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Nothing is real.

Lennon/McCartney

We do not have to visit a madhouse to
find disordered minds; our planet is the
mental institution of the universe.

Johann Wolfgang von Goethe
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APRESENTAGAO

Esta tese esta organizada em trés partes, conforme descrito abaixo:
Parte I: introducéo e objetivos;
Parte IlI: resultados, apresentados em trés capitulos no formato de artigos cientificos;
Parte lll: discusséo, conclusao e referéncias bibliograficas citadas nas partes | e lll.
Os trabalhos que compdem esta tese foram desenvolvidos entre 2011 e 2015
em trés locais: no Laboratério de Etnofarmacologia do Departamento de
Farmacologia da UFRGS, na Unidade de Experimentagdo Animal do Hospital de
Clinicas de Porto Alegre, e no Laboratoério de Fisiologia e Comportamento do Swiss
Federal Institute of Technology in Zurich (ETH Zurich — doutorado-sanduiche sob co-

orientagao do Prof. Dr. Urs Meyer).



PARTE |

Onde a introdugéo é apresentada e os objetivos sdo delineados




RESUMO

A esquizofrenia é um transtorno mental crénico e incapacitante, que em geral
inicia na adolescéncia ou inicio da vida adulta. O diagndstico atual é baseado na
presenca de sintomas como delirios, alucinagbes, discurso e comportamento
desorganizados, expressdo emocional diminuida e declinio significativo no nivel de
funcionamento social, profissional ou académico. Apesar da revolugao no tratamento
com o surgimento do primeiro antipsicético no inicio da década de 1950, a
esquizofrenia ainda € um dos transtornos mentais mais custosos em termos de
sofrimento humano e encargos sociais. Os antipsicoticos disponiveis apresentam
pouco ou nenhum efeito no controle dos sintomas negativos e, de modo geral, ndo
ha melhora das fungdes cognitivas. Sabe-se hoje que o primeiro episodio psicoético é
precedido por uma fase prodrémica, e foram estabelecidos critérios para o
reconhecimento precoce da doenca, possibilitando a identificacdo de individuos em
risco de converter para psicose. Assim, € necessario investigar a seguranca e a
eficacia de tratamentos precoces com potencial para adiar ou prevenir a transicao
para psicose. Na presente tese, investigamos nesse contexto o potencial da N-
acetilcisteina (NAC), um precursor de cisteina com agdo antioxidante e anti-
inflamatoria, e modulador da transmissédo glutamatérgica. Utilizada como mucolitico
e no manejo da intoxicagdo por paracetamol, estudos recentes levaram NAC a ser
considerada uma promessa na psiquiatria. O objetivo dessa tese foi gerar dados
relevantes ao uso clinico de NAC para intervencao terapéutica preventiva na
esquizofrenia, analisando seus efeitos em modelos animais da doeng¢a. No modelo
desenvolvimental de isolamento social pés-desmame, NAC preveniu o0 aumento da
resposta locomotora a anfetamina. No modelo farmacolégico de sensibilizacdo a
anfetamina, NAC atenuou a resposta locomotora a anfetamina mas n&o preveniu o
déficit de inibicao latente em animais sensibilizados; em animais controles, NAC
induziu déficit de inibigdo latente. Em experimentos agudos, NAC nao preveniu a
hiperlocomogao induzida por anfetamina ou MK-801. Finalmente, testamos os
efeitos de NAC em um modelo de “dois hits” que combina ativagdo imune pré-natal
com estresse na puberdade. Nesse modelo, NAC preveniu o déficit de inibicao por
prepulso da resposta de sobressalto e o aumento da resposta locomotora a
anfetamina. O mecanismo de acdo de NAC nesses modelos ainda deve ser
esclarecido, mas sabe-se que processos inflamatorios e estresse oxidativo estédo
implicados no aparecimento das alteragbes comportamentais em modelos animais e
em humanos que convertem a esquizofrenia. A adolescéncia é uma fase critica de
vulnerabilidade, mas também representa uma janela de oportunidade para
prevencao, e os dados apresentados nessa tese corroboram o potencial do uso de
NAC como estratégia farmacolégica com potencial para atenuar, adiar, ou mesmo
prevenir o surgimento de alteragdes comportamentais caracteristicas de transtornos
psicoticos. Ensaios clinicos em individuos em risco de converter a psicose sao
necessarios para avaliar a real eficacia e seguranca desse farmaco.



ABSTRACT

Schizophrenia is a chronic and disabling mental disorder that usually onsets in
adolescence or early adulthood. The current diagnosis is based on the presence of
symptoms such as delusions, hallucinations, disorganized speech and behavior,
decreased emotional expression and significant decline in the level of social,
professional or academic functioning. Despite the breakthrough in its treatment with
the emergence of the first antipsychotic in the early 1950s, schizophrenia is still one
of the most costly mental disorders in terms of human suffering and social costs.
Currently available antipsychotics have little or no effect in controlling the negative
symptoms and, in general, there is no improvement in cognitive function. It is now
accepted that the first psychotic episode is preceded by a prodromal phase, and
criteria were implemented for enabling the identification of individuals at risk of
converting to psychosis. It is thus necessary to investigate the safety and efficacy of
drug candidates with potential to delay or prevent the transition to psychosis. In this
thesis, we investigated in this context the potential of N-acetylcysteine (NAC), a
cysteine precursor with antioxidant and anti-inflammatory properties, and a modulator
of glutamate transmission. Used as mucolytic and in the management of paracetamol
intoxication, recent studies led NAC to be considered a promise in psychiatry. The
aim of this thesis was to generate relevant data to the clinical use of NAC as a
preventive therapeutic intervention in schizophrenia by investigating its effects in
animal models of the disease. In the developmental model of post-weaning social
isolation, NAC prevented the increase in locomotor response to amphetamine. In the
pharmacological model of amphetamine sensitization, NAC attenuated locomotor
response to amphetamine but did not prevent the latent inhibition deficit in sensitized
animals; in control animals, NAC per se induced latent inhibition deficit. In acute
experiments, NAC did not prevent amphetamine- or MK-801-induced
hyperlocomotion. We also tested the effects of NAC in a "two-hit" model that
combined prenatal immune activation with stress in puberty. In this model, NAC
prevented the prepulse inhibition deficit and the increased locomotor response to
amphetamine. The mechanism of action of NAC in these models remains to be
clarified, but it is known that inflammation and oxidative stress are involved in the
emergence of the behavioral abnormalities in animal models and in humans that
convert to schizophrenia. Adolescence is a critical stage of vulnerability, but also
represents a window of opportunity for prevention. The data presented in this thesis
supports the potential use of NAC as a drug strategy with to attenuate, delay or even
prevent the emergence of behavioral changes associated with psychotic disorders.
Clinical trials in subjects at risk of converting to psychosis are required to assess the
efficacy and safety of this drug.
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INTRODUGAO

O cineasta brasileiro Eduardo Coutinho morreu no dia 2 de fevereiro de 2014,
aos 80 anos, minutos apos ser golpeado com duas facadas desferidas pelo filho
mais novo, Daniel Coutinho, 41 anos, diagnosticado posteriormente com
esquizofrenia. A esposa de Eduardo e mae de Daniel, Dora Coutinho, sobreviveu
aos ferimentos infligidos pelo filho, que falhou ao tentar cometer suicidio depois dos
ataques. Embora atos de violéncia por parte de pessoas acometidas por transtornos
psicoticos sejam excegdo — e nao regra —, a triste tragédia familiar ilustra bem como
a esquizofrenia pode impactar a vida do paciente e das pessoas que o cercam.

Os relatos sobre a histéria familiar e as circunstancias que antecederam esse
lamentavel desfecho informam sobre diversos aspectos relevantes a biologia da
esquizofrenia. Eduardo Coutinho tornou-se pai de Daniel aos 39 anos. Um grande
numero de estudos epidemioldgicos indicam uma associagédo positiva entre idade
paterna no momento da concepgao e risco de esquizofrenia na prole (Brown et al.,
2002; Dalman and Allebeck, 2002; Goriely et al., 2013; Kong et al., 2012; Lehrer et
al., 2015; Malaspina et al., 2001; McGrath et al., 2014; Miller et al., 2011a, 2011b;
Sipos et al., 2004; Zammit et al., 2003). Eduardo Coutinho foi um cineasta premiado,
artista brilhante, considerado por muitos um génio, criador de um estilo unico de
diregdo dos seus documentarios, como o consagrado “Cabra Marcado para Morrer”.
Diversos estudos mostram associagao entre criatividade e transtornos mentais como
a esquizofrenia, possivelmente mediada por fatores genéticos — criatividade e
psicose compartilham, portanto, as mesma raizes genéticas (Andreasen, 2008;
Jamison, 1989; Karksson, 1970; Kaufman and Paul, 2014; Kyaga et al., 2011,

Ludwig, 1992, 1994; Post, 1994; Power et al., 2015). Dora Coutinho foi



diagnosticada com um quadro agudo e grave de toxoplasmose logo no inicio da
gravidez de Daniel. Muitos estudos epidemiologicos associam infecgdo materna por
virus, bactérias e parasitas como o Toxoplasma gondii, principalmente nos primeiros
trimestres de gestagao, com risco aumentado de esquizofrenia na prole (Babulas et
al., 2006; Brown and Derkits, 2010a; Brown et al., 2001, 2004, 2005, 2009; Buka et
al., 2001; Mednick et al., 1988; Menninger KA, 1919; Mortensen et al., 2007,
Sorensen et al., 2009; Suvisaari et al., 1999; Torrey and Peterson, 1973; Torrey et
al., 1988, 2012). Apesar da gravidez de risco, Daniel foi uma crianga relativamente
normal, mas, a partir da adolescéncia, passou a viver cada vez mais isolado, e teve
dificuldades para concluir a graduagado em jornalismo. Isolamento social e déficits
cognitivos sao caracteristicas centrais da esquizofrenia, e estudos mostram que, na
maioria dos casos, esses sintomas precedem o primeiro surto psicotico (Cornblatt et
al., 2012; Hafner et al., 1999; Haller et al., 2014; Keshavan et al., 2005, 2010;
Tandon et al., 2008; Woodberry et al., 2010). Daniel também passou a fumar, beber
e fazer uso de maconha e cocaina. Sdo varios os estudos epidemioldégicos que
concluem que o consumo de maconha na adolescéncia aumenta o risco de
desenvolver transtornos psicoticos (Andréasson et al., 1987; Arendt et al., 2005;
Arseneault et al.,, 2002, 2004, 2004; D’'Souza, 2007; Ferdinand et al., 2005;
Fergusson et al., 2003; Henquet et al., 2004; Kuepper et al., 2011; Manrique-Garcia
et al., 2012; Moore et al., 2007; Niemi-Pynttari et al., 2013; van Os et al., 2002;
Zammit et al., 2002). Aos 18 anos, numa série de fatalidades, Daniel perdeu trés
amigos em seis meses, 0 que limitou ainda mais sua vida social. Exposi¢cao a
estresse psicologico é outro fator de risco associado a transtornos psicoticos, e
eventos estressantes muitas vezes precipitam o inicio ou as recaidas da doenca

(Birley and Brown, 1970; Corcoran et al., 2003; Day et al., 1987; Morgan and Fisher,



2007; van Os et al., 2010; van Winkel et al., 2008). O risco constante de Daniel
cometer suicidio instaurou um terror silencioso na casa da familia. Estima-se que
50% das mortes em pessoas com esquizofrenia até os 39 anos de idade tem como
causa o suicidio (Alaraisanen et al., 2009).

Assim como € o caso da maioria das pessoas com esquizofrenia, Daniel ndo
trabalhava, e ndo teve condicdbes de se manter nas poucas oportunidades de
emprego que teve. Estimativas da Europa mostram que a taxa de emprego nesse
grupo varia de 8 a 35% (Gaite et al., 2002; Marwaha et al., 2007).

Infelizmente, como tantos brasileiros, Daniel ndo foi diagnosticado nem
recebeu qualquer tratamento antes do surto psicético que culminou na morte de seu
pai. Apesar dos dados epidemiolégicos no Brasil serem escassos, estima-se que
mais da metade dos 2 milhdes de brasileiros com esquizofrenia ndo recebem
tratamento — uma proporgao alarmante (Ferri et al., 2004; Kohn et al., 2004; Leitao et
al., 2006). Estudos também confirmam a nog¢do de que os recursos alocados para a
saude no Brasil sao insuficientes, e muito aquém do que é praticado em paises
desenvolvidos (em porcentagem do produto interno bruto), principalmente em
relacdo a saude mental (Leitdo et al., 2006; World Health Organization, 2008, 2013).

Ha muito que ser feito para reduzir o impacto social e econémico acarretado
por transtornos psiquiatricos e melhorar a vida de pacientes e familiares. A presente
tese visa a contribuir para modificar esse cenario, fornecendo evidéncias para
responder a seguinte pergunta: poderia o tratamento precoce com N-acetilcisteina
antes do primeiro surto psicotico evitar histérias como a de Daniel e de sua familia

no futuro?



Esquizofrenia

A esquizofrenia é um transtorno mental crénico e incapacitante, que em geral
inicia na adolescéncia ou inicio da vida adulta. O diagndstico atual é baseado na
presenca de sintomas especificos, como delirios, alucinagbes, discurso e
comportamento desorganizados, expressao emocional diminuida e declinio
significativo no nivel de funcionamento social, profissional ou académico (American
Psychiatric Association, 2014).

Os principais sintomas da esquizofrenia podem ser classificados em positivos,
negativos e cognitivos. Os sintomas positivos incluem alucinagbes (visuais e
auditivas), delirios (geralmente do tipo paranoide) e comportamento desorganizado.
Os sintomas negativos referem-se a emogdes embotadas ou improprias a situagao,
timidez excessiva, isolamento social, anedonia, avolia, entre outros. A capacidade
cognitiva das pessoas com esquizofrenia é severamente afetada, e sdo observados
sintomas como rigidez de raciocinio e déficits de memodria de trabalho, fungéo
executiva e linguagem. Sao os sintomas negativos e cognitivos que mais afetam a
integragao e o funcionamento social dos pacientes (Green, 1996; Hafner and an der
Heiden, 1999; Perkins et al., 2005; Tandon et al., 2009).

Apesar da revolugdo no tratamento de pacientes com o surgimento do
primeiro antipsicotico no inicio da década de 1950, a esquizofrenia ainda € um dos
transtornos mentais mais custosos em termos de sofrimento humano e encargos
sociais. O custo econdmico decorrente da doenca foi estimado em mais de US$ 60
bilhdes nos Estados Unidos em 2002 (Wu et al., 2005), US$ 24 bilhdes no Japdo em
2008 (Sado et al., 2013), e mais de € 93 bilhdes na Europa em 2010 (Gustavsson et

al., 2011). Além disso, os antipsicoticos disponiveis atualmente apresentam pouco
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ou nenhum efeito no controle dos sintomas negativos e, de modo geral, ndo ha
melhora das fungdes cognitivas (Keefe et al., 2007; Murphy et al., 2006). O
tratamento crénico pode ainda induzir efeitos extrapiramidais, ganho de peso e
alteragdes metabdlicas, que eventualmente determinam a interrupgédo do tratamento
(Ellenbroek, 2012; Gardner et al., 2005).

Além dos antipsicoticos (Leucht et al., 2009), a eficacia de outros
medicamentos psiquiatricos é alvo de criticas e questionamentos. E o caso dos
antidepressivos usados no tratamento da depressdo maior (Kirsch et al., 2008), dos
inibidores da acetilcolinesterase na Doenga de Alzheimer (Kaduszkiewicz et al.,
2005), e do litio no controle do transtorno bipolar (Geddes et al., 2004; Moncrieff,
1995). Esse assunto foi pauta de diversas matérias veiculadas em jornais e revistas
da midia e motivou movimentos antipsiquiatria e livros sobre o tema (Breggin, 2009;
Carlat, 2010; Kirsch, 2010; Whitaker, 2010). Entretanto, uma revisdo de metanalises
concluiu que a eficacia dos medicamentos psiquiatricos modernos € comparavel a
eficacia de medicamentos usados na medicina geral (Leucht et al., 2012). Apesar
desse resultado, € consenso geral que ainda existe muito espaco para melhorias no
tratamento de transtornos mentais, tanto em relagdo a eficacia quanto aos efeitos
adversos dos medicamentos.

Além disso, observou-se nas ultimas décadas uma reducdo drastica na
morbidade e mortalidade associadas a cancer e doencas cardiovasculares,
enquanto nenhum avanco pratico foi obtido em relagdo a esquizofrenia e outros
transtornos mentais (Insel, 2010; Jacka and Berk, 2014; McGorry, 2015). Para
mudar esse cenario atual, € necessario “repensar a esquizofrenia” (Insel, 2010), pois

€ mais provavel que os proximos grandes avangos serao alcangados por estratégias
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de prevencgdo, diagnostico e intervengdo precoce do que pela descoberta de

medicamentos dramaticamente mais eficazes.

Prevencéo e intervengdo precoce

Sabe-se hoje que o primeiro episodio psicético € precedido por uma fase
prodrdbmica, em que podem ser observados sintomas psicéticos atenuados,
isolamento social, humor deprimido, ansiedade, irritabilidade e/ou déficits cognitivos
(Klosterkotter et al., 2011; Yung and McGorry, 2007). Essas observagdes levaram ao
desenvolvimento de programas de reconhecimento precoce da doenga,
possibilitando a identificagdo de individuos em risco de converter para psicose
(Correll et al., 2010; de Koning et al., 2009; McGorry, 2011, 2015). Séo diversos os
critérios e as denominagdes utilizadas para o estado prodrémico: ‘ultra-high risk
(UHR), ‘at-risk mental state’ (ARMS), ‘early initial prodromal state’ (EIPS) e ‘clinical
high risk' (CHR), entre outros. Na ultima edigdo do Manual Diagnostico e Estatistico
de Transtornos Mentais (DSM-5), foi incluida uma nova categoria com critérios de
diagndstico para o que foi denominado de ‘sindrome psicoética atenuada’ (American
Psychiatric Association, 2014). Essa mudanca polémica foi alvo de muita discussao
e controvérsia, mas talvez possa contribuir de alguma forma para que possiveis
estratégias de prevengao e intervengao precoce sejam estabelecidas. Dessa forma,
seria possivel de fato “repensar a esquizofrenia”, como propds Thomas Insel em seu
artigo seminal publicado na revista Nature, em edi¢cdo especial dedicada ao tema
(Insel, 2010).

Além do reconhecimento dos sinais comportamentais da sindrome

prodémica, um numero crescente de estudos de imagem tem relatado alteragdes



12

estruturais progressivas no cérebro, como perda de matéria cinzenta, que surgem
antes do primeiro episédio psicoético (Bois et al., 2015; Borgwardt et al., 2008; Fornito
et al., 2008; Fusar-Poli et al., 2011; Job et al., 2005; Jung et al., 2011; Keshavan et
al., 2007; Lawrie et al., 1999; Mechelli et al., 2011; Pantelis et al., 2005; Smieskova
et al., 2010; Sun et al., 2009; Takahashi et al., 2009; Walter et al., 2012; Ziermans et
al., 2012). Dessa forma, criou-se a expectativa de que seja possivel prevenir o
primeiro surto e o aparecimento da esquizofrenia em sua forma plena. Algumas
estratégias potencialmente preventivas estdo sendo avaliadas em sujeitos
considerados em estado de risco. Entre as estratégias farmacologicas ja propostas
estdo o tratamento precoce com antipsicoticos, antidepressivos, litio e acidos graxos
6mega-3 (Amminger et al., 2010; Klosterkotter et al., 2011; McGorry et al., 2009).
Entretanto, como os critérios de selegcdo ainda sao baseados em sintomas
comportamentais, que ndo sao especificos da prodrome esquizofrénica, o numero
de casos falso-positivos é significativo: as taxas de conversdo a psicose foram
estimadas em 36% em trés anos (Fusar-Poli et al., 2012). Portanto, o risco-beneficio
de usar tais medicamentos nessa populagdo deve ser bem avaliado para evitar
exposicao a tratamentos desnecessarios e potencialmente prejudiciais. Também é
importante salientar que os resultados quanto a eficacia desse tipo de intervencao
nao sao conclusivos (McGorry et al., 2008).

Achados recentes sugerem que processos inflamatérios e desregulagdo do
estado redox sdo relevantes especialmente no periodo desenvolvimental que
precede o primeiro surto psicético (Cannon et al., 2015; Fournier et al., 2014;
Khandaker et al., 2014; Pasternak et al., 2015; Perkins et al., 2015). Um estudo
recente em particular sugere que a neuroinflamagdo pode estar envolvida na

conversdo de pessoas em estado de risco para psicose (Cannon et al., 2015). Os
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dados mostraram que os niveis basais de marcadores pro-inflamatérios foram
preditivos da taxa de perda de matéria cinzenta em individuos CHR que
converteram. Os autores sugerem que a ativagao da microglia é responsavel pela
perda tecidual, o que esta de acordo com a teoria de que na esquizofrenia existe
uma aceleragao dos processos normais de pruning sinaptico que se intensificam no
final da adolescéncialinicio da vida adulta — ver Figura 1 (Faludi and Mirnics, 2011;
Keshavan et al., 1994; Schafer et al., 2013). Entretanto, o papel ativo da microglia na
eliminagéo de sinapses durante o desenvolvimento é alvo de controvérsias (Boksa,
2012). No entendimento do professor Hugh Perry nao existem provas concretas, e a
microglia € apenas “culpada por associagdo” (Perry and O’Connor, 2010). De
qualquer forma, essas observagdes sugerem que intervengdes precoces com
medicamentos anti-inflamatérios e/ou antioxidantes sao uma possibilidade
promissora na prevengcdo dos processos patofisioldgicos que antecedem a

esquizofrenia.

NuUmero de espinhos dendriticos

Nascimento

Figura 1. Alteragdes nos processos de maturagao sinaptica durante a transi¢cdo da adolescéncia para
a vida adulta precedem o primeiro episédio psicético e o estabelecimento da esquizofrenia em sua
forma plena. Acredita-se que processos inflamatérios, como ativagdo da microglia, e estresse
oxidativo estejam implicados nas alteragbes estruturais observadas no cérebro de individuos
considerados em estado de risco. Esse periodo de vulnerabilidade é também uma janela de
oportunidade para possiveis intervengdes preventivas. Adaptado de Penzes et al., 2011.
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Infelizmente, estratégias de diagnostico e intervengao precoce nao sao tarefa
facil. O Brasil ja tem dificuldades para diagnosticar e tratar a maior parte dos casos
de esquizofrenia (e outros transtornos mentais) mesmo apds anos de manifestagao
de sintomas. Ha muito que se avangar para chegar nos niveis desejados de
assisténcia, mas exemplos podem ser observados na experiéncia de paises como
Australia, Reino Unido e Canada, pioneiros em programas de intervengao precoce
(McGorry, 2015). Cabe dizer que investimentos em estratégias de prevencdo e na
melhoria dos servigos de atengao a saude mental possibilitam a redu¢do dos gastos
do setor publico com transtornos mentais a longo prazo.

Enquanto os critérios de diagnostico e o entendimento do curso da doenca
avangam a cada dia, € necessario investigar a seguranca e a eficacia de candidatos
farmacolégicos com potencial para adiar ou prevenir a transigcdo para psicose.

Modelos animais sao ferramentas uteis para testar as possibilidades.

Modelos animais de esquizofrenia

Embora n&o seja possivel recriar em animais uma condigdo exclusivamente
humana como a esquizofrenia, modelos animais podem nos ajudar a entender a
patofisiologia da doenca e a investigar novos tratamentos e seus mecanismos
(Powell, 2010; Powell and Geyer, 2007; Swerdlow et al., 1994). A seguir séo

descritos os trés modelos animais que foram empregados na presente tese.
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Modelo de isolamento social pés-desmame

Ratos e camundongos s&o os principais mamiferos utilizados como animal
modelo na pesquisa cientifica. A estrutura social e hierarquica das colbénias
desempenha um papel importante no desenvolvimento dessas espécies (Hall, 1998;
Powell, 2010). Privar ratos e camundongos de contato social ap6s o desmame, que
acontece em torno do dia pds-natal 21, altera o desenvolvimento do cérebro e o
comportamento dos animais de forma comparavel ao que se observa na
esquizofrenia (Geyer et al., 1993; Powell and Geyer, 2002). A auséncia precoce de
estimulos sociais também modela o isolamento social que ocorre antes do primeiro
surto psicético e que é um fator de predigdo da conversdo a psicose em individuos
em risco (Cannon et al., 2008). Dessa forma, o isolamento social pés-desmame é
considerado um modelo desenvolvimental de esquizofrenia, em que uma
manipulacdo ambiental induz alteragbes neuroquimicas e comportamentais que se
manifestam de forma plena apenas apds a puberdade dos animais, replicando o
curso da doenca. Dependendo da duragdo e do periodo de isolamento, ndo é
possivel reverter os déficits comportamentais com a reintegragao social (Hall, 1998;
Pascual et al., 2006).

As alteragbes comportamentais observadas nesse modelo incluem déficits de
processamento sensorio-motor (inibicdo por prepulso da resposta de sobressalto),
resposta aumentada a anfetamina, inflexibilidade cognitiva (déficit no aprendizado de
reversio), déficits de memoria (déficit no reconhecimento de objeto novo), entre
outros; as alteragcbes neuroquimicas e estruturais incluem hiperatividade
dopaminérgica na via mesolimbica, redu¢ao do volume do cértex pré-frontal e perda

de interneurdnios gabaérgicos que expressam parvalbumina (revisado por: Fone and
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Porkess, 2008; Jones et al., 2011; Powell, 2010; Powell and Geyer, 2007). Essas
observagdoes confirmam a validade desse modelo que mimetiza varios dos
fendmenos comportamentais, neuroquimicos e neuropatolégicos caracteristicos da

esquizofrenia.

Modelo de sensibilizagdo a anfetamina

Em humanos, o caso mais bem documentado de sensibilizacdo a
psicoestimulantes refere-se a epidemia de abuso de metanfetamina no Japao apds o
final da Segunda Guerra Mundial. Os individuos que apresentaram um quadro de
psicose induzida por abuso crénico de metanfetamina permaneceram vulneraveis
aos efeitos psicotomiméticos da droga mesmo apds anos de abstinéncia: quando
expostos a baixas doses de metanfetamina ou eventos estressores, um episddio
psicotico muito semelhante ao episddio original era desencadeado nesses individuos
(Sato et al., 1983, 1992). Efeitos similares também foram observados nos Estados
Unidos em usuarios de cocaina (Satel and Edell, 1991).

Em animais, a sensibilizacdo comportamental induzida pela administragao
repetida de psicoestimulantes € amplamente utilizada como um modelo de psicose
(Jones et al., 2011; Robinson and Becker, 1986; Ujike, 2002), e considera-se que
mimetiza a sensibilizagcdo enddégena do sistema dopaminérgico observada em
pacientes com esquizofrenia (Laruelle, 2000) e em individuos em risco de conversao
a psicose (Howes et al., 2009, 2011). As principais alteragbes comportamentais
observadas em modelos de sensibilizagdo a anfetamina em roedores sao resposta
locomotora aumentada a anfetamina, déficits de processamento sensoério-motor

(inibicdo por prepulso da resposta de sobressalto), déficits de atencédo seletiva
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(inibicdo latente) e inflexibilidade cognitiva (aprendizado de reversao) (Jones et al.,
2011; Peleg-Raibstein et al., 2008; Robinson and Becker, 1986). De forma geral, sao
observados déficits na execugédo de tarefas cognitivas dependentes do cortex pré-
frontal, enquanto que a fungao hipocampal ndo é afetada (Featherstone et al., 2008;
Russig et al., 2003). Como esse modelo induz basicamente alteragbes no sistema
dopaminérgico, € mais responsivo a farmacos que afetam esse neurotransmissor,
mas outras classes de farmacos, como por exemplo agonistas de receptores
metabotropicos de glutamato do tipo 2/3 (mGluRy;3), também podem ter efeito na

hiperlocomogéao induzida por anfetamina (Kim and Vezina, 2002).

Modelo de “dois-hits”: ativagdo imune pré-natal + estresse na puberdade

A observacao epidemioldgica de que infecgcdo materna durante a gestagao
aumenta o risco de desenvolver esquizofrenia (Brown, 2012; Brown and Derkits,
2010b) levou ao desenvolvimento de diversos modelos animais em roedores
baseados nessa possivel etiologia (Meyer, 2014). Os primeiros estudos utilizaram
virus Influenza, que por razdes praticas foi substituido por poly(i:c), um RNA dupla
fita que mimetiza uma infecgao viral, e por lipopolissacarideo (LPS), uma endotoxina
bacteriana (Kneeland and Fatemi, 2013; Meyer and Feldon, 2010; Meyer et al.,
2005, 2009; Shi et al., 2003). Apesar de infecgdes no periodo pré-natal serem
relativamente comuns, apenas uma fracdo dos individuos expostos desenvolve o
transtorno (Mednick et al., 1988; Selten et al., 2010). Esse fato pode ser explicado
pela hipotese de “dois-hits” da esquizofrenia, que postula que um primeiro hit pré-
natal compromete processos de desenvolvimento cerebral, aumentando a

vulnerabilidade a um segundo hit mais tardio (Bayer et al., 1999; Clarke et al., 2009;



18

Maynard et al., 2001). Dessa forma, apenas a combinag&o de dois insultos leva ao
desenvolvimento da doencga. Essa ideia foi testada diretamente em camundongos e
resultou na publicacdo do artigo de Giovanoli e colaboradores (2013) na revista
Science.

Nesse modelo, uma dose baixa de poly(i:c), administrada no 9° dia de
gestacdo, combinada com estresse variado no periodo peripubertal (entre os dias
pos-natal 30 e 40) resultou em alteragbes comportamentais e bioquimicas
observadas apenas em animais adultos. Por outro lado, sinais transitérios de
neuroinflamag&o, como ativagado microglial e secre¢do de citocinas pro-inflamatoarias,
foram observados logo apds o estresse, mas ndo em animais adultos (Giovanoli et
al., 2013). O fato de que essas alteragdes neuroinflamatérias precedem os sintomas
comportamentais reforgca o potencial de intervengdes preventivas e a validade do

modelo para testar possiveis candidatos.

N-acetilcisteina

Nessa tese investigamos o potencial da N-acetilcisteina (NAC) como
tratamento farmacoldgico para intervencdo precoce em esquizofrenia. NAC é um
precursor de cisteina com notada acdo antioxidante, utilizada corriqueiramente na
clinica como mucolitico e no manejo da intoxicagdo por paracetamol. Diversos
estudos recentes levaram a NAC a ser considerada uma “promessa na psiquiatria”
(Berk et al., 2013). A perspectiva do uso de NAC € também promissora pelo fato de
ja estar no mercado, possuir estudos toxicologicos (inclusive pos-comercializagéo, o
que comprova a ampla margem de seguranga) e farmacocinéticos e estar disponivel

em formas farmacéuticas de baixo custo, inclusive como medicamento genérico.
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Algumas hipéteses tém sido levantadas para a agao central de NAC. Devido a
sua acao antioxidante, NAC pode modular o sitio sensivel ao estado redox do
receptor NMDA, assim como quelar o jon Zn** (Krezel et al., 2003). Como na
esquizofrenia as alteragdes no estado redox existem antes mesmo do primeiro surto
psicotico, o uso precoce de antioxidantes pode diminuir o dano oxidativo e melhorar
o curso da doenga (Mahadik et al., 2001). Além disso, NAC é capaz de modular o
sistema glutamatérgico indiretamente: por ser precursor de cisteina, aumenta a
liberacdo extra-sinaptica de glutamato através do antiporter cistina/glutamato
presente nos astrécitos (Baker et al., 2003a, 2008). Dessa forma, o glutamato
liberado ativa receptores metrabotropicos de glutamato (mGIuRs) inibitérios, que por
sua vez modulam a liberagcdo de glutamato e outros neurotransmissores na fenda
sinaptica. Um estudo em fatias estriatais mostrou ainda que NAC pode modular a
liberacdo de dopamina, facilitando em doses baixas e inibindo em concentragdes
milimolares (Gere-Paszti and Jakus, 2009). Em macacos, NAC preveniu a redugao
dos niveis do transportador de dopamina induzida pelos efeitos neurotoxicos da
metanfetamina (Hashimoto et al., 2004). As propriedades anti-inflamatorias de NAC
também s&o relevantes para o seu potencial terapéutico em transtornos
psiquiatricos, sendo NAC capaz de reduzir os niveis de citocinas pro-inflamatoérias e
inibir processos de ativagdo microglial (Awad et al., 2011; Beloosesky et al., 2006,
2009, 2012; Chang et al., 2011; Haber et al., 2013; Karalija et al., 2012, 2014; Khan

et al., 2004; Lanté et al., 2008; Tsai et al., 2009).
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N-acetilcisteina e esquizofrenia: estudos clinicos

Os efeitos benéficos de NAC no tratamento de transtornos psiquiatricos ja
foram demonstrados para transtorno bipolar, depressao maior, abuso de substancias
e transtornos de ansiedade, entre outros (revisado por Deepmala et al., 2015). Os
ensaios clinicos que analisaram os efeitos de NAC em pacientes com esquizofrenia
estdo listados na tabela 1. Um dos estudos (Berk et al., 2008) tem nivel de evidéncia
1b, j@ que & um ensaio clinico randomizado controlado de alta qualidade, com

numero de participantes superior a 100.

N-acetilcisteina e esquizofrenia: estudos pré-clinicos

Diversos estudos pré-clinicos investigaram o potencial de NAC em modelos
animais relevantes para depresséo (Arent et al., 2012; Costa-Campos et al., 2013;
Ferreira et al., 2008; Linck et al., 2012; Smaga et al., 2012) e abuso de substéncias
(Achat-Mendes et al., 2007; Amen et al., 2011; Baker et al., 2003a, 2003b; Bauzo et
al., 2012; Corbit et al., 2014; Frankowska et al., 2014; Kau et al., 2008; Madayag et
al., 2007; Moussawi et al., 2009, 2011; Murray et al., 2012; Ramirez-Nifo et al.,
2013; Reichel et al., 2011; Schneider et al., 2015; Taracha et al., 2015; Weiland et
al., 2015). Os estudos preé-clinicos que avaliaram os efeitos de NAC em parametros

comportamentais relevantes a esquizofrenia estao listados na tabela 2.
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Tabela 1. Estudos clinicos que avaliaram os efeitos de N-acetilcisteina em pacientes

com esquizofrenia.

. Numero de Desenho
Referéncias participantes  experimental Tratamento Resultados
Melhora nas escalas
PANSS total, PANSS
Duplo cego negativo, PANSS geral
Berk et al., 140 controlado por 2 g/dia por e CGl e diminuigédo de
2008 placebo, 6 meses acatisia (um efeito
paralelo extrapiramidal
decorrente do uso de
antipsicoticos)
Bulut et al., 1 Relato de go6r g/dla Melhora nas escalas
2009 caso meses PANSS e CGil
Farokhnia et E(gjr?tlr?)lc;edio or 2 g/dia por Melhora nas escalas
42 P grdia p PANSS total e PANSS
al., 2013 placebo, 2 meses negativo
paralelo 9
Duplo cego Melhora de mismatch
Lavoie et controlado por 2 g/dia por negqt/wty (MMN), uma
al., 2008 22 lacebo 2 meses medida de
v P ’ processamento
cruzado

sensorial auditivo

CGil: Clinical Global Impression, PANSS: Positive and Negative Syndrome Scale
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Tabela 2. Estudos pré-clinicos que avaliaram os efeitos de N-acetilcisteina em

parametros comportamentais relevantes a esquizofrenia.

Referéncias Espécie Modelo/Teste Tratamento  Resultados
— Prevencéao dos
Baker etal, RawoS Fenciclidina, g4 \ykg,  déficits de WM e S
Sprague- agudo e sub- ;
2008 Dawle CroNico i.p. — dependente de
y mGIuR2/3
~ 0,9 g/L, agua ~
Cabungcal g;:gZue- hﬁ)s;)ac(;mpal de beber, dPg;\c/:‘iatggdaeol\iﬁ/ISN e
etal, 2014 powle neonatal PNDS-50e  pp,
y PND35-50
Reducgao do déficit
Chen etal., Camundongos mGIuR- KO 50 e 100 de PPI —
2010 C57BL/6J ° mg/kg, i.p. independente de
mGIuR2/3
Metanfetamina, 30, 100 e Diminuigao da
Fukami et . ’ ’ hiperlocomocgao e
Ratos Wistar agudo e 300 mg/kg, ~
al., 2004 sensibilizacio i prevencao da
¢ P estereotipia
Diminuicao do
numero de
Lee et al., Camundongos DOI (agonista 5- 30 e 100 gzgizng):eiz
2014 NMRI HT2a) mg/kg, i.p. twitch) —
dependente de
mGIuR2/3
Lutgenet  Ratos 100 M Redugao do déficit
Sprague- Fenciclidina . ‘
al., 2013 Dawley intra-PFC de PPI
; Ratos Isolamento Reducao dos
Moller et al., Sprague- social pds- .150 mg/lfg, déficits de SI, NOR
2013 i.p., 14 dias
Dawley desmame e PPI

5-HT>,a: receptor de serotonina do tipo 2A, DOI: 2,5-dimetoxi-4-iodoanfetamina, i.p.:
intraperitoneal, KO: nocaute, mGIuR: receptor metabotropico de glutamato, MMN:
mismatch negativity, NOR: reconhecimento de objeto novo, PFC: cortex pré-frontal,
PND: dia poés-natal, PPI: inibicdo por prepulso da resposta de sobressalto, Sl:
interagcéo social, WM: memdria de trabalho,
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OBJETIVOS

O objetivo dessa tese foi gerar dados relevantes ao uso clinico da N-
acetilcisteina na intervencéo terapéutica preventiva da esquizofrenia, analisando
seus efeitos em modelos animais relevantes a doenca.

Os objetivos especificos foram:

i) investigar os efeitos da N-acetilcisteina no modelo desenvolvimental de
isolamento social pés-desmame;

ii) investigar os efeitos da N-acetilcisteina no modelo farmacolégico de
sensibilizagdo a anfetamina e na hiperlocomocgao induzida por administracdo uUnica
de anfetamina ou MK-801;

iii) investigar os efeitos da N-acetilcisteina no modelo de “dois hits” que

combina ativagado imune pré-natal com estresse na puberdade.
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We verified the effects of N-acetylcysteine (NAC) in a neurodevelopmental model of schizophrenia. C57 mice
were reared in isolation or social groups and treated with NAC from postnatal day42-70; the locomotor response
to amphetamine was assessed at postnatal day 81. NAC treatment in isolated mice prevented the hypersensitivity
to amphetamine, suggesting neuroprotection relevant to striatal dopamine. Considering its safety and tolerability
profile, complementary studies are warranted to further evaluate the usefulness of NAC to prevent conversion to
schizophrenia in at-risk individuals.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Schizophrenia is characterized by a chronic relapsing course and
onset in late adolescence or early adulthood, and after sizable invest-
ments and decades of research is still one of the most debilitating and
costly mental disorders (Tandon et al., 2010). The development of
early detection strategies has recently raised interest in possible inter-
ventions prior to the onset of full-blown psychosis, in hope that it
could yield substantial outcome improvements (McGorry et al., 2008;
Tsuang et al., 2013). Emerging evidence indicates that psychological
and pharmacological intervention strategies may be suitable to delay
or prevent transition to psychosis (McGorry et al., 2009; Marshall and
Rathbone, 2011; Stafford et al., 2013). However, the use of antipsychotic
medication in prodromal stages is controversial due to uncertain risk-
benefit ratio (Francey et al., 2010). The identification of safer and
more effective candidates is thus warranted.

(Clinical and pre-clinical data placed the antioxidant N-acetylcysteine
(NAC) as a potentially useful drug for various psychiatric disorders, in-
cluding schizophrenia (Dean et al.,, 2011; Berk et al, 2013). NAC is a pre-
cursor of cysteine that increases brain glutathione levels and modulates
glutamate transmission through the astrocyte cystine-glutamate

* Corresponding author at: Instituto de Ciéncias Basicas da Satide, Universidade Federal
do Rio Grande do Sul., Rua Sarmento Leite, 500, sala 202, 90050-170 Porto Alegre, RS,
Brazil. Tel. fax: +55 51 33083121.

E-mail address: anaherrmann@gmail.com (A.P. Herrmann).

http://dx.doi.org/10.1016/j.schres.2014.03.012
0920-9964/© 2014 Elsevier B.V. All rights reserved.

antiporter. NAC has also been suggested as a potential medication to
counteract the pathological processes that precede full-blown schizo-
phrenia (Asevedo et al., 2012), but studies addressing this possibility
are lacking.

Rearing rodents in social isolation is an established neurodevel-
opmental model of schizophrenia, in which adult animals present a
range of behavioral deficits relevant to various symptoms of the disease
(Fone and Porkess, 2008; Pietropaolo et al., 2008; Jones et al., 2011;
Niwa et al., 2011). The aim of this study was to verify whether NAC
treatment in adolescent mice could prevent the consequences of post-
weaning social isolation rearing later in adulthood. Specifically, we stud-
ied the increased sensitivity to amphetamine-induced hyperlocomotion,
a behavioral correlate of the alterations in striatal dopamine release ob-
served in schizophrenia.

2. Methods
2.1. Animals

C57BL/6 male mice were obtained from Universidade Federal de
Pelotas and maintained under controlled environmental conditions
(reversed 12-h light/dark cycle and constant temperature of 22 + 1 °C)
with free access to food and water. The study was approved by the Uni-
versity Ethics Committee (approval #23618), and followed institutional
policies on experimental animal handling. All efforts were made to min-
imize the number of animals used and their suffering.
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2.2. Experimental design

Animals were weaned at postnatal day 21 and randomly assigned to
isolation or social (3-5 animals per cage) rearing groups. Mice were
treated (daily, i.p.) with saline (NaCl 0.9%) or NAC (60 or 120 mg/kg;
Sigma-Aldrich, St. Louis, MO, USA) during postnatal days 42 to 70. Loco-
motor activity testing was performed after a washout period, at postna-
tal day 81.

2.3. Locomotor sensitivity to amphetamine

The locomotor response to amphetamine challenge (D-amphetamine
sulfate, Sigma-Aldrich, St. Louis, MO, USA) was assessed in open field
arenas (40 x 40 x 40 cm). Animals were treated with saline and placed
in the center of the arena; after 30 min they were briefly removed, treat-
ed with amphetamine (2.5 mg/kg, i.p.) and returned to the arena for an-
other 60 min. Experiments were video recorded and analyzed with the
ANY-Maze tracking software (Stoelting Co., Wood Dale, IL, USA).

2.4, Statistical analysis

Three-way ANOVA was used to identify the main effects of housing
condition, treatment and bins, as well as their interactions. Fisher's
least significant difference post hoc was used for comparisons. Signifi-
cance was set at p < 0.05. SPSS 18.0 for Windows was used.

3. Results

Isolation-reared mice showed increased locomotor activity in re-
sponse to amphetamine in comparison to social-reared controls.
While NAC was devoid of effect in the social-reared group, it
prevented, at both doses, the enhanced sensitivity to amphetamine
in the isolated group (Fig. 1). Statistical support for these results
was provided by three-way repeated measures ANOVA, which
yielded a significant main effect of bins (Fy; 440 = 594, p <0.0001)
and a significant housing condition x treatment group x bin interac-
tion (Fy; 440 = 1.64, p < 0.05). No significant differences in basal lo-
comotor activity (the initial habituation period after saline
administration) were observed between the groups.

4. Discussion

This study shows that treating adolescent mice with NAC pre-
vents the hypersensitivity to amphetamine induced by social isola-
tion rearing, supporting with experimental data the proposal that
NAC can be useful for early intervention in individuals at risk to de-
velop psychosis. The yet to be defined mechanisms underlying this
preventive effect are likely to be multifaceted given that, adding to
its antioxidant and glutamatergic properties, NAC also targets other
relevant neurochemical pathways such as neurotrophic, apoptotic
and inflammatory signaling (QOja et al., 2000; Dean et al., 2011;
Palacio et al., 2011).

The psychoactive properties of NAC have been documented in ani-
mal models and clinical trials (Berk et al., 2008a, 2008b; Linck et al.,
2012; Costa-Campos et al., 2013). Specifically regarding schizophrenia,
clinical data suggest beneficial effects of NAC as adjunctive medication
in regard to positive and negative symptoms, as well as adverse effects
associated with antipsychotics (Berk et al., 2008a; Bulut et al., 2009;
Farokhnia et al., 2013). Additionally, NAC was found to modulate neural
synchronization (Carmeli et al, 2012), and to improve mismatch nega-
tivity in schizophrenia patients (Lavoie et al., 2008). NAC was also found
to be effective in various rodent models relevant to psychosis (Chen
et al., 2010; das Neves Duarte et al., 2012; Lutgen et al., 2013) and re-
ported to reverse isolation rearing-induced behavioral and neurochem-
ical changes in rats, including parameters of immune and mitochondrial
function (Moller et al., 2013). However, these experimental designs
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Fig. 1. Effects of N-acetylcysteine on sensitivity to amphetamine in social- and isolation-
reared mice. Distance traveled per bin after saline (SAL) (bins 1-6) and amphetamine
(AMPH) (bins 7-18) for (A) social and (B) isolated mice. (C) Mean distance traveled
after AMPH. Data presented as mean + SEM. *p < 0.05 VEH-treated social compared to
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preclude direct assumptions on the preventive effects of NAC. Though
it has been suggested that NAC could be useful to prevent conversion
to schizophrenia in at-risk individuals, to the best of our knowledge
this is the first study supporting this suggestion.

Clinical studies are ultimately needed to investigate benefits to treat
individuals in prodromal stages, but difficulties with prospective identi-
fication of the subjects and varying diagnostic criteria of the prodrome
across research groups are major limitations (Addington et al., 2008).
Moreover, considering the high rates of false-positive predictions, the
identification of early intervention candidates devoid of serious adverse
effects is crucial. Animal models are thus useful to explore potential
medications capable of attenuating the progression to full-blown psy-
chosis. NAC is an advantageous candidate since it is proved to be well
tolerated and to present few side effects and contraindications (Whyte
et al,, 2007 ). Complementary data on the neuroprotective effects of
NAC in the context of preventing psychosis are thus warranted to subsi-
dize clinical trials.
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ABSTRACT

A process of ‘endogenous sensitization’ is thought to mediate the
hyperfunction of the mesolimbic dopamine system in patients with schizophrenia.
This can be modeled in rodents by repeated exposure to psychostimulants such as
amphetamine, which leads to a long-term enduring process where increased
behavioral response to the drug is observed at a subsequent exposure. We
investigated the effects of the antioxidant and glutamate modulator N-acetylcysteine
(NAC) on amphetamine sensitization in an escalating dose protocol proposed to
mimic the progression from the prodromal state to full-blown schizophrenia.
Amphetamine was administered to C57BL/6 mice three times per week during 3
weeks, and the dose weekly increased from 1 to 3 mg/kg; NAC treatment (60 mg/kg,
i.p.) started in the second week. Latent inhibition and locomotor response to
amphetamine challenge were assessed after four weeks of washout. The
progressive amphetamine regimen disrupted latent inhibition and induced locomotor
sensitization to an amphetamine challenge. NAC disrupted latent inhibition in control
animals, and failed to prevent the amphetamine-induced disruption. In sensitized
animals, NAC attenuated the enhanced locomotor response to amphetamine. NAC
was devoid of effects when given acutely before a single amphetamine or MK-801
challenge. This study supports the idea that NAC, an antioxidant, anti-inflammatory
and glutamate modulator, may be useful in preventing the neurochemical changes
that precede full-blown schizophrenia. The data may be particularly relevant for early

intervention in subjects at risk to convert to psychosis.
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1. Introduction

The long-standing dopamine hypothesis of schizophrenia postulates that
mesolimbic dopamine hyperfunction underlies the psychotic symptoms of the
disorder. A process of ‘endogenous sensitization’ is thought to be implicated in the
development of such neurochemical abnormality (Laruelle, 2000; Lieberman et al.,
1997). This idea is supported by evidence from neuroimaging studies showing
enhanced striatal dopamine release in response to an acute amphetamine challenge
in schizophrenia patients (Breier et al., 1997; Abi-Dargham et al., 1998; Laruelle et
al., 1996, 1999). Moreover, repeated consumption of high doses of amphetamine or
other stimulants often results in the progressive development of a psychotic state that
closely resembles that of paranoid schizophrenia (Angrist and Gershon, 1970; Bell,
1973; Ellinwood et al., 1973; Snyder, 1973).

The heightened sensitivity to amphetamine in patients with schizophrenia can
be recapitulated in rodents by repeatedly exposing them to psychostimulants. This
leads to a long-term sensitization process where increased behavioral response to
the drug is observed at a subsequent exposure. Sensitization is an enduring
phenomenon, since sensitized animals display enhanced response to
psychostimulants even months or years after drug withdrawal (Robinson and Becker,
1986). Amphetamine sensitization became a widely accepted animal model of
schizophrenia because it induces behavioral and neurochemical abnormalities similar
to those observed in the disorder (Peleg-Raibstein et al., 2008, 2009).

N-acetylcysteine (NAC) is a safe and well-tolerated drug, clinically used as
mucolytic and as antidote against acetaminophen intoxication (Heard, 2008;

Sadowska, 2012). NAC is a glutathione precursor that exerts antioxidant, anti-
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inflammatory, anti-apoptotic and neurotrophic actions (Atkuri et al., 2007; Karalija et
al., 2014; Palacio et al., 2011). It also modulates glutamate release through activation
of the cystine-glutamate antiporter expressed by astrocytes in extra-synaptic sites
(Baker et al., 2003, 2008). The effects of NAC as adjunctive treatment for
neuropsychiatric disorders have been assessed in several clinical trials (reviewed by
Deepmala et al., 2015), and the resulting data support the idea of NAC as a
promising drug in psychiatry (Berk et al., 2013).

We previously showed that NAC prevents the increased sensitivity to
amphetamine in social isolation-reared mice (Herrmann et al., 2014). Here we
investigated the effects of NAC on amphetamine sensitization by using the escalating
dose protocol proposed to mimic the progression from the prodromal state to full-
blown schizophrenia (Tenn et al., 2005a). This amphetamine regimen induces
behavioral abnormalities related to schizophrenia, including hyperlocomotion, latent
inhibition disruption and prepulse inhibition deficits (Tenn et al., 2003, 2005a, 2005b).
Additionally, we investigated the acute effects of NAC on hyperlocomotion induced

by a single amphetamine or MK-801 challenge.

2. Methods

2.1. Animals

C57BL/6 male mice (2-month old) were obtained from Universidade Federal

de Pelotas and maintained under controlled environmental conditions (reversed 12-h

light/dark cycle with lights on at 7:00 am and constant temperature of 22 + 1 °C) with

free access to food and water. All procedures were approved by the Ethics
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Committee of Hospital de Clinicas de Porto Alegre (approval #13-0457), and are in
agreement with the principles of laboratory animal care in the Guide for the Care and
Use of Laboratory Animals (National Institutes of Health Publication, 2011). All efforts

were made to minimize the number of animals used and their suffering.

2.2. Drugs

N-acetylcysteine (NAC), amphetamine and MK-801 were purchased from
Sigma-Aldrich (St. Louis, MO, USA). All drugs were dissolved in saline (0.9% NaCl).
Solutions were freshly prepared and injected intraperitoneally (i.p.) in a final volume

of 5 ml/kg.

2.3 Amphetamine sensitization protocol

Animals were randomly assigned into 4 groups, as depicted in Figure 1.
Injections were administered three times per week during 3 weeks. The doses of
amphetamine were progressively increased from 1 to 3 mg/kg from the first to the
third week. NAC (60 mg/kg) was given immediately before saline or amphetamine
during the second and third weeks. Animals returned to their home cages
immediately after the injections. Behavioral tests started after a 4-week washout from

the last amphetamine administration.

2.3.1. Latent inhibition
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Latent inhibition (LI) was assessed in a conditioned active avoidance
procedure using a 2-way shuttle box (Insight Equipamentos Cientificos, Ribeirao
Preto, Brazil). In the first phase of the test, animals from each of the 4 treatment
groups were allocated to a pre-exposure (PE) condition: conditioned stimulus (CS)-
PE or non-pre-exposure (NPE). The PE subjects were placed in the apparatus and
presented with 100 discrete exposures to a 5-s burst of white noise (85 dBx) in a
random interstimulus interval of 40 + 15 s. The NPE subjects were placed in the
apparatus for an equivalent period of time without any stimulus presentation. 24 h
later (conditioning day), all subjects received a total of 100 avoidance trials presented
with an intertrial interval of 40 + 15 s; each trial began with the onset of the noise
(CS). If the animal shuttled within 5 s of CS onset, the CS was terminated and the
animal avoided the electric shock (unconditioned stimulus [US]) on that trial.
Avoidance failure led to an electric foot shock (0.3 mA) presented in conjunction to
the CS that could last for a maximum of 2 s but could be terminated by a shuttle
response during this period (i.e., an escape response). Conditioned avoidance
learning was indexed as the mean number of avoidance responses recorded on

successive blocks of 10 trials.

2.3.2. Locomotor activity

Locomotor activity was assessed in an open field arena to verify the response
after an amphetamine challenge (2 mg/kg, i.p.). The apparatus consisted of 4
identical square arenas (40x40x40 cm), located in a testing room under dim diffused
lighting. A webcam connected to a computer was mounted directly above the 4

arenas, and the videos were analyzed with ANY-Maze tracking software (Stoelting
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Co., Wood Dale, IL, USA). The animals were injected i.p. with vehicle solution and
immediately placed in the apparatus to measure basal locomotor activity for 30 min;
subsequently, they were treated with amphetamine and immediately returned to the

same arena, where locomotor response was monitored for 90 min.

2.4. Acute experiment

To assess whether NAC presents acute antipsychotic-like effects, we tested
the locomotor response after a challenge with amphetamine or MK-801, an
antagonist of NMDA receptors. Naive mice were treated (i.p.) with saline or NAC (60
mg/kg) and immediately returned to their home cages. One hour later subjects were
placed individually in the open field arenas and baseline activity recorded for 30 min;
they were then injected with saline, amphetamine (2.5 mg/kg) or MK-801 (0.3 mg/kg)
and locomotor activity was recorded for 100 min. The time point for pretreatment with
NAC was chosen based on Baker et al. (2008), who showed that NAC blocked the

increase in extracelular glutamate when injected 100 min before phencyclidine.

2.5. Statistical Analyses

Data were analyzed using analysis of variance (ANOVA). Fisher's least
significant difference (LSD) post-hoc tests were used whenever significant
interactions were obtained by the initial ANOVAs. Statistical significance was set at
p<0.05. Statistical analyses were performed using the statistical software StatView

(version 5.0).
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3. Results

3.1 N-acetylcysteine Impairs Latent Inhibition

Figure 2 shows the effects of amphetamine sensitization and NAC on latent
inhibition. A latent inhibition (LI) effect was observed in control (SAL/SAL) animals
(Figure 2A); consistent with previous studies, the sensitization protocol led to a
disruption in latent inhibition (Figure 2C). Treatment with NAC not only failed to
prevent the LI disruption induced by amphetamine sensitization (Figure 2D) but also
abolished the LI effect in the saline-treated control animals (Figure 2B). The 2 x 10
(PE condition x 10-trial blocks) ANOVAs restricted to each of the 4 experimental
groups revealed a significant main effect of PE condition only in the SAL/SAL group

(F1,11=13.9, p<0.01).

3.2 N-acetylcysteine Blunts Hyperlocomotion in Amphetamine-sensitized Animals

Figure 3 shows that NAC partially prevented the hyperlocomotion induced by

the sensitization protocol (pretreatment x bins interaction: F11,429=16.5, p<0.0001).

The effects of NAC are independent of potential influences on basal locomotor

activity given that no significant changes were observed in baseline activity.

3.3 N-acetylcysteine Does Not Present Acute Antipsychotic-Like Effects

In a next series of investigations, we tested whether NAC could prevent the

hyperlocomotion induced by an acute amphetamine (Figure 4A) or MK-801
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challenge (Figure 4B). NAC did not affect locomotion per se nor influenced the
response to amphetamine (pretreatment x treatment x bins interaction: F13205=0.7,
p>0.05) or to MK-801 (pretreatment x treatment x bins interaction: F13205=0.6,

p>0.05).

4. Discussion

Our study shows that mice treated with amphetamine in the progressive dose
schedule became sensitized, as measured by the locomotor response to
amphetamine challenge after four weeks of withdrawal. This sensitization reflects the
development of long-term neuroadaptive changes, only partially prevented by NAC.
NAC failed to prevent the amphetamine-induced latent inhibition disruption, and
disrupted latent inhibition per se in control, non-sensitized animals. NAC acutely
administered was devoid of effects against amphetamine- and MK-801-induced
hyperlocomotion. Repeated amphetamine administration protocols are also used in
the context of bipolar disorder and drug abuse. The experimental design used in our
study adds graded dose progression to the repeated amphetamine administration
used to model other mental disorders. Other than recapitulating the graded
progression observed from prodrome to full-blown schizophrenia, this protocol has
been shown to lead to changes that resemble several of the behavioral and
neurochemical findings observed in patients with schizophrenia and at-risk subjects
(Tenn et al., 2005). Further differentiating the repeated amphetamine protocol used
in this study from the protocols used to model other mental disorders, this protocol
induces long-lasting behavioral deficits relevant to schizophrenia (e.g., PPl and latent

inhibition) even in the absence of an amphetamine challenge.
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In the study by Valvassori et al. (2008), NAC (20 mg/kg three times per day)
did not prevent the hyperactivity induced by one week of daily amphetamine
injections in rats; however, sensitization was not evaluated since locomotion was
assessed 2 hours after the last amphetamine administration. Fukami et al. (2004)
showed that NAC (100 mg/kg) prevented behavioral sensitization to five consecutive
daily injections of methamphetamine in rats; they also showed that NAC (100 mg/kg)
attenuated the locomotor response to an acute methamphetamine challenge. In the
present study NAC treatment was initiated after the first week of amphetamine, and it
cannot be ruled out that more robust preventive effects would have been observed if
treatment was initiated concurrent to the installment of the amphetamine protocol.

It is important to differentiate the two main paradigms of repeated
amphetamine administration. In the paradigm used in this study, the phenomenon of
behavioral sensitization is induced by repeated intermittent administration of
relatively low doses amphetamine. In the neurotoxic paradigm, continuous delivery or
multiple high dose injections maintain amphetamine levels in the brain constantly
elevated for a few days, which damages dopamine terminals as characterized by
decreased tyrosine hydroxylase and dopamine transporter activities in the striatum,
dopamine depletion and increased levels of oxidative stress markers (Carvalho et al.,
2012; Ellison and Eison, 1983; Ellison et al., 1978; Wagner et al., 1980; Yamamoto et
al., 2010). Several studies reported the protective effects of NAC against the
neurotoxic effects of psychostimulants, where its antioxidant properties are likely to
play an important role (Achat-Mendes et al., 2007; Fukami et al., 2004; Hashimoto et
al., 2004; Wan et al., 2006). The escalating and intermittent properties of the

amphetamine regimen used in the present study protect against the neurotoxic
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effects of subsequent amphetamine doses (Robinson and Becker, 1986; Robinson
and Camp, 1987).

It is hypothesized that glutamate pathways are involved in the neurochemical
mechanisms that underlie the sensitization phenomenon. Psychostimulants enhance
glutamate release in the nucleus accumbens (Wolf et al., 2000; Xue et al., 1996),
activating postsynaptic NMDA and AMPA receptors. Activation of NMDA receptors
increases the intracellular calcium concentration, which is required for the induction
of sensitization (Karler et al., 1991; Licata et al., 2000; Pierce et al., 1998). NAC
increases extrasynaptic glutamate by activating the cystine-glutamate antiporter,
resulting in stimulation of metabotropic glutamate receptors 2/3 (mGluR23) with
consequent decrease in synaptic glutamate release (Baker et al., 2003, 2008; Dean
et al., 2011). This mechanism of action might account for the effects of NAC
observed here against amphetamine sensitization.

Latent inhibition is a measure of selective associative learning in which
repeated exposure to a non-reinforced stimulus retards subsequent conditioning with
that stimulus. Latent inhibition has an established translational validity since it is
disrupted in patients with schizophrenia (Lubow, 2005; Weiner, 2003; Weiner and
Arad, 2009). While NAC attenuated the enhanced locomotor response to
amphetamine in sensitized animals, it did not prevent the disruption in latent
inhibition. As revealed by the use of different amphetamine schedules, the
expression of behavioral sensitization is not required for disruption in latent inhibition,
which suggests that deficits of information processing are mediated by different
neuronal mechanisms than those underlying sensitization (Peleg-Raibstein et al.,

2008). Divergent neurochemical basis for these two phenomena is congruent with
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the differential effects of NAC on locomotor sensitization and latent inhibition. The
effect of NAC disrupting latent inhibition per se remains to be elucidated.

NAC was devoid of effects when administered acutely before amphetamine
and MK-801 challenges. This suggests that NAC is more effective in counteracting
the long-term adaptations that follows repeated psychostimulant administration or
developmental manipulations (Herrmann et al., 2014) than exerting acute
antipsychotic-like actions in animal models mostly associated with positive
symptoms. It is evident, however, that a range of doses and administration intervals
have to be tested before a definite conclusion can be reached in this matter.

In conclusion, our study complements previous data advancing the idea that
NAC may be useful in preventing the neurochemical changes that are thought to lead
to full-blown schizophrenia. The results are especially relevant to at-risk subjects.
Our study contributes to extend the increasing knowledge on the potential of NAC in

the treatment of neuropsychiatric disorders and encourages clinical trials.
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Figure Legends

Figure 1. Experimental design. Drugs were administered i.p. three times per week
for three weeks. Amphetamine (AMPH) doses were weekly increased and ranged
from 1 to 3 mg/kg. N-acetylcysteine (NAC, 60 mg/kg) started on the second week
and was given immediately before saline or amphetamine. Animals were assigned to
the following experimental groups: SAL/SAL, NAC/SAL, SAL/AMPH, NAC/AMPH.
Animals returned to their home cages after the injections. Behavioral tests started

after 4 weeks of withdrawal.

Figure 2. Effects of amphetamine sensitization and N-acetylcysteine (NAC) on latent
inhibition (LI). LI was observed in the SAL/SAL group (A), and disrupted by
amphetamine (C). NAC abolished the LI effect in control animals (B) and failed to
prevent the LI disruption induced by amphetamine (D). **=p<0.01, reflecting the

significant main effect of pre-exposure condition. n=7-9. Mean + SEM.

Figure 3. Effects of amphetamine sensitization and N-acetylcysteine (NAC) on
locomotor activity. NAC partially prevented the increased locomotor response to
amphetamine challenge in sensitized animals. *=p<0.05 compared to SAL/SAL,;

#2p<0.05 compared to NAC/AMPH. n=10-11. Mean + SEM.

Figure 4. Effects of N-acetylcysteine (NAC) on the locomotor response to acute
amphetamine and MK-801 challenges. NAC did not influence the locomotor

responses to amphetamine (A) or to MK-801 (B). n=6-8 per group. Mean + SEM.
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ABSTRACT

Background: Therapeutic interventions during critical periods of vulnerability before
the onset of evident symptoms have the potential to prevent conversion to psychosis
in at-risk subjects. N-acetylcysteine (NAC), a glutathione precursor with antioxidant,
anti-inflammatory and glutamate-modulating properties, is a promising drug in the
treatment of various psychiatric disorders. Here we evaluated the effects of NAC in a
developmental mouse model with translational validity in the context of
schizophrenia.

Methods: We used an environmental two-hit model, in which prenatal maternal
administration of the viral mimic poly(l:C) served as the first hit, and exposure to
unpredictable stress during peripubertal maturation as the second. We investigated
whether NAC administered through the drinking water during the stress exposure
could prevent the subsequent emergence of behavioral abnormalities in adult male
mice.

Results: The combination of prenatal immune activation and peripubertal stress
induced significant deficits in prepulse inhibition and increased sensitivity to
amphetamine in adult mice. NAC treatment during peribubertal stress exposure
prevented the subsequent emergence of these behavioral alterations.

Conclusions: Our results replicate the previous report regarding the two-hit model
and corroborate the relevance of combined prenatal immune activation and
peripubertal stress in the emergence of behavioral changes relevant to schizophrenia
in adult mice. Most importantly, the study shows the preventive effects of NAC
against the pathological interactions between these two environmental factors
associated with psychiatric disorders. This study has translational value in the

context of early intervention in individuals at risk to develop schizophrenia.
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Introduction

Schizophrenia is arguably one of the worst ways biology can go awry. The
incapacitating symptoms occur in a chronic relapsing course which, combined with
onset often in late adolescence, leads to disability early in life and a substantial share
of the global burden of disease (1). Unfortunately, the major advances accomplished
in the last decades in understanding the neurobiology of schizophrenia have not yet
translated into better treatment outcomes. “Rethinking schizophrenia” (2) is
necessary to dramatically change the current scenario, and real progress will only be
achieved with early diagnosis, early intervention and prevention — these strategies
accounted for most of the reduction in mortality and morbidity seen in cancer and
cardiovascular disease over recent years (3). Progress already started with the
implementation of early intervention programs (4; 5), but investigating the safety and
efficacy of pharmacological candidates is an important step to develop stage-specific
treatments aiming to delay or prevent transition to psychosis.

It has long been recognized that schizophrenia is a neurodevelopmental
disorder, in which disruptions in early life processes result in long-term abnormalities
that only manifest many years later (6; 7). A prenatal event consistently linked to
increased risk of schizophrenia is maternal infection, particularly during early
pregnancy (8; 9). However, even though it has a relatively high frequency of
occurrence, prenatal infection has a quite modest effect size (10; 11). It has thus
been proposed that a prenatal first hit may disrupt brain development and increase
the vulnerability to a second hit occurring later in life (12—14). According to this two-
hit hypothesis, neither insult alone is sufficient to induce schizophrenia, but only their

combination. We have recently tested this idea using a translational mouse model,
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and showed that combined exposure to prenatal immune challenge and peripubertal
stress act synergistically to induce pathological effects on adult behavior and
neurochemistry (15). In this model we observed transient signs of neuroinflammation,
manifested by microglia activation and hypersecretion of inflammatory cytokines in
stress-sensitive brain areas. These neuroinflammatory abnormalities preceded the
emergence of behavioral dysfunctions, reinforcing the potential for preventive
interventions.

Oxidative stress is closely associated with inflammation, and a growing body
of evidence implicates the cytotoxic effects of reactive oxygen species (ROS) in the
maturational deficits observed in the brains of people with schizophrenia (16; 17). N-
acetylcysteine (NAC) is a glutathione precursor that exhibits antioxidant and anti-
inflammatory properties. It also modulates extra-synaptic glutamate transmission
through the activation of the cystine-glutamate antiporter (18; 19). NAC is clinically
used as a mucolytic and as an antidote for paracetamol intoxication, and, in some
countries, it is also sold as a dietary supplement. The potential of NAC as a useful
drug in the treatment of various psychiatric disorders has been supported by several
clinical and pre-clinical studies (20-22). In the present study, we used our two-hit
model to test whether NAC administration during peripubertal stress exposure could
prevent the subsequent onset of behavioral dysfunctions in mice offspring exposed to

a prenatal immune challenge.

Methods and Materials

Animals
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C57BL/6J male mice were used throughout the study. Female and male
breeders were obtained from our in-house specific pathogen free (SPF) colony at the
age of 10-14 weeks. Breeding began after 2 weeks of acclimatization to the animal
holding rooms, which were temperature- and humidity-controlled (211 °C, 55+5%)
holding facilities under a reversed light-dark cycle (lights off: 8:00 A.M. to 8:00 P.M.).
All animals had ad libitum access to standard rodent chow (Kliba 3430,
Klibamuehlen, Kaiseraugst, Switzerland) and water unless specified otherwise. All
procedures described in the present study had been previously approved by the
Cantonal Veterinarian's Office of Zurich and are in agreement with the principles of
laboratory animal care in the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health Publication, 2011). All efforts were made to minimize

the number of animals used and their suffering.

Prenatal Immune Activation

Female mice were subjected to a timed-mating procedure fully described
previously (23). Pregnant dams on gestational day 9 (GD9), which roughly
corresponds to the first trimester of human pregnancy, received either a single
injection of synthetic double-stranded RNA poly(l:C) (polyinosinic-polycytidylic acid
potassium salt; Sigma-Aldrich) at a dose of 1 mg/kg or vehicle (sterile pyrogen-free
0.9% NaCl). Solutions were injected via the intravenous (i.v.) route at the tail vein
under mild physical constraint. The dose of poly(l:C) was chosen based on our
previous findings showing that this immunological manipulation leads to modest and
transient cytokine elevations in the maternal host (15). All solutions were freshly
prepared at the day of administration, and animals were returned to their home cages

immediately after the injection procedure.
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Peripubertal Stress Exposure

Offspring born to poly(l:C)-treated (POL) or vehicle-treated (CON) mothers
were weaned on postnatal day (PND) 21 and caged as littermates of 2-3 animals per
cage. They were left undisturbed (= no stressor; S-) or exposed to variable and
unpredictable stress between PND 30 and 40 (S+). This time window was selected
based on our previous findings showing that this is a critical period of vulnerability for
stress-induced neuropathological changes in prenatally immune-challenged animals
(15). Littermates were preferentially assigned to different postnatal conditions in
order to minimize potential confounding factors due to litter effects. The stress
procedure included exposure to the following five stressors applied on alternate days
and described in detail elsewhere (15): 1. electric foot shock; 2. restraint stress; 3.

swimming stress; 4. food deprivation; 5. repeated home cage changes.

N-acetylcysteine Treatment

N-acetylcysteine (NAC; Sigma-Aldrich, Switzerland) was dissolved in regular
tap water (1 g/L) and provided via regular drinking bottles. Vehicle (VEH)-exposed
animals received tap water only. NAC dosage was estimated at circa 300 mg/kg/day.
No significant differences in liquid intake between NAC and VEH groups were
observed. Fresh solutions were provided every other day. NAC was administered
throughout the peripubertal stress exposure: treatment started 24 h before the first

stressor on PND 30 and ended after the last stress procedure on PND 40.

Behavioral Analyses
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Behavioral tests started 4 weeks after exposure to the last stressor, and were
performed between PND 70 and PND 100. This age corresponds to the early adult
stage of maturation when the combined effects of prenatal immune activation and
peripubertal stress become behaviorally manifested (15). A schematic representation

of the experimental design is shown in Figure 1.

Elevated Plus Maze
The elevated plus maze was used to evaluate innate anxiety-like behavior.
The apparatus was made of Plexiglas and consisted of 4 equally spaced arms

(5% 30 cm) radiating from a square center (5% 5 cm). One pair of opposing arms was

enclosed with black walls (height: 15 cm) except for the side adjoining the central
square (CZ). The remaining two arms were exposed with a parameter border (height:
3 mm) along the outer edges. The maze was elevated 70 cm above floor level and
positioned in a testing room with diffused lighting (approximately 20 lux in open arm
and 10 lux in closed arm). A digital camera mounted above the plus maze captured
images at a rate of 5 Hz and transmitted them to a PC running the EthoVision
tracking system (Noldus Technology, Wageningen, The Netherlands). A test session
began by placing the animal in the CZ facing one of the closed arms, followed by 5
min of free exploration before the subject was returned to the home cage. After each
trial, the apparatus was cleaned with water and dried. The relative (percent) open
arm entries during the 5-min test period were analyzed in order to index anxiety-
related behavior. The percent open arm frequency was calculated as [(open arm

entries) / (total arm entries) X 100]. In addition, total distance moved in the entire

maze was analyzed in order to assess general locomotor activity.
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Prepulse Inhibition of the Acoustic Startle Reflex

Sensorimotor gating was assessed by the paradigm of prepulse inhibition
(PPI) of the acoustic startle reflex. The test refers to the reduced startle reaction in
response to a startle-eliciting pulse stimulus when this is shortly preceded by a weak
prepulse stimulus. The apparatus consisted of four startle chambers for mice (San
Diego Instruments, San Diego, CA, USA) and has been fully described elsewhere
(23). During a 45-min test session, subjects were presented with a series of discrete
test trials comprising a mixture of four trial types: pulse-alone, prepulse-plus-pulse,
prepulse-alone, and no-stimulus (no stimulus other than the constant 65 dBa
background noise). The startle program consisted of three different intensities of a
40-ms white noise pulse (100, 110, and 120 dBa) combined with three different
intensities of a 20-ms prepulse (71, 77, and 83 dBa, which corresponded to 6, 12,
and 18 dB above background, respectively). The stimulus-onset asynchrony of the
prepulse and pulse stimuli on all prepulse-plus-pulse trials was 100 ms (onset-to-
onset). Each session began with a 2-min acclimatization period in the Plexiglas
enclosure, followed by 6 consecutive pulse-alone trials in order to habituate and
stabilize the startle response. Subsequently, each trial stimulus was presented 12
times in a pseudorandom order with an average interval between successive trials of
15 + 5 s. The session was concluded with 6 consecutive pulse-alone trials. Boxes
were cleaned with water and dried between sessions. For each subject PPl was
indexed as percent inhibition of startle response obtained in the prepulse-plus-trials
compared to pulse-alone trials by following the expression: [1-(mean reactivity on
prepulse-plus-pulse trials / mean reactivity on pulse-alone trials) x 1/100]. The first
and last six trials were not included in the calculation of percent PPI. In addition to

PPI, reactivity to pulse-alone trials and prepulse-alone trials were also analyzed.
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Locomotor Sensitivity to Amphetamine Challenge
Amphetamine-induced locomotor activity in an open field arena was used to
assess the sensitivity to this indirect dopamine receptor agonist. The apparatus

consisted of 4 identical square arenas (40 X 40 x 35 cm) made of white Plexiglas,

located in a testing room under dim diffused lighting (approximately 35 lux as
measured in the center of the arenas). A digital camera mounted directly above the 4
arenas captured images at a rate of 5 Hz. Videos were analyzed with Ethovision
tracking system (Noldus, Wageningen, The Netherlands). Animals were injected
intraperitoneally (i.p.) with vehicle solution (isotonic 0.9% NaCl) and immediately
placed in the apparatus to measure basal locomotor activity for 30 min.
Subsequently, the animals were removed from the apparatus and treated with
amphetamine (AMPH, 2.5 mg/kg, i.p.; D-amphetamine sulfate, Sigma-Aldrich,
Switzerland). They were then immediately returned to the same arena, and the
locomotor response was recorded for 90 min. Solutions were injected in a volume of

5 mL/kg.

Statistical Analyses

All data were analyzed using analysis of variance (ANOVA) to identify the
main effects of prenatal immune treatment, postnatal stress exposure, and
preventive NAC treatment, as well as their interactions. The number of individual
offspring in each treatment condition was used as the sample sizes in each ANOVA.
Fisher's least significant difference (LSD) post-hoc tests were used whenever

significant interactions were obtained by the initial ANOVAs. Statistical significance
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was set at p<0.05. All statistical analyses were performed using the statistical

software StatView (version 5.0).

Results

N-acetylcysteine Does Not Prevent Anxiety-Like Behavior Induced by
Peripubertal Stress

In agreement with our previous findings (15), peripubertal stress increased
anxiety-like behavior in the elevated plus maze test regardless of the prenatal
immune history. As shown in Figure 2A, stressed offspring, regardless of prenatal
condition, displayed a significant reduction in the frequency to enter the open arms
compared to non-stressed animals (main effect of stress: F1=12.4, p<0.001). NAC
failed to prevent the stress-induced changes in anxiety-like behavior, since a
comparable reduction in open arm frequencies was observed in stressed animals
regardless of whether they received NAC or VEH (Figure 2A). The stress protocol
also induced changes in locomotor activity, as the total distance moved on the
elevated plus maze was increased in stressed animals (main effect of stress:
F160=11.0, p<0.01); NAC did not affect the distance moved during the test (Figure

2B).

N-acetylcysteine Prevents the Emergence of Sensorimotor Gating Deficits
Induced by Prenatal Inmune Activation Combined with Peripubertal Stress

In a next series of experiments we tested whether NAC treatment could
prevent the emergence of sensorimotor gating deficits in adult animals submitted to

the two-hit model. Sensorimotor gating was evaluated using the paradigm of PPI of
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the acoustic startle reflex. In line with our previous findings (15), we observed an
interaction between the two environmental manipulations: neither prenatal immune
activation alone, nor stress alone, was sufficient to significantly affect PPl in VEH-
treated animals, but only the combination of the two insults resulted in a significant
reduction of PPI (Figure 3). Peripubertal NAC administration was effective in
preventing the disruption of PPl induced by combined exposure to immune activation

and stress (prenatal X stress X treatment interaction: F160=5.7, p<0.05).

The beneficial effects of NAC on PPI scores in stressed POL offspring are
independent of possible influences on startle reactivity and prepulse-induced

reactivity, since there were no prenatal X stress X treatment X pulse or prenatal X
stress X treatment X prepulse interactions (F2120=0.05, p>0.05 and F;,120=0.04,

p>0.05, respectively).

N-acetylcysteine Prevents the Emergence of Hypersensitivity to Amphetamine
Induced by Prenatal Inmune Activation Combined with Peripubertal Stress
Another pathological consequence of combined exposure to prenatal immune
activation and peripubertal stress is the adult onset of increased sensitivity to
psychotomimetic drugs (15). We tested whether NAC treatment could prevent the
interactive effects between the two environmental manipulations on the development
of potentiated locomotor response to the indirect dopamine receptor agonist
amphetamine (AMPH). Consistent with our previous report, stress exposure in POL
offspring markedly increased AMPH-induced locomotor activity in the open field test
compared to stress exposure in CON offspring (Figure 4). NAC treatment fully

prevented this pathological phenotype in stressed POL offspring (prenatal X stress

X treatment X bins interaction: F11660=4.0, p<0.0001). However, NAC increased
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sensitivity to amphetamine in non-stressed POL offspring, as POL/S-/NAC group did
not differ from POL/S+/VEH, while it differed from POL/S-/VEH offspring at individual
bins (Figure 4A). ANOVA restricted to non-stressed groups revealed a significant

treatment X bins interaction (F11330=3.4, p<0.0001). This suggests that NAC may

have opposite effects depending on the prenatal and postnatal histories of the
animals. Namely, NAC can blunt sensitivity to amphetamine in POL/S+ animals, and
potentiate it in POL/S- animals.

NAC treatment did not affect basal locomotor activity as assessed during the
initial vehicle exposure phase that preceded the subsequent AMPH challenge (main
effect of treatment: F460=0.22, p>0.05). This suggests that the beneficial effects of
NAC against AMPH-induced hyperactivity emerge independently of possible

influences on basal locomotor activity.

Discussion

In our environmental two-hit model, prenatal immune challenge interacted with
peripubertal stress to induce pathological effects on adult behaviors, including PPI
deficits and increased sensitivity to the locomotor effects of AMPH. NAC
administration during the course of peripubertal stress prevented the emergence of
such behavioral abnormalities in adult offspring exposed to prenatal immune
activation. In contrast, it did not normalize the increased anxiety-like behavior
induced by peripubertal stress regardless of exposure to the first environmental hit.
These findings indicate that NAC does not protect against stress-induced behavioral
abnormalities in general, but prevents the pathological consequences of the

interaction between prenatal immune activation and peripubertal stress exposure.
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The preventive effects of NAC on PPI deficits and hypersensitivity to
amphetamine are consistent with the beneficial effects reported in other rodent
models. We have previously showed that treatment with NAC (60 or 120 mg/kg/day)
during a critical developmental period prevented the increased sensitivity to
amphetamine in social isolation-reared mice (24). More recently, Cabungcal et al.
showed that NAC treatment during adolescence prevents the emergence of
electrophysiological, histological and behavioral abnormalities in the neonatal ventral
hippocampal lesion rat model (25). The antioxidants apocynin, a NADPH oxidase
inhibitor, and ebselen, a glutathione peroxidase mimic, were also effective in
preventing the behavioral deficits in this lesion model (25).

Clinical trials have already established the positive effects of NAC as an
adjunctive treatment for neuropsychiatric disorders when initiated after the onset of
overt psychopathological symptoms (22). The preventive potential of NAC when
given during prodromal stages, however, still awaits examination. In view of the
converging findings suggesting that dysregulation in redox/inflammatory processes
may be relevant especially in prodromal and first-episode subjects (26-28), early
intervention with NAC may be effective.

Even though it is known that different pathophysiological processes are
relevant at different stages (29; 30), unfortunately current treatment does not match
the course of the disorder. Ideally, prevention and intervention strategies should be
tailored according to the stage of the disorder. It is important to emphasize, however,
that the accurate identification of at-risk subjects is critical to avoid intervention in
individuals who might turn out to be false-positives (31-33). This matter is even more
relevant considering that drugs can have opposite effects depending on the biological

context. In the case of our study, NAC somewhat potentiated the effects of
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amphetamine in non-stressed poly(l:C) offspring, even though it fully prevented the
hypersensitivity in animals exposed to both hits. In the work of Cabungcal et al. (25),
NAC seemed to increase the levels of the oxidative stress marker 8-oxo-dG in the
prefrontal cortex of adult sham animals. It is hard to predict what would be the
consequences of NAC administration during a critical developmental period in
subjects wrongly identified as at-risk for psychosis. Hopefully, the analysis of
neuroimaging and genetic data now available will help advance the development of
biomarkers that will result in much improved selection criteria in the near future.

A limitation of our study is that we cannot at this point define the exact
mechanism(s) underlying the preventive effects of NAC in our model. Investigating
whether oxidative stress is present in relevant brain areas of animals submitted to the
two-hit model is an important next step. However, considering that NAC targets
antioxidant, inflammatory, glutamatergic and neurotrophic pathways (34-36), it is
possible that multiple actions are involved in its overall mechanism of action. We
believe that the ability of NAC to modulate glutamate is an advantage rather than a
caveat. For instance, in rats prenatally exposed to valproate, the effects of NAC in
preventing autistic-like behavior were blocked by an antagonist of metabotropic
glutamate receptors 2/3 (37).

In this study we restricted NAC treatment to the time of peribubertal stress
exposure, mainly because: first, this maturational period was associated with
microglia activation and increased expression of inflammatory cytokines (15); and
second, it is hypothesized that therapeutic interventions are most effective if they are
administered during critical periods of vulnerability early in the course of the illness
(30; 38; 39). In the interest of translational value, it is also necessary to probe

whether NAC can prevent the onset of behavioral abnormalities when administered
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after the stress exposure. The effects of NAC treatment in adult animals after the
onset of behavioral symptoms also remain to be investigated.

The peripubertal period is a critical developmental stage in which
pathophysiological conditions can negatively affect the developing brain, and also
represents a window of opportunity for therapeutic intervention. Our findings provide
novel evidence that NAC has preventive effects against adult behavioral
abnormalities in a two-hit model that incorporates two environmental risk factors
implicated in neuropsychiatric disorders, especially in schizophrenia. In conclusion,
our preclinical data support attempts to explore the use of NAC as a tool for
prophylactic psychiatry, and encourages the implementation of clinical trials to

evaluate the effects of NAC in prodromal and first-episode subjects.
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Figure Legends

Figure 1. Experimental design. First hit: prenatal viral-like immune challenge induced
by the synthetic double-stranded RNA poly(l:C) (1 mg/kg, i.v.) on gestational day
(GD) 9; control mothers received vehicle solution (0.9% NaCl, i.v.). Offspring born to
poly(l:C)-treated (POL) or vehicle-treated (CON) mothers were weaned on postnatal
day (PND) 21. Second hit: during PND 30-40 mice were left undisturbed (S-) or
exposed to variable and unpredictable stress (S+). The stress protocol, applied on
alternate days, included: 1. electric foot shock; 2. restraint stress; 3. swimming
stress; 4. water deprivation; 5. repeated home cage change. Simultaneously with the
second hit animals received N-acetylcysteine (NAC) dissolved in tap water and
provided via drinking bottles (1 g/L, p.0.); vehicle (VEH)-exposed animals received
tap water only. Treatment started 24 h before the first stressor and ended after the
last stress procedure on PND 40. The long-term behavioral effects of NAC treatment
on single or combined exposure to prenatal immune challenge and peripubertal

stress were assessed between PND 70 and 100.

Figure 2. Effects of N-acetylcysteine on the elevated plus maze in mice exposed to
the two-hit model. Pregnant mice were injected with control solution (CON) or
poly(l:C) (POL), and the resulting offspring were left undisturbed (S-) or subjected to
unpredictable stress (S+) during peripubertal development. Animals received regular
tap water (VEH) or N-acetylcysteine (NAC) throughout the stress procedure. (A) The
bar plot shows the percent entries in the open arm (%). p=0.0008 refers to the

significant main effect of peripubertal stress. (B) The bar plot shows the total distance
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moved (m) during the entire test period. p=0.001 refers to the significant main effect

of peripubertal stress. n=8-9 per group. Mean + SEM.

Figure 3. Effects of N-acetylcysteine on the prepulse inhibition of the acoustic startle
reflex in mice exposed to the two-hit model. Pregnant mice were injected with control
(CON) solution or poly(l:C) (POL), and the resulting offspring were (A) left
undisturbed (S-) or (B) subjected to unpredictable stress (S+) during peripubertal
development. Animals received regular tap water (VEH) or N-acetylcysteine (NAC)
throughout the stress procedure. The line plots depict the percent prepulse inhibition
as a function of increasing prepulse intensities (dB above background of 65 dB). The
bar plots show the mean percent prepulse inhibition across the 3 prepulse intensities.
*p<0.01, reflecting the significant difference between POL/S+/VEH offspring and the

other S+ groups. n=8-9 per group. Mean + SEM.

Figure 4. Effects of N-acetylcysteine on the locomotor response to acute
amphetamine challenge in mice exposed to the two-hit model. Pregnant mice were
injected with control (CON) solution or poly(l:C) (POL), and the resulting offspring
were (A) left undisturbed (S-) or (B) subjected to unpredictable stress (S+) during
peripubertal development. Animals received regular tap water (VEH) or N-
acetylcysteine (NAC) throughout the stress procedure. Locomotor activity was
measured in an open field arena after vehicle (saline, SAL) injection and subsequent
treatment with the indirect dopamine receptor agonist amphetamine (AMPH, 2.5
mg/kg, i.p.). The line plots depict the distance moved as a function of successive 5-
min bins. The bar plots depict the mean distance moved after AMPH treatment.

#p<0.05, reflecting the significant differences between POL/S-/NAC and POL/S-/VEH



offspring at individual bins; $p<0.05, reflecting the significant differences between
POL/S+/VEH and the other S+ groups at individual bins. *p<0.05, **p<0.01 and
***p<0.001, reflecting the indicated differences in the S+ groups. n=8-9 per group.

Mean + SEM.
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DISCUSSAO

Nessa tese foram investigados os efeitos da N-acetilcisteina (NAC) em trés
modelos relevantes ao desenvolvimento da esquizofrenia. A hipdtese de que NAC
modula processos envolvidos na patofisiologia desse transtorno e, portanto, seria capaz
de prevenir alteragdes comportamentais foi confirmada nesse trabalho. A figura abaixo
(figura 2) ilustra os principais resultados obtidos nos modelos de isolamento social pds-

desmame, sensibilizagdo a anfetamina e ativacdo imune pré-natal combinada com

estresse peripubertal variado.

= NAC preveniu o aumento da resposta locomotora a
anfetamina induzido pelo isolamento social.

= NAC atenuou a resposta locomotora a anfetamina
em animais sensibilizados.

= NAC ndo preveniu o déficit de LI em animais
sensibilizados e induziu déficit em animais
controles.

= NAC ndo preveniu a hiperlocomogao induzida por
anfetamina ou MK-801 em experimentos agudos.

= NAC preveniu o déficit de PPl e o aumento da
resposta locomotora a anfetamina induzidos por
poly(i:c) pré-natal + estresse peripubertal.

»= NAC nao preveniu o efeito ansiogénico do estresse
peribubertal.

Figura 2. Principais resultados obtidos quanto aos efeitos da N-acetilcisteina (NAC) nos trés modelos
animais empregados nessa tese. Ll: inibigdo latente, PPI: inibicdo por prepulso da resposta de
sobressalto.
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O conjunto de dados apresentados nessa tese deixa diversos
qguestionamentos sem resposta, sendo que o principal deles se refere aos
mecanismos que medeiam os efeitos de NAC. N&o € possivel nesse momento
definir qual o mecanismo de acdo de NAC responsavel pelos efeitos observados,
mas trabalhos ja publicados na literatura indicam que a atividade antioxidante tem
alta relevancia nos efeitos preventivos de NAC no contexto da esquizofrenia.
Cabungcal e colaboradores (2014), por exemplo, mostraram que os antioxidantes
ebselen, um mimico da glutationa peroxidase, e apocinina, um inibidor da NADPH
oxidase, apresentaram efeitos similares ao NAC ao prevenir o déficit de PPl induzido
por lesdo hipocampal neonatal em ratos. Além disso, Shirai e colaboradores (2015)
investigaram os efeitos do antioxidante sulfurofano, um ativador do fator de
transcricdo Nrf2, no modelo de administracdo repetida de fenciclidina (um
antagonista NMDA). Os autores observaram que o sulforano foi capaz de atenuar os
déficits cognitivos, o dano oxidativo ao DNA e a diminuigdo no numero de
interneurénios que expressam parvalbumina no cortex pré-frontal e hipocampo de
camundongos. Testar se outras substancias com atividade exclusivamente
antioxidante reproduzem os efeitos obtidos com NAC nos modelos aqui testados &
uma possibilidade interessante para melhor definir o papel da agédo antioxidante
nesses modelos.

As propriedades neuroinflamatorias de NAC também devem ser relevantes
nesse contexto, principalmente no modelo de “dois hits”, ja que se observou ativagao
microglial em resposta ao estresse peripubertal em camundongos previamente
expostos a ativagcdo imune pré-natal (Giovanoli et al., 2013). Entretanto, a
modulagdo glutamatérgica também pode estar envolvida nos efeitos de NAC. Tal

hipétese poderia ser testada diretamente com a realizagdo de experimentos com
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antagonistas de receptores metabotropicos de glutamato (mGluRs). Ao ativar o
antiporter cistina-glutamato presente nos astrocitos, NAC aumenta a liberagdo extra-
sinaptica de glutamato, que por sua vez ativa mGIluRs neuronais, inibindo a
liberacdo sinaptica de neurotransmissores. Baker e colaboradores (2008)
observaram que esse mecanismo € responsavel pelo efeito protetor de NAC contra
os déficits cognitivos e de interagdo social induzidos por fenciclidina, e Lee e
colaboradores (2014) mostraram que a ativacdo de mGIuRs €& necessaria para o
efeito de NAC contra os efeitos do agonista serotonérgico DOI. Essa abordagem
farmacoldgica de utilizar antagonistas, porém, pode ser problematica, ja que o
bloqueio de mGIuRs pode induzir efeitos per se, e 0 aumento no numero de
variaveis e grupos experimentais diminuiria o poder estatistico das analises em
alguns dos modelos aqui testados.

Desregulagdo do estado redox, neuroinflamacéo e falhas na transmissao
glutamatérgica sado considerados um “hub central” na patofisiologia da esquizofrenia
(Steullet et al.,, in press), e podem explicar as alteragdes funcionais e de
conectividade desencadeadas por fatores ambientais e genéticos. Genes relevantes
a esses trés aspectos estdo implicados nos “108 loci” associados a risco de
esquizofrenia identificados no maior estudo de associacdo genbOmica em
esquizofrenia publicado até agora (Schizophrenia Working Group of the Psychiatric
Genomics Consortium, 2014). Portanto, o mais provavel € que os multiplos
mecanismos de acdo de NAC possam contribuir para seus efeitos benéficos no

contexto da esquizofrenia (Figura 3).
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Figura 3. Mecanismos de acdo da N-acetilcisteina com relevancia para seus efeitos no contexto da
esquizofrenia.

Algum esclarecimento sobre o mecanismo de agdo de NAC sera obtido com
as analises dos encéfalos de uma segunda coorte de animais submetidos ao modelo
de dois hits e tratados com NAC. 24 horas apoés o ultimo estressor, os animais foram
anestesiados e perfundidos com liquido cefalorraquidiano artificial; o hemisfério
direito foi congelado e o esquerdo pos-fixado em paraformaldeido 4%. As amostras
serao analisadas em cooperagao com o Prof. Dr. Urs Meyer e serdo verificados
marcadores de estresse oxidativo e neuroinflamacdo através de analises
histologicas e moleculares.

Os efeitos de NAC em animais controle também precisam ser melhor

estudados. No modelo de sensibilizacdo a anfetamina, por exemplo, NAC per se
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causou um déficit de inibicdo latente. No modelo de dois hits, NAC aumentou a
resposta a anfetamina em animais expostos a ativacdo imune pré-natal e nao
estressados na puberdade. E possivel que o tratamento com NAC resulte em uma
curva dose-efeito que pode ser explicada pelo fenbmeno de hormese. De fato,
pesquisas recentes tém demonstrado que niveis baixos de estresse oxidativo estao
envolvidos em processos importantes de sinalizagao celular e produzem efeitos
benéficos para a saude (Ristow & Schmeisser, 2014; Ristow, 2014). Essas
evidéncias colocam em duvida a percepcdo de beneficios inquestionaveis dos
antioxidantes que, dependendo do estado redox, podem ser contraproducentes ou
inclusive prejudiciais. Em conjunto, esses dados reforcam a necessidade de
selecionar com precisdo os individuos que eventualmente serdo submetidos ao
tratamento com NAC com fins preventivos.

Nos capitulos apresentados nessa tese, NAC foi administrado tanto por via
intraperitoneal quanto por via oral (diluido na agua de beber). Sabe-se que a
biodisponibilidade oral de NAC é baixa (Samuni et al., 2013), mas a administragédo
repetida pode resultar em um aumento da biodisponibilidade. Apesar de nao ser
possivel determinar com precisdo a dose recebida por cada animal devido a
variagbes no consumo de agua, os efeitos obtidos com a administragdo oral foram
robustos (capitulo 3), e uma importante vantagem é evitar a exposi¢éo dos animais a
procedimentos estressantes em um periodo sensivel do desenvolvimento.

Embora utilizamos apenas camundongos machos nos trabalhos dessa tese,
sabe-se que existem diferengas de género no curso da esquizofrenia: em mulheres,
o0 inicio dos sintomas ocorre em geral 4 a 5 anos mais tarde do que em homens, e
ha um segundo pico de inicio dos sintomas, em torno dos 45-50 anos de idade, o

que coincide com a menopausa (Hafner, 2003; Hafner et al., 1991; Seeman and
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Lang, 1990). Também foram documentadas diferencas de género quanto a resposta
ao tratamento (Goldstein et al., 1998; Grigoriadis and Seeman, 2002) e
vulnerabilidade a estressores (DeSantis et al., 2011). Apesar dessas diferengas, o
modelo de dois-hits ndo revelou qualquer efeito sexo-dependente nos principais
correlatos comportamentais, neuroanatdbmicos e neuroquimicos investigados
(Giovanoli et al., 2013). O efeito preventivo de NAC nesse modelo também foi
investigado em fémeas, e ndo houve diferengas nos resultados em comparagao com
camundongos machos (dados n&o incluidos na tese). Isso sugere que os hormdnios
sexuais, apesar de suas propriedades neuromodulatérias, néo interferem de forma
significativa no estabelecimento das alteragbes comportamentais induzidas pelo
modelo e na eficacia do tratamento com NAC.

Desde os tempos de Emil Kraepelin a esquizofrenia foi associada a um futuro
sem esperangas. Apesar de ser um transtorno grave e de n&o haver, na época,
tratamentos farmacolégicos eficazes, em 1927 essa visdo ja havia sido desafiada
pelo psiquiatra Harry Sullivan, autor do seguinte pensamento: “/ feel certain that
many incipient cases might be arrested before the efficient contact with reality is
suspended, and a long stay in institutions made necessary” (Sullivan, 1927). Quase
um século depois, os avangos da ciéncia e dos programas de intervengao precoce

indicam que essa “impressao” pode estar mais perto de se tornar realidade.

CONCLUSAO

O estudo de possiveis estratégias de prevengédo é particularmente importante
para transtornos psiquiatricos como a esquizofrenia, cuja chance de recuperacéo
funcional completa é muito baixa uma vez estabelecida a doenca em sua forma plena. A

adolescéncia é uma fase critica de vulnerabilidade, mas também representa uma janela
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de oportunidade para prevencdo, e os dados apresentados nessa tese corroboram o
uso de NAC como estratégia farmacolégica com potencial para atenuar, adiar, ou
mesmo prevenir o surgimento de alteragbes comportamentais caracteristicas de
transtornos psicéticos. Ensaios clinicos em individuos em risco de converter a psicose

sd0 necessarios para avaliar a real eficacia e seguranga desse farmaco.
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