilizacao

comportamental e na neurotoxicidade da cocaina
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Tradicionalmente, o abuso de drogas tem sido considerado um problema mais
frequente entre os individuos do sexo masculino. No entanto, o consumo de cocaina por
mulheres tem aumentado rapidamente nas ultimas décadas. Estima-se que cerca de
600.000 dos 2 milhdes de usudrios de cocaina nos Estados Unidos sejam mulheres
(SAMHSA, 2012). Com isso, nas ultimas décadas, tem havido uma preocupagdo maior
em verificar as diferencas entre ambos 0s sexos na aquisi¢cao de dependéncia quimica,
sendo demonstrada efetiva interferéncia dos hormdnios sexuais, tanto na ag¢do em
sistemas neuroquimicos (Perrotti er al., 2000; Saleh, 2003), quanto sobre os efeitos
comportamentais (Kouri ef al., 2002; Lynch et al., 2002).

I.1.5.1 Diferenca entre os sexos nos efeitos da cocaina

As respostas comportamentais agudas aos psicoestimulantes sdo diferentes entre
animais machos e fémeas (Perrotti et al., 2001) e este dimorfismo sexual pode
influenciar a auto-administracdo da cocaina e seus efeitos. Em comparagao com os
homens, as mulheres sdo mais propensas a usar cocaina em idade mais precoce e com
uma maior freqiiéncia (Lynch et al., 2002). Apos o primeiro uso de cocaina, as mulheres
tendem a levar menos tempo até se tornarem dependentes, elas buscam tratamento mais
cedo e normalmente seu habito de usar cocaina ¢ mais grave do que ¢ visto entre os
homens que procuram tratamento (Hu e Becker, 2008; Carroll et al., 2004). Além disso,
utilizando-se a via intranasal para administragdo de cocaina, o pico de efeito foi duas
vezes maior nas mulheres do que nos homens e, durante os 45 minutos apds o uso da
cocaina, a concentracdo da droga nas mulheres diminuiu 18% apenas, enquanto que nos
homens a diminuicdo foi de 60%. Adicionalmente, mulheres relataram mais
experiéncias de “nervosismo” com o uso de cocaina, demoram mais tempo a sentir 0s

seus efeitos subjetivos, experimentam menos euforia e disforia, consomem as formas
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mais severas € em quantidades maiores, ¢ tém mais fissura em resposta aos estimulos
associados a cocaina do que os homens (Kosten et al., 1996).

Estes resultados levam a crer que os hormonios sexuais femininos, estrogeno e
progesterona, podem ser os responsaveis pelo aumento dos efeitos subjetivos induzidos
pela cocaina em humanos (Justice e de Wit, 2000).

1.1.5.2 Avaliacao do ciclo hormonal nos efeitos da cocaina

As flutuagdes hormonais desempenham um papel importante nas respostas das
mulheres para as drogas, o que sugere que os esteroides sexuais modulam as agdes
subjetivas de cocaina (Segarra et al., 2010). Os hormonios gonadais regulam o sistema
reprodutivo, assim como a plasticidade e a atividade de todo SNC. Estudos em
mulheres, durante as diferentes fases do ciclo menstrual, tém mostrado que os efeitos
positivos da droga sdo maiores durante a fase folicular, € que o maior desejo pela droga
ocorre quando as concentragdes de estrogeno e progesterona sao maiores (Sofuoglu et
al., 1999; Evans et al., 2002).

Semelhante a mulher, as ratas fémeas sdo mais sensiveis aos efeitos
psicomotores da cocaina do que os machos (Hu e Becker, 2008). Fémeas mostram uma
maior sensibilizagdo comportamental (Chin et al., 2002; Hu e Becker, 2003), adquirem
autoadministracdo de cocaina mais prontamente do que ratos machos (Lynch et al.,
2001; Carroll et al., 2002; Hu et al., 2004; Campbell et al., 2002) e fazem mais
associacdo entre a administracdo da droga e o ambiente em um periodo menor de tempo
na preferéncia condicionada de lugar (Russo et al, 2003a;b). Durante o ciclo estral, os
niveis de estrégeno e progesterona flutuam, e as alteracdes comportamentais induzidas
pela cocaina sao afetadas pelos estagios do ciclo (Sell et al., 2002; Walker et al., 2002).

Um aumento na resposta comportamental estd diretamente relacionado com o proestro e
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estro, onde os niveis hormonais de estrogeno e progesterona estdo mais elevados (Sell et
al, 2000; Chin et al., 2002; Feltenstein et al., 2009).

Quando as ratas fémeas sao ovariectomizadas e, portanto, possuem niveis de
estrogenos ou progesterona praticamente nulos, o comportamento de hipersensibilidade
a cocaina fica reduzido e a capacidade de sensibilizar mais rdpido do que os machos e
de produzir uma forte associagdo entre a recompensa a cocaina e os estimulos
ambientais ndo sdo mais evidenciadas (Quifiones-Jenab, 2006). A ovariectomia também
faz com que a capacidade de autoadministracao fique bastante reduzida, abolindo as
diferencas encontradas entre os machos e as fémeas. Isto faz supor que os hormonios
sexuais femininos possam atuar nas propriedades de refor¢co da droga (Lynch et al.,
2001).

1.1.5.3 Avaliacao da reposicio hormonal nos efeitos da cocaina

A reposicdo de estrogeno e progesterona também afeta as respostas
comportamentais da cocaina em ratas ovariectomizadas. O estrogeno parece
desempenhar um importante papel na capacidade de refor¢o da cocaina, pois uma maior
sensibilizacdo estd diretamente relacionada com a sua presenca (Hu and Becker, 2003;
Booze et al., 1999). As fémeas ovariectomizadas, na presenca de estrogeno, apresentam
uma alteracdo significativa no comportamento com metade da dose de cocaina que as
ovariectomizadas que nao utilizam estrogeno (Hu e Becker, 2003; Sell et al., 2000).

Embora os dados apoiem que o estrogeno seja o maior responsavel pelas
diferencas encontradas entre machos e fémeas em resposta ao uso da cocaina, esta
parece nao ser a Unica influéncia. Enquanto o estrégeno induz um aumento na atividade
locomotora, a progesterona parece atenuar os efeitos causados pela cocaina (Sell et al.,
2000; Niyomchai et al., 2005). Estudos clinicos com mulheres dependentes de cocaina

relatam que as respostas subjetivas apds uso de cocaina e a fissura por cocaina sdo
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menores na fase latea, caracterizada por concentragdes mais elevadas de progesterona
(Evans et al., 2002). Além disto, a administragdo de progesterona atenua os efeitos
subjetivos do crack em mulheres (Sofuoglu et al., 2004; Evans e Foltin, 2006). Por
outro lado, em animais do sexo feminino, o tratamento exdgeno com progesterona: a)
reverte os efeitos do estrogeno sobre a aquisicdo da autoadministracdo de cocaina
(Jackson et al., 2006); b) atenua as respostas motoras da cocaina em ratas (Russo et al.,
2003a,b); c¢) inibe a preferéncia de lugar da cocaina (Niyomchai et al., 2005); e d) a
hiperatividade induzida pela cocaina e a autoadministragdo de cocaina sdo as mais
baixas na fase em que a progesterona esta mais elevada (Roberts et al., 1989; Sell et al.,
2000; Jackson et al., 2006).

1.1.5.4 Neurotoxicidade dos hormonios sexuais femininos

O sexo feminino ¢ mais influenciado pelos ritmos biologicos, devido aos ciclos
hormonais especificos, sendo mais sensiveis a danos genéticos durante as fases
ovulatoria/estrogénica do ciclo menstrual (D'Souza et al., 1988). Mulheres submetidas a
tratamento com contraceptivos orais apresentam danos em linfécitos aumentados (Biri
et al., 2002). Atividades genotoxicas dos estrogenos incluem danos ao DNA induzidos
por metabdlitos reativos e espécies reativas de oxigénio (Roy e Liehr, 1999). Por outro
lado, os estudos mostraram que a progesterona ativa o sistema de defesa antioxidante.
Sua suplementacdo estimulou a atividade da peroxidase glutationa-S-transferase e
glutationa-peroxidase no figado e nos rins de ratas tratadas com benzeno e ajuda na
atividade da catalase (Verma e Rana, 2011). Além disso, inibe a formacao de peroxidos
de lipidicos nos tecidos hepaticos e isso pode ser influenciada pela atividade da enzima
(Verma e Rana, 2008; Strehlow et al., 2003). Por outro lado, Braz e Salvadori (2007)
mostraram que as flutuagdes periddicas de estradiol e progesterona endogena nao

afetam os niveis de danos no DNA de leucocitos do sangue periférico em fémeas.



38

Portanto, a revisao da literatura sugere que os efeitos da cocaina sobre o SNC
sao género-dependentes e que os individuos do sexo feminino podem ser mais
suscetiveis aos efeitos comportamentais € neurotoxicos da cocaina do que os do
masculino, provavelmente devido a presenca dos hormonios sexuais femininos. Desta
forma, é refor¢ada a ideia da necessidade de estudos sobre os efeitos das variagdes
fisiologicas dos ciclos hormonais ou da reposicdo hormonal em fémeas em relacao aos
efeitos dos psicoestimulantes, especialmente a cocaina, bem como a utilizagdo de
tratamentos diferenciados para homens e mulheres que buscam tratamento para

dependéncia quimica.

1.1.6 Mecanismos inibitorios cerebrais na sensibilizacio comportamental a

cocaina

Apesar de a cocaina atuar diretamente sobre o sistema dopaminérgico, outros
sistemas também sofrem influéncias de sua utilizagdo, podendo haver profundas
alteragdes em receptores, sintese de neurotransmissores, armazenamento, liberagdo e
término de a¢do dos neurotransmissores (Johanson e Schuster, 2000; Perrotti et al.,
2000). Com isso, buscando equilibrar a atividade do SNC ap06s a estimulag¢do produzida
pelas altas concentragdes de catecolaminas decorrentes do uso de cocaina, ocorre a
mobilizacdo de sistemas inibitorios cerebrais. Os sistemas inibitdrios cerebrais,
representado principalmente pelo GABA, mas também por novos neurotransmissores
como a taurina, estdo envolvidos na modulacdo dos efeitos produzidos pela
administracao aguda ou cronica de cocaina no SNC (Banerjee et al., 2013; Backes e
Hemby, 2008; Jayaram e Steketee, 2004). No entanto, ainda existem lacunas no

conhecimento quanto a forma com que estes sistemas inibitorios atuam na resposta ao
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uso de psicoestimulantes, necessitando de estudos adicionais que revelem os
mecanismos pelos quais esta regulagao ¢ feita.

1.1.6.1 Acido Gama Aminobutirico (GABA)

O GABA ¢ o mais importante neurotransmissor inibitério do SNC (Curtis e
Watkins, 1960), sendo primeiramente descoberto como um aminoacido (Roberts e
Frankel, 1950). A alta concentragdo e a distribui¢ao difusa dos neur6nios GABAérgicos
no SNC dificultou o estabelecimento de sua fungcdo como neurotransmissor (Owens e
Kriegstein, 2002).

No SNC de mamiferos, o GABA ¢ sintetizado a partir do GLU, em uma reagao
catalisada por duas isoenzimas acido glutdmico descarboxilase (GAD), GADgs €
GADg¢7. A GADg¢s ¢ preferencialmente distribuida nos axonios terminais e esta
envolvida na sintese e recaptagao de GABA vesicular, servindo a uma resposta rapida a
demanda extra de GABA na neurotransmisao (Fenalti et al., 2007; Castafieda et al.,
2005). Por outro lado, a enzima GADg; esta distribuida no citoplasma axonial, sendo
envolvida nas fungdes metabdlicas e ndo vesicular de recaptacio de GABA. E
constitutivamente ativa e responsavel pela producao basal de GABA (Soghomonian e
Martim, 1998).

O GABA sintetizado ¢ alocado em vesiculas sinapticas por um transportador de
neurotransmissor vesicular e liberado para o nervo terminal por exocitose calcio-
dependente, embora sejam descritas formas de secrecdo nao vesicular de GABA
(Owens e Kriegstein, 2002). O GABA liga-se a seu receptor pré ou pds-sinaptico,
causando uma hiperpolarizagdo celular através do aumento da entrada de Cl e saida de
K. Os efeitos do GABA podem ser mediados pela ativagio de receptores ionotropicos
ou metabotropicos, sendo formado basicamente por trés tipos de receptores, GABA,,

GABAg e GABA¢ (Morris et al., 1999).



40

Os receptores GABAA ¢ GABA( sdo ionotropicos, canais idnicos, enquanto o
GABA3g ¢ metabotrépico, ou seja, acoplado a proteina G (Watanabe et al., 2000). Os
receptores GABA s, em mamiferos, sdo compostos por 16 subunidades, que incluem o;—
6 P13, Y13, 0, €, ® e O (Sieghart e Sperk, 2002; Darlison et al., 2005). Inimeras
combinagdes destas subunidades sdo encontradas, mas a mais prevalente em mamiferos
contém duas subunidades o, duas B, e uma v, (Rudolph ef al., 2001). Assim, as
propriedades biofisicas e farmacoldgicas dos receptores GABA, dependem da
composicao das subunidades (Wieland et al., 1992). Os receptores GABA¢ sdo
proteinas compostas pelas subunidades p;, p, e p3, de forma homo- ou
heteropentamérica, esta ultima constituida por uma combinagdo destas subunidades
(Perfilova e Tiurenkov, 2011). Embora existam poucos estudos sobre este receptor, o
GABA( tem sido considerado uma variante farmacologica do receptor GABA 5, (Owens
e Kriegstein, 2002). Os receptores GABAg (GABAgR), por outro lado, sdo compostos
por sete receptores transmembrana que, através dos sistemas de segundo mensageiro da
fosfolipase C e adenilato ciclase, ativam canais iénicos de K e Ca®" via acoplamento a
proteina G (Chebib e Johnston, 1999). Desta forma, medeiam a neurotransmissao
inibitéria lenta de GABA pela regulagdo de varios efetores. Estes receptores sdo
formados por duas combinagdes heterodimeras: GABAgR; e GABAgR,, sendo que a
subunidade GABAgR; ¢ subdividida em GABAgR;, ¢ GABAgR;, (Bowery et al.,
2002).

Conforme explicitado anteriormente, evidéncias pré-clinicas demonstram que o
sistema GABAérgico estd envolvido com fungdes de modulacio em termos de
excitagdes e/ou inibi¢des sindpticas, interagindo com outros sistemas neuronais, como
os sistemas dopaminérgico e glutamatérgico, regulando de forma especifica as

interagdes entre neurdnios adjacentes em diferentes areas do SNC (Gray et al., 1991).
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Em vista disto, existe uma forte e crescente comprovacao da associacdo entre a
atividade deste neurotransmissor € o mecanismo de acdo da cocaina (Barrett et al.,
2004).

1.1.6.1.1 GABA e Cocaina

A cocaina, assim como outros psicoestimulantes, além da conhecida agdo
dopaminérgica, influencia a atividade do sistema GABAérgico. Neste contexto,
evidéncias apontam que o sistema GABA pode participar nos efeitos agudos e cronicos
da cocaina através de agdes pré e pos-sinapticas.

O sistema GABAérgico parece estar amplamente envolvido no processo de
sensibilizacdo a cocaina. O NAc modula o funcionamento da ATV por meio de
neurdnios que contém GABA (Pierce e Kalivas, 1997) e agentes GABAérgicos tém
mostrado modificar a expressao de sensibilizagdo comportamental produzida por
psicoestimulantes. A injecdo sist€émica de clonazepam preveniu o desenvolvimento de
sensibilizacdo a metanfetamina (Ito et al., 1997), e o valproato de s6dio atenuou os
efeitos locomotores agudos do metilfenidato e bloqueou o desenvolvimento da
sensibilizacdo apds administragdo repetida deste psicoestimulante (Eckermann et al.,
2001).

Os receptores dos neurdnios GABA e dopaminérgicos se colocalizam no
estriado (STR), Cpf e HIPc, regides cerebrais relacionadas aos efeitos da cocaina no
sistema GABA¢érgico (Yamaguchi et al., 2000). No entanto, estudos tém implicado um
importante papel do Cpf no desenvolvimento do comportamento de dependéncia
(Huang et al., 2007). Evidéncias apontam alteracdes de multiplos sistemas de
neurotransmissores no Cpf, incluindo GABA, DA, 5HT, GLU, NA, acetilcolina e

peptideos, sendo que a sinalizacdo de receptores ativada por estes neurotransmissores
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pode contribuir para o desenvolvimento da sensibilizacdo comportamental e adicdo a
psicoestimulantes (Steketee, 2003).

Neuronios de circuitos locais sdo a principal fonte de GABA no CPFm (Retaux
et al., 1992; 1993) e os neurdnios GABA¢érgicos na ATV também projetam-se para esta
regido (Carr e Sesack, 2000). Além disso, as projegdes corticais pré-frontais ao
complexo estriatal podem contribuir para o papel modulador do Cpf, associado a
inibicao de atividades motoras e comportamentais, € podem ser afetadas pela exposi¢ao
a longo prazo a drogas de abuso (Jentsch e Taylor, 1999).

O controle cortical inibitério do STR também parece envolver a atividade
GABA, ja que a injecao local de bicuculina, um antagonista GABA, resulta em aumento
da DA extracelular recuperada por microdidlise no STR (Karler ef al., 1998; Karreman
e Moghaddam, 1996). J4 o aumento de DA induzido por psicoestimulantes ativa
receptores dopaminérgicos tipo 2 (D) e pode diminuir o estimulo excitatdrio por inibir
neuronios piramidais glutamatérgicos, através da liberacdo de GABA (Steketee e Beyer,
2005).

Adaptagdes em longo prazo nas células piramidais do Cpfpor exposi¢cdo
repetida a cocaina (Trantham et al., 2002) estdo associadas a aumento transitério na
transmissdo GABA¢érgica pré-frontal (Jayaram e Steketee, 2005) e diminui¢do da
funcdo dopaminérgica no Cpf (Beyer e Steketee, 2002). Portanto, o GABA regula os
processos excitatorios do Cpf e serve como intermediario na modulagdo DA nestes
neurdnios piramidais (Jayaram e Steketee, 2005). A resposta motora excitatéria
caracteristica dos psicoestimulantes pode depender de inibicdo de vias inibitérias no
STR, resultantes da excitacao no cortex (Karler et al., 1995).

A administracdo aguda ou cronica de cocaina, dependendo da regido cerebral

analisada, pode: a) diminuir a liberacdo do GABA na ATV (Cameron e Williams, 1994;
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Pierce e Kalivas, 1997); b) aumentar o GABA extracelular no Cpf (Jayaram e Steketee,
2005), no NAc e no VP (Wydra et al., 2013); ¢) aumentar a imunorreatividade de
GABA no cingulado anterior (Little e Teyler, 1998); d) aumentar ou diminuir o
turnover do GABA em diferentes areas cerebrais (Dworkin ef al., 1995; Pierce e
Kalivas, 1997); e) reduzir a captacao de cloreto induzida por GABA no STR apos
tratamento prolongado (Peris, 1996); f) aumentar a ligacdo dos receptores
benzodiazepinicos no STR e HIPc (Lipton et al., 1995; Goeders et al., 1990); e g)
diminuir o efeito inibitério do GABA em neuronios hipocampais (Ye et al., 1997). Vale
ressaltar que todos estes estudos foram conduzidos em roedores machos.

O uso de psicoestimulantes também influencia na atividade das isoenzimas
GADg¢s e GADg;. Quando os animais machos sdao expostos agudamente aos
psicoestimulantes, vé-se que os niveis de GAD total ndo estdo alterados apds uma hora
da administra¢dao aguda de anfetamina no STR dorsal, no NAc core e shell, na amigdala
central e basolateral de machos (Carta et al., 2008) ou apos quatro horas no NAc medial
(Lindefors et al., 1992). No entanto, estdo alterados apds seis horas da administragdo de
cocaina no NAc shell (Sorg et al., 1995). Em fémeas, os niveis de GADgs no STR
diminuiram ap6s uma hora da administracdo aguda de cocaina, sem haver alteracdo nos
niveis de GADgs € GADg7 no Cpf (Souza et al., 2009).

Alteragdes nas isoenzimas GAD também sdo descritas apds o uso repetido de
psicoestimulantes, conforme representado na figura 4. Cocaina repetida aumentou a
densidade de GADgs no hipotdlamo anterior e no nucleo amidaléide central e medial,
além de diminuicao no septo lateral (Ricci ef al., 2005). Cocaina repetida ndo alterou a
imunorreatividade do GADgs no VP (De Leon et al., 2000), nem a expressao proteica
desta isoenzima no NAc core, shell e caudato em machos (Chen et al., 2007). Por outro

lado, sensibilizagdo a cocaina diminuiu a expressao de RNAm de GAD65 de ratas no
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STR dorsal e aumenta no Cpf (Souza et al., 2009). Em relacdo a GADg7, cocaina
repetida diminuiu os niveis protéicos desta isoenzima no NAc core ¢ shell (Chen et al.,
2007) e metanfetamina repetida acarretou diminuicdo da expressio do RNAm de
GADg7 no NAc medial (Lindefors et al., 1992). Os niveis de RNAm de GADg; nao
sofreram alteragdes apos cocaina repetida no Cpf medial, STR dorsolateral, NAc core e
shell (Sorg et al., 1995). Além disso, tratamento repetido com cocaina aumentou os
niveis proteicos de GADg7 no caudato (Chen et al., 2007) e anfetamina repetida elevou
os niveis de RNAm de GADg; na amigdala central de ratos machos (Carta et al., 2008).
Em fémeas, sensibilizacdo a cocaina diminuiu a expressao de RNAm de GAD67 no

STR dorsal e aumenta no Cpf (Souza et al., 2009).
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Figura 4. Representacao esquematica do cérebro de rato e alteragdes em GAD65 (rosa)
e GADG67 (azul) apoés exposi¢do repetida a psicoestimulantes. Legenda: = indica ndo
haver alteragdo, ! diminui¢do e T aumento nos niveis das isoenzimas nas diferentes
regides cerebrais. Abreviacdes: AMI (amigdala), CAU (caudato), Cpf (cortex pré-
frontal), HIPt (hipotalamo), SL (septo lateral), STR (estriado), NAc (ntcleo accumbens)
e VP (ventral pallidum).

Quando se leva em conta a retirada da cocaina apos tratamento repetido, houve
uma elevacdo nos niveis proteicos de GAD no hipotalamo (HIPt) apos 1 e 8 dias de
retirada, retornando aos niveis basais apos 14 dias (Ma et al., 2008). Adicionalmente,

observou-se diminui¢do no RNAm de GADg7 ap6s 30 dias de retirada de anfetamina no

STR dorsal e no NAc core e shell, mas ndo na amigdala central (Carta et al., 2008).
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As subunidades dos receptores GABA¢érgicos também sao alteradas pelo uso de
psicoestimulantes. O estado funcional de receptores GABA parece ser inversamente
proporcional a magnitude do efeito comportamental da cocaina. A inje¢ao, no STR, de
oligodeoxi-nucleotideos antisense de RNAm para subunidades a2 e¢ (3 diminui a
expressao e fung¢do dos receptores e aumenta os efeitos no comportamento rotatério da
cocaina (Peris, 1998).

A sensibilizagdo a cocaina esta associada a uma diminuicdo na expressdao da
subunidade o, no NAc de ratos machos (Chen et al., 2007) e no Cpf de ratas (Toniazo
et al., 2007) e a deplecao desta subunidade em camundongos aboliu a sensibilizagao
(Morris et al., 2008). Injecdes agudas de cocaina alteram os niveis de RNAm da
subunidade P, no cortex cingulado de machos (Yamaguchi ef al., 2000) e no Cpf de
fémeas (Toniazo et al., 2007). Cocaina aguda também alterou a subunidade 33 no STR e
giro dentado, retornando ao normal apdés um periodo de tempo (Yamaguchi et al.,
2000). As subunidades 33 mostraram participar da indu¢do da resposta comportamental
ap6s uso agudo e cronico da cocaina, bem como mediar as adaptagdes neuroquimicas
que ocorrem durante a sensibilizacdo pelo seu uso repetido (Resnick et al., 1999). Os
niveis proteicos da subunidade y estdo aumentados no hipotalamo apds a retirada da
cocaina (Ma et al., 2008). Paradoxalmente, a auto-administragao de cocaina diminui a
expressdo de RNA mensageiro (RNAm) de a2 e B2 no Cpf, de a2 no STR e de a4 no
Cpf e no HIPc de ratos hiperativos (de Azeredo et al., 2010). Além disso, a expressao
génica das subunidades dos receptores GABAg sofre aumento na regido do HIPc apos
administracao de cocaina (Li et al., 2003). Na exposi¢do pré-natal a cocaina, ocorrem
alteragdes na distribui¢do das subunidades o, B, € Y no cortex cingulado anterior, que

retornam ao normal ap6s alguns dias (Shumsky et al., 2002).
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Enfim, vérios sdo os estudos que avaliam o papel do sistema GABA nos efeitos
dos psicoestimulantes. No entanto, os mecanismos pelos quais a cocaina modifica este
sistema, particularmente em fémeas, ainda ndo estdo completamente estabelecidos,
necessitando de pesquisas adicionais que concernem esta questao.

1.1.6.1.2 GABA e os hormonios sexuais femininos

Estudos tém mostrado alteracdes no sistema GABAérgico secundarias a
presenca dos hormonios sexuais femininos (Saleh, 2003). O estrégeno tem a capacidade
de modular os niveis de RNAmM de GADgs € 0 GADg7 no cérebro de ratas. O resultado
das regides analisadas mostrou que na area pré-optica magnocelular, o GADgs estd
aumentado enquanto o GADg7 estd diminuido pela presenca do hormdnio. Na regido do
nucleo médio dorsal do HIPt, os resultados indicaram um aumento de 60% no GADg;
apoés tratamento com estradiol e uma diminui¢do de 73% no GADgs. No mesencéfalo
houve um aumento no GADgs e uma diminui¢ao do GAD 47 (McCarthy, 1995).

Uma proposta sugerida seria de que o estrogeno aumentaria a resposta
neuroquimica a psicoestimulantes nas ratas através da inducdo de rapidas mudangas na
excitabilidade neuronal levada pela acdo do estrogeno sobre os neuronios GABAérgicos
estriatal causando uma menor estimulacdo dos receptores GABAg, conseqlientemente,
um aumento na liberacdo de dopamina (Lynch et al., 2002). O estrogeno também pode
modular diferencialmente os niveis de mRNA de outros importantes componentes
dentro do SNC como o sistema dopaminérgico, serotoninérgicos bem como a expressao
de seus proprios receptores (Zhou, 2002).

A progesterona e seu metabolito ativo, a alopregnanolona, atuam como
moduladores positivos dos receptores GABAérgicos (Rupprecht, 2003). Em estudos
realizados em nosso laboratério, a progesterona diminui a expressdo de RNAm de

1soenzimas GABA (GADgs e GADg7) no Cpf de ratas (Souza et al, 2009). Em ratos
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machos, a administragdo intrahipocampal de alopregnanolona aumentou a expressao da
subunidade y, do receptor GABAA (Nin et al., 2008). Além disso, a expressdo das
subunidades d e y, aumentou no hipocampo ap6s administragdo de alopregnanolona no
NAc (Nin et al., 2012). Outro estudo mostra que a progesterona foi capaz de aumentar a
subunidade a; do receptor GABAA no cortex pré-frontal de ratos machos e fémeas e
diminuiu a expressdo de y, apenas nos machos (Andrade et al., 2012). Na gravidez,
quando existe um pico de ALLO, ocorre altera¢do da subunidade y, no cortex cerebral e
no hipocampo de ratas (Follesa et al., 1998; Concas et al., 1999; Follesa et al., 2002),
assim como da subunidade o4 no hipocampo durante a lactagdo (Concas et al., 1999),
ap6s administragdo de progesterona (Smith ez al., 1998).

Neste sentido, sugerimos que a reposi¢ao de progesterona atenua os efeitos
agudos e cronicos de cocaina em ratos, possivelmente pela modulagdo de subunidades
dos receptores GABA4 e das enzimas de sintese de GABA.

1.1.6.1.3 Precursores do GABA e Cocaina

A avaliacdo dos precursores do GABA contribuem para uma melhor
compreensdo do envolvimento dos diferentes sistemas cerebrais no desenvolvimento da
sensibilizacdo a cocaina. O chamado ciclo Glutamina (Gln)/GLU-GABA, que sera
descrito a seguir, ¢ essencial para o funcionamento do SNC (Martinez -Hernandez et al.,
1977).

O glutamato, além de ser o precursor do GABA (Ricci et al., 2005), conforme
citado acima, ¢ o principal neurotransmissor excitatorio no SNC, sendo armazenado em
vesiculas sinapticas e liberado por exocitose calcio-dependente (Yang et al., 2009).

Este aminoadcido exerce suas agdes por meio da ativacdo de receptores
ionotropicos do tipo NMDA (N-metil-D-aspartato), AMPA (a-amino-3-hidroxi-5-

metilisoxazol-4-propidnico) e cainato, produzindo respostas pré-sindpticas excitatdrias
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(Brunton et al., 2011). Os receptores NMDA sdao composto por 7 subunidades (NR;-,
NR7a.p, NR3aB) € 830 0s tnicos que necessitam de dois agonistas diferentes para a sua
ativacdo. Além de um sitio de ligacao para o glutamato, encontrada no NR, a ligacao da
glicina na subunidade NR; parece ser essencial para a ativacdo deste receptor. Os
receptores AMPA apresentam 4 subunidades (GluR.4) enquanto os do tipo cainato sdao
compostos por 5 familias (GluK;.s). Potenciais excitatorios pos-sinapticos mais lentos
podem ser alcancados com a ativacao de receptores glutamatérgicos metabotropicos.
Até hoje, oito membros da familia acoplados a proteina G foram identificados (mGluR ;.
g) (Kapczinski ef al., 2011).

O GLU ¢ o neurotransmissor primario nas células piramidais e nas projecdes
talomocorticais e corticostriatais € também um neurotransmissor importante no
hipocampo. Neurdnios glutamatérgicos possuem a maior comunicacao entre diversas
regides corticais frontais e, entre outros, projecdes de neurdnios dopaminérgicos do
mesencéfalo paraa ATV e o NAc (Kalivas e Volkow, 2005).

A superativacdo dos receptores NMDA, AMPA e cainato devido a altas
concentragdes de glutamato pode levar a morte de células neuronais. Esta
excitotoxicidade tem sido relacionada com mecanismos de dano ao SNC através do
influxo de Ca*" dentro dos neurdnios, pela ativacio de enzimas que degradam proteinas,
membranas e acidos nucleicos. Este fendmeno pode induzir os danos no SNC que
ocorrem apos isquemias, hiperglicemia ou epilepsia (Kapczinski ef al., 2011; Brunton et
al.,2011) ou até mesmo o uso de psicoestimulantes.

O uso de cocaina pode interferir neste sistema neurotransmissor em diferentes
regidoes cerebrais. Estudos pré-clinicos demonstraram que a utilizagdo crdonica de
cocaina produz uma reducao significativa na transmissdao glutamatérgica basal no Cpf

(Baker et al., 2003; Thomas et al., 2001). Por outro lado, o desafio a cocaina induz
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aumento do glutamato extracelular no NAc (Berglind ef al., 2009; Pierce et al., 1996) e
no Cpf (Steketee e Williams, 2004). Ja a retirada de cocaina cronica esta associada a
redugdo nos niveis de glutamato extracelular no NAc core (Baker et al., 2003). Tais
mudangas possuem um papel critico na dependéncia e recaida do uso de cocaina
(Kalivas e Volkow, 2005).

A glutamina constitui 1/5 de todos os aminoacidos presentes no plasma. No
SNC, a GIn ¢ importante como um precursor de varios aminoacidos neurotransmissores,
incluindo Glu e GABA. No ciclo GIn/Glu-GABA, a GIn ¢ sintetizada a partir do Glu e
amoniaco nos astrocitos, numa reagdo catalisada pela Gln-sintetase. Uma vez nos
neuronios, a Gln € novamente convertida em Glu pela enzima mitocondrial glutaminase
fosfato-ativada. Uma parte do glutamato pode ser descarboxilado para GABA ou
transaminado para aspartato (Martinez -Hernandez et al., 1977; Sidoryk-Wegrzynowicz
e Aschner, 2013).

A entrada de GIn nos compartimentos neuronais ¢ facilitada pela sua abundancia
nos espagos extracelulares em relagdo a outros aminodcidos. A Gln também parece
afetar a neurotransmissdo interagindo diretamente com a classe de receptores
glutamatérgicos NMDA. Distarbios do metabolismo e/ou no transporte de Gln contribui
para alteracdes na transmissdo glutamatérgica ou GABA¢érgica associadas a diferentes
condi¢gdes patoldgicas do cérebro, como na epilepsia (Albrecht et al., 2010) e
possivelmente na resposta ao uso de psicoestimulantes.

1.1.6.2 Taurina

A taurina ou &cido 2-aminoetanossulfonico ¢ derivada da cisteina. Ela ¢ um
aminoacido ndo essencial no cérebro, que estd amplamente distribuida em tecidos de
animais € um dos aminoacidos mais abundantes em mamiferos. A taurina desempenha

varios papé¢is cruciais, incluindo a modulagdo de sinalizacdo de calcio, regulagdo
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osmotica, estabilizagdo da membrana, sendo demonstrado um papel neuromodulador
inibitorio, possivelmente como um neurotransmissor (Kumari et al., 2013).

Estudos t€ém mostrado que ¢ um agente neuroprotetor e anticataléptico eficaz
através de mecanismos fisioldgicos e farmacologicos (Lidsky et al., 1995). Possui
capacidade de prevenir a apoptose e de agir como um antioxidante (Kumari et al. ,
2013). Os mecanismos provaveis para as acdes neuroprotetoras e anticatalépticas da
taurina foram propostos tanto pelo seu antagonismo para a excitotoxicidade do GLU
(Quinn e Miller, 1992; Yablonsky-Alter et al., 2009), quanto pelo seu funcionamento
como agonista parcial do receptor GABA, (Quinn e Miller, 1992), aumentando a
duracdo da condutancia do canal de CI' (Wu e Prentice, 2010) e interagindo diretamente
com este receptor (Jia et al., 2008). Estes dados fazem sentido uma vez que tem sido
reconhecido que a taurina ¢ o GABA sdo estruturalmente semelhantes e podem
compartilhar transportadores no cérebro (Kumari et al., 2013).

1.1.6.2.1 Taurina e cocaina

Esse mecanismo inibitério e neuroprotetor parece dar a taurina uma importante
participagdo nos efeitos das drogas psicoestimulantes. Nos ratos machos, a taurina foi
eficaz na diminuicdo da dependéncia a cocaina, suprimindo a preferéncia e a
sensibilizacdo locomotora induzida por esta droga (Banerjee et al., 2013).
Adicionalmente, estudos mostraram que a exposi¢do cronica € o desafio a cocaina
aumentaram significativamente os niveis extracelulares de taurina no STR (Banerjee et
al., 2013; Yablonsky-Alter et al., 2009). Por outro lado, a administracdo aguda de
cocaina nao alterou as concentragdes extracelulares de taurina nesta regido (Banerjee et
al., 2013). Estudos adicionais que verifiquem o papel deste neurotrasmissor nos efeitos

dos psicoestimulantes devem ser realizados.
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1.2. JUSTIFICATIVA

A neurobiologia da dependéncia a cocaina ainda possui inimeras lacunas que
necessitam ser desvendadas. O estudo dos mecanismos inibitérios cerebrais, que se
contrapdem aos mecanismos excitatdrios, relacionados as propriedades de reforco e
recaida da cocaina, ¢ de fundamental importancia para o tratamento dos usudarios de
cocaina, uma vez que estes poderao trazer subsidios para o desenvolvimento de novos
farmacos.

Embora as mulheres sejam mais sensiveis aos efeitos das drogas de abuso, raros
sao os estudos que avaliam os efeitos € os mecanismos destas substancias em individuos
do sexo feminino. O desenvolvimento de pesquisas voltadas para estes individuos,
visando o direcionamento de ac¢des de tratamento e de diminui¢do dos efeitos das drogas
no sexo feminino ¢ indispensavel.

Portanto, este trabalho justifica-se pela relevancia do estudo da influéncia dos
hormdnios sexuais femininos na toxicidade da cocaina e nos mecanismos dos sistemas
inibitdrios cerebrais envolvidos nos efeitos do uso prolongado da cocaina em individuos

do sexo feminino.
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1.3. OBJETIVOS

1.3.1 Objetivo Geral

Verificar o papel dos sistemas inibitdrios cerebrais nas alteragdes
comportamentais e neurotoxicas decorrentes da administracdo repetida de cocaina em

ratas em diferentes condi¢oes hormonais.

1.3.2 Objetivos Especificos

1) Sensibilizacdo comportamental

Avaliar a influéncia dos hormodnios sexuais femininos na sensibiliza¢ao

comportamental induzida pela administra¢ao repetida de cocaina em ratas.

2) Neurotoxicidade da cocaina

Verificar o dano celular no cerebelo, cortex pré-frontal, estriado, hipocampo e
hipotadlamo de ratas em diferentes condi¢cdes hormonais tratadas aguda e repetidamente
com cocaina.

3) Niveis extracelulares de GABA e seus precursores

Analisar a influéncia dos hormonios sexuais femininos nos niveis extracelulares

in vivo de GABA e seus precursores no cortex pré-frontal de ratas tratadas com cocaina.

4) Niveis extracelulares de Taurina

Analisar a influéncia dos hormoénios sexuais femininos nos niveis extracelulares

in vivo de taurina no cortex pré-frontal de ratas tratadas com cocaina.
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Capitulo I

Efeitos modulatorios do estrogeno e da progesterona endogenos ou exogenos

na sensibilizacdo comportamental induzida por cocaina em ratas.

Os experimentos realizados e apresentados no artigo a seguir estdo associados
com o objetivo especifico 1 e foram idealizados com a proposta de responder as
seguintes perguntas:

1) A sensibilizagdo comportamental induzida pela administragdo repetida de
cocaina em fémeas € melhor expressa através da hiperlocomogao ou da estereotipia?

2) Os hormonios sexuais femininos endoégenos ou exogenos influenciam

diferentemente a sensibilizacdo comportamental em fémeas?

O artigo foi aceito para publicagcdo na revista Brazilian Journal of Medical and

Biological Research, fator de impacto 1,14 (Qualis B2).
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Abstract

Cocaine sensitization is a marker for some facets of addiction and is greater in
female rats and may be influenced by their sex hormones. We compared the modulatory
effects of endogenous or exogenous estradiol and progesterone on cocaine-induced
behavioral sensitization in female rats. Ovariectomized female rats received:
progesterone, estradiol, progesterone plus estradiol or oil. Sham-operated females
received oil as control. Control and acute subgroups received injections of saline while
the repeated group received cocaine (15 mg/kg i.p.) for 8 days. After 10 days, the acute
and repeated groups received a challenge dose of cocaine, after which locomotion and
stereotypy were monitored. The estrous-cycle phase was evaluated and blood was
collected to verify hormonal levels. Repeated cocaine treatment induced overall
behavioral sensitization in female rats, with increased locomotion and stereotypies. In
detailed analysis, ovariectomized rats showed no locomotor sensitization, however, the
sensitization of stereotypies was maintained. Only females with endogenous estradiol
and progesterone demonstrated increased locomotor activity after the cocaine challenge.
Estradiol replacement enhanced stereotyped behaviors after repeated cocaine. Cocaine
sensitization of stereotyped behaviors in female rats was lower after progesterone
replacement, either alone or concomitant with estradiol. The behavioral responses
(locomotion and stereotypy) to cocaine were affected differently depending on whether
the female hormones were of an endogenous or exogenous origin. Therefore, hormonal
cycling appears to be an important factor in the sensitization of females. While estradiol
increases the risk of cocaine sensitization, progesterone may be further studied as a
pharmacological treatment in the prevention of psychostimulant abuse.
Keywords: Cocaine; Locomotor activity; Female rats; Estradiol; Progesterone;

Stereotypic activity
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1. Introduction

Behavioral sensitization occurs after repeated psychostimulant use and is well
described for drugs such as cocaine. This phenomenon is characterized by enhanced
stereotypy or motor-stimulant responses, after a delay of days or weeks, following
repeated intermittent administration of psychostimulants. Behavioral sensitization is
thought to underlie some facets of cocaine addiction, including craving and relapse’.

The prevalence of cocaine use and abuse has been increasing rapidly among
women in recent years. In fact, women are more likely to use cocaine at an earlier age
and with a higher frequency than men?. Moreover, women tend to take less time to
become addicted, use it in larger amounts, and show more craving signals than men”.
Similarly, in experimental animals, the hormonal differences between males and
females appear to influence both the use of cocaine and its behavioral effects, with
females showing more intense acute behavioral effects than males®. Female rats have
also been found to have more intense responses to the repeated administration of
cocaine in studies involving sensitization, conditioned place preference, self-
administration and dose escalation’.

Hormonal fluctuations play an important role in women's responses to drugs,
suggesting that sex steroids modulate the subjective actions of cocaine’. Indeed, the
reinforcing effects of drug abuse are greater during the follicular phase in women, and
craving sensations are stronger when estrogen and progesterone levels are high’. In
female rats, the behavioral effects of cocaine vary according to the estrous cycle phase®.
Interestingly, the behavioral responses to cocaine are enhanced in the proestrus and
estrus phases in female rats, when estrogen and progesterone levels are high’'".
Ovariectomy abolishes the behavioral differences in response to cocaine administration

between male and female rats and also delays behavioral sensitization and self-
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administration in female rats'?, suggesting that hormonal fluctuations act as positive
factors in the reinforcing properties of cocaine.

Despite the relevance of the hormonal condition on psychostimulant intake, the
influence of the concomitant administration of progesterone and estrogen on females
receiving repeated cocaine exposures is poorly understood. It is already known in

15,16 and

rodents that estrogen increases sensitization'>'*, cocaine self-administration
relapses during the reinstatement phase'’. However, progesterone appears to attenuate
the effects of cocaine, acting as a protective factor. Exogenous treatment with
progesterone reverses the effects of estrogen relative to the acquisition of self-
administration of cocaine, attenuation of the motor response and inhibition of the place
preference for cocaine'®. In addition, cocaine-induced hyperactivity and self-
administration are less intense during stages of the estrous cycle in which progesterone
levels are high'*™'°. A significant increase in responses also occurs during the
reinstatement of cocaine use in rats during estrous phases relative to non-estrous phases,
and this effect is selectively attenuated by progesterone'. In spite of several references
showing the attenuation of cocaine affects by progesterone, other authors observed that
progesterone might not have any influence® or, even, potentiate psychostimulant
effects?.

Overall, studies investigating the effects of physiological variations of hormonal
cycles or of hormone replacement therapy on cocaine-induced behavioral sensitization
in females are scarce. It seems reasonable to expect that estrogen increases and
progesterone decreases cocaine effects and that progesterone attenuates estrogen effects
on cocaine when both hormones are on board. Thus, the aim of this study was to
compare the modulatory effects of endogenous or exogenous estradiol and progesterone

on cocaine-induced behavioral sensitization in female rats.
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2. Materials and methods

2.1. Animals

Adult (2 months age) female Wistar rats, 200-250 g (n=106; 6-7 animals for
ovariectomized groups and 12 for sham groups), were obtained from the Animal
Facility of Universidade Federal de Ciéncias da Satde de Porto Alegre (UFCSPA). The
animals were housed in groups of five in polypropylene cages (33 X 17 X40 cm). Food
and water were available ad /ibitum, and the animals were maintained in a temperature-
controlled room (23+2°C) under a 12 h light-dark cycle (lights on from 7 am—7 pm). All
in vivo experiments followed the guidelines of the International Council for Laboratory
Animal Science and were approved by the Ethical Committee for Research of UFCSPA
(# 1034/10). All efforts were made to minimize animal suffering and to use only the
number of animals necessary to produce reliable scientific data.

2.2. Drugs

Cocaine hydrochloride (Merck, Germany) at 15 mg/mL was dissolved in a saline
solution. Progesterone (Sigma-Aldrich, Sao Paulo, Brazil) and estradiol benzoate
(Sigma-Aldrich, Sao Paulo, Brazil) were dissolved in an oil vehicle at concentrations of
0.5 mg/mL and 0.05 mg/mL, respectively.

2.3. Procedures

Bilateral ovariectomies were performed in 70 rats under intraperitoneal (i.p.)
anesthesia with xylazine (10 mg/kg) and ketamine hydrochloride (75 mg/kg). Sham
surgeries were performed in 36 rats (SHAM). Ovariectomized rats were randomly
assigned to progesterone (PRO), estradiol (EST), progesterone plus estradiol
(PRO+EST) or control ovariectomized (OVX) groups. The SHAM and OVX groups

received the oil vehicle at 1 mL/kg. All sex hormone or vehicle administrations began
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10 days after the ovariectomy/sham surgery'’ and were delivered by subcutaneous (s.c.)
administration (Figure 1).

One day after the beginning of the hormonal treatment, the rats were randomly
assigned to receive either 1 mL/kg saline (control - CTR or acute - ACT groups) or 15
mg/kg cocaine (repeated - RPT group), once a day, for 8 consecutive days (sensitization
phase). The rats were then submitted to a wash-out administration period of 10 days,
after which they received a single challenge dose of either saline (CTR group) or 15
mg/kg cocaine (ACT and RPT groups)®.

2.4. Estrous cycle analysis and sex hormone analysis

Monitoring of the estrous cycle was performed by examining the cellular
characteristics of vaginal smears collected after the behavioral assessments®. In
addition, at the end of the behavioral tests, the animals were sacrificed and trunk blood
was collected, centrifuged and the serum was then stored at -20°C for subsequent
analysis of the hormone levels. Estradiol (calibrator range 20 — 3200 pg/mL) and
progesterone (calibrator range 0.2 — 40 ng/mL) levels were determined by ELISA using
commercial reagents (Diagnostics Biochem Canada Inc, Canada and Symbiosys, Brazil,
respectively).

2.5. Behavioral activity

Rats were placed individually, for 10 minutes, in a locomotor activity cage (80 x
26 x 22 cm) with three photocells (Alsbarsch, Sao Paulo, Brazil) to monitor horizontal
locomotor activity. This procedure also had the purpose of habituating the rats to the
experimental apparatus. After the habituation period, the rats received saline or cocaine
and were immediately placed back into the locomotor activity cage. Based on protocol
of Scheggi et al.*, the locomotor activity of rats was monitored for 30 minutes and

locomotion counts were registered every 10 min.
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Each animal was videotaped in the locomotion cage, and the animal’s behavior
was analyzed during a 30-second time window at 10, 20 and 30 minutes after the
injection of cocaine or saline. The videotapes were analyzed for behavioral stereotypy
by a trained observer blind to each animal's treatment. The rating for cocaine-induced
stereotypic behavior was based on a modification®® of the Creese and Iversen scale®
(see Table 1).

2.6. Statistical analysis

A one-way ANOVA followed by a Student-Newman-Keuls (SNK) post hoc
comparison was used to determine the statistical significance of the mean values for the
progesterone and estradiol levels. A one-way ANOVA followed by a SNK post hoc
comparison was used to determine the statistical significance of the total scores of
locomotion and stereotypy. A two-way RM ANOVA followed by a SNK post hoc
comparison was used to determine the statistical significance of the locomotion counts
and stereotypy scores. Correlation between locomotion counts and stereotypy score was
analyzed using the Spearman Test. A value of p<0.05 was used as the acceptable level
of significance.

3. Results

3.1. Estrous cycle and hormonal analysis

The estrous cycle analysis on the challenge day showed that 48% of SHAM rats
were in the metestrus phase (n=16), 24% in diestrus (n=8), 14% in proestrus (n=6), and
only 14% in estrus (n=6). Rats of the SHAM and OVX groups had vaginal cellular
characteristics corresponding to the specific hormonal treatment, as described by
Montes and Luque®®. The analysis of hormonal levels in the serum from the last
experimental day (Table 2) indicated that the progesterone levels were higher in the

SHAM, PRO and PRO+EST groups than in the OVX rats (F4 s56= 3.79; P = 0.009).
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Likewise, the estradiol levels were significantly higher in the SHAM, EST and
PRO+EST rats than in the OVX (F4 59= 2.707; P = 0.039).

3.2. Behavioral observations

Repeated administration of cocaine during the sensitization protocol showed
behavioral consequences in both the locomotor and stereotypy observations in female
rats. After a subsequent challenge with cocaine at 15 mg/kg, the total locomotion of
RPT animals (mean +£ SEM: 427.90 & 47.98) was significantly higher than ACT animals
(281.58 + 35.22), and both were higher than the CTR group (50.25 + 8.20) (Fireat2,73)=
29.21; P <0.001). However, the behavioral differences varied according to the
hormonal condition of the rats, with only the SHAM animals exhibiting locomotion
sensitization (Firear2,16y= 12.82; P <0.001). For the females in different hormonal
conditions, the analysis of locomotor activity over the 30 minutes following the
administration of saline or cocaine during the challenge treatment is illustrated in
figures 2A to 2E. Locomotion of the SHAM rats (Figure 2A) was highest, followed by
RPT cocaine than ACT at 10 and 20 minutes after cocaine administration, with both
RPT and ACT higher than the controls (CTR) over the time. No significant change was
detected in the locomotion of OVX rats treated with ACT or RPT cocaine (Figure 2B).
In both groups that received estradiol, PRO+EST (Figure 2C) and EST (Figure 2E),
both RPT and ACT cocaine equally increased locomotion at 10 minutes, with no
differences between the RPT and ACT treatments. However, in the group receiving
PRO replacement (Figure 2D), only RPT cocaine animals showed higher locomotion
than the CTR at 10 minutes after cocaine administration (Fgroup(14,146) = 5.85; £<0.001;
Fiime(2,146) = 9.66; P<0.001; Fin2s,146) = 1.99; P=0.005).

The results of the sum of stereotypic behavioral scores indicated that the RPT

cocaine-treated rats (mean = SEM: 13.89 £ 0.54) exhibited higher stereotypy than the
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ACT animals (11.03 £ 0.54), and both RPT and ACT were higher than the CTR rats
(5.36 £ 0.53) (Fircat(2,57y= 66.59; P <0.001). The cocaine-induced stereotypy also was
different according to the hormonal condition of the rats, with less stereotypies after
repeated cocaine in OVX, PRO and PRO+EST groups relative to both SHAM and EST
animals (Feonda,57)= 2.75; P = 0.04). The analysis of the stereotypic over the 30 minutes
following the administration of saline or cocaine during the challenge treatment found
significant differences according to the cocaine treatment and hormonal condition
(Faa,s7=10.84; P <0.001), as illustrated in Figures 3A to 3E. The results indicated that
the SHAM animals (Figure 3A) treated with cocaine (ACT or RPT) presented higher
stereotypy score than CTR over time. The RPT treated group presented higher
stereotypy than ACT at 20 minutes after cocaine challenge. In OVX rats (Figure 3B),
ACT cocaine enhancer stereotypy at 20 and 30 min after cocaine, when compare to
CTR. The RPT group presented higher stereotyped behavior than CTR over the time
and than ACT at 20 and 30 min after cocaine administration. In contrast, the stereotypy
of the PRO+EST (Figure 3C) and PRO rats (Figure 3D) showed no difference between
the RPT and ACT cocaine-treated animals, though both the RPT and ACT groups were
higher than the CTR saline-treated animals. In the EST group (Figure 3E), ACT and
RPT cocaine enhanced stereotyped behavior when compare to CTR over the time, while
RPT cocaine treated rats presented higher stereotypy than ACT at 10 and 20 minutes
after cocaine challenge.

When the estrous cycle phase was considered in SHAM female rats, the RPT
group presented higher total locomotor activity than ACT in estrus (Fireay225)= 10.674;
P<0.001) (Figure 4A). However, when the sum of the punctuation on stereotypy scale

was considered (Figure 4B), the RPT group presented higher stereotypy than ACT in
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proestrus phase (Ficat2,18)= 34.317; P = 0.009). The powers of performed tests for
locomotion and stereotypy results were 0.977 and 0.975, respectively.

Comparing the locomotion counts with the stereotypy scores of repeated cocaine
treated rats we observed an inverse correlation between these two variables, most
strongly in the SHAM-RPT group (R =-0.62; P = 0.028) (Figure 5A). Contrarily, in the
OVX-RPT animals (Figure 5B), we observed a direct correlation between locomotion
and stereotypy (R = 0.85; P =0.002).

4. Discussion

We have shown here that endogenous or exogenous estradiol and progesterone
differentially affect the behavioral responses to cocaine sensitization in female rats.
Interestingly, we found that the regular hormonal cycling in intact female rats (SHAM
operated) was the only hormonal condition that showed sensitization for locomotor
activity after a later cocaine challenge. However, when stereotyped behaviors were
considered as a characteristic of cocaine-sensitization, we found that all hormonal
conditions, except exogenous progesterone administration (combined or not with
estradiol), were able to promote sensitization in female rats.

In accordance with previous studies', our results indicate that repeated cocaine
treatment induces behavioral sensitization in female rats, demonstrated by both an
increase in locomotion and stereotypy behaviors. However, after a cocaine challenge for
ovariectomized female rats, we did not observe locomotor sensitization even though
stereotypy sensitization remained. It is already known that higher doses of repeated
cocaine treatment in intact female rats induces a classical dopaminergic syndrome
characterized by increased locomotion followed by increased stereotypies and hind limb
splaying, thus decreasing the initial hyperlocomotion®’. In fact, hyperlocomotion or

stereotypies”’ are not uncommon after psychostimulant administration in animals.
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Studies have already shown that cocaine administration at low to moderate doses
increases locomotor activity, while higher doses or repeated administration produces
stereotypy instead of locomotor activity in rodents®*. In our current study, for all
hormonal conditions in sensitized female rats, we observed a tendency for an increase in
the stereotypy in detriment to the locomotor activity 30 minutes after the cocaine
challenge, a pattern of behavior usually observed after very high doses of
psychostimulants and/or chronic drug administration in rodents**. Because of the
competition between locomotor activity and stereotypic behaviors, we may infer that
locomotion is not the only behavior directly related to the magnitude of the response to
the cocaine challenge in the sensitized rats. Thus, our results are evidence for the
importance of the concurrent evaluation of both locomotor and stereotypy behaviors in
future similar studies.

The study of drug effects in females is instructive because the interaction of
hormone fluctuations with the physiological effects of the drug can induce behavioral
differences to the same drug dose between individuals or even within an individual over
time. Although most studies that assess behavioral sensitization to cocaine are
performed in male animals, a handful of studies conducted on female rats have pointed
to the presence of higher locomotor sensitization in females than males'. Here, we
showed that female rats exhibit higher locomotion and stereotypy scores in repeatedly
cocaine-treated female rats than those only acutely treated with cocaine. However, only
SHAM-operated rats exhibited sensitization for both the locomotor and stereotypy
behaviors. Chin et al.” also observed higher cocaine sensitization in hormonally intact
female rats than in ovariectomized female rats as well as male rats. These results also
agree with others that point to the influence of hormonal fluctuations on the reinforcing

properties of psychostimulant drugs in women'?.
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Indeed, the psychostimulant effect after acute cocaine administration is greater
during the proestrus and estrus phases in intact female rats, when estradiol is the main
hormone and progesterone is still increasing in the plasma®'®'!. In the current study, we
found that physiological hormones also exert an influence on behavioral sensitization
after repeated cocaine administration in female rats, with cocaine sensitization
evidenced in estrus and proestrus phases, described in the literature as the phases with
higher levels of estradiol and progesterone’. Furthermore, half of our SHAM-operated
female rats were in the metestrous phase that, under our experimental conditions,
corresponded with a high level of estradiol in the plasma. Coincidently, we also found
that exogenous estradiol increased the locomotion and stereotypy behaviors in both the
acute and repeated cocaine-treated rats. These results agree with previous studies that
have shown that estradiol has an important role in cocaine sensitization in rats'”.

As expected, our OVX female rats did not show locomotor sensitization after a
cocaine challenge. Previous studies have also found that ovariectomy decreases or
delays behavioral sensitization to cocaine and also decreases the self-administration
behavior of female rats'?. However, although previous studies have not found a
significant increase in stereotypy behavior after acute or repeated cocaine administration
in OVX rats’*’, we found that acutely administered or cocaine-sensitized OVX-rats had
more stereotypy behaviors than control (saline-injected) rats. Curiously, exogenous
progesterone, with or without estradiol, abolished these stereotypy behaviors in the
OVX rats.

The behavioral effects of exogenous estradiol and progesterone have been
studied previously in cocaine-sensitized ovariectomized female animals. Most studies
have found that estradiol administration is associated with increasing cocaine

sensitization while progesterone administration is associated with decreasing these
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behaviors'®. Here, we have found that endogenous estradiol increased locomotion
(evidenced by higher estradiol levels in SHAM rats) and estradiol replacement
increased stereotypy behaviors in ovariectomized rats subjected to either acute or
repeated treatments with cocaine. These results reproduced other findings that have
shown an increased behavioral cocaine sensitization due to estrogen
administration'®'*'*. Therefore, it appears that estrogen plays an important role in the
physiology of the cocaine reward process, increasing the sensitization mechanisms to
cocaine in female rats. Indeed, it has been suggested that estradiol increases the
psychostimulant effect of cocaine in rats through estrogen receptor alpha®. Moreover, it
causes changes in the neuronal excitability that is regulated by GABAg receptors on
dopaminergic terminals in the striatum, decreasing the activity of GABAg receptors and
thereby enhancing dopamine release’. The authors do not discount that other
mechanisms such as the sensitization of catecholaminergic neurons by estradiol or
estrogen’s direct action on dopaminergic and serotonergic receptors may explain the
modification of cocaine sensitization behaviors by estradiol®°. We hypothesize that
estradiol enhances the sensitization mechanisms and increases the magnitudes of the
behavioral responses of locomotion and stereotypy’". Thus, we have shown that
exogenous or endogenous estradiol increases the behavioral sensitization to cocaine in
female rats.

Additionally, in our study, although OVX rats that were administered
progesterone or progesterone plus estradiol treated with cocaine had a greater behavior
when compare to control, they exhibited a lack of the stereotypy behaviors
characteristic of cocaine sensitization. These results agree with others with respect to
only progesterone administration decreasing stereotypy behaviors in cocaine-sensitized

female rats'>*’, but there is no consensus in respect to the co-administration of
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progesterone and estradiol. Some authors have found that progesterone plus estradiol
increases locomotion but not stereotypy after repeated cocaine administration in OVX
rats”>*2. These discrepancies may be due to differences in dosage because low doses of
estradiol did not change locomotor activity in female rats when given repeated cocaine
treatments'”.

In addition to exogenous progesterone decreasing stereotypy behaviors, studies
have shown that progesterone other effects relative to responses to cocaine: a)
progesterone reverses the effects of estradiol on the acquisition of cocaine self-
administration'®; b) progesterone attenuates motor responses to cocaine>>~"; and c)
progesterone inhibits place preference for cocaine in rats®” . Additionally, the
hyperactivity induced by cocaine and cocaine self-administration are less in estrous
stages in which progesterone is higher'®'®. In humans, although some studies show that
progesterone is not effective in reducing cocaine use™ and increases positive subjective
effects of amphetamine®', most studies show that progesterone attenuates the effects of
cocaine in women®®.

The role of progesterone and its active metabolite, allopregnanolone, has been
evaluated in the central nervous system (CNS) due to progesterone’s positive
modulation of gamma-aminobutyric acid (GABA), the main inhibitory neurotransmitter
in the CNS. In studies conducted in our laboratory, progesterone decreased the mRNA
expression of GABA isoenzymes (GADgs and GADy;) in the prefrontal cortex®’.
Additionally, the intrahippocampal administration of allopregnanolone enhanced the
mRNA expression of the y GABA subunit®®. Both & and v2 GABA4 subunit
expression increased in the rat hippocampus after allopregnanolone intra-nucleus
accumbens treatment’’. Progesterone increased a1 GABA A subunit mRNA in the

prefrontal cortex of both male and female rats and decreased the GABA 4 2 mRNA
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expression in male rats*’. Thus, we suggest that progesterone replacement attenuates the
acute and chronic effects of cocaine in rats, possibly by the modulation of GABA 5
receptor subunits and GABA synthesis.

Concluding, in this study, we have shown that endogenous or exogenous
estradiol and progesterone differentially affect the behavioral responses of cocaine-
sensitized female rats. Intact female rats showed sensitization for locomotor activity
after a cocaine challenge. Progesterone decreased cocaine sensitization in
ovariectomized rats. We may infer from our data that the normal cyclic changes in both
hormones increase the risk of drug abuse by potentiating cocaine sensitization
mechanisms. The more important observation is that exogenous progesterone, given as
a replacement in our study, decreases cocaine sensitization in female rats, and therefore
may protect against drug dependence and drug-use relapse. Future studies are needed to
verify if chronic progesterone administration is useful for the prevention and treatment

of cocaine abuse, for both male and female individuals.
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Legends

Tables

Table 1. Rating stereotypy scale from Daunais and McGinty**

Table 2. Hormonal concentrations according to sex-hormone-treated group on the last
experimental day (mean = SEM) and number of animals (n/n total) according estral

cycle phase in SHAM rats.

Figures

Figure 1. Schematic time-line representation of experimental design.

Figure 2. The locomotor activity of female rats over the 30 minutes following
administration of saline (control) or cocaine to acute or repeated-cocaine-exposure rats
on the challenge treatment day, according to the different hormonal conditions. A. Sham
female rats. B. Ovariectomized female rats. C. Ovariectomized female rats treated with
progesterone plus estradiol. D. Ovariectomized female rats treated with progesterone. E.
Ovariectomized female rats treated with estradiol. Legends: Saline (CTR); Acute
cocaine (ACT); Repeated cocaine (RPT); * represents difference from CTR; x

represents difference from ACT.

Figure 3. The stereotypic behaviors of female rats over the 30 minutes following
administration of saline (control) or cocaine to acute or repeated-cocaine-exposure rats

on the challenge treatment day, according to the different hormonal conditions. A. Sham
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female rats. B. Ovariectomized female rats. C. Ovariectomized female rats treated with
progesterone plus estradiol. D. Ovariectomized female rats treated with progesterone. E.
Ovariectomized female rats treated with estradiol. Legends: Saline (CTR); Acute
cocaine (ACT); Repeated cocaine (RPT); * represents difference from CTR; x

represents difference from ACT.

Figure 4. Behaviors of the SHAM female rats according to the estral cycle phases and
to the cocaine treatment. A. Total locomotion counts. B. Sum of the stereotypy scores.
Bars represents mean+=SEM. Legends: Saline (CTR); Acute cocaine (ACT); Repeated

cocaine (RPT); * represents difference from CTR; x represents difference from ACT.

Figure 5. Correlation between locomotion counts or stereotypy scores and the time
block (10, 20 or 30 min) after the challenge cocaine injection in repeat-treated female
rats (mean = SEM). Legends: Stereotypy score (STER); Locomotion counts (LOC);
repeated cocaine (RPT); Sham (SHAM); Ovariectomized (OVX); Progesterone +
estradiol (PRO+EST); Progesterone (PRO); Estradiol (EST). * represents significant

negative correlation. # represents significant positive correlation.
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Table 1.

Score Behavior
asleep, inactive
alert, actively grooming
increased sniffing in one location
intermittent rearing and sniffing
increased locomotion and sniffing
intense sniffing in one location
continuous pivoting and sniffing
continuous rearing and sniffing
maintained rearing and sniffing for > 25 s
0 splayed hind limbs

— O 00 1NN W~

Table 2.
SHAM OvVX PRO-+EST PRO EST

Progesterone (ng/mL) 13.97£2.34% 6.15£1.28  13.2242.93*  16.03+3.38* 5.68+0.85

Metestrus (10/21)  11.82+3.07

Diestrus (5/21) 10.60+0.64

Proestrus (3/21) 15.68+6.37

Estrus (3/21) 17.83+5.23
Estradiol (pg/mL) 108.29+33.84* 42414591  75.31£12.82%  3545+£7.10 130.61£24.09*%

Metestrus (10/21) 141.24+67.09
Diestrus (5/21) 46.00+23.30
Proestrus (3/21)  110.95+53.15
Estrus (3/21) 58.4049.14

Legends: Sham (SHAM); Ovariectomized (OVX); Progesterone + Estradiol (PRO+EST); Progesterone (PRO); Estradiol (EST); *
represents difference from OVX.
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Figure 3.
A SHAM
[ X *
61 *
o
s 51 7
(5]
[
z 4] —8—CTR
g 3 * —o—ACT
g 2 i i _— * —a—RPT
(2]
14
O T T 1
10 20 30
Time (min)
B 7. Ovariectomized C _ Progesterone + Estradiol
x
6 * 6 1 *
x *
e * o _
e 5 2 5 *
3 x - g
o 4 CTR & 4 —& CTR
S I —o—ACT g " N
£ 3 Z 37 . ACT
5, —A—RPT g , | ——RPT
& &
11 11
0 T T 1 O T T 1
10 20 30 10 20 30
Time (min) Time (min)
D 7 - Progesterone E - Estradiol
X *
6 7 o 6 1 o
g 3 L :
g 5 * * 2 5 *
4 * o i
§4 —=-CTR g ¢ * —#-CTR
831 —o—ACT 8 37 —o—ACT
% 2 A i i i —&—RPT @ 2 +/¥\§ —A—RPT
1 11
0 T T ! 0 T T 1
10 20 30 10 20 30

Time (min) Time (min)



Figure 4.

A 2000
1750
1500
1250
1000

750

500

Locomotion counts (Z)

250

0

Figure 5.

Stereotypy score
N W A OO OO N

o =

Stereotypy score
- N W s o o N

o

Diestrus

Mestestrus

Proestrus

Estrous cycle phases

Stereotypy score
N WA o N

o =

RPT-OVX

I

10 20

Time (min)

30

RPT-PRO

gt *%
D\D\D

10 20

Time (min)

30

10

N
()]
o

350

Locomotion counts

Locomotion counts

B
a
o
I}
[%]
7]
>
(=X
2
°
[
g
»n
Estrus
RPT-SHAM
20 30
Time (min)
7
6
e
§ 5
—e—STER# >4
—{—-L0C % 3
@
2
1
0
7
6
4
85
0
——STER 24
—-L0C g 3
22
1
0

ﬁ
D\m\g

10 20

Time (min)

RPR-EST

/\
10 20 30

Time (min)

80

Mestestrus Diestrus Proestrus
Estrous cycle phases
350
300 g
-4
- 250 3
o
200 E —4—STER
150 8 —-LOC *
100 §
-
50
0
RPT-PRO+EST

- 350
300
250

200
150
100
50

350
300
250
200
- 150
100
50

Locomotion counts

Locomotion counts

Estrus

—e—STER
—-L0C

——STER
—-LOC

EmCTR
ACT
ERPT



81

Capitulo 11

Efeitos dos hormonios sexuais femininos sobre danos no DNA em diferentes

areas cerebrais apos o tratamento agudo ou repetido com cocaina.

Os experimentos realizados e apresentados no artigo a seguir estdo associados
com o objetivo especifico 2, e foram idealizados com a proposta de responder as
seguintes perguntas:

1) A administracdo aguda ou a sensibiliza¢do a cocaina sdao capazes de induzir
dano no DNA neuronal de diferentes regioes cerebrais em fémeas?

2) A presenga dos hormoOnios sexuais femininos ¢ capaz de induzir dano no
DNA neuronal de diferentes regides cerebrais em fémeas?

3) A presenca dos hormdnios sexuais femininos influenciam no dano no DNA

neuronal provocado pela administracao aguda ou repetida de cocaina?

O artigo foi aceito com modificagdes para publicacdo na revista Clinical and

Experimental Pharmacology and Physiology, fator de impacto 2,16 (Qualis B1).
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Abstract: We evaluated the levels of DNA neuronal damage after acute or repeated
cocaine treatment in different brain areas of female rats after ovariectomy or SHAM
surgery. Rats received saline or acute or repeated cocaine (15 mg/kg/dose)
administrations. Animals were euthanatized and the cerebellum, hippocampus,
hypothalamus, prefrontal cortex and striatum were dissected for comet assay. Acute
cocaine exposure induces DNA damage in all brain areas. This effect persisted after
repeated administration, except in the hypothalamus, where repeated treatment did not
relate to increased DNA damage. Sexual hormones showed a neuroprotective effect,

decreasing DNA damage in cocaine cycling rats in all brain areas.

Keywords: cocaine; DNA damage; estrogen; ovariectomy; progesterone

Rapid communication

Hormonal differences between males and females influence cocaine use and
abuse. Indeed, females experience more intense behavioral cocaine effects than males,
including cocaine sensitization.! This phenomenon is defined by the augmented motor-
stimulant response that occurs with repeated intermittent exposure to a specific drug,’
and is a marker for some facets of addiction.’ In female rats, behavioral sensitization to
cocaine varies according to hormonal status.* Estrogen increases the risk of dependence,
while progesterone protects females against cocaine dependence.’ Furthermore,
estrogen increases the levels of reactive metabolites and reactive oxygen species
associated with DNA damage,’ but progesterone behaves as an antioxidant.” A single
exposure to cocaine induces DNA damage in the brain of male mice.*’ However, the
effects of female hormones on DNA damage in different brain areas after acute or

repeated cocaine treatment has not been studied.
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We performed a UFCSPA Ethics Committee-approved study (#1034/10) in adult
female Wistar rats that were ovariectomized (OVX) or SHAM operated (n=4-5/group).
Rats were allowed to recover for at least 10 days after surgery and then divided into 3
experimental groups: saline control (CTR), acute cocaine (ACT) and repeated cocaine
(RPT). The sensitization protocol'® was performed with CTR and ACT groups receiving
1 mL/kg saline i.p. and RPT receiving 15 mg/kg cocaine hydrochloride i.p. for 8
consecutive days. After a 10-day wash-out, ACT and RPT groups received a cocaine
challenge dose, while CTR received saline. The estrous cycle was monitored by
examining the cellular characteristics of vaginal smears collected daily. Animals were
euthanized by decapitation, the trunk blood was collected and the serum was used for
analysis of the hormone levels. Estradiol (calibrator range 20 — 3200 pg/mL) and
progesterone (calibrator range 0.2 — 40 ng/mL) levels were determined by ELISA using
commercial reagents (Diagnostics Biochem Canada Inc, Canada and Symbiosys, Brazil,
respectively).

Immediately after euthanasia, the cerebellum (CER), hippocampus (HIPc),
hypothalamus (HYPt), prefrontal cortex (PFC) and striatum (STR) were dissected and
frozen. These regions were selected because they are involved in drug addiction."''""?
While the PFC and the STR are a part of the limbic system,” the HIPc is related to
memory.'' On the other hand, the HYPt commands the autonomic nervous system and
endocrine responses during motivated behavior,'? and the CER is involved in
performance of cognitive tasks that require explicit and episodic memory. "

A single-cell suspension from different brains areas was obtained according to
the method described by Hartmann et al.'* Briefly, 0.2 g of each brain area was placed
in a separated microtube with 1 mL chilled solution (PBS with 20 mM EDTA and 10 %

DMSO) and chopped into pieces with a pair of scissors. The pieces were allowed to
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settle and the supernatant containing the single cells was taken. The isolated cells were
counted in a Neubauer Chamber to determine cell concentration. The comet assay was

1."> and to Hartmann and Speit'® and is represented

performed in accordance to Singh et a
in Figure 1. Isolated cells (~10” cells/mL) were mixed with low melting point agarose
solution and spread on agarose-precoated microscope slides to carry out the comet
assay. For each treatment of different brain areas three slides were made. Slides were
incubated in ice-cold lysis solution (2.5 M NaCl, 10 mM Tris, 100 mM EDTA, 1%
Triton X-100, and 10% DMSO, pH 10.0) at 4°C for at least 1 h in order to remove cell
membranes. After, slides were placed in a horizontal electrophoresis unit and incubated
with fresh buffer solution (300 mM NaOH, 1 mM EDTA, pH 13.0) at 4°C for 15 min in
order to allow DNA unwinding and the expression of alkali-labile sites. Electrophoresis
was conducted for 15 min at 25 V (94 V/cm). All the above steps were performed under
yellow light or in the dark in order to prevent additional DNA damage. Slides were
stained using silver nitrate staining. One hundred cells from each treatment were
selected, and analyzed for DNA migration and the average of the three slides of each
treatment was used to determine the damage index (DI). The DI is an arbitrary score
calculated for cells in different damage classes, which are visually according to tail
length into five classes: (1) class 0: undamaged, without a tail; (2) class 1: with a tail
shorter than the diameter of the head nucleus; (3) class 2: with a tail length 1-2x the
diameter of the head; (4) class 3: with a tail longer than 2x the diameter of the head; and
(5) class 4: comets with no heads. DI ranges from 0 (no tail: 100 cellsx0) to 400 (with
maximum migration: 100 cellsx4).

Two or three-way ANOVA followed by a Tukey post hoc test was used to
determine significant differences (P < 0.05) on DNA damage index; cocaine treatment,

hormonal condition and different brain areas were considered as the independent
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variables. A one or two-way ANOVA followed by a Tukey post hoc test was used to
determine significant differences (P < 0.05) on progesterone and estrogen levels in
female rats according to cocaine treatment and hormonal condition.

Overall, we showed that cocaine increased DNA damage in each brain area of
female rats examined (Figure 2). The Figure 3 is representative of nuclear DNA
migration increased after treatment with cocaine in HYPc from OVX rats, the ACT
presented a considerable increase in migration as consequence of cocaine treatment
(Figure 3B) when compared to the CTR (Figure 3A). As explained, this study verified
the neurotoxicity of cocaine in females, expanding previous descriptions by Alvarenga
et al.*? who showed that cocaine increases DNA damage in total brain of male mice.
Cocaine administration generates reactive oxygen species in the brain'’ and induces
neuronal cell death.'® Interestingly, although ACT administration of cocaine produces
DNA damage in the hypothalamus, RPT administration of cocaine after a washout
period leaves no evidence of DNA damage (Figure 2). Some authors indicate that a
repeated low dose exposure to direct-acting genotoxins may be tolerated by cells
through homeostatic mechanisms such as DNA repair. " However, we only found this
adaptative mechanism in the hypothalamus, which may have the most efficient DNA
repair than in other areas of the brain. Coincidently, this brain area is involved in reward
and reinforcement processing by regulating dopamine responses to drugs of abuse.”” In
this sense, we infer that cocaine sensitization can be correlated to lower DNA damage in
female rats in some brain regions. Curiously, a recent study found that repeated cocaine
induced a rapid increase in the formation and accumulation of new dendritic spines in
frontal cortex and this phenomenon was correlated with preference to cocaine.”'
Therefore, a greater behavioral response to repeated exposure to cocaine, which is

strongly related to addiction development, may be due to a bigger and better neuronal
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activity or less cell damage, at least in initial phases of drug use. Longer cocaine
treatments studies are needed to show if this effect is maintained.

When we compared hormonal conditions in the CTR group, cycling females
presented higher levels of DNA damage than OVX in all regions examined (Figure 2),
suggesting a crucial role of hormones in the induction of DNA damage in rats that did
not receive cocaine. One may propose that, although progesterone appears to activate
the antioxidant defense system,’ estrogen induced DNA damage by forming reactive
metabolites and reactive oxygen species.® Therefore, the data indicate that, although the
levels of estrogen and progesterone in SHAM rats were not significantly higher than in
OVXrats (Table 1), a slight increase in both hormones may produce DNA damage.

On the other hand, when we explored the effect of hormonal conditions on DNA
damage in rats that received cocaine, cycling females presented a lower DNA damage
index than the OVX female rats in all brain areas (Figure 4), suggesting that female
gonadal hormones protect against DNA damage induced by cocaine (Figure 4). The
evaluation of the estrous cycle phases here indicated that rats were cycling normally and
were homogeneously distributed among the different cycle phases. Additionally, the
analysis of hormonal levels indicated that the estrogen were higher in SHAM (104.94 +
5.25 pg/mL) than in OVX rats (79.89 + 3.54) (F(1,183y= 15.61; P<0.001) and
progesterone levels was non-significantly higher in SHAM (46.36 + 6.02 ng/mL) than
in OVX female rats (40.68 = 5.61) (F1,11)= 0.477; P=0.504). The analyses of hormonal
levels according to treatments are shown in Table 1.

There is no difference in progesterone and estrogen levels between SHAM and
OVX rats treated with saline, probably because a part of these females stayed in cycle
phases where the levels of estrogen and progesterone are low. However, cocaine

treatment (ACT and RPT) increased estrogen levels in SHAM operated rats. Previous
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study also showed that cocaine increases estrogen levels in intact female rhesus
monkeys.?

The influence of female hormones on the incidence of DNA damage is
contradictory. While some studies have shown that increased activity of oxidative
enzymes results in an equilibrated redox state and decreased DNA damage,” other
studies show that hormones induce genomic instability.® However, our study suggests
that mainly estrogen, but also progesterone or both hormones may have neuroprotective
effects and decrease DNA damage in neurons of rats exposed to cocaine. The presence
of hormones in the normally cycling females appears to reduce the incidence of DNA
damage induced by cocaine. This result contributes to the hypothesis that greater
behavioral sensitization is associated with less DNA damage in female rats and,
consequently, a better response in neural pathways involved in cocaine addiction, as
previously suggested.

In summary, we showed that cocaine administration increases DNA damage in
several distinct brain areas and those female sexual hormones may act to protect
neurons from cocaine damage. Additional studies need to be conducted to clarify
whether exogenous administration of estrogen or progesterone or both would decrease

the neurotoxic effects of cocaine.
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Table and Figures

Table 1. Estrogen and progesterone levels according to cocaine treatment and hormonal
conditions (mean = SEM).

Figure 1. Comet assay representation.

Figure 2. Damage index (DI) according cocaine treatment and hormonal condition on
different brain areas of female rats. Legends: Saline group (CTR), Acute cocaine
(ACT), Repeated cocaine (RPT), Ovariectomized (OVX) and SHAM. Bars represent
means = SEM. # represents the difference from OVX, * represents treatment group
differences from respective CTR, + represents treatment group differences from
respective RPT and e represents the difference of the RPT group from all other brain
structures (Fireat2, 107) = 81.715, P<0.001; Feonaq1, 107) = 7.945, P=0.006; Fircarxcond(2, 107) =

15.701, P<0.001; FtreatXreg(S, 107) = 2580, P:0013)

Figure 3. Quantification of DNA damage index by comet assay under alkaline

conditions in HYPc from OVX rats in CTR (A) and ACT (B) groups.

Figure 4. Damage index is reported as the percent change relative to CTR on cocaine-
treated rats according to hormonal condition (OVX or SHAM) in different brain areas.
Legends: Saline group (CTR), Acute cocaine (ACT), Repeated cocaine (RPT),
Ovariectomized (OVX) and SHAM. Bars represent means = SEM. + represents the
difference from respective SHAM group. * represents the difference from respective
RPT group (Fireat(1, 67) = 23.496, P<0.001; Feonda1, 67) = 144.644, P<0.001; Feondq1, 67) =

144.644).,
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Table 1.
Cocaine Estrogen (pg/mL) Progesterone (ng/mL)
treatment SHAM OvVX SHAM OovX
CTR 91.17+0.78 83.76 +2.28 58.15+10.91 39.6 + 8.86
ACT 113.56 + 0.46* 88.59 + 1.85 4522 +0.82 44.1+7.1

RPT 126.45+13.69*  66.04 +£5.58 35.71 £ 0.31 38.33 £8.19

Legends: Saline group (CTR), Acute cocaine (ACT), Repeated cocaine (RPT),

Ovariectomized (OVX) and SHAM. * represents difference from respective OVX
group (Fing2,14=22.016; P <0.001).

Figure 1.
& . T:,',.\v‘.‘ 1-?»?/'
" D!fferent ‘& =
K ’ & brains areas
” Spread in \‘\ ;
N agarose-precoated slides '3-\_‘?_ |
Isolated cells mixed )
with LMP agarose \ /
Single-cell suspension g i
in PBS (plus 20 mM EDTA % it
and 10% DMSO) % é,g
B
Visual scol

Analysis by
optic microscope

Stained with
silver nitrate

) Lysis 4°C for atleast 1 h
2 ‘ to remove cell membranes



94

Figure 2.
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Capitulo I11

Efeitos da administracio aguda e repetida de cocaina nos niveis
extracelulares de GABA e seus precursores no CPFm de ratas sob diferentes

condicoes hormonais.

Os experimentos realizados e apresentados no artigo a seguir estdo associados
com o objetivo especifico 3, e foram idealizados com a proposta de responder as
seguintes perguntas:

1) A administracao aguda e a sensibilizacdo a cocaina sdo capazes de alterar os
niveis extracelulares de GABA, glutamato e glutamina no CPFm de fémeas?

2) A presenca dos hormodnios sexuais femininos influencia os niveis
extracelulares de GABA, glutamato e glutamina no CPFm de fémeas?

3) A presenga dos hormdnios sexuais femininos influenciam nas alteragdes dos
niveis extracelulares de GABA, glutamato e glutamina provocados pela administracao

aguda ou repetida de cocaina?

O artigo foi preparado para publicagdo na revista The Journal of Neuroscience,

fator de impacto 6,91 (Qualis A1).
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Abstract

Cocaine sensitization is a marker for some facets of addiction. Sensitization is
greater in female rats and may be influenced by their sex hormones. GABAergic and
glutamatergic changes are related with cocaine sensitization in different cerebral
regions. These neurotransmitter systems and its precursors also may be influenced by
female sexual hormones. The aim of this study was to investigate the effects of a single
cocaine challenge or after sensitization to cocaine on the extracellular GABA, glutamate
and glutamine levels in the mPFC of female rats. Female Wistar rats were submitted to
bilateral ovariectomy or SHAM surgery and were randomly assigned to control (CTR),
acute (ACT) or repeated (RPT) cocaine. Both the CTR and ACT subgroups received
daily doses of saline, while the RPT subgroup received cocaine (15 mg/kg i.p.) for 8
days. One week before the challenge day, guide-cannulae were implanted in the mPFC.
After 10 days of wash-out period, the ACT and RPT received a challenge dose of
cocaine 15 mg/kg i.p., locomotion was monitored and microdialysis was conducted to
determine the extracellular levels of GABA, glutamate and glutamine. The perfusates
were analyzed by HPLC. Repeated cocaine treatment induced behavioral sensitization
in SHAM female rats. Acute cocaine increased GABA levels in SHAM rats and cocaine
sensitization in these female rats is associated to lower increment in GABA and higher
glutamate levels on mPFC. The glutamine levels are reduced only after single cocaine
administration in SHAM females. Therefore, hormonal cycling appears to be an
important factor in the sensitization of females, with involvement of GABAergic and
glutamatergic systems.
Keywords: Medial Prefrontal Cortex; female sex hormones; cocaine-sensitization;

GABA; glutamate; glutamine.
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1. Introduction

Behavioral sensitization occurs after repeated psychostimulant use and is well
described for cocaine (Jayaram and Steketee, 2005). This phenomenon is characterized
by motor-stimulant responses following repeated intermittent administration of
psychostimulants after a delay of days or weeks (Brady et al., 2005). Behavioral
sensitization is thought to underlie some facets of addiction, including craving and
relapse (Vanderschuren and Kalivas, 2000). This phenomenon is higher in female rats
and may be influenced by their sex hormones (Becker and Hu, 2008).

Although dopaminergic pathways are considered central to the sensitized
behavioral responses to cocaine, glutamate neurotransmitter also appear to be relevant
(Brady et al., 2005). The neurochemical excitatory influences are added by glutamate
increase and are opposed by Gamma-AminoButyric Acid (GABA), the main inhibitory
neurotransmitter in the central nervous system (CNS) (Laprade and Soghomonian,
1995; Allison and Pratt, 2003).

GABA is synthesized from glutamate (Glu) and glutamine (GIn) in a reaction
catalyzed by glutamic acid decarboxylase (GAD) enzymes (Ricci ef al., 2005).
Psychostimulants appear to influence directly the activity of GABAergic neurons. In
male, chronic cocaine administration has been shown to increase or decrease GABA in
different brain areas (Dworkin et al., 1995; Pierce and Kalivas, 1997; Smith et al., 2003;
Cameron and Williams, 1994). In the medial prefrontal cortex (mPFC), repeated
cocaine increases extracellular GABA of males (Jayaram and Steketee, 2005). Thus
there is supporting evidence that repeated cocaine may alter GABA activity, the
direction of change depends on the brain area under study.

Although glutamate is a precursor of GABA, it is also an excitatory

neurotransmitter per se (Yang et al., 2009). Preclinical studies conducted in male
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animals have demonstrated that chronic cocaine use produces a significant reduction in
the basal glutamatergic transmission from the PFC (Baker et al., 2003; Thomas et al.,
2001). On the other hand, cocaine challenge induced increase in extracellular glutamate
on NAc (Berglind et al., 2009; Pierce et al., 1996) and PFC (Williams and Steketee,
2004). Such changes have been thought to play a critical role in cocaine addiction and
subsequent relapse to drug-seeking behavior (Kalivas and Volkow, 2005).

However, the exact effect of the cocaine in GABA and glutamate
neurotransmitter in females is not clear, because studies performed in females are scarce
due to the difficult to understand the involvement of physiologic sex hormonal
fluctuation in these systems. However, studies indicated that human females, also seen
in animal models, are more prone to drugs effects and begin regular self-administration
of cocaine at lower doses than do males, escalate drug use more rapidly to addiction,
and females are at greater risk for relapse (Becker and Hu 2008). Hormonal fluctuations
play an important role in women's responses to drugs, suggesting that sex steroids
modulate the subjective actions of cocaine (Segarra et al., 2010). Ovariectomy abolishes
the behavioral differences in response to cocaine administration between male and
female rats and also delays behavioral sensitization and self-administration in female
rats (Quifiones-Jenab, 2006; Lynch et al., 2001).

Studies have implicated an important role for the PFC in the development of
addictive behaviors and GABA and glutamate has a very important influence in the
function of this brain region, inclusive decision making (Pierce and Kalivas, 1997).
Therefore, the aim of this study is to investigate the effects of sensitization to cocaine or
a single cocaine challenge on the extracellular GABA, glutamate and glutamine levels

in mPFC of female rats under different hormonal conditions.
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2. Materials and methods

2.1. Animals

Adult female Wistar rats, 200-250 g (n=31; 5-6 per group), were obtained from
the Animal Facility of Universidade Federal de Ciéncias da Saude de Porto Alegre
(UFCSPA). The animals were housed in groups of five in polypropylene cages (33 X 17
X40 cm). Food and water were available ad libitum, and the animals were maintained in
a temperature-controlled room (234+2°C) under a 12 h light-dark cycle (lights on from 7
am—7 pm). All in vivo experiments followed the guidelines of the International Council
for Laboratory Animal Science and were approved by the Ethical Committee for
Research of UFCSPA (# 1034/10). All efforts were made to minimize animal suffering
and to use only the number of animals necessary to produce reliable scientific data.

2.2. Procedures

Bilateral ovariectomies were performed in 15 rats (OVX) under intraperitoneal
(i.p.) anesthesia with xylazine (10 mg/kg) and ketamine hydrochloride (75 mg/kg).
Sham surgeries were performed in 16 rats (SHAM). The animals were left for recovery
for 10 days. After, rats were randomly assigned to receive either 1 mL/kg saline (control
- CTR or acute - ACT groups) or cocaine hydrochloride (Merck, Brazil) 15 mg/kg i.p.
(repeated - RPT group), once a day, for 8 consecutive days. The rats were then
submitted to a wash-out period of 10 days, after which they received a single challenge
dose of either saline (CTR group) or cocaine hydrochloride 15 mg/kg i.p (ACT and RPT
groups) (Scheggi et al., 2007).

In the challenge day, the rats were kept in the locomotion apparatus for
habituation. The locomotion of rats was evaluated in the locomotor activity cage (40 x

26 x 22 cm), composed by two photocells (Alsbarsch, Sao Paulo, Brazil), that registered
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the locomotion counts every 30 min, 120-min before and 150-min after the
saline/cocaine challenge.

2.2.1. Stereotaxic surgery

One week before the cocaine challenge day, the rats were again anesthetized
with a mixture of xylazine (10 mg/kg 1.p.) and ketamine hydrochloride (75 mg/kg i.p.),
and were placed into the stereotaxic frame (David Kopf, Tujunga, CA). Unilateral
guide-cannulae (CMA/12, Acton, MA) were implanted in the right medial prefrontal
cortex (MPFC — bregma: anteroposterior + 3.2 mm, lateral + 0.6 mm and vertical 1.5
mm), according to Paxinos and Watson (1986). The guide-cannulae assembly was then
fixed to the skull with two anchorage screws and dental cement. After recovering from
anesthesia, the animals were maintained in isolated acrylic cages (35X25X40 cm) with
wood shaving beds and were observed closely for 1 week.

2.2.2. Microdialysis

One day before cocaine challenge, rats were individually habituated for 5 h to a
containment system for freely moving animals (CMA/120, Acton, MA), in which the
animal is connected to the counterbalanced arm and swivel through a plastic collar fixed
to the walls of the locomotor cage.

The microdialysis experiment was performed concomitantly to the behavioral
observations on the challenge day. The probes were inserted into the guide-cannulae
and the animals were introduced into the same containment system for freely moving
animals described above. Probes were perfused with artificial cerebrospinal fluid (NaCl
147 mM; CaCl2 2.3 mM; KCl1 4.0 mM; MgCl2 0.9 mM with unadjusted pH 7.1-7.3) at
a constant flux rate of 1.0 pul/min with a microperfusion pump (CMA/102, Acton, MA)
(Gomez and Barros, 2003). The microdialysis membrane was stabilized for 1 h and two

samples were then collected at 30-min intervals to determine mPFC baseline GABA,
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glutamate and glutamine levels. At 120 min after the insertion of the probes, subgroups
of CTR, ACT or RPT rats received saline or 15 mg/kg of cocaine. Subsequent perfusate
samples were collected at 30-min intervals for 1 h (Figure 1), along with locomotion
count registration.

At the end of the microdialysis experiment, the animals were euthanized by
decapitation and the trunk blood was collected, centrifuged and the serum was then
stored at -20°C for subsequent analysis of the hormone levels. Additionally, the brains
were carefully removed and were sectioned using a rat brain slicer 1.0 mm (Zivic,
Pittsburgh, PA, USA) into the cannulae incision area and photographed for posterior
placement analysis (Samsung™-DigimaxV5).

2.2.3. Estrous cycle and hormonal analysis

Monitoring of the estrous cycle was performed daily, along with the
sensitization protocol, by examining the cellular characteristics of vaginal smears.
Vaginal smears were collected immediately after any behavioral assessment that
occurred on each day (Marcondes et al., 2002).

The hormone levels (estradiol and progesterone) were analyzed in the serum of
rats. Estradiol (calibrator range 20 — 3200 pg/mL) and progesterone (calibrator range 0.2
—40 ng/mL) levels were determined by ELISA using commercial reagents (Diagnostics
Biochem Canada Inc, Canada and Symbiosys, Brazil, respectively).

2.2.4. High Performance Liquid Chromatography (HPLC)

All microdialysate samples were frozen at -80 °C and GABA, glutamate and
glutamine were detected by HPLC with fluorometric detection (Petkova-Kirova et al.,
2008). We used detection by post-column fluorescence derivatization, with o-

phthalaldehyde (OPA) as the reaction reagent. To obtain the peak areas, 20 pL of

sample were derivatizated with 20 pL of derivatizating solution, after 4 min of reaction,
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5 uL were injected into the system. GABA, glutamate and glutamine levels were
quantitatively determined by correlating the chromatographic peak areas to that
obtained from a know standard mixture.

2.3. Statistical analysis

A one-way ANOVA was used to determine the statistical differences of the
progesterone or estradiol levels and to determine the GABA, glutamate and glutamine
concentrations in CTR group.

The evaluation of the extracellular levels of GABA, glutamate or glutamine at
30 and 60 minutes (min) after cocaine challenge was performed using a two-way
ANOVA followed by a Tukey post hoc comparison, considering cocaine treatment and
hormonal condition as independent variables.

Repeated-measures two-way ANOVA followed by a Tukey post hoc comparison
was used to determine statistical differences of the locomotion counts and the percentual
levels of GABA and glutamate considering cocaine treatment and hormonal condition
over time. These results were evaluated using the percentage of GABA and glutamate
levels in relation to their specific baseline (period prior to the saline/cocaine
administration). A value of p<0.05 was used as the acceptable level of significance.

3. Results

3.1. Hormonal levels

The analysis of hormone levels on the challenge day indicated that estrogen
levels were higher in SHAM (104.94 + 5.25 pg/mL) than in OVX rats (79.89 + 3.54)
(Fa,18y=15.61; P<0.001). Progesterone levels in SHAM (46.36 + 6.02 ng/mL) were not
significantly higher than in OVX female rats (40.68 + 5.61) (F(1,11y= 0.477; P = 0.504).

The evaluation of the estrous cycle phases here indicated that rats were cycling
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normally and were homogeneously distributed among the different cycle phases, with a
weightless predominance of proestrus and estrus phases.

3.2. Locomotor activity on challenge day

The locomotion of female rats before and after cocaine administration on
challenge days as exposed in figure 2 A and B in SHAM and OVX animals,
respectively. The results indicated that ACT and RPT cocaine treated groups showed
higher locomotor activity than CTR, 30 min after cocaine challenge, independently of
the hormonal condition (OVX or SHAM). These results were maintained until 60 min
after cocaine, except in ACT-OVX rats, who do not show sensitization to RPT cocaine.
After 90 minutes of the cocaine administration, the locomotion returns to the basal
counts. In intact female rats, RPT showed higher locomotion than ACT 30 minutes after
cocaine administration. Additionally, in the same time period, RPT-SHAM presented
higher locomotor activity than RPT-OVX female rats.

3.3. GABA extracellular levels

The mPFC extracellular GABA concentration in saline treated female rats is
6.72 + 0.71 ng/mL. When these animals were grouped according to the hormonal
conditions, the SHAM female rats (9.64 + 0.96 ng/mL) presented higher extracellular
GABA levels than the OVX (3.06 + 0.49 pg/mL) (F(; 61y =31.86; P <0.001).

Because locomotion counts are higher at 30 and 60 min after cocaine challenge,
the mean of the extracellular GABA in these times is presented in figure 3. Results
indicated that acute cocaine administration enhanced GABA levels in SHAM female
rats. Additionally, OVX rats repeatedly treated with cocaine presented higher GABA
concentration than the respective CTR. On the other hand, RPT cocaine showed similar

extracellular GABA concentration to CTR in SHAM female rats.
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The analysis of the GABA concentration in mPFC across the time, considering
the cocaine treatment in relation to the baseline, in SHAM and OVX female rats, is
exposed in Figures 4A and 4B, respectively. The results indicated that RPT cocaine
enhanced extracellular GABA levels in both SHAM and OVX female rats when
compare to ACT and CTR groups. However, SHAM repeatedly cocaine treated rats
showed lower GABA levels than OVX rats, 30 min after cocaine administration.

3.4. Glutamate extracellular levels

The extracellular glutamate levels in the mPFC of saline treated rats were 1.25 +
0.24 pg/mL, without differences between OVX and SHAM hormonal conditions. As
exposed in figure 5, the means of extracellular glutamate at 30 and 60 min after cocaine
challenge demonstrate that ACT or RPT cocaine do not alter the levels of glutamate in
the mPFC of both OVX or SHAM female rats.

We analyze the glutamate concentration in mPFC across the time, considering
the cocaine treatment in relation to the baseline, in SHAM and OVX female rats
(Figures 6A and 6B, respectively). The results indicated that % from baseline of
extracellular glutamate levels of SHAM female rats (Figure 6A) is higher in RPT than
in CTR. In OVX female rats (Figure 6B), ACT cocaine rats presented higher levels than
CTR and RPT at 90 min and than CTR after 120 min after cocaine administration.

3.3. Glutamine extracellular levels

The extracellular glutamine levels in the mPFC of saline treated rats were 9.001
+ 0.919 pg/mL, without differences between OVX and SHAM hormonal conditions.
The ACT (mean + SEM = 3.64 + 1.58 pg/mL) and RPT (6.63 &+ 1.37) cocaine
treatments reduced glutamine extracellular concentration in mPFC of SHAM female

rats, when compare to CTR group (10.44 £ 1.23) (Fircat (1,148) = 4.330; P = 0.015).
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However, cocaine do not altered the levels of extracellular glutamine in mPFC of OVX
female rats (CTR: 7.56 = 1.37; ACT: 5.89 + 1.58; RPT: 7.11 + 1.58 pg/mL).

4. Discussion

We determined that repeated cocaine administration elicited behavior
sensitization with hyperlocomotion in female rats with endogenous sex hormones
presence, predominantly estradiol. This behavior is associated with a lower GABA
inhibitory system response in mPFC in cycling females than in rats without hormonal
influence, which did not develop sensitization. As expected, associated to this lower
inhibition function, sensitized cycling females showed a consequent higher
glutamatergic excitatory system response in mPFC. In this sense, we believe that the
female sex hormones presence have a fundamental role in the development of
behavioral sensitization in females, due to a hypoactivity of the brain inhibitory system
and a subsequent hyperactivity of excitatory system.

As expected, analyzing the animal’s locomotion, our results indicated that
cocaine exposure enhanced locomotor activity mainly 30 minutes after i.p.
administration. This effect is time-limited, since the hyperlocomotion shown to be
decreasing at 60 minutes after cocaine challenge, except in acutely cocaine-treated rats
without the hormonal presence at which the effect was extinguished early. In fact,
cocaine sensitization also is related to accelerate the onset of peak cocaine behavioral
effects that is related with abuse liability (Carey and Gui, 1997).

In the same way, locomotor sensitization after repeated cocaine treatment was
evidenced only in intact female rats in detriment of OV X rats. This result is in
accordance with the literature, that show higher cocaine sensitization in hormonally
intact than in castrated female rats (Souza et al., 2013; Chin et al., 2002) as well as

male rats (Chin et al., 2002). These results also agree with others that point to the



108

influence of hormonal fluctuations on the reinforcing properties of psychostimulant
drugs in women and that refers the hormone presence as an inductive factor in the
sensitization development (Quifiones-Jenab , 2006). The analysis of hormonal levels
indicated that estrogen was elevated in our cycling females. Studies indicate that
estrogen play an important role in reward capacity of cocaine, with a greater
sensitization directly related to its presence (Hu and Becker, 2003; Souza et al., 2013).
On the other hand, while estrogen induces an increase in locomotor activity,
progesterone appears to attenuate the cocaine effects (Niyomchai et al., 2005; Souza et
al., 2013). However, when the natural cycling is evaluated, an increase in behavioral
response is directly related on the cycle phases if estrogen and progesterone are higher
(Sell et al, 2000; Chin et al., 2002, Feltenstein et al. 2009), suggesting that progesterone
protector effect on cocaine response is overcome by the concomitant presence of
estrogen.

Evidences indicate that the GABA neurotransmitter is involved in cocaine
effects. As in male rats (Jayaram and Steketee 2005), acute cocaine shown an
ineffective effect in change the GABA levels on mPFC of our OVX female rats.
However, our results indicated an acute-cocaine increment on GABA concentration in
cycling females when we analyzed the peak time of cocaine effect.

The role of the GABAergic system also has been examined in relationship to
cocaine sensitization. In studies performed in males, chronic cocaine administration has
been shown to: a) both increase or decrease GABA turnover in different brain areas
(Dworkin et al. 1995; Pierce and Kalivas 1997; Smith et al. 2003) and b) decrease the
release of GABA in the ventral tegmental area (VTA) (Cameron and Williams 1994;
Pierce and Kalivas 1997) and in ventral pallidum (VP) (Torregrossa et al., 2008;

Torregrossa and Kalivas, 2008). In the mPFC, studies indicate an increase on GABA
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levels of male rats, when measured one or seven days, but not thirty days, following
repeated cocaine exposure (Jayaram and Steketee, 2005; 2006). As in males, the
repeated cocaine administration in our ovariectomized female rats significantly
increases GABA levels in mPFC, possibly because they have no hormonal influence.
On the other hand, when the rats are normally cycling and estrogen levels predominates,
the evaluation of the extracellular GABA during the cocaine peak effect indicates that
cocaine challenge induces similar levels of these neurotransmitter to the rats that have
not received cocaine. Additionally, the extracellular GABA concentration in relation to
the baseline in mPFC of intact female rats presents less enhancer than in rats that do not
have hormones. So, cocaine sensitization in our cycling female rats was associated to a
lower response of GABAergic system in mPFC.

Curiously, both locomotion sensitization and neurotransmitters changes occurred
in cycling female rats. These results contribute with literature, which indicates
behavioral sensitization induced by female sex hormones presence, mainly estrogen
(Souza et al., 2013) and more prominent role of either GABA or glutamate in cocaine-
sensitization behavior in females than in males (Siegal and Dow-Edwards, 2009).
However, this is the first study to identify changes in the levels of extracellular GABA
and glutamate in females. One proposal suggested that estrogen would increase the
response to psychostimulants in rats by inducing rapid changes in neuronal excitability
driven by the action of estrogen on striatal GABAergic neurons causing less stimulation
of GABAG receptors, consequently, an increase in the release of dopamine (Lynch et al.,
2002). Estrogen may also differentially modulate mRNA levels of other important
components within the CNS such as dopaminergic, serotonergic and the expression of
their own receptor (Zhou, 2002). Still, progesterone and its active metabolite,

allopregnanolone, act as positive modulators of GABA receptors (Rupprecht, 2003).
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Thus, progesterone replacement attenuates acute and chronic effects of cocaine in rats,
possibly by modulation of GABAA receptor subunits (Nin et al., 2008; 2012; Andrade
et al., 2012) and enzymes for the synthesis of GABA (Souza et al., 2009).

Glutamine has a role in general metabolism by supporting tissue homeostasis as
an intercellular substrate cycler. In the brain, Gln is important as a precursor of several
neurotransmitter amino acids, including Glu and GABA. Intercellular compartmentation
of Gln and Glu, the so-called GIn/Glu-GABA cycle, is critical for optimal CNS function
(Sidoryk-Wegrzynowicz and Aschner, 2013). Indeed, glutamine may be utilized as a
marker of GABAergic and glutamatergic systems function. In our study, cycling
females treated with cocaine presented lower levels of this amino acid in the mPFC.
Since glutamine is a glutamate precursor, this decrease can be explained by the increase
of glutamate in this group of rats.

In fact, after to the reduction in GABA inhibitory function, our results indicated
that repeated cocaine promotes an increment in extracellular glutamate concentration in
mPFC of sensitized cycling female rats, but not in castrated females. Studies performed
in males demonstrated that cocaine sensitization also is associated with an increase in
extracellular glutamate on NAc (Berglind et al., 2009; Pierce et al., 1996) and PFC
(Williams and Steketee, 2004) and in mPFC pyramidal neuron excitability (Nasif et al.,
2005). Cocaine sensitization also alters glutamate receptor subunit levels, producing a
long-lasting increase in GluR1 in the NAc as well as a temporary increase in NMDARI1
and GluR1 in the VTA (Churchill et al., 1999). Moreover, antagonists of various
glutamate receptor subtypes (including NMDA and AMPA receptors) block some
indicators of sensitization (Carlezon and Nestler, 2002). Therefore, cocaine sensitization

could lead to a loss of response inhibition and consequent increment in excitation of
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mPFC, with an increase in craving, drug seeking and behavior sensitization (Kalivas
and Volkow, 2005).

Recent studies have implicated an important role for the mPFC in the
development of addictive behaviors. Glutamatergic pyramidal neurons make up 85% of
neurons found within the mPFC and play an important role in regulating the activity of
VTA and NAc neurons (Hearing et al., 2012), regions hypothesized to be involved in
the initiation and expression of sensitization, respectively (Steketee, 2005).
Additionally, as reviewed by Hearing et al. (2012), local GABA neurons account for
~15% of neurons in the mPFC, synapse onto and provide one source of GABA to mPFC
pyramidal neurons. Additionally, GABA-containing neurons in the VTA send axons to
the mPFC where they synapse on dendrites of both pyramidal and local circuit.

Indeed, the mPFC plays an intricate role in decision-making, goal-directed behavior,
and the processing of reward-related information and is involved in mediating the
primary rewarding and reinforcing effects of abused drugs and drug craving and in the
development of sensitization (Steketee, 2005).

Recently reviewed by Hearing et al. (2012), one of the core theories explaining
how addiction-related behavior becomes compulsive is that a functionally ‘hypoactive’
frontal cortex results in decreased inhibitory control over behavior and an inability to
regulate drug-seeking. Additionally, a study realized in cocaine-dependent subjects
suggests that cocaine dependence can decrease GABA levels in frontal lobe (Ke et al.,
2004). Corroborating with the literature, our result indicates that a lower response of
brain inhibitory GABA system and consequent higher response in excitatory
glutamatergic system in female rats with hormonal presence may lead to the increase of
the effects of repeated cocaine, participating directly in the development of behavioral

sensitization.
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Legends

Figure 1. Schematic time-line of procedures. @ represents only locomotion registration.

o represents perfusate collection and locomotion registration.

Figure 2. Locomotion counts on the challenge day before or after cocaine 15 mg/kg of
female rats under different hormonal conditions: A. SHAM and B. Ovariectomized
(OVX). Legends: Saline (CTR); Acute cocaine (ACT); Repeated cocaine (RPT); *
represents significant difference from CTR; + represents significant difference from
ACT; e represents significant difference from OVX. (Ficat2,150)= 14.73; P < 0.001;

Fiime(s,150)= 13.83; P<0.001; Fieatxtime(10,150) = 4.36; P<0.001).

Figure 3. Extracellular GABA concentration (ng/mL) in the medial prefrontal cortex
(mPFC) at 30 and 60 minutes after cocaine challenge of intact (SHAM) and
ovariectomized (OVX) female rats. Legends: Saline (CTR); Acute cocaine (ACT);
Repeated cocaine (RPT); e represents significant difference from the respective CTR; *
represents significant difference from RPT-SHAM; + represents significant difference

from respective OVX group. (Fireat 2,38y = 12.73; P <0.001. Fiy 2,35y = 10.41; P < 0.001).

Figure 4. Extracellular GABA levels (% from baseline) in the medial prefrontal cortex
(mPFC) on the cocaine challenge day of female rats under different hormonal
conditions: A. SHAM and B. Ovariectomized (OVX). Legends: Acute cocaine (ACT);
Repeated cocaine (RPT); * represents significant difference from CTR; + represents

significant difference from ACT; e represents significant difference from the respective
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SHAM group. (Ftreat(l,llz) =11.344; P <0.001. Fime 6,112) = 5.705; P <0.001. Fieat x cond x

time (12,112) — 2.218; P= 0.015).

Figure 5. Extracellular glutamate concentration (pg/mL) in the medial prefrontal cortex
(mPFC) at 30 and 60 minutes after cocaine challenge of intact (SHAM) and
ovariectomized (OVX) female rats. Legends: Saline (CTR); Acute cocaine (ACT);
Repeated cocaine (RPT); Ovariectomized (OVX); SHAM. (Fireat 2,38y = 1.00; P =0.38.

Feond 1,38) = 238, P= 013)

Figure 6. Extracellular glutamate levels (% from baseline) in the medial prefrontal
cortex (mPFC) on the cocaine challenge day of female rats under different hormonal
conditions: A. SHAM and B. Ovariectomized (OVX). Legends: Acute cocaine (ACT);
Repeated cocaine (RPT); * represents significant difference from CTR; + significant
represent difference from RPT. (Fireat 2,112) = 4.13; P = 0.019. Fiime 6,112) =2.97; P =

0.01).
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Capitulo 1V

Efeitos administracio aguda e repetida de cocaina nos niveis extracelulares

de taurina no CPFm de ratas sob diferentes condi¢cées hormonais.

Os experimentos realizados e apresentados no artigo a seguir estdo associados
com o objetivo especifico 4, e foram idealizados com a proposta de responder as
seguintes perguntas:

1) A administragdo aguda e a sensibilizacdo a cocaina sdo capazes de alterar os
niveis extracelulares de taurina no CPFm de fémeas?

2) A presenga dos hormoénios sexuais femininos influencia os niveis
extracelulares de taurina no CPFm de fémeas?

3) A presenga dos hormdnios sexuais femininos influenciam nas alteracdes dos
niveis extracelulares de taurina provocados pela administragdo aguda ou repetida de

cocaina?

O artigo foi enviado para publicacdio na forma de Brief repport na revista

Addiction Biology, fator de impacto 5,914 (Qualis Al).
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Abstract

We evaluated the extracellular levels of taurine (TAU) in the mPFC after acute or
repeated cocaine treatment of ovariectomized (OVX) or intact female rats. Rats were
treated with saline or cocaine (15 mg/kg/dose) for 8 days. After a washout,
microdialysis was performed in the mPFC before and after the cocaine challenge in
acute or repeated cocaine groups and the perfusates were analyzed by HPLC. Acute
cocaine exposure increased TAU in intact but not in OVX rats. Repeated cocaine rats
presented lower TAU increment than ACT in SHAM rats. Sensitization was associated
with a hypofunction of brain inhibitory system and the sexual hormones appear to

influence the TAU extracellular levels in mPFC of female rats.

Main text

Behavioral sensitization occurs after repeated cocaine use and is thought to
underlie some facets of cocaine addiction (Steketee and Kalivas, 2011). Female have
more intense responses to cocaine, including behavioral sensitization. Hormonal
fluctuations play an important role in this enhanced response, suggesting that the
presence of female sex hormones contributes to the reinforcing properties of cocaine
(Becker and Hu, 2008).

Taurine (TAU) possibly acts as a neurotransmitter in spite of its mechanisms of
action not being understood. It prevents glutamate excitotoxicity (Yablonsky-Alter et
al., 2009) or interact with the type A Gamma-AminoButyric Acid receptor (GABA-A),
acting as an agonist and increasing the duration of chloride channel conductance (Wu
and Prentice, 2010 ). Moreover, it has been recognized that TAU and GABA are

structurally similar and may share transporters in the brain.
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Few studies tried to elucidate the role of TAU in cocaine addiction. In males,
taurine treatment blocks cocaine addiction, suppressing cocaine sensitization and place
preference (Banerjee et al., 2013). On the other hand, chronic cocaine administration
seems to increase TAU levels in the striatum of male rats (Banerjee et al., 2013;
Yablonsky-Alter et al., 2009). The aim of this study is to investigate the effects of
cocaine sensitization or a single cocaine dose on the extracellular level of TAU in the
medial prefrontal cortex (mPFC) of ovariectomized (OVX) or intact female rats.

We performed a study with adult female Wistar rats OVX or SHAM operated
(n=4-5/group), approved by the UFCSPA Ethics Committee (#1034/10). Rats were
randomly assigned to control (CTR), acute (ACT) or repeated (RPT) cocaine subgroups.
Both the CTR and ACT received daily doses of saline, while the RPT subgroup
received cocaine (15 mg/kg i.p.) for 8 days. Experiments occurred after 10 days of
wash-out and the rats were implanted guide-cannulae in the mPFC one week before the
challenge day. Microdialysis was conducted to determine the extracellular levels of
TAU in mPFC. After collection of the baseline samples with CMA/12 probes, the ACT
and RPT subgroups received a challenge dose of cocaine 15 mg/kg i.p., the perfusates
were analyzed in a HPLC as previously described by Souza et al. (submitted). A one-
way ANOVA was used to determine the statistical differences of TAU concentrations in
CTR group. A two- or three-way ANOVA followed by a Tukey post hoc comparison
was performed to determine differences on the TAU total levels and TAU levels over
time, respectively. A value of P<(0.05 was used as the acceptable level of significance.

The mPFC extracellular TAU concentration in CTR female rats is 2.00 + 0.4
pg/mL, without differences between SHAM (1.73 £0.53 pg/mL) and OVX (2.27 +£ 0.6
pg/mL) female rats (F(; 61y = 0.79; P = 0.376). This is the first study that shows the TAU

levels on the mPFC of female rats.
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When we treated the animals with acute cocaine, TAU levels were not altered in
OVX females, but were increased in SHAM female rats (Figure 1), from 30 minutes to
cocaine administration (Figure 2A). If we compare the results of OVX females to
results in the literature with male rats, very similar results are seen since acute cocaine
administration to males do not alter the extracellular concentrations of TAU in the
striatum (Banerjee et al., 2013). The results may be demonstrating that rats that show
very low estrogen levels don’t have an effects in TAU levels in the dose used. One
might have to test different cocaine doses to see changes in TAU levels in the animals
(males and OVX females).

The increment in the TAU levels after acute cocaine in normally cycling female
rats (SHAM) demonstrates that the presence of female sex hormones was crucial to
changes in TAU concentration in the mPFC after cocaine (Figure 1). Studies indicated
that chronic exposure and a cocaine challenge significantly increases the extracellular
levels of TAU in the striatum of male rats (Banerjee et al., 2013; Yablonsky-Alter et al.
2009). However, the increment in TAU levels after RPT cocaine in our SHAM rats was
significant lower than that elicited by acute cocaine administration (Figure 1), mainly at
60 minutes after cocaine administration, when a peak in the TAU levels of acutely
cocaine treated female occurs (Figure 2A).

The repeated cocaine administration, as proposed in our protocol, induces
behavioral sensitization (Souza et al., 2013), that is higher in females than in males
(Becker and Hu, 2008). According to a recent study conducted in our laboratory (Souza
et al., 2013) hormonally intact females show greater sensitization than castrated rats.
Our results show that TAU levels presented lower increment after cocaine sensitization
when compared to animals that received a single cocaine dose. Since TAU has an

important role in brain inhibitory system, both for its direct inhibitory action, reducing
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glutamate-induced excitotoxicity (Yablonsky-Alter et al., 2009), and as a GABA
agonist (Wu and Prentice, 2010), the hypofunctionality of this inhibitory cerebral
system may be associated to the behavioral changes seen in sensitization after repeated
cocaine administration observed in female normal cycling (Souza et al., 2013). An
unpublished study of our group (Souza et al., submitted) shows that the extracellular
GABA levels also are lower in sensitized intact females, right after the cocaine
challenge, and is followed by an increase in glutamate levels in the mPFC. Therefore,
cocaine sensitization in normally cycling females can be related to a lower functioning
of brain inhibitory systems and consequently allow higher levels of stimulation by

increased glutamate release in brain areas related to the cocaine addiction.
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Legends

Figure 1. Total extracellular taurine levels (ug/mL) in the medial prefrontal cortex
(mPFC) of female rats under different hormonal condition on the cocaine challenge day.
Legends: Saline (CTR); Acute cocaine (ACT); Repeated cocaine (RPT);
Ovariectomized (OVX); SHAM; * represents significant difference from CTR; +
represents significant difference from respective RPT group e represents significant
difference from respective OVX group. (Fireat 2,106) = 426.31; P < 0.001; Feond (1,106) =

20.33; P <0.001; Fin (2,106) = 9.53; P< 0001)

Figure 2. Extracellular taurine levels (ug/mL) in the medial prefrontal cortex (mPFC)
over time on the cocaine challenge day of female rats under different hormonal
conditions cross the time: A. SHAM and B. Ovariectomized (OVX). Legends: Acute
cocaine (ACT); Repeated cocaine (RPT); * represents significant difference from CTR;
+ represents significant difference from ACT; e represents significant difference from
the respective OVX group. (Fieat 2,112) = 36.73; P < 0.001. Feond (1,112) = 29.06; P <

0.001. Ftreatxcondxtime (12,112) = 332, P< 0001)
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PARTE III

CONCLUSOES E PERSPECTIVAS
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I11.1 CONCLUSOES

Os diferentes resultados obtidos nos artigos incluidos nesta tese mostram que os
hormodnios sexuais femininos influenciam nos efeitos neurotoxicos € no controle
inibitorio cerebral, decorrentes da administracdo aguda ou repetida de cocaina em
fémeas. Um resumo dos principais resultados do artigo estdo descritos abaixo e na
tabela 1.

Os resultados do primeiro artigo indicam que a exposi¢do aguda ou repetida de
cocaina em roedores ¢ capaz de alterar significativamente seu comportamento, tanto na
atividade locomotora quanto na indugdo de comportamentos estereotipados. A
exposicao repetida intermitente de cocaina induziu sensibilizacdo comportamental em
fémeas, que foi evidenciada através do incremento da locomocdo e da estereotipia
nestes animais quando comparados aqueles animais que foram expostos a apenas uma
administracdo de cocaina. No entanto, quando verificamos a influéncia hormonal no
desenvolvimento da sensibilizagdo comportamental, a associacdo destes dois
comportamentos somente foi vista quando os animais possuiam a liberacdo enddgena de
ambos os hormonios, estrogeno e progesterona. Quando as ratas foram
ovariectomizadas e, portanto, apresentavam baixos niveis hormonais, nao
desenvolveram sensibilizacdo locomotora, embora a sensibilizagdo por estereotipia
tenha sido mantida. A reposi¢cao hormonal nas ratas ovariectomizadas também alterou
diferentemente os comportamentos dos animais. Ratas que receberam reposicao de
estradiol isoladamente apresentaram sensibilizagdio a cocaina quando os
comportamentos estereotipados foram observados. No entanto, quando as ratas
receberam progesterona isolada ou em associacdo com o estradiol, a administragao

repetida de cocaina nao induziu sensibilizagdo comportamental, tanto pela observagao
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da locomogao quanto da estereotipia. Portanto, o estradiol e progesterona endéogena ou
exogena afetam diferentemente as respostas comportamentais das ratas sensibilizadas
por cocaina. Enquanto a presenca do estrégeno, tanto enddogena quanto exogenamente
foi fator de risco para o desenvolvimento da sensibilizacdo, a progesterona, quando
administrada de forma exdgena, foi fator de prote¢ao. Portanto, a realizagdo de studos
adicionais que verifiquem a utilizagdo de farmacos que modulem a fun¢do hormonal
pode ser util, uma vez que estes podem contribuir e proteger quanto ao o uso de drogas
em mulheres.

Os resultados do segundo artigo contribuem para o entendimento da
neurotoxicidade da exposi¢do a cocaina em regides cerebrais envolvidas na adi¢do
(CER, Cpf, STR, HIPc e HIPt). Os resultados indicaram que, tanto a exposicao aguda,
quanto a sensibilizacdo a cocaina, foram capazes de induzir dano no DNA neuronal em
diferentes regides cerebrais das ratas, exceto no hipotalamo, onde a sensibilizacdao a
cocaina nao provocou dano no DNA dos neurdnios desta regido. Além disso, embora
ndo significativamente, todas as demais regides cerebrais apresentaram uma tendéncia
de diminui¢do dos indices de dano apds exposicao repetida de cocaina. Estes resultados
indicam que a sensibiliza¢do a cocaina pode estar relacionada com o desenvolvimento
de mecanismos de neuroplasticidade em regides cerebrais envolvidas na adigdo.
Também a presenca dos hormoénios sexuais femininos, principalmente o estrogeno
endogeno, diminuiu o dano no DNA causado pela administragdo de cocaina em todas as
regides cerebrais. Portanto, este resultado fortalece a hipotese de que a sensibilizagdo a
cocaina, que ¢ mais evidente em ratas que estdo ciclando normalmente, possa estar
relacionada ao desenvolvimento de neuroplasticidade nas regides cerebrais avaliadas.

O envolvimento dos sistemas inibitorios cerebrais ¢ fundamental no controle da

resposta excitatoria decorrente do uso de psicoestimulantes no SNC. Nos dois ultimos
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artigos, buscamos elucidar o envolvimento do GABA e seus precursores, assim como
da taurina, que foi atualmente descrito como um neurotransmissor inibitoério, no
desenvolvimento da sensibilizagdo comportamental a cocaina em fémeas. Os resultados
indicaram que a cocaina administrada agudamente aumentou os niveis extracelulares de
GABA, GLU e taurina no CPFm de ratas, evidenciando que uma Unica administragao
de cocaina produz uma resposta inibitoria satisfatoria nesta regido. Por outro lado, os
niveis extracelulares de GABA e de taurina tiveram um menor incremento nas ratas
com presenc¢a hormonal, com consequente aumento nos niveis de GLU no CPFm destas
ratas. Estes resultados sugerem que uma maior sensibilizagdo a cocaina em fémeas pode
estar relacionada a uma hipofuncionalidade dos sistemas inibitdrios cerebrais
decorrentes da presenca enddgena dos hormonios sexuais femininos, tornando os
individuos do sexo feminino mais susceptiveis aos efeitos da cocaina e provavelmente
aumentando o risco de dependéncia.

Portanto, a sensibilizacdo a cocaina ¢ mais evidente em fémeas com presenca
hormonal (principalmente o estrdgeno), e esta pode estar relacionada ao
desenvolvimento de neuroplasticidade em regides cerebrais envolvidas com a adigao.
Além disso, a sensibilizagdo comportamental em fémeas esta relacionada a uma menor
atividade dos sistemas inibitorios cerebrais, com consequente aumento na atividade
excitatoria no CPFm, uma das regides cerebrais mais importantes no desenvolvimento
da adi¢do. Um esquema representativo dos principais resultados estd exposto na figura

5.
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Tabela 1 — Resumo dos principais resultados dos artigos

Geral OVX SHAM PRO+EST PRO EST

Cocaina aguda

Locomocdo 0 0 0 0 0 0
Estereotipia Moot M M
Dano DNA(CER, CPF, 1 T - - -
HIPc, HIPt, STR)

GABA no CPFm M1 0 ) - - -
Glutamato no CPFm 0 0 0 - - .
Glutamina no CPFm \2 0 J - - -
Taurina no CPFm O 0 M - - -

Sensibilizacido a cocaina

Locomogdo 0 0 M 0 A »
Estereotipia MM M 1 T MM
Dano DNA(CER, CPF, 0 0 0 - - i
HIPc, HIPt, STR)

GABA no CPFm ™ M 0 - - i
Glutamato no CPFm ) 0 ) - - -
Glutamina no CPFm ¥ 0 J - - -
Taurina no CPFm T 0 0 - - -

Legenda:T indica aumento; ¥ diminuigado; 0 sem efeito; - ndo avaliado.



138

Cocainarepetida

Menor dano DNA, ‘ I Deficiéncia no GABA

rincipalmente HIPt e na taurinano CPFm
P : Presencade HSF

(> estrégeno)
Neuroplasticid‘;h 1 HiPOfl:lﬂ.Ci?rja.-

Sensibilizacao

Aumento tardio de

glutamato
extracelular no CPFm

Figura 5. Esquema representativo das principais conclusdes da tese.
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I11.2 PERSPECTIVAS

Com base na discussdao dos resultados encontrados, outros questionamentos
foram gerados. Futuramente, tentaremos elucidar, através da constru¢ao de projeto de
pos-doutorado, os seguintes aspectos:

- Avaliar as alteragdes dos sistemas inibitdrios apos sensibilizagdo a cocaina em
outras regides cerebrais envolvidas na dependéncia a cocaina, principalmente aquelas
que, assim como o Cpf, compde o sistema limbico (NAc, HIPc, ATV e amigdala).

- Realizar estudos que prevejam a utilizagdo de animais para que seja possivel

rastrear outras fases do ciclo onde, por exemplo, a progesterona esteja aumentada.

Esta série de perspectivas pontuais ajudard a esclarecer o papel de ambos
hormonios sexuais femininos na sensibilizacdo a cocaina nas principais regioes
cerebrais envolvidas na dependéncia quimica. Desta forma, poderemos investigar o uso
de substancias como alternativa no tratamento da adi¢do e na preven¢ao do uso abusivo

de drogas por mulheres.
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