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Parte III: Discussão, Conclusão, Anexos e Referências bibliográficas.  

 

Na seção “Anexos”, constam os artigos científicos que foram realizados durante o 

período de doutoramento, dividos em Anexo I (com conteúdo relacionado ao tema da 

tese) e Anexo II (conteúdo não diretamente associado ao tema da tese). 
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Resumo 

Torrez, Vítor Rocco. Disfunções retículo endoplasmático-mitocondriais induzidas 

pela inibição de PP2A e o papel astrocitário na neuroproteção em doenças 

neurodegenerativas. Tese de Doutorado, Programa de Pós- graduação em Ciências 

Biológica: Bioquímica, Universidade Federal do Rio Grande do Sul. Porto Alegre, Brasil, 

2019.  

 

As doenças neurodegenerativas constituem um grupo de doenças marcadas pela 

progressiva morte neuronal e consequente disfunção cognitiva. A prevalência dessas 

patologias tem aumentado rapidamente com o crescimento da expectativa de vida da 

população, fazendo do desenvolvimento de tratamentos efetivos e métodos de diagnóstico 

precoce uma questão de saúde pública a nível global. Entretanto, a evolução dessas 

pesquisas aparece como um grande desafio, visto a grande variedade de apresentações 

clínicas e distintos achados neuropatológicos presentes nessas doenças, tornando ainda 

mais difícil a compreensão dos mecanismos envolvidos na patogênese e evolução de seus 

processos neurodegenerativos. Alguns achados comuns à maior parte desses distúrbios e 

ainda pouco esclarecidos são a redução no metabolismo energético celular e disfunções 

na proteostase celular que levam ao acúmulo de diferentes proteínas patológicas. Na 

presente tese, avançamos na elucidação das alterações presentes nos circuitos de 

sinalização desses mecanismos e no entendimento da associação destes com outro achado 

frequente nas doenças neurodegenerativas: a redução da atividade da proteína fosfatase 

2A (PP2A). Além disso, também ampliamos o entendimento sobre possíveis mecanismos 

neuroprotetores para esses distúrbios, demonstrando a necessidade de modular a interação 

astrócito-neurônio para a ação preventiva alcançada no tratamento com memantina em 

nosso modelo de inibição da atividade da PP2A. Dessa forma, buscamos progredir no 

contexto da busca por um diagnóstico precoce e por tratamentos eficazes para as doenças 

neurodegenerativas. 

 

Palavras-chave: Doenças neurodegenerativas; proteína fosfatase 2A; estresse do retículo 

endoplasmático; disfunção mitocondrial; reatividade astrocitária; apoptose  
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Abstract 

Torrez, Vítor Rocco. Endoplasmic reticulum-mitochondrial dysfunctions induced by 

inhibition of protein phosphatase 2A and the astrocytic role in neuroprotection in 

neurodegenerative diseases. PhD Thesis, Post-graduation Program of Biological 

Sciences: Biochemistry, Universidade Federal do Rio Grande do Sul. Porto Alegre, 

Brazil, 2019.  

 

Neurodegenerative diseases are a group of disorders marked by progressive neuronal 

death and consequent cognitive dysfunction. The prevalence of these pathologies has 

raised rapidly with the increase in the life expectancy of the population, making the 

development of effective treatments and methods of early diagnosis a public health issue 

at a global level. However, the evolution of these researches presents a challenge, 

considering the great variety of clinical presentations and different neuropathological 

findings present in these diseases, making it even more difficult to understand the 

mechanisms involved in the pathogenesis and evolution of their neurodegenerative 

processes. Some findings common to most of these disorders and still unclear are the 

reduction in cellular energy metabolism and dysfunctions in the cellular proteostase that 

lead to the accumulation of different pathological proteins. In the present thesis, we 

advanced the elucidation of the alterations present in the signaling circuits of these 

mechanisms and in the understanding of the association of these with another frequent 

finding in the neurodegenerative diseases: the reduced activity of protein phosphatase 2A 

(PP2A). In addition, we also broadened our understanding of possible neuroprotective 

mechanisms for these disorders, demonstrating the need to modulate the neuron-astrocyte 

interaction for the preventive action achieved in the treatment with memantine in our 

model of inhibition of PP2A activity. Thus, we seek to progress in the context of the 

search for an early diagnosis and effective treatments for neurodegenerative diseases. 

 

Keywords: Neurodegenerative diseases; protein phosphatase 2A; endoplasmic reticulum 

stress; mitochondrial dysfunction; astrocytic reactivity; apoptosis 
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ATF4           Fator ativador de transcrição 4 

ATF6           Fator ativador de transcrição 6 

BiP               Proteína de Acoplamento 

CDK5          Ciclina dependente de cinase 5 

CHOP         Fator de transcrição homólogo ao C/EBP 

DA               Doença de Alzheimer 

DP                Doença de Parkinson 

EIF2α          Fator de Iniciação Eucariótico 2α 

FDA             Food and Drug Administration 

GLT-1         Transportador de Glutamato do tipo 1 

GRP78         Proteína regulada por glicose, de 78kDa 

GSK3β         Glicogênio sintase cinase 3-beta 

ICV              Intracerebroventricular 

IRE1α          Proteína cinase dependente de inositol 1α 

IH                 Intrahipocampal 

LCR             Líquido cefalorraquiano 

MAM           Membranas do retículo endoplasmático associadas à mitocôndria 

mGluR         Receptores metabotrópicos de glutamato 

MN               Memantina 

NFTs            Emaranhados neurofibrilares 

NMDA         N-metil D-aspartato 
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OKA            Ácido ocadáico 

PERK       Proteína cinase do retículo endoplasmático semelhante à proteína cinase do  

RNA 

P-tau            Proteína tau fosforilada 

PP2A            Proteína fosfatase 2A 

RE                Retículo endoplasmático 

Ser                Serina 

SNC              Sistema nervoso central 

Tre                Treonina 

UPR              Resposta a proteínas desenoveladas 
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Introdução 

 
Doenças Neurodegenerativas 

As doenças neurodegenerativas são um grupo heterogêneo de doenças com 

fenótipos clínicos distintos e influências genéticas diversas, caracterizadas por disfunção 

global progressiva e perda de neurônios (Heemels, 2016). A variedade de mecanismos 

patogênicos envolvidos nestes distúrbios está associada a um amplo espectro de 

apresentações clínicas. Essas apresentações são definidas pelo envolvimento distinto dos 

sistemas funcionais e não indicam necessariamente o fundo patológico molecular, o que 

acaba por dificultar o diagnóstico desses pacientes e atrasa o início de tratamentos. 

Devido ao crescimento visto atualmente na prevalência dessas doenças, em parte 

explicado pelo aumento da expectativa da população, cresce na mesma proporção o 

interesse na evolução de métodos de diagnóstico precoce e de tratamentos para elas. O 

diagnóstico de categorias neuropatológicas de doenças neurodegenerativas por 

biomarcadores in vivo detectáveis é apenas parcialmente alcançado nos dias de hoje, mas 

diversas pesquisas são realizadas para se aproximar desse objetivo (Kovacs, 2017). 

Uma característica presente na maior parte dessas doenças é a deposição de 

proteínas com propriedades físico-químicas alteradas, também conhecidas como 

proteínas desenoveladas. As proteínas mais frequentemente envolvidas na patogênese 

dessas doenças são β-amiloide, tau, proteína priônica e α-sinucleína. Existem outras 

proteínas associadas principalmente a distúrbios hereditários, tais como proteínas 

codificadas por genes ligados a distúrbios de repetição de trinucleotídeos e amiloidoses 

cerebrais familiares. A alta frequência da presença dessas alterações proteicas nas 

doenças neurodegenerativas tem levado a um crescente interesse no estudo do 
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envolvimento de mecanismos intracelulares de formação e dobramento proteico na 

patogênese desses distúrbios (Hoozemans e Scheper, 2012; Roussel et al, 2013). 

Ainda não há cura conhecida para nenhuma dessas doenças, porém, o avanço no 

entendimento dos mecanismos moleculares envolvidos em suas patogêneses aproxima-

nos cada vez mais do desenvolvimento de métodos diagnósticos precoces, para 

possibilitar então uma intervenção em um momento em que a doença ainda se encontre 

em processo reversível, ou, ao menos, controlável a um ponto que impeça sua 

neuroprogressão. 

Além disso, a fim de aumentar o rol de possíveis alvos para o desenvolvimento de 

tratamentos, um outro ramo dos estudos atuais busca compreender os mecanismos 

adaptativos de neuroproteção desencadeados pelos danos iniciais decorrentes desses 

distúrbios. 

 

Mecanismos envolvidos nas doenças neurodegenerativas 

Nas seções seguintes, discutiremos alguns dos mecanismos moleculares 

envolvidos na patogênese e na evolução das doenças neurodegenerativas. Dentre os 

mecanismos estudados nessa tese, ganham destaque os distúrbios na função proteostática 

do retículo endoplasmático, na comunicação entre essa organela com as mitocôndrias e a 

consequente ativação apoptótica. Além disso, também procuramos abordar as conhecidas 

alterações do sistema de neurotransmissão glutamatérgico que ocorrem nessas doenças e 

a importância da atividade astrocitária no processo de neuroproteção. 
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Estresse do Retículo Endoplasmático 

Nas células eucarióticas, a organela responsável pelo controle do dobramento 

proteico, dentre outras funções essenciais para o metabolismo celular, é o retículo 

endoplasmático (RE).  

O RE é necessário para o dobramento e correção de todas as proteínas secretadas 

e de membrana. Danos ou disfunções que prejudicam sua função induzem um estado 

patológico conhecido como estresse do RE. O estresse do RE desencadeia um processo 

adaptativo chamado de resposta a proteínas desenoveladas (UPR – do inglês, unfolded 

protein response). Essa resposta se constitui de cascatas de sinalização do RE ao núcleo a 

fim de aumentar o controle de qualidade e a degradação das proteínas terminalmente mal 

dobradas (Paschen e Mesgendorf, 2005; Hoozemans et al, 2012).  

Em condições fisiológicas, a proteína chaperona BiP (ou GRP78) mantém-se 

ligada a três proteínas principais presentes na membrana do RE: PERK, IRE1α e ATF6. 

Essa ligação se desfaz com o aumento da presença de proteínas mal dobradas no lúmen 

do RE, que atraem mais fortemente essa chaperona para ajudar no processo de correção 

das mesmas. Isso promove uma mudança na conformação das proteínas da membrana do 

RE, o que possibilita a fosforilação da PERK e da IRE1α, além da clivagem da ATF6, 

iniciando assim os três ramos da cascata de sinalização que resulta na regulação da 

expressão de diversos genes (Walter e Ron, 2011; Ferreiro e Pereira, 2012). Apesar de 

inicialmente promover citoproteção, quando a disfunção é muito grande e a UPR torna-se 

demasiadamente prolongada, podem ocorrer alterações nocivas à célula, como prejuízo 

na homeostase de cálcio, com a liberação de suas reservas intracelulares, além de 

ativação de vias proapoptóticas (Szegezdi et al, 2006). 

A UPR combina a inibição precoce da síntese proteica com uma regulação 

posterior de genes que promovem o dobramento ou o descarte de proteínas, assim 



 

 

 

 

9 

protegendo os neurônios de serem sobrecarregados por proteínas mal dobradas (Roussel 

et al, 2013). Embora muitas células estejam razoavelmente bem protegidas do acúmulo 

de proteínas mal dobradas durante a diluição continuada do RE pela replicação celular, 

este processo deixa de estar disponível para neurônios pós-mitóticos, que dependem 

exclusivamente da UPR para sobrevivência frente a tais danos ou disfunções. Mesmo as 

células da glia, que podem se replicar, são suscetíveis ao estresse do RE devido às suas 

vias secretoras bastante desenvolvidas (Verfaillie et al, 2012). 

O processo da UPR pode ser melhor visto esquematicamente na figura abaixo: 
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Figura 1 – Resposta ao estresse do RE. (A) UPR adaptativa: o acúmulo de proteínas 

mal dobradas no lúmen do RE leva ao início da resposta devido à ativação de seus três 

“sensores” – PERK, ATF6 e IRE1α – e suas cascatas de sinalização correspondentes. (B) 

Apoptose induzida pela UPR prolongada: quando as células não conseguem resolução 

dos problemas na síntese proteica com as respostas iniciais da UPR, o estresse do RE leva 
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a ativação de vias apoptóticas. A homeostase do cálcio é perdida, levando a uma 

liberação das reservas do RE para o meio citoplasmático. O Ca2+ liberado pode levar a 

ativação de CDK5 e GSK3b, cinases que levam à hiperfosforilação da proteína tau e sua 

saída dos microtúbulos. Além disso, há uma up-regulation de genes pró-apoptóticos, 

principalmente CHOP, que leva a translocação da proteína Bax para a mitocôndria e 

consequente liberação de citocromo c, além da down-regulation do gene antiapoptótico 

Bcl2, causando a eliminação das células irreversivelmente danificadas. (Adaptada de 

Ferreiro e Pereira, 2012)  

Sabe-se que o estresse do RE pode induzir a hiperfosforilação da proteína tau e 

esta causar o prolongamento da UPR, formando um círculo vicioso (Ho et al, 2012; 

Hoozemans et al, 2012). Estudos in vitro e in vivo demonstraram aumento da ativação de 

GSK3β induzida pela UPR (Song et al, 2002; Kim et al, 2005). Além disso, o estresse do 

RE prolongado pode levar à liberação de cálcio das reservas intracelulares, uma potencial 

via de ativação da CDK5 (Saito et al, 2007). A GSK3β e a CDK5 são as principais 

cinases da proteína tau e estão envolvidas no processo de hiperfosforilação desta proteína 

nas taupatias e doença de Alzheimer (DA).  

Há crescente evidência de que o estresse do RE está envolvido na patogênese da 

DA e de outras doenças neurodegenerativas (Hoozemans et al, 2009; Duran-Aniotz et al, 

2014; Li et al, 2014), tornando-se assim objeto para o estudo de novos alvos terapêuticos. 

Entretanto, ainda é necessário melhor elucidar os mecanismos pelos quais a UPR está 

relacionada à neurodegeneração. 

 

Disfunção Retículo Endoplasmático-Mitocondrial e Apoptose 

As mitocôndrias e o RE desempenham um papel crucial nos processos 

fundamentais para a sobrevivência celular, como síntese proteica e respiração celular e 



 

 

 

 

12 

são peças-chave para a manutenção do metabolismo energético das células (Tubbs et al, 

2017). 

A literatura atual torna crescente a ideia de que ambas as organelas não são 

independentes, mas estruturas intracelulares interconectadas, compartilhando interações 

estruturais e funcionais, permitindo uma regulação recíproca. Os estreitos contatos entre o 

ER e mitocôndrias, conhecidos como membranas do retículo endoplasmático associado a 

mitocôndrias (MAM – do inglês mitochondria-associated membranes), abrigam várias 

proteínas com diferentes funções e desempenham um papel fundamental em diferentes 

processos, que vão da sinalização de cálcio (Ca2+), transporte lipídico e estresse do RE 

até morfologia mitocondrial (Giorgi et al, 2015). Dentre as funções exercidas pelas 

proteínas da MAM, destaca-se um papel-chave na iniciação e amplificação da morte 

celular. A participação em mecanismos de apoptose ainda não é completamente 

elucidada, porém recentes estudos têm auxiliado no entendimento da atuação de diversas 

proteínas nessa complexa regulação, como pode ser observado na figura abaixo. 
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Figura 2 – Representação esquemática das principais proteínas associadas às 

MAM envolvidas na apoptose. Um número crescente de estudos destaca a importância 

de diversas proteínas associadas às MAM na regulação da cascata apoptótica. Essas 

proteínas conseguem modular a apoptose através de complexos mecanismos, ainda não 

plenamente elucidados, tendo entre eles a geração de ROS e o recrutamento e regulação 

de proteínas de fissão/fusão mitocondrial. (Adaptado de Giorgi et al, 2015) 

 

A via intrínseca da apoptose opera na superfície das organelas intracelulares, 

dentre as quais a mitocôndria tem sido a mais estudada (Lin e Beal, 2006). Entretanto, 

crescentes evidências demonstram um envolvimento do RE e, mais precisamente, das 

proteínas presentes na MAM, em processos apoptóticos. Diversas proteínas regulatórias 

da apoptose, como a pro-apoptótica Bax e a anti-apoptótica BCL-2, também 

demonstraram operar nas MAM, e possuem função importante na interação dessas duas 

organelas.  
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Sobre essa relação, é sabido também que a UPR muito prolongada induz estresse 

oxidativo – majoritariamente por via mitocondrial - e consequente produção de espécies 

reativas de oxigênio (ROS). Em última análise, essas alterações levam a aumento da 

liberação do Ca2+ do RE e a uma sinalização de “suicídio celular”. Esse mecanismo é 

ativado principalmente pela elevação sustentada de CHOP e ROS (Verfaillie et al, 2012). 

Alguns destes mecanismos estão presentes na figura 2B, outros podem ser melhor 

observados de forma esquemática na figura a seguir.  

 

 

Figura 3 – Apoptose induzida pelo estresse do RE. O estresse do RE leva a 

liberação de Ca2+ na MAM, levando a disfunção mitocondrial, produção de ROS e 

ativação da procaspase 9, que participa da clivagem da caspase 3 e consequente apoptose. 

Uma segunda via apoptótica ocorre pela ativação da transcrição de CHOP, que induz 

apoptose, entre outros, por inibir a expressão do gene antiapoptótico Bcl2. Com isso, a 
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associação do estresse oxidativo com o estresse do RE não-resolvido pode levar à morte 

celular por diversas vias (adaptado de Malhotra e Kaufman, 2007). 

 

Atividade da Proteína Fosfatase 2A  

A proteína fosfatase 2A (PP2A) pertence à classe das serina/treonina fosfatases e 

tem sido identificada como a mais envolvida na regulação de processos de neurogênese e 

neurodegeneração. Basicamente, as proteínas fosfatases são moléculas nucleofílicas e 

atacam os grupos fosfato de resíduos de aminoácidos fosforilados e desfosforilam-nos na 

presença de água. 

A PP2A é expressa em todas as células de mamíferos e contribui com cerca de 0,3 

a 1% do total de proteínas celulares (Shi, 2009). Tem um papel em numerosas funções 

celulares importantes, tais como crescimento neural, replicação, transcrição, tradução, 

ciclo celular, transformação celular, glicólise, metabolismo lipídico e síntese de 

catecolaminas. Além disso, a PP2A afeta a apoptose, atua como um supressor de tumor e 

é relatado como inativado no câncer (Chen et al, 2013). 

A redução da atividade de PP2A é característica de diversas doenças 

neurodegenerativas, como demências, doença de Parkinson, transtorno do humor bipolar 

e câncer cerebral (Nematullah et al, 2017). Visto sua interferência em importantes 

processos celulares, há diversos anos, a redução da atividade de fosfatases é apontada 

como um dos mecanismos principais no desenvolvimento da doença de DA (Placido et 

al, 2017), como demonstrado na figura abaixo.  
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Figura 4 – A hipótese da cascata amiloide para o desenvolvimento da DA. 

Hardy colocava em sua hipótese um envolvimento da redução da atividade de fosfatases 

após a ação dos oligômeros de β-amiloide e dano sináptico e neuronal. As hipóteses mais 

recentes colocam essa alteração como um possível evento prévio a esses danos. 

(Adaptada de Hardy e Selkoe 2002) 

 

Nos últimos anos, muito tem-se estudado sobre a função da PP2A na fosforilação 

e desfosforilação da proteína tau (Taleski e Sontag, 2018; Sontag et al, 2014). Entretanto, 

essas alterações não explicam a importância da redução da atividade de PP2A nas não-

taupatias. 
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Nesse sentido, diversos estudos têm apontado para um possível papel dessa 

fosfatase na regulação da homeostase do RE e da mitocôndria (Kamat et al, 2011), em 

parte pelo controle da ativação de proteínas envolvidas na regulação da interação entre 

essas organelas (Tubbs et al, 2017), em parte pela promoção de alterações na dinâmica 

mitocondrial e na estrutura de suas membranas (Placido et al, 2017). Além disso, a 

atividade da PP2A tem demonstrado função fisiologicamente essencial na ativação da 

UPR (Hetz et al, 2006) e de vias anti-apoptóticas (Lin et al, 2006). 

Também, a literatura recente demonstra relação entre a diminuição da atividade da 

PP2A com aumento dos níveis de glutamato e excitotoxicidade (Kamat et al, 2014; 

Zimmer et al, 2015). Esta relação, porém, ainda precisa de mais estudos para melhor 

compreensão. 

 

Excitotoxicidade e Reatividade Astrocitária 

O L-glutamato é o principal neurotransmissor excitatório no SNC dos mamíferos 

(Meldrum, 2000). O sistema glutamatérgico de neurotransmissão desempenha um papel 

fundamental em muitas funções neurofisiológicas. Por exemplo, em condições normais, o 

glutamato é o principal neurotransmissor envolvido em processos cognitivos, como a 

formação de memória. Esta resposta é iniciada após uma interação do glutamato com 

seus receptores presentes em canais iônicos.  

Em excesso, essa ativação pode ser nociva, tornando, dessa forma, o glutamato 

também uma neurotoxina (Dong et al, 2009). A retirada do glutamato do espaço 

extracelular é realizada principalmente pela absorção mediada por transportadores 

glutamatérgicos. Os transportadores de glutamato são expressos por muitos tipos de 

células no SNC, incluindo astrócitos, neurônios, oligodendrócitos, microglia e endotélio. 

Parte desse metabolismo encontra-se esquematizado na figura abaixo.  
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Figura 5 -  Metabolismo glutamatérgico no cérebro. O glutamato vesicular é liberado 

na sinapse e rapidamente liga-se aos receptores ionotrópicos pós-sinápticos. Ele é 

rapidamente reabsorvido pelos transportadores glutamatérgicos astrocitários, 

principalmente EAAT2. Resquícios de glutamato excedente podem ativar receptores 

perisinápticos, como mGluR5. Microglia e astrócitos podem liberar glutamato de forma 

não vesicular fora do espaço sináptico, onde ele pode ativar receptores NMDA 

extrasinápticos (adaptado de Lewerenz e Maher, 2015)   

 

Destes, a absorção pelos astrócitos é quantitativamente mais importante para 

manter as concentrações normais de glutamato extracelular, principalmente devido à ação 

do transportador glutamatérgico EAAT2. A captação astrócitária também pode ser 

fundamental na formação da cinética da atividade sináptica glutamatérgica (Anderson e 

Swanson, 2000) 
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Os níveis de glutamato persistentemente elevados na fenda sináptica podem 

causar hiperativação de receptores glutamatérgicos e morte celular, um processo 

fisiopatológico conhecido como excitotoxicidade (Meldrun et al, 2000). A ativação 

excessiva de receptores de glutamato por aminoácidos excitatórios leva a várias 

consequências deletérias, incluindo comprometimento do tamponamento de cálcio, 

geração de radicais livres, aumento de permeabilidade mitocondrial e excitotoxicidade 

secundária. Estudos recentes implicam excitotoxicidade em uma variedade de condições 

neuropatológicas, sugerindo que doenças neurodegenerativas com etiologias genéticas 

distintas podem compartilhar a excitotoxicidade como uma via patogênica comum (Dong 

et al, 2009). Devido à perda de neurônios glutamatérgicos em estágios iniciais da doença 

de Alzheimer (DA), há muitos anos o papel da excitotoxicidade tem sido estudado nas 

demências e em outras doenças neurodegenerativas (Greenamyre et al, 1988). Mais 

recentemente, foram descobertas alterações na plasticidade e na transmissão dessas 

sinapses presentes ainda antes do início da morte neuronal em diversos modelos da DA, o 

que aumenta a possibilidade de intervenções nesse sistema ainda em estágios reversíveis 

dessas doenças (Hu et al, 2012). 

Em condições fisiológicas, os astrócitos são responsáveis pela primeira linha de 

defesa contra a excitotoxicidade, liberando substâncias tróficas como a proteína S100B e, 

predominantemente, removendo o excesso de glutamato da fenda sináptica, mantendo 

assim regulada a estimulação excitatória nos receptores de glutamato (Anderson et al, 

2014).  

Os astrócitos se tornam reativos em resposta a praticamente todas as condições 

patológicas no sistema nervoso central (SNC), tanto após lesões agudas quanto durante 

doenças progressivas (Haim et al, 2015). Essa reatividade foi inicialmente caracteriazada 
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pelas alterações morfológicas e aumento na expressão da proteína citoesquelética GFAP 

(do inglês, glial fibrillary acidic protein).  

Além dessa alteração morfológica, a reatividade dos astrócitos é caracterizada 

pelo aumento de diversas moléculas neuroativas que podem determinar a sobrevivência 

ou a morte das células neurais adjacentes.  

Em contraste, os astrócitos reativos liberam fatores que podem atuar também 

como substâncias neuroinflamatórias, o que pode contribuir para exacerbar a morte 

neuronal (Mayhew et al, 2009; Fernandez et al, 2012). Considerando essa perspectiva, a 

proteína S100B, que no cérebro é secretada predominantemente por astrócitos, exerce 

efeitos reparativos e neurodegenerativos, e está fortemente associada a mudanças na 

morfologia dos astrócitos (Verkhratsky et al, 2010). Em estudos clínicos e experimentais, 

a avaliação da S100B e da proteína glial fibrilar ácida (GFAP) em fluidos biológicos são 

considerados biomarcadores da reatividade dos astrócitos (Chaves et al, 2010; Böhmer et 

al, 2011). 

Van Eldik e Wainwright propuseram, em 2013, que o principal fator a determinar 

se a ação da S100B seria benéfica ou deletéria ao cérebro é o nível de ativação 

astrocitária induzido por algum estímulo nocivo ou pela própria S100B em suas 

diferentes concentrações. (Van Eldik e Wainwright, 2003). O esquema proposto por eles 

aparece na figura a seguir: 
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Figura 6 – Representação dos possíveis papéis da S100B no cérebro. No 

cérebro adulto e em desenvolvimento normal, a S100B extracelular tem atividades 

tróficas benéficas para aumentar a sobrevivência neuronal, estimular o crescimento de 

dendritos e modular a função sináptica. No entanto, após lesão cerebral aguda ou crónica 

ou em condições neurodegenerativas, a produção e liberação excessivas de S100B a partir 

de astrócitos podem ter consequências tóxicas. A S100B pode estimular os astrócitos e a 

microglia a produzir citocinas pró-inflamatórias e NO, o que pode levar à disfunção 

neuronal ou à morte. S100B em altas concentrações também pode ser diretamente 

neurotóxico (adaptado de Van Eldik e Wainwright, 2003). 
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Objetivos 

Investigar mecanismos fisiopatológicos intracelulares de controle da proteostase e 

seu envolvimento na progressão de processos neurodegenerativos associados à redução 

da atividade de PP2A, além de avaliar a possível modulação astrocitária como 

mecanismo neuroprotetor para esses distúrbios. 

 

Objetivos Específicos 

- Investigar os efeitos da inibição da atividade da PP2A sobre a sinalização da 

UPR, a comunicação RE-mitocondrial, produção energética mitocondrial e a ativação de 

apoptose; 

- Avaliar a reatividade astrocitária e a recaptação glutamatérgica como parte do 

mecanismo preventivo e neuroprotetor da MN frente a inibição da PP2A. 
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CAPÍTULO I – Inhibition of protein phosphatase 2A exacerbates endoplasmic 

reticulum-mitochondria apoptotic responses  

 

No capítulo I, apresentamos o artigo submetido para publicação no periódico BBA – 

Molecular Basis of Disease 

 

Neste estudo, investigamos a influência da redução da atividade de PP2A em outros 

mecanismos comuns no desenvolvimento e avanço da maior parte das doenças 

neurodegenerativas: o estresse do RE, disfunções na interação RE-mitocôndria e a 

consequente ativação de apoptose. Para isso, inibimos a PP2A através do modelo de 

infusão intrahipocampal de OKA. O uso de OKA levou a redução de 43% da atividade da 

PP2A e a disfunção cognitiva demonstrada pelo teste de reconhecimento de objetos, além 

de aumento de pEIF2αser51/EIF2α e CHOP. Concomitantemente, no teste de respirometria 

hipocampal, foi encontrada redução da síntese de ATP devido a disfunção mitocondrial 

evidenciada pela diminuição da atividade do complexo V mitocondrial, vazamento de 

prótons e produção de H2O2. Além disso, houve aumento de marcadores apoptóticos e 

redução da viabilidade celular. Considerando esses diversos fatores, fizemos uma análise 

estatística (PCA) para verificar os principais componentes envolvidos no dano causado, 

cujo resultado foi produção de H2O2. Esses resultados nos levam a sugerir que a redução 

da atividade de PP2A leva a um distúrbio da comunicação RE- mitocôndria através do 

aumento do estresse do RE, disfunção bioenergética mitocondrial e produção de H2O2, 

levando a consequente ativação de mecanismos apoptóticos. Essas alterações podem ser 

peças-chave para o entendimento da patogênese, evolução e possível tratamento das 

doenças neurodegenerativas. 



 

 

 

 

25 

                             Elsevier Editorial System(tm) for BBA - 

Molecular Basis of Disease 

                                  Manuscript Draft 

 

 

Manuscript Number: BBADIS-19-143 

 

Title: Inhibition of protein phosphatase 2A exacerbates endoplasmic 

reticulum-mitochondria apoptotic responses  

 

Article Type: Regular Paper 

 

Keywords: MAMs; Mitochondrial dysfunction; Bioenergetics impairment; 

Eukaryotic initiation factor 2α; H2O2; Apoptosis. 

 

Corresponding Author: Dr. Luis V. Portela, Ph.D. 

 

Corresponding Author's Institution: Federal University of Rio Grande do 

Sul 

 

First Author: Afonso Kopczynski 

 

Order of Authors: Afonso Kopczynski; Vitor R Torrez; Randhall Bruce K 

Carteri; Marcelo S Rodolphi; Paula A Barcellos; Luana Strapazzon; Marco A 

De Bastiani; Nathan R Strogulski; Mônia Sartor; Fábio Klamt; Harm H 

Kampinga; Diogo O Souza; Luis V. Portela, Ph.D. 

 

Abstract: Endoplasmic reticulum and mitochondria (ER-mitochondria) 

functional interactions may be regulated by protein phosphatase 2A 

(PP2A). The unfolded protein response (UPR) is upregulated in 

neurodegenerative disorders; however, the bioenergetics mechanisms behind 

these events were not elucidated. Our hypothesis is that brain PP2A 

inhibition heightens ER-mitochondria dysfunction and cause hierarchical 

neurochemical abnormalities that drive apoptotic neurodegeneration. 

Hence, we inhibited brain PP2A activity in mice with okadaic acid (OKA) 

and assessed memory fitness, and molecular markers of ER stress coupled 

with mitochondrial outcomes. We showed that a single i.c.v. infusion of 

OKA inhibits PP2A activity (43%) and impaired recognition memory. 

Simultaneously, there increased hippocampal levels of pEIF2αSer51/EIF2α 

and CHOP, which highlights that PP2A is a key regulator of ER-stress and 

recognition memory processing. Concomitant hippocampal respirometry 

analysis showed decreased ATP synthesis due to downregulation of the 

mitochondrial complex V activity, increased proton leak and H2O2 

production, markers of mitochondrial dysfunction. Also, apoptotic markers 

BAX/Bcl2, cytochrome c and cleaved caspase-3/caspase 3 were increased, 

whereas cell viability was significantly decreased. Considering these 

multiple elements involved in the ER-mitochondrial stress responses due 

to PP2A inhibition we performed principal component analysis (PCA) in 

which the H2O2 was hierarchized as the highest effector. Decreased PP2A 

activity impairs ER UPR mechanistically associated with mitochondrial 

bioenergetics uncoupling and H2O2 production, implying in ER-mitochondria 

miscommunication. Also, the PCA analysis highlights H2O2 as an important 

effector of ER-mitochondrial dysfunction leading to cells death and 

memory impairment. 

 

Suggested Reviewers: Khalid Iqbal Ph. D. 

Professor, Department of Neurochemistry, New York State Institute for 

Basic Research in Developmental Disabilities 



 

 

 

 

26 

 

 

moc.liamg@rbi.labqi.dilahk 

He is a world expert in basic neurochemistry and models of 

neurodegenerative disorders. 

 

 

Jennifer Rieusset Ph. D. 

Professor, INSERM UMR-1060CarMeN Laboratory, Lyon  University 

jennifer.rieusset@univ-lyon1.fr 

She is an expert in the functional aspects of Mitochondria-Associated 

Endoplasmic Reticulum Membrane (MAM) in pathological conditions. 

 

Claudio Hetz Ph. D. 

Professor, Department of Cellular and Molecular Medicine, University of 

Chile 

chetz@med.uchile.cl 

He is a renowned researcher in the field of cell biology. 

 

Raghu Vemuganti Ph. D. 

Professor, Department of Neurological Surgery, University of Wisconsin 

vemuganti@neurosurgery.wisc.edu 

Expert in brain disorders 

 

 

 

 



 

 

 

 

27 

 

Inhibition of protein phosphatase 2A exacerbates endoplasmic reticulum–

mitochondria apoptotic responses  

Afonso Kopczynski1#, Vitor R. Torrez1#, Randhall B. Carteri1, Marcelo S. Rodolphi1, 

Paula A. Barcellos1, Luana Strapazzon1, Marco A. De Bastiani2, Nathan R. Strogulski1, 

Mônia Sartor1, Fabio Klamt2, Harm H. Kampinga3, Diogo O. Souza4 and Luis V. 

Portela1*. 

1 Laboratório de Neurotrauma e Biomarcadores, Departamento de Bioquímica, Programa de Pós 

Graduação-Bioquímica, Universidade Federal do Rio Grande do Sul-UFRGS, Porto Alegre, RS, 

Brasil. 

2  Laboratório de Bioquímica Celular, Departamento de Bioquímica, Programa de Pós Graduação-

Bioquímica, Universidade Federal do Rio Grande do Sul-UFRGS, Porto Alegre, RS, Brasil. 

3 Department of Cell Biology, University Medical Center Groningen, University of Groningen, 

Groningen, The Netherlands. 

4  Departamento de Bioquímica, Programa de Pós Graduação-Bioquímica, Universidade Federal 

do Rio Grande do Sul-UFRGS, Porto Alegre, RS, Brasil. 

 

# Both authors contributed equally. 

 

* Corresponding author:  

Luis Valmor Portela, Ph.D.  

Department of Biochemistry, ICBS, UFRGS  

2600 Ramiro Barcelos street, 90035-003, Porto Alegre, RS, Brazil  

Email: roskaportela@gmail.com   

Telephone: 55 51 33085558  

Fax: 55 51 33085544 

 



 

 

 

 

28 

Abstract 

Endoplasmic reticulum and mitochondria (ER-mitochondria) functional interactions may 

be regulated by protein phosphatase 2A (PP2A). The unfolded protein response (UPR) is 

upregulated in neurodegenerative disorders; however, the bioenergetics mechanisms 

behind these events were not elucidated. Our hypothesis is that brain PP2A inhibition 

heightens ER-mitochondria dysfunction and cause hierarchical neurochemical 

abnormalities that drive apoptotic neurodegeneration. Hence, we inhibited brain PP2A 

activity in mice with okadaic acid (OKA) and assessed memory fitness, and molecular 

markers of ER stress coupled with mitochondrial outcomes. We showed that a single 

i.c.v. infusion of OKA inhibits PP2A activity (43%) and impaired recognition memory. 

Simultaneously, there increased hippocampal levels of pEIF2αSer51/EIF2α and CHOP, 

which highlights that PP2A is a key regulator of ER-stress and recognition memory 

processing. Concomitant hippocampal respirometry analysis showed decreased ATP 

synthesis due to downregulation of the mitochondrial complex V activity, increased 

proton leak and H2O2 production, markers of mitochondrial dysfunction. Also, apoptotic 

markers BAX/Bcl2, cytochrome c and cleaved caspase-3/caspase 3 were increased, 

whereas cell viability was significantly decreased. Considering these multiple elements 

involved in the ER-mitochondrial stress responses due to PP2A inhibition we performed 

principal component analysis (PCA) in which the H2O2 was hierarchized as the highest 

effector. Decreased PP2A activity impairs ER UPR mechanistically associated with 

mitochondrial bioenergetics uncoupling and H2O2 production, implying in ER-

mitochondria miscommunication. Also, the PCA analysis highlights H2O2 as an 

important effector of ER-mitochondrial dysfunction leading to cells death and memory 

impairment. 
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1. Introduction 

The integrity of interorganelle communications is a fundamental biological aspect 

behind the maintenance of cell functional homeostasis. Accordingly, the endoplasmic 

reticulum (ER)–mitochondria contact sites, defined as mitochondria-associated 

membranes (MAM), encompasses multiple molecular components mechanistically linked 

with diverse functions [1]. MAM possess proteins sharing functions in complementary 

manner like calcium signaling, mitochondrial dynamics and bioenergetics [2]. From this 

functional interplay arises the principle that cellular stressful events leading to MAM 

miscommunication can potentially designate cells to die [3,4]. 

ER is particularly involved in the correct folding and processing of newly 

synthesized proteins. Environmental disturbances affecting protein folding may cause ER 

stress, characterized by the accumulation of unfolded proteins in ER lumen coupled with 

a complex ER-to-nucleus protein response that works to reestablish the quality control, 

folding capacity and degradation of terminally misfolded proteins[5,6]. This ubiquitous 

process is called unfolded protein response (UPR), and usually initiates by decoupling of 

chaperone glucose-regulated protein 78 (GRP78 or BiP) from ER transmembrane 

proteins thereby resulting in activation of the transcription factor 6 (ATF6), inositol-

requiring enzyme 1α (IRE1α) and RNA-dependent protein kinase (PKR)-like ER kinase 

(PERK) [7]. Unsolved and persistent ER stress may “switch on” apoptotic cascades in 

brain pathologies associated with the loss of proteostasis, like Alzheimer disease (AD) 
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[8,9]. Actually, in pathological conditions, PERK branch of this response triggers 

persistent phosphorylation of eukaryotic initiation factor-2a (EIF2α) and subsequent 

increased expression of the transcription factor C/EBP homologous protein (CHOP) 

[10,11]. Such response subsequently heightens mitochondrial apoptotic effectors[12,13] 

and ROS production, which further support ER stress[14-16]. Although increased ROS 

seems a feed-forward mechanism sustaining ER-mitochondria dysfunction [17] and 

conceptually might represent bioenergetics disturbances, the mitochondrial mechanism 

behind this hypothesis was not properly addressed yet. Therefore, MAM integrate a 

variety of intracellular adaptive signals within the brain and consequently it requires a 

fine-tuning regulation of the UPR responses, otherwise the signals will be converted into 

proapoptotic cellular responses[18,19].   

Protein phosphatase 2A (PP2A), a serine/threonine phosphatase, contributes to the 

dynamic state of phosphorylation and dephosphorylation of Tau, a major microtubule-

associated protein. Actually, the reduction in the PP2A expression and activity was 

reported in the brain of AD patients[20,21]. However, reduction of PP2A activity and 

increased neuronal death is also present in non-related tauopathy disorders, which 

highlights that this enzyme also targets molecular components beyond those directly 

involved in the control of Tau phosphorylation [22]. This is the case of the regulatory 

effects of PP2A on the dephosphorylation of EIF2α, which is an event necessary to avoid 

ER stress and in parallel, to conserve MAM homeostasis [23,24]. However, abnormal 

PP2A inhibition could sustain increased EIF2α phosphorylated state ultimately serving as 

a molecular trigger to disrupt MAM homeostasis and to cause neurological disorders 

[23,25]. Currently, this intricate relationship is not fully understood and requires better 

comprehension in terms of mechanisms. Moreover, considering the multitude of MAM 
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components, it would be useful to rank the relative importance of PP2A inhibition 

regarding brain molecular and functional outcomes. 

In this study, we aimed to further explore mechanisms underlying brain PP2A and 

MAM communication. Our hypothesis is that PP2A inhibition heightens MAM 

miscommunication and cause hierarchical neurochemical abnormalities that drive cells to 

death. Therefore, we inhibited brain PP2A activity and assessed memory fitness, and 

molecular markers of ER stress coupled with mitochondrial outcomes. 

 

2. Material and Methods 

2.1. Animals  

Three-month old CF1 mice were housed in standard cages (48 x 26 cm). Animals 

were kept in a room with controlled temperature (22ºC) under a 12 h light/12 h dark cycle 

(lights on 7 am) and had free access to food and water. Mice were randomized into two 

groups: okadaic acid (OKA, n=6) and control (CT, n=6). To avoid social isolation, we 

maintained four animals per cage [26]. All experiments were conducted according to 

official governmental guidelines in compliance with the Federation of Brazilian Societies 

for Experimental Biology and were approved by the Ethical Committee of the Federal 

University of Rio Grande do Sul, Brazil (CEUA#31443). 

 

2.2. Treatment, Surgical Procedure and PP2A activity  

Animals were anesthetized using i.p. injection of ketamine (Cetamin, Schering-

Plough Coopers, Brazil, 100 mg/kg body weight) and xylazine (Coopazine, Syntec, 

Brazil, 30 mg/kg body weight). OKA (Ref. O8010, Sigma, USA) was dissolved in 

artificial cerebrospinal fluid (aCSF) [27]. OKA causes high-affinity inhibition of the 

enzyme serine/threonine phosphatase 2A (PP2A) relative PP1[28]. Thus, the molecular 
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and behavioral abnormalities induced by OKA in vivo have been predominantly 

attributed to PP2A inhibition. Actually, the inhibition of PP2A by OKA is achieved at 

concentrations up to 100 times lower than those required to inhibit PP1 [29]. A single 

intracerebroventricular (i.c.v.) infusion of 2 L OKA (100 ng) or aCSF (vehicle) was 

made into the right hemisphere in the lateral ventricle region at the following coordinate 

location, with reference to bregma: A -1.0, L 1.0, and V 2.5[30]. Animals received 

appropriate post-surgery care and were left to rest during 24 h and 48 h.  The activity of 

PP2A was measured in hippocampal extracts at 24 h and 7 days after i.c.v. injection. We 

used a commercially available kit (Cat.# V2460) (Serine/Threonine Phosphatase assay 

system, Promega Corporation, Madison, WI, USA) to measure PP2A activity. Prior to 

PP2A assay, the endogenous phosphate present in these sample preparations was 

eliminated using spin columns (sephadex resin), which remove free phosphate and other 

low-molecular-weight inhibitors from the sample. The assay detects free phosphate 

released from a synthetic phosphopeptide (RRA(pT)VA), which is a highly specific 

substrate for the action of PP2A enzyme. The amount of free phosphate is measured 

through the absorbance of a molybdate:malachite green:phosphate complex[31].  

 

2.3. Open Field Task (OF):  

On the 3rd day, animals were submitted to an open field task. The apparatus was 

made of a black-painted box measuring 50 cm × 50 cm and was surrounded by 50 cm 

high walls. The experiments were conducted in a quiet room under low-intensity light (12 

lx). Each mouse (n=6 per group) was placed in the same site in the arena and the distance 

travelled (total and central zone), time spent in central zone and mean speed were 

measured during 5 min[32]. The experiment was recorded with a video camera positioned 
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above the arena. The analysis was performed using a computer-operated tracking system 

(Any-maze, Stoelting, Woods Dale, IL). 

 

2.4. Novel Object Recognition Task (OR)  

This task serves to investigate recognition memory fitness. The training session of 

OR was performed 24 h after the OF task. The short-term memory testing session was 

performed 90 min after training, and the long-term memory testing was performed 24 h 

after training. The duration of each session was 5 min. During training session the 

apparatus contained two identical objects, while in the test session two different objects 

were present: a familiar and a novel one. The session starts when a mouse is placed in the 

apparatus facing the wall at the middle of the front segment. At the end of session, the 

mice were immediately put back in its home cage. Recognition object index (ROI) were 

calculated for the short-term (SROI) and long-term (LROI) testing by the following ratio: 

the time spent exploring novel object (TN) by the time spent exploring the familiar (TF) 

and the novel one in the test session (index = TN/TN + TF). Recognition was defined as 

directing the nose to the object at a distance of no more than 2 cm and/or touching the 

object with the nose. Sitting on the object was not considered recognition [33].  

Animals were euthanized two-days after long-term OR tests and their hippocampi 

were dissected for neurochemical and bioenergetics assessments (See Experimental 

design and model validation, Figure 1A). 

 

2.5. Western blotting 

  Soon after the euthanasia, one hippocampus was dissected and homogenized in a 

buffer solution (EDTA 2 mM, protease and phosphatase inhibitor cocktails I and II 

(Sigma, St. Louis, USA) 0.001 %, Tris HCl 50 mM, (pH 7,4), glycerol 10 % and Triton 
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X-100 1 %) and centrifuged (15000 g/ 10 min). Supernatant was collected and diluted in 

an appropriated sample buffer. Samples of 20 µg of protein from each hippocampus (n=6 

per group) were separated by electrophoresis on a 10 % polyacrylamide gel and 

electrotransferred to Nitrocellulose membranes (Amersham, GE Healthcare, Little 

Chalfont, UK) as previously reported [26]. Blocking procedures were performed 

according to the manufacturer instructions. Primary antibodies against PP2A subunits A 

and C (Cell Signalling Technology, Denver, USA, 1:1000) Tau (Abcam, Cambridge, UK, 

1:1000), pTauser396(Abcam, Cambridge, UK, 1:1000), GRP78(Abcam, Cambridge, UK, 

1:1000), PERK (Abcam, Cambridge, UK, 1:1000), pPERKthr981 (Abcam, Cambridge, 

UK, 1:1000), EIF2α (ENZO Life Sciences, Farmingdale, USA, 1:1000), 

pEIF2αSer51(ENZO Life Sciences, Farmingdale, USA, 1:1000), CHOP (Cell Signaling 

Technology, Denver, USA, 1:1000), ATF6 (Abcam, Cambridge, UK, 1:1000), IRE1 

(Abcam, Cambridge, UK, 1:1000), Bax (Abcam, Cambridge, UK, 1:1000), Bcl-2 

(Abcam, Cambridge, UK, 1:1000), Cytochrome-c, Caspase-3 (Cell Signaling 

Technology, Denver, USA, 1:1000) and cleaved Caspase-3 (Cell Signaling Technology, 

Denver, USA, 1:1000) were incubated overnight followed by 2 h incubation with 

horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG (1:5000) (GE, Little 

Chalfont, UK) secondary antibodies. Membranes were incubated with Amersham ECL 

Western Blotting Detection Reagent (GE Healthcare Life Sciences, Little Chalfont, UK) 

for 5 min and the immunodetection was made by chemoluminescence using Image Quant 

LAS 4000 (GE, Little Chalfont, UK). The protein expression was quantified using Image 

J® software (Rockville, USA). The values of optic density were expressed as % of 

control.  

 

2.6. Mitochondrial function 
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High Resolution Respirometry: Oxygen (O2) measurement was performed in 

homogenates of cells dissociated from one hippocampus in Sucrose Medium’ (320 mM 

sucrose, 1mM EDTA, 0.25 mM dithiothreitol, pH 7.4). The respirometry protocol was 

performed in a standard respiration buffer (100 mM KCI, 75 mM mannitol, 25 mM 

sucrose, 5mM phosphate, 0.05 mM EDTA, and 10 mM Tris-HC1, pH 7.4). Oxygen 

consumption was measured using the high-resolution Oxygraph-2k system (Oroboros, 

Innsbruck, Austria). The results were normalized relative to the protein content. All the 

experiments were performed at 37°C in a 2-mL chamber through a multi-substrate 

titration protocol [34]. The titration consisted of the sequential addition of pyruvate, 

malate, and glutamate (PMG; 10, 10, and 20 mM, respectively); succinate (S, 10 mM); 

adenosine diphosphate (ADP, 2.5 mM); oligomycin (Oligo, 2 μg/ml); carbonyl cyanide p-

(trifluoromethoxy) phenylhydrazone (FCCP, 1 μM); rotenone (R, 2 μM ); and cyanide 

(KCN, 5 mM). The states related to mitochondrial function were calculated as follows: 

State II was obtained before PMG+S addition; State III to measure OXPHOS capacity 

was obtained after ADP titration in the presence of PMGS, State IV was obtained after 

Oligomycin addition; State V to measure ETS Capacity after FCCP titration, and non-

mitochondrial respiration (ROX) after Rotenone, Antimycin-A and KCN. 

The respiratory control ratio was calculated as State III-State IV/State III (ADP-

Leak/ADP). Proton leak was calculated by the difference between leak respiration and 

ROX. Oxygen concentration was expressed as nmol/ml and the O2 flux was expressed per 

mass [pmol / (s*mg)]. 

Mitochondrial H2O2 production and mitochondrial membrane potential (∆Ѱm): 

the mitochondrial production of hydrogen peroxide (H2O2) was assessed in homogenates 

of cells dissociated from the hippocampus using the Amplex Red oxidation method (n = 6 

per group). The level of H2O2 was measured using the same protocol of respirometry. 
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Fluorescence was monitored at excitation (563 nm) and emission (587 nm) wavelengths 

with a Spectra Max M5 microplate reader (Molecular Devices, USA). The ∆Ѱm was 

measured using the fluorescence signal of the cationic dye, safranin-O. Hippocampal 

cells were dissociated and supplemented with 10 μM safranin-O. The fluorescence was 

detected with an excitation wavelength of 495 nm and an emission wavelength of 586 nm 

(Spectra Max M5, Molecular Devices). Data are reported as arbitrary fluorescence units 

(AFUs) [34]. 

 

2.7. Cellular viability (MTT assay) 

 The assessments of cells viability were performed by the colorimetric [3(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide]. Homogenates of cells 

dissociated from hippocampus were pre-incubated adding 0.5 mg/ml of MTT, followed 

by incubation at 37 °C during for 45 min. The formazan product generated during the 

incubation was solubilized in dimethyl sulfoxide and measured at 560 and 630 nm 

(Spectra Max M5 (Molecular Devices, USA)[35]. 

 

2.8. Hierarchical Clustering (HC) and Principal Component Analysis (PCA) 

Original variable data was centered and scaled. Unsupervised hierarchical 

clustering (HC) was performed using normalized data, computed in R statistical 

environment, applying euclidean distance and average linkage agglomeration methods 

[36].  

Original variable data was centered and scaled. Principal component analysis was 

performed using normalized data, computed with the FactoMineR and factoextra 

packages in R statistical environment [36-38]. 
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2.9. Statistical Analysis 

 The comparisons between OKA and CT groups were performed through Student t 

test. For the mitochondrial parameters we used Two-way ANOVA for multiple 

comparisons followed by the post hoc test of Tukey. Bivariate correlation analysis was 

performed by Pearson’s correlation test. We used the package PASW Statistics 18.  

Statistical significance was considered when p < 0.05. 

 

3. Results 

3.1. PP2A inhibition impairs OR and increases Tau phosphorylation 

Initially, we checked whether i.c.v. OKA infusion actually inhibits PP2A activity 

in the hippocampus. We found that the enzyme activity was significantly decreased at 24 

h after OKA infusion (Figure 1A, 63 % inhibition), and remained lower than CT at day 7 

(Figure 1B, 40 % inhibition).  Also, protein expression levels of PP2A subunits A 

(constitutive) and C (catalytic) were decreased at day 7 after OKA infusion (p<0.0384 

and p<0.006, Figure 1C and D, respectively).  

In the OF task, there was no significant difference between groups in the distance 

traveled and average speed between groups (Supplementary Figure 1A). OKA did not 

affect the total time exploration of both objects in the training session of OR 

(Supplementary Figure 1B). In the testing sessions (short- and long-term memory), the 

CT group spent more time exploring the novel object compared to old object (CT old vs. 

CT novel object, Supplementary Figure 1C and D). In contrast, OKA group explored 

similarly both objects (OKA old vs. OKA novel object, Supplementary Figure 1C and D). 

Likewise, SROI and LROI confirmed a significant deficit in recognition memory caused 

by OKA (Figure 1E and F, for both comparisons p< 0.0001). Phosphorylated Tau at 

Ser396 /Tau total ratio was significantly increased in the OKA compared to CT group (p< 
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0.0299, Figure 1G). These results confirm the relevance of physiological PP2A 

activity/protein level in the hippocampus for the regulatory mechanisms of memory 

formation and Tau dynamics. 

 

3.2. PP2A inhibition triggers endoplasmic reticulum stress 

Next we characterized the impact of PP2A inhibition on endoplasmic reticulum 

stress responses seven days after OKA i.c.v. infusion. The well-known molecular markers 

of active unfolded protein response (UPR), to date GRP78, pPERKThr981/PERK total 

ratio, pEIF2Ser51/EIF2 total ratio and CHOP (PERK branch), and ATF6 and IRE1 

were assessed in the hippocampal tissue preparations. There were statistically significant 

increases in the immunocontent of GRP78, pEIF2Ser51/ EIF2 total ratio, CHOP, ATF6 

and IRE1 in the OKA relative to CT group (OKA vs. CT: GRP78, p< 0.0006; 

pEIF2Ser51/ EIF2, p< 0.0061; CHOP, p< 0.0009; Figures 2A, C, and D, respectively). 

The phosphorylation of PERK at threonine 981 in OKA was not different from CT group 

(p>0.0938, Figure 3B); however the ratio (pEIF2Ser51/EIF2) / (pPERKThr981/PERK) 

was significant different from CT group (Supplemental Figure 2A). Also, the expression 

levels of ATF6 and IRE1 were significantly different in OKA relative to CT group (p< 

0.0182 and p< 0.042, Figures 2E and F, respectively). These results imply that a moderate 

(40%) inhibition of PP2A activity triggered parallel molecular alterations associated with 

ER stress response.  

 

3.3. PP2A inhibition alters mitochondrial bioenergetics 

Considering the proposed functional coupling between ER and mitochondria, here 

we checked whether the ER stress might influence specific metabolic mitochondrial 

responses associated with the activity of electron transport system. Therefore, we 
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performed ex-vivo respirometry analysis in homogenates of hippocampus incubated with 

a mitochondrial uncoupler, metabolic substrates and inhibitors of the electron transport 

system complexes (Figure 3). There were no significant differences between OKA and 

CT in terms of oxygen concentration (Supplementary Figure 2B) whereas mitochondrial 

membrane potential (∆Ѱm) dynamics (formation and dissipation) does not respond 

properly after addition of succinate and succinate+ADP (Figure 3B and D), while the 

oxygen flux did not increased significantly in OKA after addition of ADP (Supplemental 

Figure 2C). Moreover, OKA displayed a significant reduced Respiratory Control Ratio 

linked to ATP synthesis (RCRa) (p< 0.0001, Figure 3A) concomitant with increased 

proton leakage (p< 0.0001, Figure 3C). These settings of results reinforce specific sites of 

the ETS influencing the RCRa impairment. The variations of mitochondrial membrane 

potential after addition of substrates and inhibitors (Succinate-basal, ADP-Succinate, 

Rotenone-ADP, KCN-Rotenone, FCCP-KCN), demonstrated that there was no 

appropriated formation of membrane potential after addition of succinate and ADP 

(Figure 3B).  

Bearing in mind the mechanistically relevance of mitochondrial proton leakage 

for the production of reactive oxygen species (ROS) we assessed H2O2 production. There 

was significant increase in the H2O2 levels induced by succinate and FCCP in OKA 

compared to CT (p< 0.0001 and p< 0.0001 respectively, Figure 3D). Overall, these 

functional parameters are consistent neurobiological indicators of mitochondrial 

dysfunction, which then seeds a pro-oxidative cell microenvironment.   

 

3.4. PP2A inhibition induces apoptosis  

Additionally, we characterized the impact of ER stress and mitochondrial 

dysfunction on apoptotic markers (Figure 4). Therefore, the BAX/BCL2 ratio, 
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cytochrome c, and cleaved caspase 3/caspase total ratio were used as molecular indicators 

of MAM dysfunction and apoptosis. OKA significantly increased the expression levels of 

proteins associated with apoptotic outcomes (OKA vs. CT: BAX/BCL2 ratio, p< 0.0014, 

Figure 4A; cytochrome c, p< 0.0023, Figure 4B and cleaved caspase 3/caspase total ratio, 

p< 0.0003, Figure 4C).  

The ER-stress upregulation coupled with mitochondrial apoptotic responses 

culminates with decreased cell viability in the OKA relative to CT group (p< 0.0147, 

Figure 4D). Therefore, hippocampal PP2A deficiency integrate ER-mitochondria 

disturbances leading to decreased cells viability and function.        

 

3.5. Bivariate correlation analysis between UPR and mitochondria outcomes   

We tested the degree of interaction between representative parameters of ER 

stress and mitochondrial dysfunction, and cell viability through correlation analysis 

(Figure 5).  Primarily, we reinforce the connection of ER-mitochondria dysfunction in 

OKA group through the demonstration of significant positive correlation between 

BAX/BCL2 and the expression of a pivotal molecular component of ER stress, namely 

pEIF2Ser51/Eif2 (Figure 5A). To further characterize this concept we showed that key 

aspects of mitochondrial function like RCRa and H2O2 production, also correlated with 

pEif2Ser51/ Eif2 (Figure 5B and C).  

Moreover, pEif2Ser51/Eif2 and the levels of mitochondrial H2O2 are both 

correlated with decreased cell viability (MTT) (Figure 5D and E, respectively). The 

expression levels of pTauSer396/Tau, a hallmark molecular marker of neurodegeneration 

and a substrate of PP2A activity, did not significantly correlate with cell viability (Figure 

5F). The degree of PP2A activity showed high level of correlations with the parameters 

linked with ER-stress, mitochondria dysfunction and apoptosis (Supplementary Figure 3). 
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Overall, these results emphasize that PP2A exerts key influence on components of ER-

mitochondria communication, which dependent on the level of activity determine the fate 

of cells survival and death. The correlations between memory parameters (SROI and 

LROI), neurochemical, neuroenergetics and molecular variables within the CT group do 

not show statistical significance (data not shown). 

 

3.6. ER-mitochondria dysfunction and bioinformatics analysis 

Aiming to categorize the similarities between the variables, we performed 

hierarchical clustering (HC) analysis (Figure 6), which resulted in a distance matrix 

displayed in a heatmap (Figure 6A). The color key values display mice separated into 

distinct groups according the similarity among variables - CT mice: 1-6, OKA mice: 7-12 

corroborating the magnitude of OKA effects. Within the OKA group there are two 

clusters of variables. The neurochemical markers of MAM dysfunction represent the first 

cluster (in red); meanwhile the respiratory control efficiency (RCRa) comprises the 

second cluster (blue). Remarkably, the increase neurochemical markers induced by OKA 

in the first cluster likely decrease markers in the second cluster. Moreover, the proximity 

between the markers of ER stress and mitochondrial malfunction strongly suggests MAM 

dysfunction. 

Operating under the assumption that the entire neurochemical data would better 

account for the differences between OKA and CT groups, we used Principal Component 

Analysis (PCA). This statistical multivariate procedure analyzes inter-correlated 

quantitative dependent variables creating a new set of variables called principal 

components (PC), in which the first component has the largest possible variance. Indeed, 

the chosen neurochemical variables created a novel one (PC1) that alone could explain 

nearly 80 % of data variance (Figure 6B). The main contributors to PC1 were eight 
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variables, which move to the right of dashline in the Figure 6C. Also, among the eight 

variables in the PC1, the H2O2 was graded as the highest contributor. Moreover, 

comparison of PC1 analysis between CT and OKA was able to confirm that this variable 

strongly discriminates both experimental groups (Figure 6D). We also showed that PC1 

(OKA) data significantly correlates with PP2A activity, memory fitness and cell viability 

(Figure 6E, F, G and H respectively). Correlations analysis was also performed between 

PC1 (CT) with neurochemical, molecular and memory variables and do not shown 

statistical significance. Hence, we highlight the H2O2 as an important neurochemical 

player mechanistically associated with MAM dysfunction.  

 

4. Discussion 

We have demonstrated that PP2A inhibition with a single i.c.v. infusion of OKA 

impaired ER and mitochondrial responses in the hippocampus. Taking advantage of 

molecular, functional and bioinformatics approaches we provided mechanistic insights to 

further integrate such responses within a unique entity namely MAM dysfunction, which 

compromised cells viability and recognition memory.  

Actually, many neurodegenerative diseases including Parkinson and AD involve 

the accumulation of protein aggregates associated with ER-stress and an adaptive UPR 

response trying to restore the proteostasis. Unsolved UPR response leads to abnormal ER 

stress linked with detrimental consequences for the cells survival and brain function [39]. 

As expected, decreased PP2A activity duplicates Tau hyperphosphorylation and caused 

object recognition memory impairment, which is coincident with previous molecular and 

behavioral evidences for PP2A deficiency reported in AD patients and rodent models 

[40-42]. Beyond Tau dynamics, PP2A inhibition also mediates the activity of key 

elements participating in the ER stress responses and MAM interactions. Actually, we 
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found that the PP2A inhibition in the hippocampus of mice resulted in the increased 

expression levels of pEIF2Ser51, which is a well-recognized molecular marker of ER 

stress associated with UPR. This effect was likely dependent of PERK; an upstream 

enzyme activating EIF2 kinase. Indeed, endogenous PP2A limiting role against 

pEIF2Ser51 accumulation is achieved predominantly through the control of EIF2 kinase 

activity. As already showed, when PP2A was inhibited the EIF2 kinase overcome 

phosphatase activity thereby supporting the accumulation of pEIF2Ser51 [43,23]. Also, 

the accumulation of pEIF2Ser51 provides the mechanistic link for the observed 

concomitant increased levels of CHOP, a downstream nuclear transcription factor that 

upregulates the abundance of mitochondrial apoptotic proteins[10,3]. It has been 

consistently demonstrated that high levels of CHOP due to ER-stress mediate apoptotic 

mechanism in several neurodegenerative disorders, particularly AD[44]. In opposite to 

the apoptotic CHOP signaling, we also detected an upregulation of GRP78 levels in the 

hippocampus that mirrors an adaptive response targeting proteins to degradation hence 

avoiding the accumulation and aggregation of misfolding proteins within the lumen as 

consequence of the ER-stress induced by PP2A inhibition. Actually, upregulation of 

GRP78 tend to shift the balance to the pro-survival branches of the UPR[45,46]. 

Therefore, it seems that PP2A activity exerts a homeostatic dominance upon key 

molecular effectors governing the ER-stress responses, to date the pEIF2Ser51 and 

CHOP. A failure in this dominance over the PERK branch may exacerbate ER stress 

coupled with mitochondria dysfunction and additionally, may impacts ATF6 and IRE 

branches likely to oppose these responses (Claudio Hetz, 2017 Nature Reviews 

Neurology). While Plácido and colleagues (2017)[24] demonstrated that the PP2A 

inhibition disrupted ER-mitochondria communication, here we highlight that EIF2 work 
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as the key effector of this interorganelle miscommunication. Remarkably, among the 

molecular biomarkers of ER-stress, the EIF2 was the unique to show a significant 

behavior as component of the PC1 analysis. 

It has become a common sense that MAM contacts facilitate the transference of 

Ca2+ from the ER to mitochondria to stimulate oxidative metabolism. Based on this 

mechanistic relevance, it can be assumed that a synchronized MAM communication is a 

fundamental aspect behind the regulatory roles of mitochondria on bioenergetics and 

survival [47]. In our study, the energy necessary for the oxidative phosphorylation of 

ADP by the mitochondrial Complex V (ATP-Synthase) is dissipated even in the presence 

of saturated concentrations of ADP. This implies in less efficiency of ATP production 

probably due to specific Complex V problems or alterations in the mitochondrial 

membrane potential leading to uncoupling. Accordingly, we noticed an increased proton 

leakage coupled with mitochondrial elevated H2O2 production, a feasible biomarker of 

mitochondrial membrane potential alterations, and a prominent reactive oxygen specie 

(ROS) involved in the oxidative damage to the plasma and mitochondrial membranes that 

ultimately may prolong bioenergetics deficits [34,48]. Verfaillie et al(2012)[17] reported 

that PERK, a stress sensor of UPR, mediates mitochondrial apoptosis through the 

sustained elevations of CHOP and ROS, and further facilitating the transit of ROS 

between ER and mitochondria. As discussed earlier, we did not find differences in 

hippocampal PERK levels due to PP2A inhibition albeit the downstream PERK effectors 

like pEIF2Ser51, CHOP and H2O2 (ROS) behave similarly in both works, even 

considering they have used Phox-ER stress stimuli in murine embryonic fibroblast cell 

cultures. Therefore, our results suggest that PP2A-induced ER-stress mounts a composite 

of apoptotic signals, bioenergetics failure and redox disturbances via pEIF2Ser51/CHOP/ 

H2O2 without apparent need of increased PERK level. Alternatively, the inhibition of 



 

 

 

 

45 

PP2A belonging to the complex PP2A/AKT/IP3R settled directly at MAM junctions may 

cause an overload of Ca2+ from the ER to mitochondria, thus contributing to these 

outcomes [2].  

Although cells tend to activate mechanisms to restore the functional homeostasis, 

a prolonged MAM dysfunction places the cells in an inevitable apoptotic path. Based on 

this principle we measured classic apoptotic markers linked to mitochondria and not 

surprisingly, the upregulation of pEIF2Ser51/ CHOP/ H2O2 signaling was implicated in 

the parallel increase of BAX/BCL2, cytochrome c, and cleaved caspase 3/caspase 3 

implying that PP2A inhibition increases the apoptotic burden ultimately directing neural 

cells to death. Indeed, cell viability was decreased in OKA group and strongly correlated 

with both ER and mitochondrial components of the MAM dysfunction (see Figure 6). 

Surprisingly, pTau/Tau did not significantly correlate with ER-stress markers, H2O2 and 

MTT levels suggesting that short-term PP2A inhibition driven MAM dysfunction and 

detrimental molecular and memory outcomes precedes hyperphosphorylated Tau-induced 

abnormalities. Moreover, the higher expression levels of BAX/BCL2 after PP2A 

inhibition is coherent with the increased pEIF2Ser51/ CHOP effect on proapoptotic target 

genes [39]. Also, BAX upregulation and migration to the outer mitochondrial membrane 

causes prompting formation of pores associated with cytochrome c release, which is a 

master activator of proteolytic activity here represented by the cleaved caspase-3. The 

loss of mitochondrial energetic efficiency coupled with increased H2O2 demonstrated in 

this study agrees with the existence of membrane pores. 

Through the HC analysis we confirmed the proximity of ER-stress, mitochondrial 

dysfunction and apoptotic markers implying they behave in complimentary abnormal 

manner when PP2A is “switch-off”. This principle suggests that ER stress and 

mitochondrial dysfunction may mutually reinforce each other, likely through ROS 
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production and calcium exchange [14,17]. However, considering that multiple 

components participating in the MAM interactions, some of them not known yet, it seems 

difficult to state precisely which is the highest detrimental effector of PP2A inhibition. 

Nevertheless, our PCA showed that H2O2 was ranked as the main contributor to the PC1 

in the context of PP2A inhibition. Additionally, considering memory impairment as the 

worst neurological outcome of this study, we observed that the entire molecular and 

functional components used to create PC1 was able to explain the short- and long-term 

memory deficits after OKA-induced PP2A inhibition. 

In summary, decreased PP2A activity upregulated the ER apoptotic signaling 

mechanistically associated with decreased mitochondrial ATP synthesis and increased 

H2O2 levels, implying that ER-stress propelled mitochondrial bioenergetics uncoupling. 

Also, the principal component analysis highlights the H2O2 as the higher effector of ER-

mitochondria dysfunction leading to cells death and memory impairment.  
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Legend to figures 

Figure 1. Experimental design and model validation. The protocol comprises a single 

i.c.v injection of artificial cerebrospinal fluid (aCSF, vehicle) or okadaic acid (OKA, 100 

ng) followed by behavioral tests, and brain hippocampus dissection at day 7 for 

neurochemical and molecular analysis. The activity of enzyme (at 24 h and 7 days) (A 

and B) and the expression levels of PP2A subunits A and C (at 7 days, B and C) were 

significantly decreased. Relative to CT the activity was inhibiting by 40 %. Compared to 

OKA, the CT group explored preferentially the novel object during short- and long-term 

memory test, and had higher scores at short- and long-term recognition object index 

(SROI and LROI, D and E). The immunocontent of TauSer396/Tau total ratio was 

significantly increased in OKA relative to CT (F). *Refers to significant difference 

between CT and OKA (p< 0.05), (n = 6 mice per group) (Data are mean ± S.D). 

Figure 2. PP2A inhibition increases the molecular markers of endoplasmic 

reticulum (ER) stress. Chaperone GRP78 (A), pPERKthr981/PERK (B), 

pEIF2Ser51/EIF (C), CHOP (D), ATF6 (E) and IRE1 (F). *Denotes significant 

difference between CT and OKA (p< 0.05). The values are expressed as percentage of 

control (n = 6 mice per group) (Data are mean ± S.D). 

Figure 3. PP2A inhibition impairs mitochondrial function. Evaluation of electron 

transport system through O2 flux per mass displayed deficient phosphorylation of ADP in 

OKA group represented by decreased Respiratory Control Ratio (RCRa) (A). The 

mitochondrial membrane potential  (∆Ѱm) variation in the Succinate-Routine, and ADP-

Succinate was significantly different in OKA group (B). The changes ∆Ѱm leads to 

increased proton leakage (C), and impacted the mitochondrial H2O2 production (D). 
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*Significant difference between CT and OKA (* p< 0.05), (n = 6, mice per group) (Data 

are mean ± S.D).  

Figure 4. OKA-induced PP2A inhibition of PP2A increases markers of apoptosis. 

The immunocontents of BAX/BCL2 ratio (A), cytochrome c (B), cleaved caspase 

3/caspase 3 total ratio (C) increased, which was followed by decreased cell viability 

(MTT) (D). *Significant difference between CT and OKA. The values are expressed as 

percentage of control  (*p< 0.05). (n = 6, mice per group) (Data are mean ± S.D). 

Figure 5. The Pearson correlation analysis displays an ER-mitochondria 

dysfunction affecting cell viability. The immunocontent of the ER-stress marker 

pEIF2Ser51/EIF significantly correlated with BAX/BCL2 (A), respiratory control ratio 

(RCRa) (B), H2O2 (C), and decreased cell viability (MTT) (D). The elevated 

mitochondrial H2O2 production significantly correlated with decreased cell viability 

(MTT) (E) and the immunocontent of TauSer396/Tau did not significantly correlated with 

cell viability (MTT) (F). (*p< 0.05),(n = 6, mice per group) (Data are mean ± S.D).  

Figure 6. Multivariate analysis of neurochemical, and bioenergetics data. 

Normalized experimental data was submitted to unsupervised hierarchical clustering (A) 

and principal components analysis (PCA). The percentage of variance explained by each 

PC (B) and the percentage of contribution of each inputted experimental variable to PC1 

(C) were obtained, and the outcome association of the first component was evaluated (D) 

using Student t test (* Denotes significance when p<0.05). Moreover, Pearson 

correlation test showed a significant association between PC1 with PP2A activity, short- 

and long-term object recognition impairment, and cell viability (MTT) (E, F, G and G). 
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Supplementary Legends 

Supplementary Figure 1. Okadaic acid (OKA)-induced PP2A inhibition does not 

impaired locomotor behavior but caused recognition memory deficits. In the open 

field task (OF), there was no significant difference between groups in the distance 

traveled (CT, circles and OKA, squares) (p>0.724, A). During training period of novel 

object recognition task both groups (CT and OKA) spent similar percentage of time 

exploring objects A and B (B). The CT group explored preferentially the novel object 

during short- and long-term memory test (both p<0.0001, C and D, repectively). 

 

Supplementary Figure 2. Influence of PP2A inhibition on the PERK/EIF2α balance 

and mitochondrial responses to substrates. The (pEIF2αSer51/EIF2α) / 

(pPERKThr981/PERK) ratio was significantly elevated in OKA vs CT group (p<0.016, 

A). The oxygen consumption was estimated through respirometry analysis in 

hippocampal homogenates after the sequential addition of metabolic substrates to 

mitochondrial complexes (PMGS and ADP), inhibitors of mitochondrial complexes 

(oligomycin, rotenone, antimicyn A and KCN), and a membrane uncoupler (FCCP). The 

global variation in the oxygen consumption (B), the specific parameters associated to 

mitochondrial states (C), and the mitochondrial membrane potential (safranin dye) (D) in 

response to manipulations indicates how mitochondria manage the flux oxygen and 

membrane potential to sustain ATP synthesis. Basically, the oxygen flux in P(CII) is 

significantly impaired in OKA relative to CT group (p< 0.0032, C). Negative values refer 

to increase membrane potential meanwhile positive values refer to decrease membrane 

potential. * Denotes significant difference at p<0.05. 
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Supplementary Figure 3. Inhibition of PP2A activity correlates with parameters of 

ER-stress mitochondria dysfunction and apoptosis. The PP2A activity is strongly 

associated with biomarkers of mitochondrial function (RCRa and H2O2 - B and C), ER-

stress (pEIF2αSer51/EIF2α - D), recognition memory (LROI and SROI - F and G), 

apoptotic neurodegeneration (BAX/BCL2, Cleaved Caspase3/Caspase, pTauSer396/Tau - 

A, E, H and I) cells viability (MTT - H). The significance and magnitude of correlations 

are shown in the correspondent figure. 
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Supplementary Figure 2 
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Supplementary Figure 3 
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CAPÍTULO II – Memantine mediates astrocytic activity in response to excitotoxicity 

induced by PP2A inhibition 

 

No capítulo II, apresentamos o artigo publicado no periódico Neuroscience Letters. 

 

Neste artigo, queríamos explorar o envolvimento do sistema astrocitário em mecanismos 

de neuroproteção frente à inibição da PP2A, alteração comum em doenças 

neurodegenerativas. Para isso, utilizamos um modelo já conhecido por nosso grupo (ver 

Capítulo I e Anexo I-A), induzindo essa inibição com infusão intrahipocampal de OKA. 

Antes dessa infusão, os animais passaram por um pré-tratamento com MN, droga 

antagonista do receptor NMDA liberada pelo FDA no tratamento da DA em estágios 

moderado a grave. OKA levou a um aumento de reatividade astrocitária, demonstrada 

pelo aumento de GFAP, independentemente do pré-tratamento. O uso de MN induziu 

aumento na secreção de S100B e redução da captação hipocampal de glutamato somente 

frente à toxicidade induzida pelo OKA. Esses resultados reforçam a importância da 

interação neurônio-astrócito nos mecanismos de neuroproteção frente à redução da 

atividade de PP2A e corroboram a necessidade de novos estudos visando os astrócitos 

como possíveis alvos no tratamento de doenças neurodegenerativas que tenham como 

característica a redução dessa fosfatase. 
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Highlights 

 

• Memantine and okadaic acid (OKA) evoke astrocytic activation  
• Memantine and OKA mediates astrocytic S100B secretion and 

Glutamate uptake  
• Neuron-astrocyte interplay is necessary for this response 

 

 

Abstract 

 

Reduced activity of protein phosphatase 2A (PP2A) is a common feature in Alzheimer’s 

disease (AD) and non-AD tauopathies. The administration of okadaic acid (OKA), a 

potent PP2A and PP1 inhibitor, is a common research tool for inducing AD-like 

alterations such as tau hyperphosphorylation and cognitive decline. ecently, we showed 

that OKA increases cerebrospinal fluid (CSF) glutamate levels, which was strongly 

correlated with cognitive decline. Also, we demonstrated that memantine (MN), a 

glutamatergic NMDAR channel blocker, was capable of preventing the increase in CSF 

glutamate levels and cognitive decline. Here, we aimed to analyze whether the protective 

effects of MN involve intrinsic astrocytic properties, particularly related to glutamate 

uptake and astrocytic reactivity – indexed by the expression of S100B and glial fibrillary 

acidic protein (GFAP). Rats received intraperitoneal injections of MN or saline over 3 

consecutive days before receiving intrahippocampal infusion of OKA or saline. 

Afterward, they were submitted to behavioral tasks and then, euthanatized for 

neurochemical analysis. Here, we showed that the neuroprotective effects of MN in 

response to OKA neurotoxicity involve astrocytic activation. MN decreased glutamate 

uptake in the hippocampus and increased the release of S100B protein in the CSF in 

response to OKA neurotoxicity, which indicates a possible neurons-astrocyte coupling 

protective mechanism. These findings shed light on astrocytes as potential targets for 

treating neurological disorders associated with decreased PP2A activity.  

 
 
 

 

Keywords: astrocytes, glutamate, memantine, tauopathies, neuroprotection.  
 

 

Abbreviations: AD - Alzheimer’s Disease; PP2A - protein phosphatase 2A; CSF - 

cerebrospinal fluid; OKA - okadaic acid; MN - memantine; GFAP - glial fibrillary acidic 

protein; 
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Discussão 

Nessa tese, investigamos o envolvimento de diversos mecanismos na evolução da 

morte celular relacionada com a redução da atividade de PP2A, um marco comum entre a 

maioria das doenças neurodegenerativas. Nessa investigação, demos ênfase à disfunção 

da comunicação RE-mitocôndria nessas doenças e à importância da atividade astrocitária 

na neuroproteção frente a esses estímulos. 

Diversos estudos demonstram um envolvimento crucial da redução da atividade 

da PP2A em diversos mecanismos que implicam no avanço de doenças 

neurodegenerativas (Nematullah et al, 2017). Com isso, o avanço na compreensão dessas 

relações parece essencial para aproximar-se do desenvolvimento de novos alvos 

terapêuticos para essas doenças. Nessa tese, buscamos investigar a associação da redução 

da atividade dessa fosfatase com outros achados comuns a essas patologias.  

Devido a evidências de que o acúmulo de proteínas com alterações físico-

químicas poderia estar relacionado com a atividade reduzida da PP2A (Magnaudeix et al, 

2013) e à importante função do RE no controle da síntese e correção proteica, 

procuramos estudar as consequências dessa interação na patogênese e evolução de 

processos neurodegenerativos. De fato, diversas doenças neurodegenerativas, incluindo a 

Doença de Parkinson e a DA, têm envolvido em seu desenvolvimento o acúmulo de 

agregados proteicos associado a início de estresse do RE e ativação da UPR a fim de 

tentar reestabelecer a proteostase (Hoozemans et al, 2012). 

Para isso, optamos por utilizar o modelo químico de inibição da PP2A pela 

infusão de OKA. O OKA é um conhecido inibidor de Ser/Tre fosfatases, com 

especificidade relativa para PP2A (Gong et al, 2000), já bastante estudado e consolidado 

como modelo animal de doenças neurodegenerativas (Kamat et al, 2014). A estratégia de 

utilizar um modelo químico parece ser a melhor forma de estudar as doenças 
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neurodegenerativas devido à grande diversidade de alterações genéticas possíveis de 

serem encontradas nessas patologias, restringindo assim a aplicabilidade do uso de 

modelos animais transgênicos para avaliar alterações comuns a esses distúrbios. 

Inicialmente, encontramos alterações no processamento de memória de 

reconhecimento nos animais tratados com OKA. Essas alterações cognitivas vão de 

acordo com o encontrado em estudos prévios de nosso grupo (Zimmer et al, 2012) e 

corroboram a importância da redução da atividade da PP2A no desenvolvimento de 

distúrbios cognitivos.  

Associadas a essas alterações, o OKA também levou a aumento da fosforilação do 

eIF2α no sítio da serina 51 e dos níveis de ATF6 e IRE1α, conhecidos marcadores de 

estresse do RE associado a UPR. A associação da inibição de PP2A com distúrbios na 

função do RE já havia sido mostrada previamente (Kim et al, 2010), entretanto, os 

mecanismos envolvidos nesses eventos ainda não foram bem elucidados. Reforçando a 

hipótese de que o OKA teria iniciado o estresse do RE, encontramos também em nosso 

estudo o aumento de CHOP, um fator de transcrição posterior na cascata da UPR, que 

leva a um aumento da síntese de proteínas pró-apoptóticas e estresse oxidativo 

(Marciniak et al, 2004). Em sentido oposto a essa upregulation de CHOP, observamos um 

aumento da GRP78, proteína essencial para o controle de qualidade proteico do RE e que 

coordena a UPR na tentativa de favorecer as sinalizações de sobrevivência celular (Wang 

et al, 2009). Esses resultados sugerem um papel regulatório da PP2A sobre fatores chave 

na homeostasia da UPR. 

Em 2017, Plácido e seus colegas (Plácido et al, 2017) demonstraram que, além de 

iniciar estresse do RE, a inibição de PP2A levaria subsequentemente a um distúrbio na 

interação RE-mitocondrial. Em nosso trabalho, evidenciamos que a proteína eIF2α atua 

como principal efetor desse distúrbio na comunicação entre essas organelas. Indo de 
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encontro a esse achado, dentre os marcadores de estresse do RE, essa foi a única proteína 

a exercer papel importante como componente da análise de PC1, sendo, dessa forma, um 

dos principais fatores para o dano causado pela redução da atividade de PP2A.  

É sabido que os pontos de contato entre o RE e a mitocôndria, conhecidos como 

MAM, facilitam o transporte de Ca2+ entre essas organelas e estimulam assim o 

metabolismo oxidativo (Giorgi et al, 2015). Dessa forma, manter uma regulação 

adequada dessa comunicação é fundamental para a estabilidade das funções 

mitocondriais bioenergéticas e de sobrevivência celular. Em nosso trabalho, procuramos 

testar a funcionalidade bioenergética mitocondrial frente a redução da atividade de PP2A. 

Encontramos uma redução da efetividade na produção de ATP nessas células relacionada 

a um distúrbio na fosforilação oxidativa de ADP no complexo V mitocondrial (ATP-

sintase). Essa disfunção está possivelmente relacionada aos aumentos encontrados no 

vazamento de prótons, marcador de alterações no potencial de membrana das 

mitocôndrias, e na produção de H2O2, importante ROS vinculada a danos oxidativos nas 

membranas mitocondriais e que podem levar ao prolongamento de déficits energéticos 

(Sies, 2017). Verfaillie e seus colegas (Verfaillie et al, 2018) demonstraram que a PERK, 

um conhecido regulador da UPR, media o início da sinalização de apoptose mitocondrial 

via aumento prolongado de ROS e CHOP. Apesar de não termos encontrado aumento da 

PERK induzido pela redução da atividade de PP2A, encontramos uma amplificação dos 

principais efetores dessa cascata (pEIF2α, CHOP e H2O2), podendo levar ao à apoptose 

independente do aumento de PERK. Há também a hipótese alternativa de que essa 

ativação pró-apoptótica pode decorrer de uma sobrecarga de Ca2+ nas MAM devido ao 

distúrbio da cascata PP2A/AKT/IP3R (Tubbs et al, 2017). 

A falha dos mecanismos de correção da homeostase e a consequente disfunção 

prolongada da comunicação RE-mitocôndria podem levar a célula à ativação da apoptose. 
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Baseado nisso, resolvemos testar marcadores da via mitocondrial apoptótica em nosso 

modelo de inibição da atividade de PP2A. Como esperado, o aumento da cascata de 

sinalização pEIF2α/CHOP/H2O2 estava associada ao aumento de BAX/BCL2, citocromo 

c e clivagem de caspase. O aumento de BAX/BCL-2 é compatível com a descrição 

encontrada na literatura do efeito em genes pro-apoptóticos da ativação prolongada da via 

pEIF2α/CHOP (Pihan et al, 2017). Ainda, o aumento de BAX pode levar a alterações na 

porosidade da membrana mitocondrial, com consequente vazamento de citocromo c e 

ativação de vias proteolíticas marcadas pela clivagem da caspase 3 (Rodriguez et al, 

2011). Além disso, foi notória a redução da viabilidade celular, marcada por níceis de 

MTT.  

De maneira surpreendente, a fosforilação da proteína tau induzida por essa 

alteração de inibição da atividade da PP2A induzida por OKA não teve correlação com os 

marcadores de estresse do RE, produção de H2O2 e níveis de MTT. Disso, concluímos 

que as alterações no controle da proteostase pelo RE, a disfunção da MAM, a ativação 

apoptótica e o consequente déficit cognitivo causado pela redução da atividade da PP2A 

podem preceder as alterações de fosforilação da proteína tau, ou pelo menos ocorrer de 

forma paralela e independente destas, o que ajuda a compreender a importância da PP2A 

na neuroprogressão das não-taupatias. Esse achado é corroborado por estudos que 

apontaram a ativação da UPR como um evento inicial do processo de formação de NFTs 

(van der Harg et al, 2014; Hoozemans et al, 2009). É interessante acrescentar que essa 

hiperfosforilação da proteína tau decorrente do processo neurodegenerativo e da 

disfunção de fosfatases leva, por sua vez, também a maior estresse do RE e ativação da 

UPR (Ferreiro e Pereira, 2012). Ademais, com o prolongamento desse processo, 

acrescentam-se à retroalimentação positiva desse ciclo, ações diretas da proteína tau 

hiperfosforilada sobre a função mitocondrial, prejudicando o transporte e a respiração 
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mitocondrial e aumentando o estresse oxidativo através de maior produção de ROS 

(Pajak et al, 2016; Reddy, 2011).  

Dessa forma, estresse do RE, disfunção mitocondrial e estresse oxidativo parecem 

formar um círculo vicioso regulado pela diminuição da atividade da PP2A e 

potencialmente decisivo no avanço de diversas doenças neurodegenerativas, e que pode, 

em alguns casos, ter a presença da proteína tau em sua forma hiperfosforilada atuando 

como uma espécie de catalisadora desse circuito de morte neuronal. Neste sentido, tendo 

a presença de proteínas com alterações fisíco-químicas como um dos achados patológicos 

mais frequentes em doenças neurodegenerativas, pode-se pensar que outras dessas 

proteínas (e.g. β-amiloide, proteína priônica e α-sinucleína) podem atuar de forma similar 

nesse círculo vicioso. De fato, diversos estudos já têm apontado nessa direção (Wu et al, 

2012; Lee et al, 2010a; Lou et al, 2010), porém novos estudos ainda são necessários para 

maiores conclusões. 

Na tentativa de aumentar a confiabilidade de nossa análise da similaridade entre 

essas variáveis, realizamos a análise por agrupamento hierárquico (HC – do inglês, 

hierarchical clustering). Dessa forma, confirmamos a proximidade do estresse do RE, da 

disfunção mitocondrial e da ativação da apoptose, demonstrando que esses processos 

acontecem de forma complementar frente à inibição da atividade da PP2A. Neste sentido, 

sabe-se que pode ocorrer uma retroalimentação entre essas respostas via troca de cálcio e 

produção de ROS (Malhotra et al, 2007). Entretanto, visto tantas variáveis envolvidas nos 

efeitos deletérios da redução de atividade dessa fosfatase, torna-se difícil afirmar qual 

delas seria mais prejudicial para a viabilidade celular e, portanto, mais envolvida no 

processo neurodegenerativo. A fim de melhor elucidar este ponto, foi feita a análise 

estatística de PCA, considerando-se o déficit de memória como o pior desfecho 

neurológico encontrado em nosso estudo. Nossos resultados demonstraram que H2O2 era 
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o maior contribuinte para a formação do PC1, entretanto todos os componentes 

funcionais e moleculares usados na criação do PC1 demonstraram correlação com e 

poderiam explicar os déficits de memória de curto e longo prazo decorrentes da inibição 

da atividade de PP2A pelo OKA. 

As conclusões desse primeiro estudo favorecem uma melhor compreensão desses 

complexos processos, tornando-os possíveis alvos para evolução de estudos que visem 

biomarcadores para um diagnóstico precoce para essas doenças ou ainda 

desenvolvimento de tratamentos através da intervenção em um desses circuitos de 

sinalização.  

Nessa busca por novas opções de alvos para tratamento, procuramos melhor 

elucidar outros possíveis mecanismos neuroprotetores ativados nas doenças 

neurodegenerativas. Em um estudo prévio de nosso grupo (Zimmer et al, 2012), 

mostramos que o modelo de redução da atividade da PP2A induzido pelo OKA leva a um 

aumento de níveis de glutamato no CSF, e que esses níveis são associados linearmente ao 

grau de declínio cognitivo encontrado. Mostramos também que o pré-tratamento com 

memantina (MN), um bloqueador do canal glutamatérgico NMDA, foi capaz de prevenir 

todas essas alterações moleculares e comportamentais. É sabido que potencialmente todo 

processo neurodegenerativo leva a um aumento agudo ou crônico na liberação de 

glutamato na fenda sináptica e no espaço extracelular (Lewerenz e Maher, 2015). Os 

mecanismos que levaram a essa proteção encontrada após o tratamento com MN 

permaneceram incertos, e pensamos que buscar um melhor entendimento do que pode ter 

evitado a neuroprogressão subsequente à inibição da atividade da PP2A pode ser 

promissor para o desenvolvimento de intervenções terapêuticas nas doenças 

neurodegenerativas. 
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Como descrito previamente, o aumento da concentração glutamatérgica leva a um 

processo de hiperativação neuronal conhecido como excitotoxicidade, que, em última 

instância, leva a disfunção sináptica e morte celular, contribuindo para o avanço da 

doença neurodegenerativa. A primeira linha de defesa para este tipo de dano é feita pelos 

astrócitos, aumentando a recaptação glutamatérgica e liberando substâncias tróficas como 

a S100B (Anderson e Swanson, 2000). Apesar da ação já conhecida da MN sobre a 

ativação do receptor NMDA, a ação dessa droga sobre a atividade astrocitária é 

desconhecida. Visto a importância dessa linha de defesa no processo neurodegenerativo e 

a notável prevenção dos danos causados pela inibição da PP2A demonstrada após o uso 

da MN, resolvemos investigar a influência desse mecanismo em nossos resultados.  

No estudo apresentado no capítulo II dessa tese, a ativação da resposta astrocitária 

parece ocorrer em nosso modelo e, de fato, ser modulada pelo uso da MN. O aumento da 

reatividade astrocitária, marcado pelos níveis da proteína citoesquelética GFAP, 

encontrado após a infusão de OKA, tanto nos animais tratados com MN quanto nos que 

não receberam qualquer tratamento, mimetiza um achado comum da DA e outras 

taupatias (Ross et al, 2003; Higuchi et al, 2002).  

Curiosamente, a MN levou a um aumento nos níveis de S100B apenas frente ao 

estímulo nocivo do OKA. Apesar da ação da S100B poder ser tanto deletéria quanto 

benéfica aos neurônios, dependendo de sua concentração (Van Eldik e Wainwright, 

2003), o papel preventivo dela contra a excitotoxicidade e o dano cognitivo nos animais 

submetidos ao nosso modelo levam a crer que nesse cenário ela está agindo de forma 

neuroprotetora.  

Em nosso estudo, de maneira inicialmente inesperada, o aumento de S100B 

modulado pela MN demonstrou correlação com uma diminuição da recaptação 

glutamatérgica hipocampal. De fato, Tramontina e seus colaboradores já haviam 
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demonstrado uma relação entre essas duas variáveis (Tramontina et al, 2006). Entretanto, 

em seu experimento parece haver um efeito contrário ao que encontramos da S100B 

sobre a recaptação de glutamato. Como seus testes foram realizados em culturas de 

gliomas, pode-se propor que essa interação ocorre de forma diferente na presença de 

neurônios. Recentemente, a presença de receptores NMDA também em astrócitos foi 

descoberta e caracterizada (Lee et al, 2010b), o que poderia levar a crer em uma ação 

direta da MN sobre os astrócitos. Entretanto, o aumento de S100B e a redução da 

recaptação de glutamato encontrados em nosso estudo ocorreram apenas frente à 

combinação do antagonismo neuronal do NMDA exercido pela MN com a 

neurotoxicidade do OKA, não sendo induzidas por nenhuma dessas intervenções 

isoladamente.  

Juntos, os achados descritos acima reforçam a ideia da dependência de uma 

interação astrócito-neurônio para o desenvolvimento de tais mecanismos neuroprotetores. 

Corroborando nossa hipótese, Sakatani e colaboradores propuseram que a atividade 

neuronal é capaz de modular a liberação astrocitária de S100B (Sakatani et al, 2008). 

Ademais, foi demonstrado que a MN reduz a liberação neuronal de glutamato (Lu et al, 

2010), o que pode também levar a uma interpretação de que o aumento da liberação de 

S100B e a redução da recaptação glutamatérgica pelos astrócitos pode ser uma resposta 

adaptativa à diminuição da liberação neuronal de glutamato. Estudos prévios já haviam 

demonstrado que, isoladamente, OKA não altera a recaptação glutamatérgica (Costa et al, 

2012), o que foi replicado por nosso experimento. Unindo essas informações, podemos 

crer que a ação neuroprotetora da MN frente à neurotoxicidade do OKA depende de uma 

modulação complexa da resposta astrocitária, o que reforça a importância de incluir os 

astrócitos em futuros estudos visando tratamento e possivelmente prevenção de doenças 

neurodegenerativas. 
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O estudo da influência dos astrócitos em tratamentos ainda é relativamente recente 

(Escartin e Bonvento, 2008). Inclusive, diversas drogas já em uso clínico e com alvos 

neuronais surgem também hoje como possíveis moduladores da atividade astrocitária 

(Haim et al, 2015). De fato, neurônios e astrócitos compartilham de diversos recepetores 

e transportadores de membrana, além de possuírem diversas vias de sinalização em 

comum. As estratégias terapêuticas testadas até agora para as doenças neurodegenerativas 

têm, em sua maioria, se concentrado majoritariamente nos neurônios e não têm obtido os 

resultados esperados (Huang e Mucke, 2012; Wild e Tabrizi, 2014). Em muitos casos, os 

tratamentos oferecidos aos pacientes são apenas sintomáticos e sua eficácia pode ainda 

diminuir com a progressão da doença (por exemplo, inibidores da acetilcolinesterase para 

DA, suplementação com L-DOPA para DP). Nenhum tratamento atual realmente impede 

que os neurônios se degenerem. À luz de suas muitas ações sobre os neurônios, as 

estratégias que visam os astrócitos reativos podem ser a chave para efetivamente 

sustentar a função neuronal e, consequentemente, a sobrevivência durante as doenças 

neurodegenerativas (Haim et al, 2015). De qualquer forma, como em parte descrito nessa 

tese, essa regulação não é simples, pois estimular a reatividade astrocitária pode também 

iniciar efeitos nocivos aos neurônios. Para nos aproximarmos de um tratamento mais 

completo, será importante buscar compreender, com novos estudos, a complexidade 

dessas relações e amplificar a nossa visão de cérebro para além dos neurônios. 
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Conclusão 

Nesta tese, procuramos avançar o conhecimento acerca de importantes vias de 

sinalização que impactam negativamente na patogênese e na evolução de diversas 

doenças neurodegenerativas associadas à diminuição da atividade da PP2A. 

Demonstramos que a alteração do funcionamento dessa fosfatase está envolvida com um 

aumento do estresse do RE associado com disfunção mitocondrial, levando a declínio da 

síntese de ATP e aumento na produção de ROS, com subsequente ativação apoptótica e 

morte neuronal. Demonstramos que o principal fator ligado à manutenção dessa 

disfunção RE-mitocondrial é a produção de H2O2 e que esses processos estão fortemente 

vinculados à progressão da neurodegeneração e aparecimento de déficits de memória. 

Além disso, demonstramos que a ação neuroprotetora da MN frente à inibição da 

atividade da PP2A induzida pelo OKA envolve aumento da reatividade astrocitária e da 

liberação de S100B e diminuição da recaptação de glutamato, reforçando a importância 

de levar-se em conta a interação neurônio-astrócito para o desenvolvimento de 

tratamentos cada vez mais efetivos para as doenças neurodegenerativas. 

Em resumo, tentamos aqui ampliar o entendimento sobre os processos de 

neurodegeneração e, com isso, contribuir para a busca de novos métodos diagnósticos e 

possíveis alvos terapêuticos para essas patologias. 
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Anexos 

ANEXO I: Artigos publicados durante o período de doutoramento cujos temas se 

relacionam a esta tese, mas não foram incluídos no corpo principal da tese.  
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ANEXO I-A. Long-term NMDAR antagonism correlates reduced astrocytic glutamate 

uptake with anxiety-like phenotype 

No ANEXO I-A apresentamos o artigo publicado no periódico Frontiers in Cellular 

Neuroscience 
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The role of glutamate N-methyl-D-aspartate receptor (NMDAR) hypofunction has been

extensively studied in schizophrenia; however, less is known about its role in anxiety

disorders. Recently, it was demonstrated that astrocytic GLT-1 blockade leads to

an anxiety-like phenotype. Although astrocytes are capable of modulating NMDAR

activity through glutamate uptake transporters, the relationship between astrocytic

glutamate uptake and the development of an anxiety phenotype remains poorly

explored. Here, we aimed to investigative whether long-term antagonism of NMDAR

impacts anxiety-related behaviors and astrocytic glutamate uptake. Memantine, an

NMDAR antagonist, was administered daily for 24 days to healthy adult CF-1 mice by

oral gavage at doses of 5, 10, or 20 mg/kg. The mice were submitted to a sequential

battery of behavioral tests (open field, light–dark box and elevated plus-maze tests).

We then evaluated glutamate uptake activity and the immunocontents of glutamate

transporters in the frontoparietal cortex and hippocampus. Our results demonstrated

that long-term administration of memantine induces anxiety-like behavior in mice in

the light–dark box and elevated plus-maze paradigms. Additionally, the administration

of memantine decreased glutamate uptake activity in both the frontoparietal cortex

and hippocampus without altering the immunocontent of either GLT-1 or GLAST.

Remarkably, the memantine-induced reduction in glutamate uptake was correlated

with enhancement of an anxiety-like phenotype. In conclusion, long-term NMDAR

antagonism with memantine induces anxiety-like behavior that is associated with

reduced glutamate uptake activity but that is not dependent on GLT-1 or GLAST protein

expression. Our study suggests that NMDAR and glutamate uptake hypofunction may

contribute to the development of conditions that fall within the category of anxiety

disorders.

Keywords: anxiety, astrocytes, behavior, glutamate, memantine
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Introduction

Anxiety disorders are among the most prevalent psychiatric

conditions worldwide. These disorders have been associated

with social isolation, alcoholism, and increased suicide attempts

and are also considered to be risk factors for the development

of additional psychiatric disorders (Gross and Hen, 2004).

Hence, it is imperative to understand the neurobiological

mechanisms that are associated with anxiety disorders. It has

recently been proposed that a functional imbalance of the

tripartite glutamatergic synapse plays a role in anxiety disorders

(Clement and Chapouthier, 1998; Nutt and Malizia, 2001;

Nemeroff, 2003; Machado-Vieira et al., 2009, 2012). Indeed,

glutamatergic neurotransmission offers multiple potential

pharmacological targets for treating anxiety-related disorders,

such as postsynaptic receptor signaling, presynaptic glutamate

release, and astrocytic glutamate uptake (Szabo et al., 2009;

Zarateet al., 2010; RiazaBermudo-Soriano et al., 2012; Pilc et al.,

2013).

Currently, antagonism of N-methyl-D-aspartate receptor

(NMDAR) has been proposed as a feasible strategy for

reducing the major symptoms that are linked to anxiety-like

behavior (Cortese and Phan, 2005). Indeed, when memantine,

an NMDAR antagonist, is administered to patients presenting

with depression, anxiety or obsessive-compulsive disorder, their

neuropsychiatric symptoms appear to be relieved (Tariot et al.,

2004; Sani et al., 2012). By contrast, a recent work demonstrated

that chronic antagonism of NMDAR induces elevated anxiety

in healthy mice (Hanson et al., 2014). Overall, the current data

that are available regarding the association between the use of

NMDAR antagonists and the presentation of anxiety-related

behaviors refute a simple model of dose-effect and instead seem

to be closely related to the regimen, type of drug, or route of

administration (Silvestre et al., 1997; Riaza Bermudo-Soriano

et al., 2012; Schwartz et al., 2012). Additionally, it is prudent

to consider that glutamatergic neurotransmission involves not

only neuronal receptors (ionotropic and metabotropic) but

also astroglial transporters that participate in neuron-astrocyte

coupling.

Two major astroglial Na+ -dependent glutamate transporters,

glutamate transporter 1 (GLT-1, also known as EAAT2) and

glutamate aspartate transporter (GLAST, also known asEAAT1),

take up glutamate from synapses to maintain the homeostasis

that is necessary to orchestrate the physiological activity of

receptors (Danbolt, 2001). Remarkably, cerebral GLT-1 and

GLAST are predominately localized in astrocytes, with very

low expression in other cell types (Zhou and Danbolt, 2014).

Moreover, astrocytes account for 95% of the glutamate uptake

activity in the brain (Danbolt et al., 1992; Lehre and Danbolt,

1998). Importantly, a recent work demonstrated that cerebral

microinjection of theGLT-1inhibitor, dihydrokainicacid (DHK),

induced anhedonia and anxiety in rats (John et al., 2015).

Thus, one could claim that astrocytic dysfunction may have a

considerable impact on theexpression of anxiety-likephenotypes

(Bechtholt-Gompf et al., 2010; Schroeter et al., 2010; Lee et al.,

2013). Based on the principles of neuron-astrocyte coupling,

we hypothesized that long-term antagonism of NMDAR would

impact astrocytic function and that thiswould likely affect anxiety

phenotype.

In this study, we aimed to investigate the impact of

long-term NMDAR antagonism by memantine on anxiety-

related paradigms and their potential association with astrocytic

glutamatetransport.

Materials and Methods

Animals
Three-month-old CF-1 mice were housed in standard cages

(48 cm × 26 cm). The animals were kept in a room with

controlled temperature (22◦C) under a 12 h light/12 h dark

cycle (lights on at 7 am) and had free access to food and water.

The mice (n = 40) were randomized into four groups: control

(CO), memantine 5 mg (MN5), memantine 10 mg (MN10),

and memantine 20 mg (MN20). To avoid social isolation, we

maintained two animals per cage (Leasure and Decker, 2009).

All behavioral tests were performed between 1:00 pm and 5:00

pm. All experiments were conducted in accordance with official

governmental guidelines in compliance with the Federation of

Brazilian Societies for Experimental Biology and were approved

by theEthical Committeeof theFederal University of Rio Grande

do Sul, Brazil.

Drug Administration
Memantine(Sigma, USA) wasdissolved in distilled water at three

different concentrations (0.5, 1.0, and 2.0 mg/mL) to standardize

the volume used for oral administration and reach the desired

dose. For 24 days, the animals received daily administration of

either 5, 10, or 20 mg/kg of memantine, or an equivalent volume

of distilled water, via oral gavage. Body weight and food intake

weremonitored. All groups received oral gavageat 1 h after each

behavioral task.

Open Field Test
On the 22nd day, the animals were submitted to an open field

task to evaluatespontaneouslocomotion and exploratory activity.

The apparatus was made of a black-painted box measuring

50 cm × 50 cm and was surrounded by 50 cm high walls. The

experimentswereconducted in aquiet room under low-intensity

light (12 lx). Each mouse (n = 10 per group) was placed in the

center of the arena, and the distance traveled (total and central

zone), time spent in the central zone, and mean speed were

measured over a course of 10 min (Muller et al., 2012). The

experiment wasrecorded with avideocamerathat waspositioned

above the arena. The analysis was performed using a computer-

operated tracking system (Any-maze, Stoelting, WoodsDale, IL,

USA).

Light–Dark Task
On the23rd day, the light–dark task wasperformed aspreviously

described (Crawley and Goodwin, 1980) with somemodifications

to analyze anxiety profiles. The light–dark apparatus consisted

of a wood rectangular box with two separated chambers. One

chamber had black walls and floor (50 cm × 50 cm × 50 cm)
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and wasnot illuminated. Theother sidehad whitewallsand floor

(50 cm × 50 cm × 50 cm) and was illuminated by a 100 W

white lamp that was placed overhead. The two compartments

were separated by a wall, which had a small opening at floor

level. For each experiment, an animal (n = 10 per group) was

initially placed in thewhitechamber and then allowed to explore

the two-chamber area for a duration of 5 min. The following

parameterswererecorded by atrained and blinded-to-treatment

observer: number of transitions between the two chambers, time

spent in the light chamber, and risk assessment behavior. After

each experiment, theapparatuswascleaned with 70%alcohol and

dried beforebeing used with thenext animal.

Elevated Plus-Maze Task
On the 24th day, the animals were submitted to an elevated

plus-maze task to evaluatefurther signsof anxiety-like behavior.

The elevated plus-maze was performed as previously described

(Pellow, 1986). The elevated plus-maze apparatus consisted of

two open arms (30 cm × 5 cm) and two enclosed arms

(30 cm × 5 cm × 10 cm), which were separated by a central

platform (5 cm × 5 cm) with the two identical armsof each type

being placed opposite to each other. The height of the maze was

70 cm, and the experimentswereconducted under dim red light

in aquiet room. Each mouse(n = 10 per group) wasindividually

placed onto the central platform of the plus-maze, facing one

of the open arms, and was observed/recorded for 5 min by a

trained and blinded-to-treatment observer. Thetimespent in the

open arms and the total distance traveled were used for further

analysis. After each session, the maze was cleaned with 70%

ethanol. Dataanalysiswasperformed using acomputer-operated

tracking system (Any-maze, Stoelting, WoodsDale, IL, USA).

Glutamate Uptake Assay
On the 25th day, the animals (n = 6 per group) were

sacrificed/dissected and left hippocampal and left frontoparietal

cortical brain slices were taken for use in a glutamate uptake

assay. The glutamate uptake assay was performed according to

Thomazi et al. (2004). Brain hippocampal and frontoparietal

cortical slices (0.4 mm) were obtained using a McIlwain tissue

chopper and were pre-incubated for 15 min at 37◦C in Hank’s

balanced salt solution (HBSS), containing 137 mM NaCl,

0.63 mM Na2HPO4, 4.17 mM NaHCO3, 5.36 mM KCl, 0.44 mM

KH2PO4, 1.26 mM CaCl2, 0.41 mM MgSO4, 0.49 mM MgCl2,

and 1.11mM glucose, at pH 7.2.Afterward,0.66and 0.33Ci ml− 1

L-[3H]glutamate were added to a final 100 M concentration of

glutamate for incubation with hippocampal and cortical samples,

respectively. The incubations were stopped after 5 and 7 min

for the hippocampal and cortical samples, respectively, with two

ice-cold washesof 1 ml HBSS, which were immediately followed

by the addition of 0.5 N NaOH. The samples were kept in this

solution overnight. Nonspecific uptake was measured using the

sameprotocol asdescribed above,with differencesin temperature

(4◦C) and medium composition (N-methyl-D-glucamine instead

of sodium chloride). Na+ -dependent uptake was considered as

the difference between the total uptake and the non-specific

uptake. Note that astrocytic transport mediated by GLAST and

GLT-1 is responsible for the Na+ -dependent glutamate uptake

(Anderson and Swanson, 2000). Both uptakeswereperformed in

triplicate. Any radioactivity that was incorporated into the slices

wasmeasured using a liquid scintillation counter.

Western Blotting
For western blot analysis, right hippocampal and right

frontoparietal cortical homogenates (n = 6, per group)

were prepared in PIK buffer (1% NP-40, 150 mM NaCl, 20 mM

Tris, pH 7.4, 10% glycerol, 1 mM CaCl2, 1 mM MgCl2, 400 µM

sodium vanadate, 0.2 mM PMSF, 1 µg/ml leupeptin, 1 µg/ml

aprotinin, and 0.1% phosphatase inhibitor cocktails I and II

from Sigma–Aldrich) and centrifuged (Zimmer et al., 2012).

Supernatants were collected and total protein was measured

using Peterson’s method (Peterson, 1977). Samples containing

20 µg of protein from the hippocampal homogenate were

separated by electrophoresis on a polyacrylamide gel and

electrotransferred to PVDF membranes. Protein bands within

each sample lane were compared to standard molecular weight

markers (Precision Plus ProteinTM Dual Color Standards,

Bio-Rad), which were used to identify the molecular weights

of proteins of interest. Non-specific binding sites were blocked

using Tween–Tris buffered saline (TTBS, 100 mM Tris–HCl,

pH 7.5) with 5% albumin for 2 h. Samples were incubated

overnight at 4◦C with primary antibodiesagainst GLT-1(Abcam,

1:1000), GLAST (Abcam, 1:1000), and β-actin (Sigma, 1:5000).

Following primary antibody incubation, the membranes were

incubated with secondary antibodies (anti-rabbit, GE life

sciences, 1:3000; anti-mouse, GE life sciences, 1:5000) for 2 h at

room temperature. Films were scanned, and band intensity was

analyzed using ImageJsoftware(Abramoff et al., 2004).

Statistical Analysis
Differences between groups were analyzed with analysis of

variance(ANOVA) followed by Tukey’spost hoctest.Correlations

between behavioral assessments and glutamate uptake were

analyzed by Pearson’s correlation coefficient. The results are

presented as mean values ± SEM. Differences were considered

significant at p < 0.05.

Results

Long-Term NMDAR Antagonism does not Alter

Spontaneous Locomotion but Induces

Anxiety-Like Behavior
Administration of memantine did not cause significant changes

in either distance traveled [Figure 1A; F(3,36) = 1.642,

p = 0.1967] or time spent in the central zone [Figure 1B;

F(3,36) = 0.1697, p = 0.9162] in the open field. Occupancy plots

are used to illustrate the similarities between groups in the open

field test (Figure1C).

Long-Term NMDAR Antagonism Reduced

Time Spent in the Light Compartment of the

Light–Dark Box
In the light–dark box (Figure1G), all of thedosesof memantine

that were tested significantly reduced the time spent in the light
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compartment by thememantine-administered micecompared to

theCO group [Figure1D;F(3,36) = 7.364, MN5:p= 0.03, MN10:

p = 0.002, MN20: p = 0.01]. However, transition numbers (light

to dark) wereunrelated to memantineadministration [Figure1E;

F(3,36) = 0.8257, p = 0.4884]. Additionally, there were no

differences among groups in risk assessment index [Figure 1F;

F(3,36) = 1.129, p = 0.3519].

Long-Term NMDAR Antagonism Decreased

Time Spent in the Open Arms of the Elevated

Plus-Maze
The administration of memantine reduced the time spent by

mice in the open arms of the elevated plus-maze (Figure 1J)

when compared to the CO group [Figure 1H; F(3,36) = 6.974,

MN5: p = 0.007, MN10: p = 0.002, MN20: p = 0.004]; however,

there were no changes in total distance traveled [Figure 1I ;

F(3,36) = 2.227, p = 0.1018].

Long-Term NMDAR Antagonism Decreased

Glutamate Uptake in the Frontoparietal Cortex

and Hippocampus without Affecting the

Immunocontents of GLAST and GLT-1
The administration of memantine significantly decreased

glutamate uptake in slices of frontoparietal cortex [Figure 2A;

F(3,20) = 11.458, MN5: p = 0.026, MN10: p < 0.001, MN20:

p < 0.001] and hippocampus [Figure 2D; F(3,20) = 15.008,

MN5: p = 0.015, MN10: p < 0.001, MN20: p < 0.001]. However,

memantine did not alter the immunocontent of GLAST in

either the frontoparietal cortex [Figure 2B; F(3,20) = 1.300,

p = 0.3020] or the hippocampus [Figure 2E; F(3,20) = 0.6174,

p = 0.6118]. Additionally, no alterations were found in the

immunocontent of GLT-1 in either the frontoparietal cortex

[Figure 2C; F(3,20) = 2.225, p = 0.1167] or the hippocampus

[Figure2F; F(3,20) = 0.1520, p = 0.9272].

Correlation Between Anxiety-Like Behavior

and Glutamate Uptake
A positive correlation was found between time spent in the light

compartment of the light dark-box and glutamate uptake in the

frontoparietal cortex (Figure 3A; p < 0.0001, R = 0.7289) and

hippocampus (Figure 3C; p = 0.03, R = 0.4337). Time spent in

the open arms of the elevated plus-maze test was also correlated

with glutamate uptake in the frontoparietal cortex (Figure 3B;

p = 0.03, R = 0.4313) and hippocampus (Figure 3D; p = 0.01,

R= 0.4815).

Discussion

Our resultsdemonstrated that long-term antagonism of NMDAR

by memantine induces anxiety-like behavior in healthy CF-

1 mice. Additionally, memantine decreased glutamate uptake

activity in the frontoparietal cortex and in the hippocampus

FIGURE 1 | Long-term NMDAR antagonism does not alter

spontaneous locomotor and exploratory behavior, but induces

anxiety-like behavior. (A) Total distance traveled in the open field.

(B) Time in central zone in the open field. (C) Open field apparatus and

occupancy plots. (D) Time in light compartment in the light–dark box.

(E) Number of transitions in the light–dark box. (F) Risk assessment

index in the light–dark box. (G) Light–dark box apparatus. (H) Time in

open arms in the elevated plus-maze. (I) Distance traveled in the

elevated plus-maze. (J) Elevated plus-maze apparatus and occupancy

plots. Groups: control (CO), memantine 5 mg (MN 5), memantine 10 mg

(MN 10), and memantine 20 mg (MN 20); n = 10 per group. Data are

presented as mean values ± SEM.
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FIGURE 2 | Long-term NMDAR antagonism decreases glutamate uptake

in the frontoparietal cortex and hippocampus, but does not alter

astroglial transporter immunocontent. (A) Glutamate uptake in slices of

frontoparietal cortex. (B) Immunocontent of GLAST in the frontoparietal cortex.

(C) Immunocontent of GLT-1 in the frontoparietal cortex. (D) Glutamate uptake

in slices of hippocampus. (E) Immunocontent of GLAST in the frontoparietal

cortex. (F) Immunocontent of GLT-1T in the frontoparietal cortex. Groups: CO,

memantine 5 mg (MN 5), memantine 10 mg (MN 10), and memantine 20 mg

(MN 20); n = 6 per group. Data are presented as mean values ± SEM.
∗p < 0.05 among groups.

with this phenomenon correlating with anxiety-like behavior.

By contrast, the immunocontents of the astroglial glutamate

transportersGLT-1 and GLAST werenot affected.

Long-term administration of memantine did not induce

significant changes in the spontaneous locomotion and

exploratory activity of mice in the open field test. Thesefindings

imply that neither the dose nor the regimen of memantine that

wasused in our work led to non-specific effectssuch assedation,

which can potentially impair performance in anxiety-like tasks.

This finding is in agreement with previous reports that have

demonstrated that memantine administration does not alter

locomotion or exploratory profiles(Reuset al., 2010). Conversely,

we also showed that long-term memantine administration at

dosesof 5, 10, or 20 mg/kg leadsto an anxiogenic phenotypethat

is manifested by decreased time spent in the light compartment

(light–dark box) and reduced time spent in open arms (elevated

plus-maze). Interestingly, a previous work showed that the

administration of MK801, another non-competitive NMDAR

antagonist, to rats induced an anxiety-like phenotype in the

elevated plus-maze (Solati, 2011). In contrast to MK801, high

doses of memantine (100 mg/kg) increased time spent in open

arms, implying an anxiolytic effect. However, dosesranging from

10 to 30 mg/kg decreased time spent in open arms (∼40%),

without reaching statistical significance, which suggests a

trend representative of an anxiogenic-like effect (Minkeviciene

et al., 2008). Additionally, chronic antagonism of NMDAR

with piperine18 exacerbated anxiogenic symptoms in C57BL/6

mice (Hanson et al., 2014). Indeed, it would appear that the

antagonism of NMDAR does not follow a linear dose-response

effect in termsof modulating anxiety-likebehavior.

It has also been shown that memantine plays a role

in controlling synaptic glutamate release. In fact, Lu et al.

(2010) have shown that memantine suppresses glutamate

release in cortical synaptosomes. In this study, however, we

showed that long-term administration of memantine reduces

glutamate uptake without affecting the glutamate transporters

expression, GLT-1 and GLAST, in the frontoparietal cortex and

hippocampus. Based on these findings, one could argue that

memantine-induced reduction of glutamateuptakeby astrocytes

is a direct adaptive response to the reduced release of glutamate

by neurons. This assumption reinforces a theoretical framework

in which neurons and astrocytes are capable of sensing each

other while regulating tripartite glutamatergic synapses (Wade

et al., 2013; Karus et al., 2015). However, further studies using

additional methodologies, such as immunostaining and electron

microscopy, arenecessary to better understand neuron-astrocyte

coupling in thecontext of anxiety-like phenotypes.

Interestingly, a recent work demonstrated that blockade of

GLT-1 in the central amygdala was also capable of inducing

anxiety-like behavior, which reinforces the association between
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FIGURE 3 | Anxiety-like behavior correlates with glutamate uptake.

(A) Linear correlation between time spent in light compartment during

the light/dark task and glutamate uptake in slices of frontoparietal

cortex. (B) Linear correlation between time spent in open arms and

glutamate uptake in slices of frontoparietal cortex. (C) Linear correlation

between time spent in light compartment during light/dark task and

glutamate uptake in slices of hippocampus. (D) Linear correlation

between time spent in open arms in elevated plus-maze test and

glutamate uptake in slices of hippocampus. Groups: CO, memantine

5 mg (MN 5), memantine 10 mg (MN 10), and memantine 20 mg

(MN 20); n = 24. Data presented by one animal per point.
∗p < 0.05.

astrocytic glutamate uptake activity and the development of an

anxiety phenotype (John et al., 2015). Remarkably, we were able

to show through linear correlation that decreased glutamate

uptakeactivity in thehippocampusand frontoparietal cortex was

significantly correlated with an increased anxiety-like response.

Conclusion

Long-term NMDAR antagonism by memantine induces an

anxiety phenotype that is associated with reduced glutamate

uptake activity in healthy CF-1 mice, which suggests that

interactions between neurons and astrocytes can shape anxiety-

related behavior.

Author Contributions

EZ was responsible for the design, acquisition, analysis,

interpretation, drafting, and approval of the final version of the

manuscript. VT, EK, MA, KZ, RA, and GH were responsible

for acquisition, analysis, interpretation, and approval of thefinal

version of the manuscript. AM, DS, and RV were responsible

for interpretation, drafting, critical revision, and approval of the

final version of themanuscript. LV wasresponsible for thedesign,

interpretation, drafting, critical revision, and approval of thefinal

version of themanuscript.

Acknowledgments

This work was supported by the following Brazilian agencies

and grants: National Counsel of Technological and Scientific

Development (CNPq), CAPES, FAPERGS, Brazilian Institute of

Neuroscience(IBNnet), FINEP, and National Instituteof Science

and Technology (INCT) –Excitotoxicity and Neuroprotection.

Supplementary Material

The Supplementary Material for this article can be found online

at: http://journal.frontiersin.org/article/10.3389/fncel.2015.

00219/abstract

Frontiers in Cellular Neuroscience | www.frontiersin.org 6 June 2015 | Volume 9 | Article 219



 

 

 

 

ix 

Zimmer et al. NMDAR links glutamate uptake and anxiety

References

Abramoff, M. D., Magalhaes, P. J., and Ram, S. J. (2004). Processing with ImageJ.

Biophotonics Intern. 11, 36–42.

Anderson, C. M., and Swanson, R. A. (2000). Astrocyte glutamate transport:

review of properties, regulation, and physiological functions. Glia32,1–14. doi:

10.1002/1098-1136( 200010)32:1<1::AID-GLIA10>3.0.CO;2-W

Bechtholt-Gompf, A. J., Walther, H. V., Adams, M. A., Carlezon, W. A.

Jr., Ongur, D., and Cohen, B. M. (2010). Blockade of astrocytic

glutamate uptake in rats induces signs of anhedonia and impaired spatial

memory. Neuropsychopharmacology 35, 2049–2059. doi: 10.1038/npp.

2010.74

Clement, Y., and Chapouthier, G. (1998). Biological bases of anxiety. Neurosci.

Biobehav. Rev. 22, 623–633. doi: 10.1016/S0149-7634(97)00058-4

Cortese, B. M., and Phan, K. L. (2005). Theroleof glutamate in anxiety and related

disorders. CNSSpectr. 10, 820–830.

Crawley, J., and Goodwin, F. K. (1980). Preliminary report of a simple animal

behavior model for the anxiolytic effects of benzodiazepines. Pharmacol.

Biochem. Behav. 13, 167–170. doi: 10.1016/0091-3057(80)90067-2

Danbolt, N. C. (2001). Glutamate uptake. Prog. Neurobiol. 65, 1–105. doi:

10.1016/S0301-0082(00)00067-8

Danbolt, N. C., Storm-Mathisen, J., and Kanner, B. I. (1992). An [Na+ +

K+ ]coupled L-glutamate transporter purified from rat brain is located in

glial cell processes. Neuroscience 51, 295–310. doi: 10.1016/0306-4522(92)

90316-T

Gross, C., and Hen, R. (2004). The developmental origins of anxiety. Nat. Rev.

Neurosci. 5, 545–552. doi: 10.1038/nrn1429

Hanson, J. E., Meilandt, W. J., Gogineni, A., Reynen, P., Herrington, J., Weimer,

R. M., et al. (2014). Chronic GluN2B antagonism disrupts behavior in wild-

type mice without protecting against synapse loss or memory impairment

in Alzheimer’s disease mouse models. J. Neurosci. 34, 8277–8288. doi:

10.1523/JNEUROSCI.5106-13.2014

John, C. S., Sypek, E. I., Carlezon, W. A., Cohen, B. M., Ongur, D.,

and Bechtholt, A. J. (2015). Blockade of the GLT-1 transporter in the

central nucleus of the amygdala induces both anxiety and depressive-

like symptoms. Neuropsychopharmacology 40, 1700–1708. doi: 10.1038/npp.

2015.16

Karus, C., Mondragao, M. A., Ziemens, D., and Rose, C. R. (2015). Astrocytes

restrict discharge duration and neuronal sodium loads during recurrent

network activity. Glia 63, 936–957. doi: 10.1002/glia.22793

Leasure, J. L., and Decker, L. (2009). Social isolation prevents exercise-induced

proliferation of hippocampal progenitor cells in female rats. Hippocampus 19,

907–912. doi: 10.1002/hipo.20563

Lee, Y., Son, H., Kim, G., Kim, S., Lee, D. H., Roh, G. S., et al. (2013).

Glutamine deficiency in the prefrontal cortex increases depressive-like

behaviours in malemice. J. Psychiatry Neurosci. 38, 183–191. doi: 10.1503/jpn.

120024

Lehre, K. P., and Danbolt, N. C. (1998). The number of glutamate transporter

subtype molecules at glutamatergic synapses: chemical and stereological

quantification in youngadult rat brain. J. Neurosci. 18, 8751–8757.

Lu, C. W., Lin, T. Y., and Wang, S. J. (2010). Memantine depresses glutamate

releasethrough inhibition of voltage-dependent Ca2+ entry and protein kinase

C in rat cerebral cortex nerve terminals: an NMDA receptor-independent

mechanism. Neurochem. Int. 57, 168–176. doi: 10.1016/j.neuint.2010.

05.010

Machado-Vieira, R., Ibrahim, L., Henter, I. D., and Zarate, C. A. Jr. (2012).

Novel glutamatergic agents for major depressive disorder and bipolar

disorder. Pharmacol. Biochem. Behav. 100, 678–687. doi: 10.1016/j.pbb.2011.

09.010

Machado-Vieira, R., Manji, H. K., and Zarate, C. A. (2009). The role of the

tripartite glutamatergic synapse in the pathophysiology and therapeutics

of mood disorders. Neuroscientist 15, 525–539. doi: 10.1177/10738584093

36093

Minkeviciene, R., Banerjee, P., and Tanila, H. (2008). Cognition-enhancing

and anxiolytic effects of memantine. Neuropharmacology 54, 1079–1085. doi:

10.1016/j.neuropharm.2008.02.014

Muller, A. P., Zimmer, E. R., Kalinine, E., Haas, C. B., Oses, J. P., Martimbianco

De Assis, A., et al. (2012). Physical exercise exacerbates memory deficits

induced by intracerebroventricular STZ but improves insulin regulation of

H2O2 production in mice synaptosomes. J. Alzheimers Dis. 30, 889–898. doi:

10.3233/JAD-2012-112066

Nemeroff, C. B. (2003).Theroleof GABA in thepathophysiology and treatment of

anxiety disorders. Psychopharmacol. Bull. 37, 133–146.

Nutt, D. J., and Malizia, A. L. (2001). New insights into the roleof theGABA(A)-

benzodiazepinereceptor in psychiatric disorder. Br. J. Psychiatry 179, 390–396.

doi: 10.1192/bjp.179.5.390

Pellow, S. (1986). Anxiolytic and anxiogenic drug effects in anovel test of anxiety:

are exploratory models of anxiety in rodents valid? Methods Find Exp. Clin.

Pharmacol. 8, 557–565.

Peterson, G. L. (1977). A simplification of the protein assay method of Lowry

et al. which is more generally applicable. Anal. Biochem. 83, 346–356. doi:

10.1016/0003-2697( 77)90043-4
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