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RESUMO

O hipocampo € uma das principais estruturas relacionada aos processos de
aprendizado e memoéria e também ao envelhecimento cerebral. Os astrocitos
sao células dinamicas que mantém a homeostase cerebral, regulando sistemas
de neurotransmissores, processamento da informacéo sinptica, metabolismo
energeético, liberacdo de fatores troficos, defesas antioxidantes e resposta
inflamatodria. Considerando a relevancia dessa estrutura cerebral e também a
fundamental importancia dos astrocitos para manutencdo das condicdes
fisiolégicas do sistema nervoso central, nesse trabalho ndés aprimoramos o
estudo de um modelo de cultura de astrécitos hipocampais de ratos Wistar
adultos (90 dias) e envelhecidos (180 dias), previamente padronizado pelo
grupo. Observamos aqui a alteracdo da expressao dos principais marcadores
gliais, em funcdo da idade: proteina glial fibrilar &cida (GFAP), vimentina,
transportadores de glutamato (GLAST e GLT-1) e enzima glutamina sintetase
(GS). Além disso, também observamos alteracfes na liberacdo de GDNF,
BDNF, S100B e TGF-B dependente da idade. Esses astrocitos ainda
apresentaram parametros de estresse oxidativo/nitrosativo aumentados com o
envelhecimento cerebral com simultanea disfungdo mitocondrial e da enzima
NADPH oxidase (NOX). Ainda em relacdo a homeostase redox, foram
observadas disfuncdes nas enzimas superoxido dismutase (SOD), catalase
(CAT), glutationa peroxidase (GPx) e glutationa (GSH) em funcéo da idade. Os
astrocitos maduros também desencadearam uma resposta inflamatoria distinta
dos astrocitos de animais neonatos com aumento dos niveis de citocinas
proinflamatérias como TNF-a, IL-1B, IL-6, IL-18 e MCP-1. Os principais
mecanismos associados a alteracdes gliais em funcdo da idade em cultura de
astrocitos hipocampais envolve as vias de sinalizacdo NFkB, p38, Nrf-2 e HO-
1. Essas vias de sinalizacdo estdo relacionadas a homeostase redox e
resposta inflamatéria. Esses resultados reforcam o papel dos astricitos
hipocampais como alvo para o entendimento dos mecanismos envolvendo o

envelhecimento cerebral bem como desordens neuroldgicas relacionadas a ele.



ABSTRACT

The hippocampus is one of the structures more closely related to behavior,
neurochemical and cellular alterations during aging. Astrocytes are dynamic
cells that maintain brain homeostasis by regulating neurotransmitter systems,
synaptic information processing, energy metabolism, release of trophic factors,
antioxidant defense and inflammatory response. Considering the importance of
this brain structure and also the astrocyte importance for maintenance
physiological conditions of the central nervous system, in this work we have
improved the study of hippocampal astrocytes culture model of adult Wistar rats
(90 days) and aged (180 days), previously standardized by the group. Here we
see the age-dependent changes of expression of the major glial markers: glial
fibrillary acidic protein (GFAP), vimentin, glutamate transporters (GLAST and
GLT-1) and glutamine synthetase (GS).The GDNF, BDNF, S100B protein and
TGF-B also changed their release with age. Astrocytes showed an age-
dependent increase in oxidative/nitrosative stress with significant mitochondrial
and NADPH oxidase (NOX) dysfunction. Furthermore, alterations related to age
in superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx)
activities and glutathione (GSH) levels contribute to impaired redox state.
Astrocytes also displayed age-dependent inflammatory response with augment
of proinflammatory cytokine levels such as TNF-a, IL-1B, IL-6, IL-18 and
chemokine MCP-1. The putative mechanisms associated to age-dependent
changes in glial functionality in hippocampal astrocyte cultures involve NFkB,
p38, Nrf-2 and HO-1 pathways. These signaling pathways are critical to
interconnect redox homeostasis and inflammatory response. These results
reinforce the role of hippocampal astrocytes as target for understanding
mechanisms involved in aging and age-related neurological disorders.
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Factor)

BSC: Barreira Sangue-Cérebro
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INTRODUGCAO

1 — SISTEMA NERVOSO CENTRAL — Anatomia

O sistema nervoso central (SNC) é formado por duas grandes regides:
encéfalo e a medula espinhal. O encéfalo, por sua vez, é subdividido em tronco
cerebral (bulbo, ponte e mesencéfalo), cerebelo, diencéfalo e hemisférios
cerebrais. Além disso, devido a sua fragilidade e importancia, o encéfalo é
protegido pelos o0ssos cranianos, pelas meninges e pelo liquido

cerebroespinhal (Raine 2006; Machado 2013).

1.1- HEMISFERIOS CEREBRAIS
Os hemisférios cerebrais possuem quatro componentes maiores, que

juntos participam do que ha de mais refinado no comportamento humano.

1.1.1 - CORTEX
E essencial para o comportamento motor, percepcdo do tato, dor,
propriocepcao, percepcdes sensoriais provenientes da pele, muasculos e

articulagdes e percepcao visual (Purves 2004).

1.1.2 - AMIGDALA
Esta estrutura esta relacionada ndo apenas com emocgdes, mas também
com a coordenacdo de respostas corporais a situacbes estressantes ou

ameacadoras (Machado 2013).



1.1.3 — NUCLEOS DA BASE
Participam de diversas fungbes em cooperacdo com o cortex cerebral,
estando intimamente ligado ao controle de movimentos, emocgdes e cognigcao

(Raine 2006; Machado 2013);

1.1.4 - HIPOCAMPO

Estrutura que foi primeiramente identificada por Giulio Cesare Aranzi
(Gross 1998) é, filogeneticamente, uma das mais antigas areas cerebrais e
estd localizada na regido temporal medial do cérebro. O seu papel nos
processos de aprendizado e memoria vem sendo elucidado ao longo dos anos
por diversos pesquisadores. Inicialmente, alguns autores observaram uma
perda de memadria em roedores e humanos, apoés lesdo limitada ao hipocampo,
evidenciada quando os mesmos foram submetidos a tarefas que exigissem
aptiddes de memoria e aprendizado (Scoville & Milner 1957; Olton & Papas
1979; Eichenbaum et al. 1989). Além disso, mais recentemente, Panegyres e
Raine demonstram que o0 hipocampo é uma estrutura crucial para o
armazenamento e a recuperacao de certos tipos de informacdes, além de ser
uma estrutura chave em processos relacionados a fisiopatologia de desordens
neurodegenerativas (Panegyres 2004; Raine 2006).

Esta estrutura, juntamente com a amigdala e diencéfalo, faz parte do
sistema limbico, que desempenha um papel-chave na conduta humana, sendo
esse sistema frequentemente associado a disfun¢des psiquiatricas (Machado
2013). Muitas evidéncias apontam que esta estrutura também desempenha um
papel critico na memoria declarativa, ou seja, em nossa capacidade de

recordar fatos e eventos cotidianos. Estudos sugerem que o processamento da



memoéria, mediado pelo sistema hipocampal, comeca durante a aprendizagem
e continua contribuindo para a consolidacdo de memoérias por um periodo de
tempo prolongado (Kroes & Fernandez 2012). Em concordancia com
experimentos realizados em animais, estudos em humanos, que apresentavam
problemas de memodria ja diagnosticados, permitiram, através de técnicas de
ressonancia magnética, a observacao visual de anormalidade hipocampal, uma
vez que esta estrutura mostrou-se significantemente diminuida e atrofiada
(Squire et al. 1990).

Além disso, o hipocampo também esta envolvido na génese de
distarbios convulsivos em humanos e roedores. Quaisquer elevacbes nos
niveis basais de atividade nesta estrutura disparam centenas de mudancas que
alteram expressdo de fatores de transcricdo, de proteinas e receptores nas
células e nos circuitos hipocampais (Morimoto et al. 2004).

Devido a sua importante funcionalidade, pelo fato de ser uma regiao
altamente reativa a uma variedade de tratamentos e ser uma das estruturas
mais relacionadas com alteracfes eletrofisioldgicas, estruturais e morfoldgicas
durante o envelhecimento, o hipocampo tem recebido crescente interesse de

pesquisadores (Cerbai et al. 2012).

2 — SISTEMA NERVOSO CENTRAL — Tipos celulares

O parénquima do SNC é formado por células nervosas e suas extensdes
aferentes e eferentes, dendritos e axonios, todos estritamente envoltos pela
neuroglia. A neuroglia, por sua vez, € composta por um grande e heterogéneo

namero de células e tem como fundamental funcdo a manutencdo da



homeostasia do SNC e como componente majoritario o astrdcito (Raine 2006;

Kettenmann & Verkhratsky 2008).

2.1 — OS ASTROCITOS

Os astrécitos, células gliais que representam aproximadamente 50% do
namero total de células do SNC, tém a maior diversidade funcional do cérebro,
além de uma capacidade dindmica de alterar seu fend6tipo no decorrer da vida
(Shao & McCarthy 1994). Os astroécitos séo divididos em dois grandes subtipos,
de acordo com suas diferencas morfolégicas e localizacdo anatbmica: (a)
protoplasméticos, os mais abundantes, s&o encontrados na substancia
cinzenta, exibindo muitas ramificacdes com uma distribuicdo globoide e (b)
fibrosos, que sdo encontrados ao longo de toda substancia branca e
morfologicamente, apresentam menos ramificacdes e extensdes cilindricas,
longas e finas (Sofroniew & Vinters 2010). Inicialmente acreditava-se que 0s
astrocitos eram meros auxiliares da atividade neuronal (Kettenmann &
Verkhratsky 2008), porém, ao longo dos anos tornou-se claro que essas
versateis células gliais sdo responsaveis por uma variedade de funcbes
complexas e essenciais ao SNC (Nedergaard et al. 2003; Maragakis &
Rothstein 2006; Wang & Bordey 2008).

Os astrécitos sdo reguladores multifuncionais do acoplamento
neurometabolico. Localizados em uma posi¢ao chave, na qual seus processos
se mantém em contato tanto com 0s vasos sanguineos quanto com o0sS
neurdnios, eles sédo capazes de captar substratos energéticos do sangue e com
isso fornecer energia para manutencdo da atividade neuronal (Stobart &

Anderson 2013). Em periodos curtos de hipoglicemia ou de demanda



energética tecidual aumentada, os granulos de glicogénio armazenados nos
astrocitos sdo capazes de dar o aporte energético necessario para a atividade
cerebral adequada (Brown & Ransom 2007). Devido a esse permanente
contato e as mudltiplas interagbes bidirecionais dos astrocitos com 0s vasos
sanguineos, eles também séo capazes de controlar o fluxo de sangue do SNC
através da producéo e liberacdo de moléculas vasoativas (Gordon et al. 2007).
Essas células ainda podem ser mediadoras locais primarias do fluxo sanguineo
do SNC em resposta a alteracdes na atividade neuronal (Koehler et al. 2009).

Evidéncias consistentes demonstraram ainda que a interagcao neurdnio-
glia é essencial para a plasticidade sinaptica (Ullian et al. 2001; Clarke & Barres
2013), com o astrécito sendo primordial na liberacéo e regulacdo de moléculas
de sinalizacdo que, além de serem particularmente importantes na modulagéo
da plasticidade sinaptica, também afetam os processos de aprendizagem e de
formacdo da memoaria (Fields & Stevens-Graham 2002; Allen & Barres 2005).
Estes compostos incluem o glutamato, o ATP, citocinas, e varias outras
moléculas de sinalizacdo como a D-serina, a adenosina, e o lactato (Halassa &
Haydon 2007; Theodosis et al. 2008). Como astrocitos sdo, em parte,
responsaveis por regular a formacdo de sinapses e também modular a sua
atividade, ha uma forte possibilidade de que essas células exercam um papel
essencial na memodria e na aprendizagem, processos caracteristicamente
hipocampais (Ota et al. 2013).

Os astrécitos ainda desempenham um papel fundamental na formacgéao e
manutencdo da barreira sangue-cérebro (BSC) e consequentemente, na
modulagdo da resposta imune inflamatéria (a seguir). Eles regulam o

movimento de eletrélitos, de xenobidticos e a também a passagem de células

10



do sistema imune entre a circulagéo sistémica e o parénquima do SNC, a fim
de manter um ambiente adequado para a funcdo neuronal. Além disso,
previnem a formacao de lesbes adicionais durante patologias como acidentes
vasculares cerebrais, trauma e isquemia (Zhang & Pardridge 2001; Cabezas et
al. 2014).

Estas células gliais também liberam fatores troficos, tais como GDNF (do
inglés glial cell line-derived neurotrophic factor) e BDNF (do inglés brain-derived
neurotrophic factor) que s&o capazes de controlar o desenvolvimento,
sobrevivéncia, diferenciagcédo e plasticidade das funcdes cerebrais ao longo da
vida (Tapia-Arancibia et al. 2008; Patterson 2015). A proteina S100B também é
produzida e liberada primariamente pelos astrécitos, e seus efeitos paracrinos
e autécrinos sobre neurénios e glia sdo dependentes dos seus niveis no SNC.
Em baixas concentracbes (nanomolar) atua como um fator neurotréfico
estimulando o crescimento de neuritos e a captacdo de glutamato astrocitaria
para proteger neurdnios contra a excitotoxicidade glutamatérgica (Adami et al.
2001; Tramontina et al. 2006b). Ja elevadas concentracdes (micromolar) de
S100B, séo observadas no cérebro maduro e podem produzir efeitos deletérios
para o SNC, aumentando a producao de espécies reativas de oxigénio (ERO’s)
e também a resposta inflamatéria (Mrak & Griffinbc 2001; Donato et al. 2009).
Além disso, os astrdcitos também sao responsaveis pela liberacdo de TGF-B
(do inglés transforming growth factor ), uma molécula com papel crucial na
comunicacao intercelular, embriogénese, morfogénese, resposta imune e
apoptose em uma variedade de células do SNC (Heinemann et al. 2012).

Outra funcao atribuida a essas versateis células € a de promover a

manutencdo do pH e homeostase ionica no SNC. Os astrocitos tamponam as

11



concentracbes extracelulares de potdssio que se acumulam com a atividade
neural, pois eles expressam canais de potassio nas sinapses e N0S Processos
terminais ao redor dos capilares (Wang & Bordey 2008). Esta atividade é de
extrema importancia para o equilibrio eletroquimico dos neurénios, visto que
altas concentracbes de potadssio no meio extracelular resultam em

despolarizacdo neuronal, hiperexcitabilidade e convulsdes.

2.2 — MARCADORES ASTROCITARIOS

2.2.1- PROTEINAS DE CITOESQUELETO

O citoplasma das células animais é composto por proteinas de
microfilamentos (actina), de microtubulos (tubulina) e de filamentos
intermediarios (Fl). Ao contrério das outras duas classes de proteinas citadas
anteriormente, as proteinas de Fl sdo diferentemente expressas de acordo o
tipo e grau de diferenciacdo do tecido as quais se encontram, sugerindo a
possivel existéncia de funcdes especificas para cada uma delas. As duas
principais proteinas de Fl de astrécitos sao a proteina glial fibrilar acida (GFAP)
e vimentina (Pekny 2001; Bramanti et al. 2010). No inicio do desenvolvimento
cerebral, os astrécitos imaturos expressam principalmente vimentina que,
progressivamente, vai sendo substituida por GFAP, com o amadurecimento
astrocitario (Bramanti et al. 2010). Cabe ressaltar que a GFAP tem sido
amplamente reconhecida como um marcador de diferenciacdo de astrocitos,
constituindo a principal proteina de filamentos intermediarios em astrocitos

maduros (Bramanti et al. 2010).
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2.2.2 — TRANSPORTADORES DE GLUTAMATO

Como dito anteriormente, os astrocitos desempenham um papel-chave
na regulacdo da transmissdo sinaptica. Em particular, eles controlam
indiretamente a transmissdo de glutamato através da captacdo eficiente e
especifica deste neurotransmissor excitatorio, sendo capazes de captar até
90% do glutamato liberado na fenda sinaptica (Anderson & Swanson 2000;
Schousboe et al. 2013). A captacdo de glutamato envolve uma variedade de
transportadores de membrana especificos deste aminoacido, sendo que
GLAST e GLT-1 sao os principais transportadores de glutamato do SNC e
exclusivamente expressos em astrocitos (Danbolt 2001). Em se tratando do
cérebro adulto, GLT-1 demonstrou ser o maior responsavel pela remocéo de
glutamato da fenda sinéptica, evitando assim o dano neuronal devido a elevada

atividade excitatoria deste neurotransmissor (Huang & Bergles 2004).

2.2.3 — GLUTAMINA SINTETASE

O glutamato, apds ser captado pelos seus transportadores astrocitarios,
podera ser convertido a glutamina pela enzima glutamina sintetase (GS). Essa
enzima, exclusivamente astrocitaria no SNC (Norenberg & Martinez-Hernandez
1979), proporciona a essas células gliais uma importante via de comunicacao
com os neurbnios, através do ciclo glutamato-glutamina. A glutamina gerada
nos astrocitos por essa enzima € lancada de volta para terminais pré-sinapticos
para ser utilizada na sintese de novo do neurotransmissor glutamato nos
neurénios (Schousboe et al. 2013). Van Gassen e colaboradores
demonstraram a fundamental importancia dessa enzima na depuracdo do

glutamato, uma vez que animais knockout heterozigotos para GS apresentaram

13



elevado numero de crises convulsivas, enquanto que a total auséncia dessa

enzima demonstrou ndo ser compativel com a vida (van Gassen et al. 2009).

3 — ESTRESSE OXIDATIVO E DEFESAS ANTIOXIDANTES

O cérebro possui um grande potencial oxidativo devido ao fato de ser um
tecido altamente consumidor de oxigénio, sendo assim, in vivo, constantemente
estdo sendo produzidas espécies reativas de oxigénio (ERO’s), contudo, em
condicdes normais, existe um equilibrio entre oxidantes e antioxidantes
(Halliwell 2007). A maior parte das ERO’s produzidas pelas células resulta de
um desvio de elétrons das suas fungdes fisiolégicas em locais especificos no
interior da célula. Estes locais incluem: a cadeia respiratéria mitocondrial, a
enzima NADPH oxidase (NOX), a enzima xantina-oxidase e, em menor grau, 0O
metabolismo do &cido araquidbnico e auto-oxidacdo de catecolaminas ou
hemoproteinas (Calabrese et al. 2004; Nayernia et al. 2014). Quando a taxa de
geracdo de ERO’s excede a capacidade de defesas antioxidantes, fato comum
em se tratando de envelhecimento cerebral, se instala o estresse oxidativo, e
esse quadro segue causando extensos danos ao DNA, proteinas e lipidios
(Calabrese et al. 2004). Quando os niveis de ERO’s excede a capacidade de
detoxificacdo celular e mitocondrial pode haver a abertura de poros de
permeabilidade mitocondrial transitérios permitindo a livre difusdo de moléculas
de baixo peso molecular entre o citosol e a matriz mitocondrial. Isso resulta em
colapso do gradiente eletroquimico transmembrana, perda de solutos da
matriz, liberacdo de fatores de iniciacdo de apoptose, além de outros fatores

gue juntos iniciardo a morte celular programada (Emerit et al. 2004).

14



No entanto, os sistemas de defesa antioxidantes, subdividos em
enzimatico e ndo-enzimatico servem para controlar o aumento da geracao de
ERO’s. Em relacdo a defesa antioxidante ndo enzimética cabe enfatizar o
papel da glutationa (GSH), um tripeptideo formado por glicina, glutamato e
cisteina que exerce seu efeito antioxidante reagindo diretamente com ERO’s,
ou sofrendo oxidacdo pela acdo da enzima glutationa peroxidase (Dringen
2000; Pope et al. 2008). No que se refere a defesa antioxidante enzimatica, as
principais enzimas presentes nos astrécitos sdo: (a) superoxido dismutase
(SOD), capaz de dismutar o radical superoxido a peroxido de hidrogénio, (b)
catalase (CAT) que detoxifica o peroxido de hidrogénio a oxigénio e agua (c),
glutationa peroxidase (GPx), que tem sua acéo inativando peréxidos organicos
e € de extrema importancia na diminuigdo dos niveis de GSH que é a principal
defesa antioxidante ndo enzimatica do SNC.

Outra enzima envolvida na resposta ao estresse oxidativo é a heme-
oxigenase, mais especificamente sua isoforma induzivel, 1 (HO1). Em resposta
a um dano oxidativo, a inducdo de HO1 pode proteger as células através da
catalise de metaloporfirinas, que sdo moléculas pré-oxidantes, tais como o
grupamento heme, convertendo-as em pigmentos biliares, biliverdina e
bilirrubina, ambos com potencial antioxidante (Quincozes-Santos et al. 2014). O
hipocampo torna-se um importante alvo de estudo para essa proteina uma vez
que os niveis de HO1 encontrados nessa estrutura cerebral (e no cerebelo) sao
fisiologicamente elevados quando comparados com 0s baixos, e muitas vezes
indetectaveis, niveis da proteina encontrados no restante do encéfalo
(Calabrese et al. 2002; Scapagnini et al. 2002). O estresse oxidativo também

tem sido demonstrado como um estimulo capaz de aumentar a expressao e a
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ligacdo ao DNA de inumeros fatores de transcricdo relacionados a resposta
oxidativa, como o fator nuclear eritrGide derivado-2 (Nrf2), que tem se
demonstrado potencializador da expressao de HO1 (Wakabayashi et al. 2010).
A proteina HO1 também é capaz de modular, através dos seus produtos de
catalise e da inibicdo da enzima Oxido nitrico sintase, a translocac¢édo do fator
nuclear kappa beta (NFkB). Além disso, para que haja a translocacdo do NFkB
para o nucleo h4 a necessidade da ativagdo da via p38 da proteina cinase

ativada por mitébgenos (MAPK) (Patterson 2015).

4 — RESPOSTA IMUNE INFLAMATORIA

Inflamacao e estresse oxidativo s&o dois fatores que estdo intimamente
relacionados e os astrdcitos sdo células-chave em ambos o0s processos. Ha
uma sobreposicdo das vias de sinalizagdo que medeiam as cascatas de
eventos intracelulares, visto que a liberacdo de mediadores inflamatoérios esta
associada a fatores de transcricdo, como Nrf2 e NFkB, que, como mencionado
anteriormente também s&o reguladores do estado redox. A inflamag¢@o no SNC
€ um fator conhecido na patogénese de diversas doencas neurodegenerativas
e psiquiatricas, e ao mesmo tempo € um evento que ocorre naturalmente com
o envelhecimento cerebral (Sparkman & Johnson 2008; Frank-Cannon et al.
2009; Jensen et al. 2013). O primeiro papel do astrécito na resposta imune,
como falado anteriormente, é sua contribuicdo para a BSC vetando a
passagem de moléculas grandes e polares, como anticorpos e o sistema
complemento, da corrente sanguinea para 0 parénquima cerebral. Em

condicdbes normais, o SNC & fortemente anti-inflamatorio estando

principalmente sob a influéncia da interleucina - 10 (IL-10) e do TGF-B (Jensen
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et al. 2013); citocinas pro-inflamatdrias sdo expressas apenas em niveis
basais, que sdo requeridos para o correto funcionamento cerebral,
principalmente no que se refere a mecanismos moleculares e celulares
responsaveis pelos processos de aprendizado e memodria (McAfoose et al.
2009; Santello et al. 2011). Durante o processo inflamatorio os astrocitos
liberam uma gama de citocinas e quimiocinas pré-inflamatérias com o objetivo
de atrair leucocitos e aumentar sua proliferacdo no local da inflamacéo. Dentre
as principais citocinas pro-inflamatorias liberadas pelos astrdcitos estdo: TNF-a
(do inglés “tumor necrosis factor a”), interleucina - 18 (IL-1pB), interleucina - 6
(IL-6) e interleucina - 18 (IL-18) (Jensen et al. 2013). Quando secretadas por
astrocitos, elas estimulam a liberacdo de enzimas proteoliticas e
prostaglandinas, a producéo de mais ERO’s e também a sintese e liberacdo de
citocinas secunddarias que vao recrutar novas células gliais (astrocitos e

microglia) de modo a exacerbar a resposta inflamatéria (Cannon 2000).

5 - ENVELHECIMENTO E SNC

Como dito anteriormente, estresse oxidativo e resposta inflamatoria
estdo relacionados ndo s6 entre si, mas também com a idade, tendo em vista
seus niveis aumentados com o envelhecimento cerebral normal. Com esse
desbalanco no equilibrio cerebral, funcdes basicas dos astrocitos ficam
comprometidas, afetando, portanto, toda a homeostase do SNC. O estudo de
modelos de envelhecimento se torna de suma importancia devido ao aumento
da expectativa de vida populacional, um fendmeno mundial com significativa
alteracdo na sociedade, e que tem como consequéncia uma maior incidéncia

de doencas cerebrais, chegando a afetar um bilhdo de pessoas em todo o
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mundo (Hoppitt et al. 2011; Jeon et al. 2011). Ao contrario do que se acreditou
por muito tempo, estudos realizados nos ultimos 30 anos fornecem evidéncias
convincentes de que o envelhecimento ndo é um processo deterministico e
irreversivel, mas sim um processo plastico, potencialmente passivel a
manipulacdo por meios disponiveis no campo da ciéncia (Libert & Pletcher
2007; Kenyon 2010; Jeong et al. 2012). A maleabilidade do processo de
envelhecimento levanta a possibilidade excitante de explorar meios de retardar
ou até mesmo reverter o processo de envelhecimento e rejuvenescer sistemas
fisiologicos.

Essencialmente, o envelhecimento pode ser considerado como um
evento sistémico, uma vez que nado ocorre de maneira isolada e direcionada,
alterando funcionalmente tecidos em todo o corpo e com diferentes niveis de
resisténcia e sensibilidade (Rando 2006; Lopez-Otin et al. 2013). Nesse
sentido, evidéncias sugerem que o SNC é particularmente vulneravel aos
efeitos do envelhecimento (Mattson & Magnus 2006), demonstrando uma perda
gradual da capacidade de adaptacao fisica e funcional a novas experiéncias
advindas da idade (Mahncke et al. 2006). Por conseguinte, o envelhecimento
no SNC resulta na diminuicdo da capacidade regenerativa (Rando 2006) e na
manutencao deficiente das func¢des sinpticas e cognitivas (Morrison & Baxter
2012). Esta influéncia prejudicial do envelhecimento no SNC é particularmente

preocupante quando se considera o seu papel na homeostase global.

6 — CULTURA DE ASTROCITOS
Devido ao fato de que os astricitos sdo responsaveis pelas inimeras e

distintas func¢des ja citadas, a cultura dessas células gliais € amplamente
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utiizada para caracterizar propriedades bioquimicas, farmacologicas e
morfologicas do SNC (Pertusa et al. 2007; Skytt et al. 2010). Culturas gliais
também sdo adequadas para o estudo de novos tratamentos com compostos
que atuam sobre os receptores de glutamato astrocitarios (Gallo & Russell
1995; Cauley et al. 1997) ou que induzam vias neuroprotetoras em astrécitos
(Girardi et al. 2004). Muito do conhecimento sobre a funcionalidade astrocitaria
foi descoberto com a utilizacdo de cultura de células de animais neonatos,
porém, as disfun¢gBes anteriormente citadas afetam o cérebro adulto. Como
caracteristica do cérebro em maturagdo, animais neonatos apresentam células
neurais com maior capacidade plastica e menor grau de diferenciacdo que
animais adultos, dessa forma, quando submetidas a estimulos podem
responder de forma menos fidedigna do que o tecido maduro em se tratando
do estudo de patologias que acometem o cérebro adulto (Skytt et al. 2010).
Desta forma, a utilizacdo de cultura de astrocitos de ratos adultos pode
possibilitar o melhor entendimento das bases fisiopatoldégicas das doencas
cerebrais relacionadas ao envelhecimento jA que estas culturas apresentam
diferenciacdo celular e conexdes melhor estabelecidas quando comparada a

cultura de animais neonatos (Souza et al. 2013; Bellaver et al. 2014).
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7 — OBJETIVOS

7.1 — OBJETIVO GERAL

Avaliar alteracdes relacionadas ao envelhecimento cerebral em
pardmetros glutamatérgicos, oxidativos e inflamatorios, bem como as vias de
sinalizacdo envolvidas, em culturas de astrocitos hipocampais de ratos Wistar.

7.2— OBJETIVOS ESPECIFICOS

Os objetivos especificos deste estudo foram desenvolvidos comparando
culturas de trés diferentes idades, neonatos, adultos (90 dias) e envelhecidos
(180 dias):

e Observar alteragdes no citoesqueleto astrocitario através da
avaliacdo de GFAP e vimentina;

e Avaliar alteragbes de proteinas relacionadas ao metabolismo
glutamatérgico: GLAST, GLT-1 e GS;

e Determinar variacdes na liberacdo dos seguintes fatores tréficos:
GDNF, BDNF, S100B e TGF-B;

e Avaliar parametros de estresse oxidativo: producdo de ERO’s,
potencial de membrana mitocondrial, geracao de nitritos, radical superoxido e
atividade da NOX;

e Analisar alteracdes nas defesas antioxidantes: SOD, CAT, GPx e
GSH,;

e Avaliar a resposta inflamatéria através da determinacdo de
citocinas e quimiocinas liberadas por astrocitos: TNF-a, IL-183, IL-6, IL-10,IL-18
e MCP-1;

e Determinar mecanismos celulares relacionados ao estresse

oxidativo e resposta inflamatoria: Nrf-2, HO1, NFkB e p38 MAPK.
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Abstract

Astrocytes are dynamic cells that maintain brain homeostasis, regulating
neurotransmitter systems, synaptic information processing, energy metabolism,
antioxidant defenses and inflammatory response. Additionally, these cells
secrete neurotrophic factors, including glia-derived neurotrophic factor (GDNF),
brain-derived neurotrophic factor (BDNF), S100B protein and transforming
growth factor-B (TGF- B). In line with this, aging is closely associated with
changes in glial functionality. Thus, this study introduces a routine protocol for
hippocampal primary astrocyte cultures from newborn (NB), adult (AD) and
aged (AG) Wistar rats as tool for aging studies. Although behavior alterations
were not observed between AD and AG rats, significant age-dependent
changes in glial responses were found. Classical cytoskeleton proteins such as
glial fibrillary acidic protein (GFAP) and vimentin as well as glutamate
transporters and glutamine synthetase (GS) were detected and changed their
expressions with age. The GDNF, BDNF, S100B protein and TGF-B also
changed in an age dependent manner. Astrocytes showed an age-dependent
increase in oxidative/nitrosative stress with significant mitochondrial and
NADPH oxidase (NOX) dysfunction. Furthermore, alterations related to age in
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx)
activities and glutathione (GSH) levels contribute to impaired redox state.
Astrocytes also displayed age-dependent inflammatory response with augment
of proinflammatory cytokine levels such as TNF-a, IL-1B, IL-6, IL-18 and
chemokine MCP-1. The putative mechanisms associated to age-dependent
changes in glial functionality in hippocampal astrocyte cultures involve NFkB,

p38, Nrf-2 and HO-1 pathways. These signaling pathways are critical to
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interconnect redox homeostasis and inflammatory response. These results
reinforce the role of hippocampal astrocytes as target for understanding

mechanisms involved in aging and age-related neurological disorders.
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1. Introduction

Astrocytes are the most abundant glial cells in the mammalian central
nervous system (CNS) and they have many critical functions in the
physiological and pathological conditions of the brain (Belanger et al., 2011,
Maragakis and Rothstein, 2006; Parpura et al., 2012). Astrocytes are dynamic
cells that maintain brain homeostasis, regulating neural survival and
development (Fuente-Martin et al., 2012; Hartline, 2011; Rodriguez-Arellano et
al., 2015). In line with this, the pathophysiological function of astrocytes has
become a primary focus in the investigation of numerous diseases, including
age-related neurological disorders such as stroke, Alzheimer’s and Parkinson’s
diseases (Rodriguez-Arellano et al., 2015).

Astrocytes regulate neurotransmitter systems, synaptic information
processing (as part of the tripartite synapse), ionic homeostasis, development
and maintenance of the blood-brain barrier, brain cholesterol levels, energy
metabolism, antioxidant defenses and inflammatory response (Farina et al.,
2007; Kettenmann and Verkhratsky, 2008; Maragakis and Rothstein, 2006;
Ransom and Ransom, 2012; Wang and Bordey, 2008). They produce and
release glutathione (GSH), the main antioxidant of the brain, and enzymatic
antioxidant defenses, like superoxide dismutase (SOD), which in turn support
neuronal activity (Halliwell, 2001; Hertz and Zielke, 2004; Pope et al., 2008).
Additionally, these cells release anti- and proinflammatory cytokines in
regenerative or protective processes and secrete an enormous array of
neurotrophic factors, including glia-derived neurotrophic factor (GDNF), brain-

derived neurotrophic factor (BDNF), S100B protein and transforming growth
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factor-B (TGF- B) (Donato, 2003; Maragakis and Rothstein, 2006; Markiewicz
and Lukomska, 2006).

Although astrocytes have an essential role for brain functionality, it is
known that they decrease their neuroprotective capacity during aging, thereby
playing critical roles in age-related neurological disorders (Alarcon-Aguilar et al.,
2014; Jiang and Cadenas, 2014; Rodriguez-Arellano et al., 2015). Aging, in
essence, is the main risk factor for neurodegenerative diseases, being
accompanied by changes in glial functions, such as redox homeostasis and
inflammatory response (Jiang and Cadenas, 2014; Miller and O'Callaghan,
2005). Astrocytes are key cells in both events, since they sense and amplify
inflammatory signals from microglia and/or initiate inflammatory mediators
release that are closely associated to transcriptional factors, such as nuclear
factor erythroid-derived 2-like 2 (Nrf-2) and nuclear factor kappa B (NFkB),
which are the master regulators of redox state (Farina et al., 2007; Gloire et al.,
2006; Gorina et al.,, 2011; Vargas and Johnson, 2009). In this sense, Nrf-2
controls the biosynthesis of antioxidant systems like GSH and heme oxygenase
1 (HO-1) and also regulates the transcriptional activity of NFkB, which stimulate
proinflammatory cytokines release and oxidative/nitrosative species production
(Vargas and Johnson, 2009; Wakabayashi et al., 2010). Furthermore, the NFkB
translocation into the nucleus requires activation of p38 mitogen-activated
protein kinase (MAPK) signaling pathway (Gorina et al., 2011).

The association between oxidative stress, inflammation and aging is
based on complex molecular and cellular changes that have only just begun to
understand (Chung et al., 2001; Jiang and Cadenas, 2014; Rodriguez-Arellano

et al., 2015). The hippocampus is one of the structures more closely related to
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behavior, neurochemical and cellular alterations during aging (Miller and
O'Callaghan, 2005). The present report shows that the comparison between
adult (90 days old) and aged (180 days old) Wistar rats in control conditions did
not present behavior alterations, although the hippocampal primary astrocytes
from these animals exhibited significant age-dependent glial responses,
indicating that changes in glial activity contribute to aging. Classical
cytoskeleton proteins such as glial fibrillary acidic protein (GFAP), vimentin and
actin as well as glutamate transporters and glutamine synthetase (GS) changed
their expressions with age. This study also assessed the age-dependent
neurotrophic factors secretion, redox homeostasis and inflammatory response.
The results suggest age-dependent changes in glial functionality in

hippocampal astrocyte cultures through NFkB, p38, Nrf-2 and HO-1 pathways.

2. Materials and Methods

2.1. Reagents

DNase, 2’-7’-dichorofluorescein diacetate (DCFH-DA), propidium iodide,
y-glutamylhydroxamate, GSH standard, o-phthaldialdehyde, NADP/NADPH,
lucigenin, superoxide anion assay kit, anti-GS and anti-vimentin, anti-B-tubulin
lll, peroxidase-conjugated anti-rabbit immunoglobulin (IgG) and p38 MAPK
ELISA kit were obtained from Sigma-Aldrich (St. Louis, MO, USA). JC-1,
monoclonal anti-CD11 and ELISA kits for NFkB p65 and MCP-1, Dulbecco’s
Modified Eagle’s Medium/F12 (DMEM/F12) and other materials for cell cultures

were purchased from Gibco/Invitrogen (Carlsbad, CA, USA). Polyclonal anti-
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GFAP was purchased from Dako (Carpinteria, CA, USA). Monoclonal anti-
GAPDH, anti-NeuN and 4’,6’-diamino-2-phenylindole (DAPI) were purchased
from Millipore (Billerica, MA, USA). Anti-GLAST and anti-GLT-1 were obtained
from Alpha Diagnostic (San Antonio, TX, USA). Anti-HO1 antibody was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Nrf-2 ELISA
kit were purchase from Cayman Chemical (Ann Arbor, MI, USA). Alexa Fluor®
488 (Amax = 493; Emax = 519) or 594 (Amax =591; Enax = 614)-conjugated
AffiniPure antibodies were purchase from Jackson ImmunoResearch (West
Grove, PA, USA). Nitrocellulose = membranes, and enhanced
chemiluminescence kits were purchased from Amersham (Buckinghamshire,
UK). GDNF and BDNF ELISA kits were purchased from Promega (Madison, WI,
USA). S100B and TGF-B ELISA kits were purchased from R&D Systems
(Minneapolis, MN, USA). RANSOD and RANSEL were purchased from Randox
(Autrim, UK). ELISA kit for TNF-a was purchased from PeproTech (Rocky Hill,
NJ, USA). ELISA kits for interleukins were purchase from eBioscience (San
Diego, CA, USA). All other chemicals were purchased from common

commercial suppliers.

2.2. Animals

Male Wistar rats (1, 90 and 180 days old) were obtained from our
breeding colony (Department of Biochemistry, UFRGS, Porto Alegre, Brazil),
maintained under controlled environment (12 h light/12 h dark cycle; 22 + 1 °C;
ad libitum access to food and water). All animal experiments were performed in

accordance with the National Institute of Health (NIH) Guide for the Care and
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Use of Laboratory Animals and Brazilian Society for Neuroscience and Behavior
recommendations for animal care. The experimental protocols were approved
by the Federal University of Rio Grande do Sul Animal Care and Use

Committee (process number 21215).

2.3. Cognitive evaluation

Wistar rats from 90 and 180 days old were submitted to training in the
Morris water maze. The apparatus consisted of a circular pool (180 cm
diameter, 60 cm high) filled with water (depth 30 cm; 24 + 1 °C), placed in a
room with consistently located spatial cues. An escape platform (10 cm
diameter) was placed in the middle of one of the quadrants, 1.5 cm below the
water surface, equidistant from the sidewall and the middle of the pool. The
platform provided the only escape from the water and was located in the same
quadrant every trial. Four different starting positions were equally spaced
around the perimeter of the pool. On each training, all four start positions were
used once in a random sequence, i.e., four training trials per day. A trial began
by placing the animal in the water facing the wall of the pool at one of the
starting points. If the animal failed to escape within 60 s it was gently conducted
to the platform by the experimenter. The rat was allowed to stay there for 20 s.
The intertribal interval was 10 min. After each trial, the rats were dried and
returned to their cages at the end of the session. Animals were trained for 5
days. 24 h after the last training session, the rats were submitted to a test
session. Before this session, the submerged platform was removed. The

retention test consisted of placing the animals in the water for 1 min. The
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number of crossings over the original position of the platform and time spent in

the target quadrant compared to the opposite quadrant were measured.

2.4. Hippocampal primary astrocyte cultures from newborn, adult and aged

Wistar rats

Male Wistar rats groups (1, 90 and 180 days old) had their cerebral
hippocampi aseptically dissected, on the same day, and meninges removed.
During the dissection, this cerebral tissue was kept in HBSS (Hank’s Balanced
Salt Solution) containing 0.05% trypsin and 0.003% DNase and was kept at 37
°C for 8 min. The tissue was then mechanically dissociated for 7 min using a
Pasteur pipette and centrifuged at 100 g for 5 min. The pellet was resuspended
in a solution of HBSS containing only 0.003% DNase and again gently
mechanically dissociated for 5 min with a Pasteur pipette and left for
decantation for 20 min. The supernatant was collected and centrifuged for 7 min
(400 g). The cells from supernatant were resuspended in DMEM/F12 [10% fetal
bovine serum (FBS), 15 mM HEPES, 14.3 mM NaHCOs3;, 1% fungizone and
0.04% gentamicin], plated in 6- or 24-well plates pre-coated with poly-L-lysine
and cultured at 37 °C in incubator with 5% CO,. The cells were seeded at 3—
5x10° cells/cm?. The first medium exchange occurred 24 h after obtaining a
culture. During the 1% week, the medium change occurred once every two days
and, from the 2" week on, once every four days. The cultures obtained from
newborn rats, the cells reached the confluence around 2" week. Hippocampal
astrocytes from 90 and 180 days old, from the 3" week on, the cells received

medium supplemented with 20% FBS. Around the 4™ to 5™ week, the cells

31



reached the confluence and were used for the experiments. No dibutyryl cCAMP

was added in the culture medium.

2.5. Immunocytochesmistry and actin analyses

Immunocytochemistry was performed as described previously by our
group. Briefly, cell cultures were fixed with 4% paraformaldehyde for 20 min and
permeabilized with 0.1% Triton X-100 in PBS for 5 min at room temperature.
After blocking overnight with 4% albumin, the cells were incubated overnight
with anti-GFAP (1:400), anti-vimentin (1:800), anti-GLT-1 (1:400), anti-GLAST
(1:400), anti-GS (1:10,000), anti-NeuN (1:50), anti-p-tubulin 111 (1:500) or anti-
CD11 (1:400) at 4 °C, followed by PBS washes and incubation with a specific
secondary antibody conjugated with Alexa Fluor® 488 (green staining) or 594
(red staining) for 1 h at room temperature. For all the immunostaining-negative
controls, the reactions were performed by omitting the primary antibody. No
reactivity was observed when the primary antibody was excluded. For actin-
labeling analyses, the cells were incubated with 10 mg/ml rhodamine-labeled
phalloidin in PBS for 45 min and two washes with PBS. Cell nuclei were stained
with 0.2 mg/ml of 4’6’-diamino-2-phenylindole (DAPI). Astrocytes were
analyzed and photographed with a Nikon microscope and TE-FM Epi-

Fluorescence accessory.

2.6. Western blot analysis
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Astrocytes were solubilized in SDS sample buffer, separated by
SDS/PAGE, and transferred to nitrocellulose membranes, which were then
incubated overnight (4 °C) with one of the following antibodies: anti-GFAP
(1:1000), anti-vimentin (1:3000), anti-GLT-1 (1:200), anti-GLAST (1:2000), anti-
GS (1:20,000), anti-HO1 (1:1000) and anti-GAPDH (1:3000). GAPDH was used
as a loading control. Then, the membranes were washed and incubated with a
peroxidase-conjugated anti-rabbit immunoglobulin (IgG) (for anti-GFAP, anti-
GLT-1, anti-GLAST, anti-GS e anti-HO1) or with peroxidase-conjugated anti-
mouse IgG (for anti-vimentin, anti-GAPDH) at a dilution of 1:3000 for 2 h.
Chemiluminescence signals were detected in an Image Quant LAS4010 system
(GE Healthcare) using an ECL kit. The results are expressed as percentages

relative to hippocampal primary astrocytes from newborn Wistar rats.

2.7. GS activity

The enzymatic assay was performed as described previously (Bellaver et
al., 2014). Briefly, 0.1 mL of the cell lysate, suspended in 140 mM KCI, was
added to 0.1 mL of the reaction mixture containing (in mM): 10 MgCl,, 50 L-
glutamate, 100 imidazole-HCI buffer (pH 7.4), 10 2- mercaptoethanol, 50
hydroxylamine-HCI, and 10 ATP, and incubated for 15 min at 37 °C. The
reaction was stopped by the addition of 0.4 mL of a solution containing (in mM):
370 ferric chloride, 670 HCI, and 200 trichloroacetic acid. After centrifugation,
the absorbance of the supernatant was measured at 530 nm and compared to
the absorbance generated using standard quantities of y-glutamylhydroxamate
treated with a ferric chloride reagent. The results are expressed as percentages

relative to hippocampal primary astrocytes from newborn Wistar rats.
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2.8. Trophic factor measurement

The GDNF, BDNF, S100B and TGF-B levels were measured in an
extracellular medium, using commercial ELISA kits from Promega for GDNF
and BDNF and R&D Systems for S100B and TGF-3. The results are expressed
as percentages relative to hippocampal primary astrocytes from newborn Wistar

rats.

2.9. Mitochondrial membrane potential-A¥m (JC-1 assay)

To determine the AWm, astrocytes were incubated for 30 min with JC-1
(5,5°,6,6'-tetrachloro-1,1’,3,3 -tetraethylbenzimidazolylcarbocyanine iodide, 2
pg/mL (Reers et al.,, 1995). Cells were then homogenized and centrifuged,
washed once with HBSS, and transferred to a 96-well plate. Fluorescence was
measured using an excitation wavelength of 485 nm and emission wavelengths
of 540 and 590 nm. The AWm was calculated using the ratio of 590 nm (red
fluorescent J-aggregates) to 540 nm (green monomers). The results are
expressed as percentages relative to hippocampal primary astrocytes from

newborn Wistar rats.

2.10. DCFH oxidation

Intracellular ROS production was detected using DCFH-DA (Souza et al.,
2013). DCFH-DA was added to the medium at a concentration of 10 uM and

cells were incubated for 30 min at 37 °C. Following DCFH-DA exposure, the

34



cells were scraped into phosphate-buffered saline with 0.2% Triton X-100. The
fluorescence was measured in a plate reader (Spectra Max GEMINI XPS,
Molecular Devices, USA) with excitation at 485 nm and emission at 520 nm.
The results are expressed as percentages relative to hippocampal primary

astrocytes from newborn Wistar rats.

2.11. Superoxide levels

Superoxide levels were determined using the superoxide anion assay kit
from Sigma. The kit method is based on the oxidation of luminol by superoxide
anions resulting in the formation of chemiluminescence light. The
chemiluminescence measurement in lysed cells increases with superoxide
formation. The control cells were arbitrarily set at 100%. The kit includes a
superoxide anion producing system (xanthine/xanthine oxidase) for a positive
control and the superoxide dismutase enzyme for the repression of the system,
used as a negative control. The results are expressed as percentages relative

to hippocampal primary astrocytes from newborn Wistar rats.

2.12. NOX activity

NADPH oxidase (NOX) activity was measured in cell lysate suspended in
a sodium phosphate buffer with 140 mM KCI and protease mixture inhibitor
using a modified assay (Quincozes-Santos et al., 2014). Briefly, this
luminescence assay used lucigenin as the electron acceptor generated by the
NADPH oxidase complex. NOX assay solution with 5 uM of lucigenin was used

and the concentration of NADPH (1 uM to 1 mM), used as the substrate, fell
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well within the linear range of the assay. The data were converted to relative
light units/min/mg of protein, using a standard curve generated with
xanthine/xanthine oxidase. Lucigenin activity (light units/min/mg of protein) of
control cells was arbitrarily set at 100%. The results are expressed as
percentages relative to hippocampal primary astrocytes from newborn Wistar

rats.

2.14. Nitrite levels

NO levels were determined by measuring the amount of nitrite (a stable
oxidation product of NO), as indicated by the Griess reaction (Quincozes-
Santos et al., 2014). The Griess reagent was prepared by mixing equal volumes
of 1% sulfanilamide in 0.5 M HCI and 0.1% N-(1-naphthyl) ethylenediamine in
deionized water. Briefly, the Griess reagent was added directly to the cell
culture, which was incubated in the dark for 15 min, at 22 °C. Samples were
analyzed at 550 nm on a microplate spectrophotometer. Nitrite concentrations
were calculated using a standard curve prepared with concentrations of sodium
nitrite ranging from 0 uM to 50 uM. The results are expressed as percentages

relative to hippocampal primary astrocytes from newborn Wistar rats.

2.15. Cellular membrane integrity

Membrane integrity was assessed by fluorescent image analysis (Nikon
inverted microscope using a TE-FM Epi-Fluorescence accessory) of propidium

iodide (PI) incorporation (at 7.5 mM) at 37 °C in an incubator with 5% CO,. The
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results are expressed as percentages relative to hippocampal primary

astrocytes from newborn Wistar rats.

2.16. Superoxide dismutase (SOD) activity

SOD activity was determined using the RANSOD kit from Randox
(Autrim, UK). The SOD activity (measured by the degree of inhibition of
formazan dye formation) in lysed cells was assayed spectrophotometrically at
505 nm. The inhibition of the produced chromogen is proportional to the activity
of SOD present in the sample. The results are expressed as percentages

relative to hippocampal primary astrocytes from newborn Wistar rats.

2.17. Catalase (CAT) activity

CAT activity was assayed by the method described by Aebi (Aebi, 1984).
The decrease absorbance at 240 nm was measured in cell lysate suspended in
a reaction medium containing 20 mM H,O,, 0.1% Triton X-100, 10 mM
potassium phosphate buffer, pH 7.0, and 50 pg protein. One unit (U) of enzyme
activity is defined as 1 pmol of H,O, consumed per minute. The results are
expressed as percentages relative to hippocampal primary astrocytes from

newborn Wistar rats.

2.18. Glutathione peroxidase (GPx) activity

GPx activity was measured using the RANSEL kit from Randox (Autrim,

UK). The concentration of GPx in lysed cells is assessed by measuring the
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decrease in absorption at 340 nm owing to the oxidation of NADPH to NADP+,
which occurs during the conversion of GSH to GSSG. The results are
expressed as percentages relative to hippocampal primary astrocytes from

newborn Wistar rats.

2.19. Glutathione (GSH) levels

GSH levels were assessed as described previously (Bellaver et al.,
2014). Cell lysate suspended in a sodium phosphate buffer with 140 mM KCI
was diluted with a 100 mM sodium phosphate buffer (pH 8.0) containing 5 mM
EDTA, and the protein was precipitated with 1.7% meta-phosphoric acid. The
supernatant was assayed with o-phthaldialdehyde (at a concentration of 1
mg/mL methanol) at 22 °C for 15 min. Fluorescence was measured using
excitation and emission wavelengths of 350 nm and 420 nm, respectively. A
calibration curve was performed with standard GSH solutions at concentrations
ranging from O uM to 500 pM. The results are expressed as percentages

relative to hippocampal primary astrocytes from newborn Wistar rats.

2.20. Inflammatory response measurement

The TNF-a levels were carried out in an extracellular medium, using a rat

TNF-a ELISA from Peprotech. The levels of interleukins were carried out in an

extracellular medium, using ELISA kits for IL-13, IL-6, IL-10 and IL-18 from

eBioscience as well as MCP-1 levels by ELISA kit from Invitrogen. The results
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are expressed as percentages relative to hippocampal primary astrocytes from

newborn Wistar rats.

2.21. p38 MAPK levels measurement

p38 MAPK levels were performed using a rat p38 MAPK ELISA from
Sigma (USA). The levels were evaluated in cell lysate suspended in a specific
buffer from ELISA kit. The results are expressed as percentages relative to

hippocampal primary astrocytes from newborn Wistar rats.

2.22. NFkB levels

The levels of NFKB p65 in the nuclear fraction, which had been isolated
from lysed cells with Igepal CA-630 and centrifugation (following manufacturer’s
instructions), were measured using an ELISA commercial kit from Invitrogen.
The results are expressed as percentages relative to hippocampal primary

astrocytes from newborn Wistar rats.

2.23. Nrf-2 levels

The levels of Nrf-2-ARE binding activity in the nuclear fraction, which had
been isolated from Cayman’s nuclear extraction kit and centrifugation (following
manufacturer’s instructions), were measured using an ELISA commercial kit
from Cayman Chemical. The results are expressed as percentages relative to

hippocampal primary astrocytes from newborn Wistar rats.
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2.24. Protein determination

Protein content was measured using Lowry’s method with bovine serum

albumin as a standard (Lowry et al., 1951).

2.25. Statistical analyses

All data are presented as mean * S.E.M. Comparisons between
hippocampal astrocytes from newborn, adult and aged Wistar rats were
analyzed statistically by one-way analysis of variance (ANOVA). Tukey’s test
was employed for pos-hoc analysis. P-values < 0.05 were considered
significant. a indicates significant differences from newborn astrocytes and b

indicates significant differences from adult astrocytes.

3. Results

3.1. Behavioral effects

The Morris water maze was used to evaluate reference memory, which is

intimately associated to hippocampus, in adult (AD) and aged (AG) Wistar rats.

Time to find the platform did not decline (Fig. 1A) as well as time spent in the

target quadrant (Fig. 1B). The number of crossing over the platform location did

not also alter between AD and AG rats (Fig. 1C).
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3.2. Astrocytes from adult and aged rats presented classical cytoskeleton

proteins

Classically, cultured rat astrocytes show a polygonal to fusiform and flat
morphology. In line with recent data (Bellaver et al., 2014), hippocampal primary
astrocytes from newborn (NB), AD and AG Wistar rats presented this specific
cell morphology until confluence (Fig. 2A). To simplify terminology, from this
point on, hippocampal astrocytes derived from newborn Wistar rats will be
abbreviated as NB, whereas astrocytes from adult and aged Wistar rats will be
termed as AD and AG, respectively.

Additionally, the purity of the astrocyte cultures was assessed by
cytoskeletal protein GFAP. Immunocytochemical analysis showed an intense
cytoplasmic immunolabeling for GFAP (98% GFAP positive, Fig. 2B), it is
consistent with our previous reports (Bellaver et al., 2014; Souza et al., 2013).
Astrocyte cultures also presented approximately 2% of the cells stained positive
for OX-42 (CD11b/c, a specific microglial protein), and neither B-tubulin 11l nor
NeuN were detected (data not shown). Moreover, in primary cultured
astrocytes, vimentin is coexpressed with GFAP. Thus, Fig. 2C displays that
vimentin staining exhibited a meshwork extending across the cytoplasm.
However, the immunoblotting showed a decrease in the expression of GFAP
and vimentin in astrocytes from AD and AG rats compared to NB control
conditions (Fig. 2D and E).

Actin cytoskeleton is the major determinant of the cell morphology
(Guasch et al., 2003) and astrocytes from NB, AD and AG rats presented

parallel arrangement stress fiber organization of actin filaments (Fig. 2F).
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Furthermore, already at 7 days in vitro, primary cultures from NB, AD and AG
rats were indeed astrocytes, because presented staining for GFAP and stress

fibers of actin (Fig. 2G).

3.3. Age-related changes in glutamate transporters and glutamine synthetase in

astrocytes

Astrocytes are responsible for clearing extracellular glutamate, due to
their high-affinity glutamate transporters: GLAST and GLT-1 (Benarroch, 2010).
Thus, the immunocytochemistry of astrocytes from NB, AD and AG rats showed
a high immunoreactivity for GLAST and GLT-1 (Fig. 3A). In addition, astrocytes
from AD and AG displayed an age-dependent decrease for GLAST expression
levels (Fig. 3B). The expression of GTL-1 also presented a reduction in
astrocytes from AD rats, however, there was an increase in the GLT-1
expression in AG astrocytes (Fig. 3B).

Once taken up by astrocytes, glutamate is converted into glutamine by
GS, which is constitutively expressed by astrocytes. Fig. 3A shows the
immunofluorescence of GS for astrocytes from NB, AD and AG rats. The
western blotting analysis indicated that GS expression decreased with age in
astrocyte cultures (Fig. 3B). As expected GS activity also decreased with age
(25% and 40% decreases in astrocytes from AD and AG, respectively,

compared to NB, Fig. 3C).
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3.4. Changes in trophic factors in astrocytes with age

Astrocytes can play a protective role by releasing trophic factors,
including GDNF, BDNF, S100B protein and TGF- (Markiewicz and Lukomska,
2006). In this sense, GDNF and BDNF levels decreased with age in astrocytes
from AD and AG rats when compared to NB (Fig. 4A, B, respectively). Opposite
trends were observed for S100B and TGF-f levels, which increased in an age

dependent manner (Fig. 4C, D, respectively).

3.5. Oxidative stress increased with age in astrocytes

Astrocytes aged in vitro as well astrocytes derived from adult rats are
known to be more susceptible to redox homeostasis disruption (Gottfried et al.,
2002; Klamt et al., 2002; Souza et al., 2013). Mitochondria are the primary site
of reactive oxygen species (ROS) production and mitochondrial membrane
potential (AWm) dysfunction is closely associated to aging. In this sense, Fig.
5A shows the age-dependent decrease in AWm dysfunction (15% and 25%
decreases in astrocytes from AD and AG rats, respectively). To further, as
consequence of mitochondrial dysfunction, the intracellular ROS production was
measured and was observed an increase in AD (25%) and AG (35%) astrocytes
compared to NB in an age dependent manner (Fig. 5B).

Moreover, increasing evidence suggests that superoxide anion radicals
produced via superoxide-generating enzyme, NADPH oxidase (NOX), might
play a role in ROS production (Brennan et al., 2009). Thus, the substantial

increase with age (AD: 30% and AG: 40%) in superoxide levels (Fig. 5C) and
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NOX activity (AD: 45% and AG: 60%, Fig. 5D) were observed in astrocytes. The
nitrosative stress was measured as nitrite levels in the medium in basal
conditions also increased with aging (AD: 20% and AG: 25%, compared to NB
astrocytes, Fig. 5E). Although prominent changes in redox homeostasis were
observed with aging, there was not change in cellular membrane integrity in AD

and AG astrocytes, measured by Pl incorporation (Fig. 5F).

3.6. Changes in antioxidant enzymatic and non-enzymatic defenses in

astrocytes

Astrocytes through GSH content may confer protection against age-
related neurological diseases (Lee et al., 2010). Additionally, astrocytes have
the main enzymatic defenses SOD, CAT and GPx. In line with this, the SOD
and CAT activities presented an age-dependent decrease in astrocytes from AD
and AG rats compared to NB condition (Fig. 6A, B, respectively). As shown in
Fig. 6C, AD and AG astrocytes increased GPx activity approximately 20 and
30% compared to NB condition. Elevation of GPx activity may produce
reduction in GSH content. Thus, GSH levels decreased with age, with 25%
decrease in AD and 45% decrease in AG compared with those astrocytes from

NB rats (Fig. 6D).

3.7. Age-dependent inflammatory response in astrocytes

Astrocytes actively participate in inflammatory response releasing

chemokine and anti- and proinflammatory cytokines (Farina et al., 2007). To
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characterize the inflammatory response in astrocytes from AD and AG rats,
classical anti- and proinflammatory cytokines were measured. As shown in Fig.
7, levels of TNF-a (7A), IL-1B (7B), IL-6 (7C), IL-18 (7D) were significantly
enhanced in an age-dependent manner in astrocytes. The anti-inflammatory IL-
10 levels did not alter in different astrocyte-age cultures (Fig. 7E). Compared to
NB astrocytes, the levels of chemokine MCP-1 were increased 20% and 34%

from AD and AG astrocytes respectively (Fig. 7F).

3.8. Age-dependent mechanisms associated to oxidative/nitrosative stress and

inflammation in astrocytes

MAPK pathway is associated to oxidative/nitrosative stress and
inflammatory response and p38 MAPK controls the transcriptional activity of
NFkB (Gorina et al.,, 2011). In line with this, p38 MAPK levels were 1.5 fold
higher in AD and 2.2 fold higher in AG astrocytes compared to NB control
values (Fig. 8A). Furthermore, constitutive p65 NFkB levels in the nucleus of
astrocytes increased with age, with 40% increase in AD and 65% increase in
AG compared to NB (Fig. 8B).

As shown in Fig. 8C, the transcription factor Nrf-2, an upstream signal of
NFkB, was measured in the nucleus and decreased levels were observed in an
age-dependent manner. Nrf-2 also regulates HO-1, which may mediate
neuroprotection against stressful conditions. The immunoblotting studies for

HO-1 indicated a reduction expression levels only in AG astrocytes (Fig. 8D).
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4. Discussion

Brain aging is accompanied by changes in astrocyte functionality,
strongly associated with oxidative stress and inflammatory response (Jiang and
Cadenas, 2014; Miller and O'Callaghan, 2005). Aging involves a complex set of
reciprocal interactions between neurons and glia, where both cells loss their
normal activities (Miller and O'Callaghan, 2005). Concerning to astrocytes, they
are in close proximity to neurons and synapses, so they directly affect the brain
functions (Markiewicz and Lukomska, 2006). This study introduces a routine
protocol for hippocampal primary astrocyte cultures as tool for aging studies.
Age-dependent alterations in astrocyte functionality were evidenced by changes
in redox homeostasis, inflammatory response and signaling pathways.
Interestingly, there were no cognitive deficits between AD and AG rats.
However, significant modifications in the cellular, molecular and neurochemical
parameters were observed in AD and AG astrocytes compared to NB
astrocytes.

The decrease in synaptic activity occurs by age 60 and arises without
indication of neurodegenerative disorders. Concurrently with synapse declines
there is glial activation or glial degeneration/atrophy (Rodriguez et al., 2014).
Here, classical astrocyte markers were observed and their expressions
changed with age. Astrocytic GFAP expression can increase during aging in
primary astrocyte cultures as consequence of glial activation (Rodriguez et al.,
2014). Moreover, there is not a consensus about an increase or decrease in
GFAP positive astrocytes for primary cultures (Desclaux et al., 2009; Menet et

al., 2001; Rodriguez-Arellano et al., 2015). Thus, age-dependent decrease in
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GFAP expression can also reflect astroglial degeneration, which has been
detected at the early stages of age-related neurodegenerative diseases
(Rodriguez et al., 2014; Rodriguez-Arellano et al., 2015). Thus, AD and AG
hippocampal astrocyte cultures described here showed less GFAP than NB
astrocytes. Vimentin expression decreases with age, being progressively
replaced by GFAP (Menet et al., 2001; Pertusa et al., 2007). However,
astrocyte cultures coexpressed vimentin and GFAP (Pertusa et al., 2007; Souza
et al.,, 2013). AD and AG astrocytes showed a decreased levels of vimentin
expression, attesting our culture model for study aging. Additionally, GFAP and
vimentin appear to be involved in cell shape maintenance, CNS
cytoarchitecture, mechanical stability and synaptic function and these properties
are strongly affected with age (Menet et al., 2001). Regarding to actin
cytoskeleton network, AD and AG astrocytes presented classical arrangement
stress fiber organization of actin since 7 days in vitro up to confluence (~30
days in vitro, Fig. 2E, F). Actin may have important implications on various
critical astrocyte functions, such as protein trafficking, calcium signaling, ionic
homeostasis and glutamate transport (Sergeeva et al., 2000; Souza et al.,
2013).

Astrocytes perform the majority of glutamate uptake in the brain through
the glutamate transporters GLAST and GLT-1, which are expressed almost
exclusively in astrocytes (Danbolt, 2001). However, expression patterns vary
during development with GLAST expression predominating at early stages and
progressively more GLT-1 expression observed with maturity (Anderson and
Swanson, 2000). The pathophysiology of age-related neurological disorders

involves selective alterations in glutamate transporters expression and
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significant decrease in GLT-1 content was observed in Alzheimer’s disease in
vivo and in vitro models (Schallier et al., 2011). In line with this, our
hippocampal primary astrocyte cultures provide a means of assessing these
influences.

Astrocytes also metabolized glutamate to glutamine via GS. In the CNS,
GS is an enzyme expressed only in astrocytes and it is also essential for
maintaining glutamate-glutamine  cycle  for  glutamate/GABA-based
neurotransmission (Rodriguez-Arellano et al., 2015). The age-dependent
decrease in the GS expression and activity may affect both excitatory and
inhibitory neurotransmission (Rodriguez-Arellano et al., 2015). Additionally, GS
activity is very sensitive to oxidative and nitrosative stress, which increased with
aging (Rodriguez-Arellano et al., 2015). Moreover, oxidative metabolism in aged
astrocytes may limit the ability of astrocytes to supply neurons with metabolic
substrates and impairment in GS directly contributes for this condition (Jiang
and Cadenas, 2014).

Trophic factors secreted by astrocytes are essential for the proliferation,
survival and maturation of neural cells (Markiewicz and Lukomska, 2006).
Astrocytes may influence brain development via trophic factors release and
adult astrocytes from the hippocampus are specific cells that can promote
neurogenesis. In this sense GDNF, BDNF, S100B and TGF-B can play
protective, reparative or biomarker role when secreted by astrocytes. Other
studies have found that GDNF and BDNF decrease with age and this reduction
may be associated with pathophysiology of neurodegeneration (Markiewicz and
Lukomska, 2006). Regarding to GDNF, the increase in its basal levels protect

neurons from metabolic and excitotoxic insults (Davila et al., 2013). Moreover,
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BDNF is an essential survival factor for oligodendrocytes and neurons, and the
reduction in its levels may lead to demyelination, contributing to
neurodegenerative process. Additionally, the expressions of BDNF and GDNF
in astrocytes are modulated by HO-1 (Hung et al., 2010), which operates as a
fundamental defensive mechanism for cells exposed to an oxidant/inflammatory
challenge (Sakata et al., 2010). Supporting this data, in our hippocampal
astrocytes its expression reduced with age (Fig. 8D, see discussion below).

The S100B protein exerts both intracellular and extracellular functions.
Indeed, intracellular S100B acts as a stimulator of cell proliferation, migration
and differentiation during brain development (Donato, 2003). As an extracellular
factor S100B may be a biomarker for Alzheimer’s disease and neuropsychiatric
disorders (Goncalves et al., 2008). Nevertheless, in astrocyte cultures, S100B is
decreased by high glucose and high glutamate concentrations (Nardin et al.,
2007). Additionally, GDNF and BDNF are able to increase S100B levels and
HO-1 may be involved in its mechanism of release. These observations
reinforce our findings that showed an age-dependent increase in S100B
secretion in basal conditions from hippocampal astrocytes. Both S100B and
TGF-B have been considered cytokines. In this sense, TGF-B may mediate
initiation and regulation of CNS immune responses and also may control neural
proliferation (Teeling and Perry, 2009). This mediator may have a role in
neuroprotection and also participates in glial scar. Its increase associated to
aging may accelerate neurological disorders.

Classically, oxidative stress is a major cause of brain aging (Miller and
O'Callaghan, 2005). The free radical hypothesis of aging has gained attention

because it serves as a common feature associated with excitotoxicity and
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inflammation, processes linked with aging and neurodegenerative diseases.
Mitochondria and NOX are the primary sites of ROS production in the CNS, and
there is increasing evidence supporting the association between mitochondrial
dysfunction/NOX and aging (Brennan et al., 2009). Moreover superoxide
generated by NOX activation can lead to severe oxidative damage and neural
death (Brennan et al., 2009; Suh et al., 2008a; Suh et al., 2008b). Furthermore,
elevated nitrite levels may predict mitochondrial damage and nitrite derived from
astrocytes resulted in glia-induced neuronal death (Bal-Price and Brown, 2001;
Esposito et al., 2008; Jiang and Cadenas, 2014). This study showed that nitrite
released from astrocytes as well as superoxide production increased
substantially with age, without causing loss of cellular membrane integrity. Our
data corroborated with Harman free radicals theory of aging, which postulates
that the decrease in the biochemical and physiological functions correlated to
aging are because of an increase in oxidative damage (Harman, 2003).
Conversely, the oxidative damage during aging may be related to a
decrease in antioxidant and repair systems. In this sense, enzymes such as
SOD, CAT and GPx, can determine the clearance of free radicals (Droge,
2002). The age-dependent decrease in SOD and CAT activities observed in
hippocampal astrocytes may induce an overproduction of superoxide and H,O,,
molecules that cause severe cellular injury, suggesting senile animals are more
susceptible to oxidative damage (Alarcon-Aguilar et al., 2014; Droge, 2002;
Jiang and Cadenas, 2014). In addition, the increase in GPx activity may
compensate for the increase in endogenous H,O, and decreased levels of
GSH. Moreover, SOD from astrocytes is hypothesized to protect GSH by

reducing the production of superoxide (Pope et al., 2008). The decrease in
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cellular levels of GSH is directly associated with aging and age-related
neurodegeneration. In particular, low levels of GSH are the earliest reported
biochemical indicator of nigrostriatal degeneration in Parkinson’s disease (Lee
et al., 2005).

GSH is an important link between oxidative stress, excitotoxicity and
inflammation, typical processes found in aging. Concerning to excitotoxicity, the
astrocytic glutamate transporters are vulnerable to the action of biological
oxidants, and the decrease in GSH content strongly contributes for this
condition (Trotti et al., 1998). Moreover, the depletion of GSH induces
excessive inflammatory response in age-related brain diseases (Lee et al.,
2005). ROS production also plays a critical role in inflammatory response,
increasing TNF-a levels. TNF-a induces astrocytes activation and potentiates
NO production (Tanabe et al.,, 2011). TNF-a is the first signal to enhance
proinflammatory cytokines like IL-1B3, which act since acute inflammatory
response and both proinflammatory cytokines are essential for the production
and release of IL-6 (de Rivero Vaccari et al., 2014). Furthermore, IL-18 (a
member of IL-1 superfamily) induces inflammatory processes and is strictly
associated to neurodegenerative diseases (Bossu et al., 2010). It has been
shown that the levels of TNF-a, IL-183, IL-6 and IL-18 increase in cerebral cortex
and hippocampus during aging (Xie et al., 2003). Moreover, the anti-
inflammatory effect of IL-10 is related to inhibition of TNF-a secretion and we
did not observed modification in IL-10 levels in hippocampal astrocytes
(Tukhovskaya et al., 2014). IL-10 is also capable to exert rapid neuroprotection
through delayed NFkB activation (Xie et al., 2003). This pathway was found to

account for increased chemokine MCP-1 that is a crucial regulator of
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inflammatory neurotoxicity in brain aging (Kerschensteiner et al., 2009). MCP-1
likewise activates the p38 MAPK pathway in CNS.

Characteristically, NFkB is considered the major inflammatory mediator
in the CNS, regulating the release of pro-inflammatory cytokines, and
consequently, neuroinflammatory disorders. Both NFkB and cytokines showed
an age-dependent increase in our hippocampal astrocytes. There is ample
evidence that NFkB increase with aging and the most determining signal for this
activation is the elevation of NFkB p65 levels in the nucleus (Jiang and
Cadenas, 2014; Miller and O'Callaghan, 2005). Moreover, NFkB activation
controls the redox homeostasis and may be a link between inflammatory
response and oxidative/nitrosative stress. p38 MAPK regulates NFkB
translocation and may be an early event for this activation (Gorina et al., 2011).
In this sense, NFKB and p38 MAPK can be implicated in oxidative stress
mediated inflammatory response including those occurring in the CNS.

Nrf-2 is known to activate the cellular antioxidant defense system, like
GSH, and therefore, mediate neuroprotection (Johnson et al., 2008). Data from
Nrf-2 indicate that reduced translocation to the nucleus may be a primary
response to change in redox homeostasis and inflammation (Motohashi and
Yamamoto, 2004). Our findings corroborated with most of the reports where
Nrf-2 transcriptional activity decreases with age. Nrf-2 regulates HO-1
expression, a fundamental defense mechanism for cells exposed to oxidant
challenges (Wakabayashi et al., 2010). HO-1 also counteracts NO production
by inhibiting nitric oxide synthase activity (Wakabayashi et al., 2010). Another
important regulation of Nrf-2 and HO-1 pathways is the control of NFkB. In line

with this, the age-related changes in oxidative stress and inflammatory
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response in hippocampal astrocytes from adult and aged Wistar rats may be
explained by alterations in NFkB, p38, Nrf-2 and HO-1 pathways. Thus, these
signaling are critical for aging processes and neurodegenerative disorders.

It is currently that astrocytes have a significant role in the brain aging.
Therefore, the culture model described in this report elucidates biochemical,
physiological and molecular properties of the hippocampal astrocytes from adult
and aged rats. In line with this, our results showed that age-dependent changes
in the astrocytes functionality associated to glial markers, glutamate
metabolism, trophic factors, mitochondrial function, oxidative/nitrosative stress
and inflammatory response are interconnect probably through NFkB, p38, Nrf-2
and HO-1 pathways. Taken together, our findings reinforce the role of
hippocampal astrocytes from adult and aged Wistar rats as target for
understanding mechanisms involved in aging and age-related neurological
disorders as well as submit Wistar rats to in vivo experimental models of
neurotoxicity and neuroprotection with subsequent perform of hippocampal

astrocyte cultures.
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Figure legends

Fig. 1. Cognitive performance of AD and AG Wistar rats evaluated by Morris
water maze. (A) Performance in the reference memory protocol, based on
escape latency. (B) Memory in the probe trial of reference memory, as
measured by time spent (in s) in the target quadrant. (C) Number of crossings

over the platform position. The data represent the mean = S.E.M. (n=10).

Fig. 2. Morphology and expression of classical cytoskeleton markers in NB, AD
and AG astrocytes. (A) Representative images of astrocytes morphology at
confluence. Immunofluorescence analysis for (B) GFAP and (C) vimentin at
confluence. Representative immunoblots of GFAP (D) and vimentin (E). Bar
graph corresponds to mean + S.E.M. and represents percentages relative to NB
astrocytes (adopted as control conditions). The data are performed from four
independent experimental determinations, and analyzed statistically by one-way
ANOVA followed by Tukey’s test. a indicates significant differences from NB
astrocytes and b indicates significant differences from AD astrocytes. (F)
Representative  immunofluorescences of actin. (G) Representative

immunostaining for actin and GFAP at 7 days in vitro.

Fig. 3. Maodification in glutamate transporters and glutamine synthetase in NB,
AD and AG astrocytes. (A) Representative immunofluorescences for GLAST,
GLT-1 and GS. (B) Representative immunoblots of GLAST, GLT-1 and GS. For
immunoblots the bar graph corresponds to mean + S.E.M. and represents
percentages relative to NB astrocytes (adopted as control conditions). The data

are performed from four independent experimental determinations, and
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analyzed statistically by one-way ANOVA followed by Tukey’s test. a indicates
significant differences from NB astrocytes and b indicates significant differences
from AD astrocytes. (C) GS activity from NB, AD and AG astrocytes. The data
are expressed as percentages relative to NB astrocytes (adopted as control
conditions) and represent mean + S.E.M. of five independent experimental
determinations, performed in triplicate, and analyzed statistically by one-way
ANOVA followed by Tukey’s test. a indicates significant differences from NB

astrocytes and b indicates significant differences from AD astrocytes.

Fig. 4. Changes in trophic factors in NB, AD and AG astrocytes. (A) GDNF, (B)
BDNF, (C) S100B and (D) TGF-B levels. The data are expressed as
percentages relative to NB astrocytes (adopted as control conditions) and
represent mean = S.E.M. of five independent experimental determinations,
performed in triplicate, and analyzed statistically by one-way ANOVA followed
by Tukey’s test. a indicates significant differences from NB astrocytes and b

indicates significant differences from AD astrocytes.

Fig. 5. Age-dependent increases in oxidative stress parameters in NB, AD and
AG astrocytes. (A) Mitochondrial membrane potential (AWm). (B) ROS
production. (C) Superoxide levels. (D) NOX activity. (E) Nitrite levels. (F) PI
incorporation. The data are expressed as percentages relative to NB astrocytes
(adopted as control conditions) and represent mean = S.E.M. of five
independent experimental determinations, performed in triplicate, and analyzed

statistically by one-way ANOVA followed by Tukey’s test. a indicates significant
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differences from NB astrocytes and b indicates significant differences from AD

astrocytes.

Fig. 6. Antioxidant enzymatic and non-enzymatic defenses in NB, AD and AG
astrocytes. (A) SOD, (B) CAT and (C) GPx activities. (D) GSH levels. The data
are expressed as percentages relative to NB astrocytes (adopted as control
conditions) and represent mean + S.E.M. of five independent experimental
determinations, performed in triplicate, and analyzed statistically by one-way
ANOVA followed by Tukey’s test. a indicates significant differences from NB

astrocytes and b indicates significant differences from AD astrocytes.

Fig. 7. Age-dependent inflammatory response in NB, AD and AG astrocytes.
(A) TNF-a, (B) IL-1B, (C) IL-6, (D) IL-18, (E) IL-10, (F) MCP-1 levels. The data
are expressed as percentages relative to NB astrocytes (adopted as control
conditions) and represent mean + S.E.M. of five independent experimental
determinations, performed in triplicate, and analyzed statistically by one-way
ANOVA followed by Tukey’s test. a indicates significant differences from NB

astrocytes and b indicates significant differences from AD astrocytes.

Fig. 8. Signaling pathways involved in age-dependent glial responses in NB, AD
and AG astrocytes. (A) p38 MAPK, (B) p65 NFkB and (C) Nrf-2 levels. (D) HO-1
expression levels. The data are expressed as percentages relative to NB
astrocytes (adopted as control conditions) and represent mean + S.E.M. of five
independent experimental determinations, performed in triplicate, and analyzed

statistically by one-way ANOVA followed by Tukey’s test. a indicates significant
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differences from NB astrocytes and b indicates significant differences from AD

astrocytes.

65



60+

Figura 1.

2
]
[TRe]
D a
a Qo =4
< g S5
+ 0
i
22
1o 2
[m]
1w v'
nmu mv nw n_U nW_ o I T T T T T T T
B T ® o - =1 < =] = W <+ ® N + ©
(s) Aousye (s) house sBuIss0Io Jo Jagquinn
m &)

66

AG

AD



Figura 2.

PC

7 DIV

Actin

E F

— — — 5 07

., 8 8 8
8
g

GFAP expression (%)

(relative to NB astrocytes)
@ 2
j .

Vimentin expression (%)
(relative to NB astrocytes)

z
@
>
o
P3
o

NB AD AG

67



Figura 3.

%))
G...

~—

GLT-

GLAST

a1]
Z

AD

AG

45 kDa

A —
S — — 33 kDa
a
— —

W 67 kDa

- —

— — — 33 kD2

0-
ey a
—_
0

55 kDa

l—i;b__l

T

=) =] =)
n =] n

=}

(seykoosise gN O} dAne[as)
(9%) uoissaidxa SO

ab
=) B

20
15
0
5

(sayfoonse g 0} anlejal)
(%) uoissaidxa |-119

Q o Q =]
)

(seykoosnse gN 0} aAlejal)
(%) uoissaidxe | SYT1O

AG

AD

NB

AG

AD

NB

AG

AD

NB

®)

ab
e

Q =) [=]
0 =] o

(seyhoosse gN 0} anyejas)
(%) Auanoe s©

=]

AG

AD

NB

68



Figura 4.

m

<

AG

T

AD

NB

T
j=] o
o wn

1504

—

o

(seyfoonse gN 0} aAnelal)

(%) si2nal ANQE

ab
B —

f

T
j=) o
o [Te]

1504

(se)hoonse gN 0} aAne[al)
(%) siarl ANOD

o

AG

AD

NB

AG

vl

T
o
o n
—

1504

AD

NB

o

O (sejfoonse gN 0) aane|al)

(%) sian8| g-491

T

T
(=] o
o [Te]

150+

O (sa)foouise gN 0} aniejal)
(%) si1onsl 900LS

o

AG

AD

NB

69



Figura 5.

ab

aliil

T T T
(=] o (=]
wn o wn

2004
0

om (sa1Ao0u)sE gN 01 BAlE|Rl)
(%) uononpoud SOY

Iinin

T T
o o
o w

1504
0

= (se1Ao0u)sE gN 0} BAlE|al)
(%) wihy

AG

AD

NB

AG

AD

NB

(@]

o

a,b
——
AG

a
——
AD

2004

_| )
=z
o o o o
s} =] Irs!
(se1foonse gN 0} anie|al)
(%) Auanoe XON
a vy I0)
© <
[a]
© f 2

o
NB

200+

T
(=] o

T T
o o
wn o wn
—

(se)hoosse gN 0} aAe(al)
(94,) s|ana| spixoladng

T

L

NB

T T
o o o
o L
—

(sajfoonse gN o} anne|al)
(9%) uonelodioour |4

150+

a
1
AG

NB

T T
o o o
o D
—

(s@1ho0ase gN 0} aAle|al)
(%) siens] spIN

150+

70



Figura 6.

m

<

ab
=

T

AG

AD

NB

T T
o o
o wn

1504

-—

o

(sajfoonse gN 0} anijeal)

(%) funoe | w0

-

T T
o o
o wn

150+

(seifoonse gN 0} anljeal)
(%) Aunoe gos

o

AG

AD

NB

(]

&}

_v

T
o (=]
o w

150+

—

AG

AD

NB

o

(sefoonse gN o} anieal)

(%) sieAs] HSO

a,b
=

—_1

T T

o o
nU 5
A|

1560+

(sefoonse gN O} aAlelal)
(%) Annnoe xdo

o

AG

AD

NB

71



Figura 7.

a T 0]
] <
[a)
@ _. e
vy ®
=z
o o ©o o o
(=] wn o wn
o~ - —
m (seyfoonse gN 0} sAne|al)
(%) 9L
a f 0]
@ <

a
T
AD

T T T

o o o o

wn o wn
~—

< (sajfoonse gN o1 anye|al)
(%) ©-dANL

2004

(@]

@]

2 _| 0]
© <
o
o _. Q
m
H 2
lJ T T
=} o o o
w o wn
(sa1A001)sE gN 0} BARE|B1)
(%) 81-11
b._. 0
© <
[m]
« * Q
_v m
z
c © ©o o o
o w o w
o - —

(ssMhoonse gN ©) sApe|al)
(%) e

T

L

ab

AG

AD

NB

T T
o o
o w0

1504

—

o

(sajfoonse gN o1 anne|al)

(%) 1-dOW

AG

AD

NB

_v

T
o (=]
o w

1504

(safoolse gN 0} aAne|al)
(%) 0Ll

o

72



Figura 8.

K]
o
o
o o o o o o
uwy = uy (=] [Ty
[a¥] (2] — -—
m (s=3foonse gN o) angeal)
(%) siena) g¥dN
=
o
o}
o o o o o o
[T ] (=] [Ty ] (=] Tyl
o~ o~ - -

< (sajioonse gn O} aale|al)
(96) s19A3] Mdvin ged

AG

AD

NB

AG

AD

NB

32 kDa

38 kDa

[m]

L&)

1

m T

=} Irel
{sa1Aoonse gN 0} anne|al)
(94) uoissasdxe LOH

150+

= (=]

H

o =

Anl uy
(salAoolsE g 0] anne|al)
(%) s1@Aa| Z-HN

150+

=

AG

AD

NB

AG

AD

NB

73



PARTE Il

74



DISCUSSAO

O envelhecimento cerebral envolve uma complexa rede de interacdes
entre neurdnios e glia, na qual ambas as células alteram sua atividade
funcional normal. Ainda que estudos demonstrem que o0 hipocampo esteja
envolvido em tais deficiéncias, a perda de neurdnios hipocampais nao é,
provavelmente, o fator responsavel pelos déficits encontrados nesses
processos, uma vez que a perda neuronal em larga escala ndo € uma
caracteristica do envelhecimento nesta area do cérebro, sugerindo assim um
importante papel dos astrocitos nesse contexto (Miller & O'Callaghan 2005).
Assim, alteracbes no hipocampo estdo frequentemente associadas a
fisiopatogenia de doencas neurodegenerativas que, por sua vez, €
acompanhada por mudancas na funcionalidade astrocitaria, sendo estas
fortemente associadas ao estresse oxidativo e resposta inflamatoéria (Jiang &
Cadenas 2014).

Considerando a relevancia do hipocampo no envelhecimento
fisiopatolégico e também a fundamental importancia dos astrécitos nos
processos fisiopatoldgicos implicados a ele, neste estudo nés aprimoramos a
caracterizacdo de um protocolo de rotina de culturas primarias de astrocitos
hipocampais de ratos Wistar adultos e envelhecidos (90 e 180 dias),
previamente descrito pelo grupo (Bellaver et al. 2014), que servem como
ferramenta para estudo do envelhecimento cerebral. Além disso, alteracdes na
funcionalidade astrocitaria, dependentes da idade, foram observadas através
da avaliagdo da homeostase redox, resposta inflamatéria e vias de sinalizagéo.
Interessantemente, ao avaliar o perfil cognitivo de ratos adultos (AD) e

envelhecidos (EN) ndo observamos alteragbes comportamentais significativas
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entre as idades, embora tenham sido detectadas alteracdes nos parametros
celulares, moleculares e neuroquimicos avaliados.

A fim de atestar a pureza das culturas obtidas a partir deste protocolo,
realizamos marcacdo imucitoquimica para proteinas caracteristicamente
neuronais (NeuN e B-tubulina 1lI) e microgliais (CD11). N&o observamos
marcacgao significativa para NeuN, presente no corpo celular de neurénios nem
para B-tubulina Ill, presente nos processos neuronais. Essas proteinas sao
marcadoras de neurdnios diferenciados, ou seja, imunorreativas em neuronios
pés mitéticos (Weyer & Schilling 2003). Em relacdo a microglia, observamos
uma marcacao positiva para CD11 em aproximadamente 2% das células.

Alguns marcadores gliais classicos também foram avaliados e alteragbes
nas suas expressoes foram observadas. Sabe-se que em astrécitos cultivados
existem duas principais proteinas de filamentos intermediarios de
citoesqueleto, a GFAP e a vimentina, e essas tém suas expressdes finamente
reguladas durante o desenvolvimento, sendo comumente associadas a
diferenciacdo astrocitaria (Desclaux et al. 2009). Embora se saiba que o
ndmero total de astrocitos ndo diminua com o envelhecimento, ainda ndo ha
um consenso sobre o padrdo de expressao de GFAP, relacionado a idade, em
astrocitos cultivados (Fabricius et al. 2013; Rodriguez-Arellano et al. 2015). Em
culturas primarias de astrécitos a marcacdo de GFAP pode aumentar durante o
envelhecimento como consequéncia da ativagdo glial. Contudo, como
demonstrado por Sampedro-Piquero e colaboradores, um aumento dessa
expressdo em funcdo da idade pode refletir uma plasticidade astroglial
adaptativa, visto que mudancas em astrocitos coincidiram com melhora

cognitiva (Sampedro-Piquero et al. 2014). A reacéo oposta, caracterizada por
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degeneracdo e atrofia astrogliais, também pode ter importante relevancia
patologica, uma vez que 0s astricitos atréficos reduzem o suporte as redes
neuronais, e esse efeito é detectado nas fases iniciais de vérias doencas
neurodegenerativas (Rodriguez et al. 2014). Assim, as culturas primarias de
astrocitos hipocampais de ratos AD e EN aqui descritas apresentam menor
expressdo de GFAP quando comparadas a astrocitos de neonatos (NN). Com
o desenvolvimento cerebral, também observamos uma progressiva e, ja
relatada, diminuicdo da expressdo de vimentina e em concordancia com
estudos anteriores, nossos resultados demonstraram uma coexpressao de
GFAP e vimentina em cultura de astrécitos hipocampais, sugerindo assim uma
adequabilidade do nosso modelo de cultura para o estudo do envelhecimento
(Menet et al. 2001; Pertusa et al. 2007; Souza et al. 2013). O papel fisioldgico
exato de GFAP e de vimentina em astrocitos ainda ndo esta completamente
entendido, mas sabe-se que essas proteinas parecem estar envolvidas na
manutencdo da forma, estabilidade mecéanica, citoarquitetura e funcdes
sinapticas do SNC, processos 0s quais sao fortemente afetados com a idade
(Menet et al. 2001).

O citoesqueleto astrocitario, € uma estrutura altamente dindmica que se
reorganiza continuamente sempre que a célula altera a forma, se divide ou
responde ao seu ambiente. As mudancas no citoesqueleto de actina séo a
chave para a transmissdo de sinais que levam a uma resposta celular
apropriada, exercendo importante influéncia em funcgdes criticas de astrocitos,
como sinalizacdo de calcio, homeostase ibnica e transporte de glutamato
(Alberts et al. 2002). Observamos aqui que astrdcitos AD e EN apresentam um

arranjo classico de citoesqueleto de actina com fibras de estresse organizadas
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na mesma direcao e sentido e tal disposicdo pode ser observada desde os 7
dias de cultivo in vitro até a confluéncia (em torno de 30 dias de cultivo).

A expressdo de outros marcadores astrocitarios, relacionados ao
metabolismo glutamatérgico, também foi investigada. Embora o glutamato seja
essencial em processos plasticos cerebrais, como desenvolvimento e
envelhecimento (Danbolt 2001; Banerjee et al. 2008) e em processos de
aprendizado e memoéria (Segovia et al. 2001; lIzquierdo et al. 2006), a
hiperestimulagédo do sistema glutamatérgico, decorrente de niveis aumentados
de glutamato na fenda sinaptica, € extremamente prejudicial ao cérebro
(Danbolt 2001). Esta situacdo, chamada excitotoxicidade glutamatérgica, esta
implicada em doencas como Alzheimer, Parkinson, esclerose mdultipla e
epilepsia (Gardoni & Di Luca 2006; Eulenburg & Gomeza 2010; Pivovarova &
Andrews 2010). A captacdo de glutamato do espaco extracelular é realizada
primariamente por transportadores de glutamato, sendo que o0s principais,
GLAST e GLT-1, sao expressos por astrocitos (Anderson & Swanson, 2000;
Danbolt, 2001). Contudo, padrdes de expressao destes transportadores variam
durante o desenvolvimento cerebral. A expressdo de GLAST predomina em
estagios iniciais de desenvolvimento e um progressivo aumento da expressao
de GLT-1 pode ser observado na maturidade. A fisiopatologia de desordens
neurolégicas relacionadas a idade envolve alteracfes seletivas na expressao
de transportadores de glutamato e significativa diminuicdo no conteddo de
GLT-1 foi observado na doenca de Alzheimer in vivo e in vitro (Schallier et al.
2011). Assim, nosso protocolo de culturas primarias de astrocitos hipocampais
fornece um meio de avaliar essas influéncias etarias sobre os transportadores

de glutamato.
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A enzima GS também tem um papel crucial para manutengéo dos niveis
de glutamato cerebral devido a sua capacidade de metabolizar glutamato a
glutamina. No SNC essa enzima € expressa exclusivamente em astrocitos e
além de ser essencial para a manutencdo do ciclo glutamato-glutamina
também é importante para regulacdo da transmissdo sindptica excitatéria e
inibitéria, mediada por glutamato e GABA, respectivamente. A diminui¢cdo da
expressao e atividade da enzima GS, observadas aqui, estdo em concordancia
com estudos em outros modelos que também observaram o padrdo de
expressdo dessa enzima com o envelhecimento cerebral (Olabarria et al. 2011;
Rodriguez et al. 2014). Adicionalmente, a atividade de GS é bastante sensivel
ao estresse oxidativo/nitrosativo que aumenta com a idade (Bellaver et al.
2014). Além disso, o metabolismo oxidativo no envelhecimento astrocitario
pode limitar a sua habilidade de suprir neurénios com substratos metabdlicos e
prejuizos na atividade de GS contribuem diretamente para essa condi¢do
(Jiang & Cadenas 2014).

O envelhecimento cerebral normal, bem como o curso de doencas
neurodegenerativas, s&do caracteristicamente marcados pela perda da
plasticidade sinaptica. Muitos estudos apontam que fatores tréficos sédo
importantes mediadores moleculares dessa plasticidade estrutural e funcional,
sendo capazes de auxiliar na protecdo neuronal mediante algum tipo de dano
cerebral (Arancio & Chao 2007; Lynch et al. 2007; Tanaka et al. 2008). Nos
altimos anos, eles vém atraindo crescente interesse de pesquisadores devido a
seu promissor papel no tratamento de diversas patologias do SNC, como leséo
na medula espinhal e doencas neurodegenerativas (Nagahara & Tuszynski

2011; Sun et al. 2014). Alguns fatores troficos sdo secretados por astrocitos e
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sdo essenciais para proliferacdo, sobrevivéncia e maturacdo de células
neuronais, além disso, astrécitos hipocampais de animais adultos sdo células
especificas que podem promover a neurogénese (Chen et al. 2005). Nesse
sentido, GDNF, BDNF, S100B e TGF-B, quando secretados por astrocitos,
podem desempenhar um papel protetor, reparador ou mesmo biomarcador no
SNC. Em concordancia com os resultados obtidos aqui nesse trabalho em
culturas de astrdcitos hipocampais, estudos demonstram que a liberacdo de
GDNF e BDNF diminui com a idade e esta redugéo pode estar associada com
a patofisiologia da neurodegeneracao (Markiewicz & Lukomska 2006; Davila et
al. 2013). Em relacdo ao GDNF, um aumento nos seus niveis basais é capaz
de proteger neurdnios contra insultos metabdlicos e excitotoxicos (Hanbury et
al. 2003). J4 o BDNF é um fator essencial sobrevivéncia para oligodendrocitos
e neurbnios e a redugdo nos seus niveis basais pode conduzir a
desmielinizacdo, contribuindo para processos neurodegenerativos. Além disso,
o BDNF tem um importante papel na plasticidade sinaptica bem como no
processo de formacdo de potenciais de longa duracdo, desempenhando uma
influéncia direta nos processos relacionados ao aprendizado e a memodria
(Cathomas et al. 2010). Adicionalmente, a expressdo de BDNF e GDNF por
astrocitos sdo moduladas pela proteina HO1, que atua como um fundamental
mecanismo defensivo para células expostas a um desafio oxidante/inflamatorio
(Hung et al. 2010; Wakabayashi et al. 2010; Quincozes-Santos et al. 2014).
Tendo em vista a importancia desses fatores tréficos para a manutencédo das
funcdes cerebrais e ainda, que mudancas em seus niveis basais estdo
implicadas em uma série de patologias e desordens, torna-se de grande valia,

como modelo de estudo, uma ferramenta que seja sensivel a essas alteracoes.
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Em relagdo a proteina S100B, ela desempenha suas func¢des atuando
intra e extracelularmente. A S100B intracelular age estimulando a proliferacéo,
migracdo e diferenciacdo celulares durante o desenvolvimento cerebral
(Donato et al. 2008). Atuando como um fator extracelular, a S100B pode servir
como um biomarcador para doenca de Alzheimer e outras desordens
neuropsiquiatricas (Rothermundt et al. 2009; Li et al. 2011). A expressao dessa
proteina também responde a mudancas no microambiente, uma vez que em
culturas de astrécitos foi observado que a liberagdo de S100B é diminuida por
elevados niveis de glicose e altas concentracdes de glutamato (Tramontina et
al. 2006a; Nardin et al. 2007). A presenca de outros fatores troficos, como
GDNF e BDNF é capaz de aumentar a liberacdo de S100B e esta proteina
ainda parece ter seus niveis regulados positivamente pela liberacdo de IL-1pB,
promovendo o aumento da sintese da proteina precursora amiléide, que serve
como fonte adicional para o acumulo do peptideo B amiléide na doenca de
Alzheimer (Li et al. 2011). Essas observacdes estdo de acordo com nossos
achados que demonstraram um aumento na secre¢do basal de S100B de
maneira dependente da idade, em astrécitos hipocampais, reforcando que o
aumento da liberacdo dessa proteina esta presente no cérebro maduro, o qual
é mais suscetivel ao desenvolvimento de doencas
neuroinflamatérias/neurodegenerativas.

E importante ressaltar que tanto S100B quanto TGF-B s&o consideradas
citocinas, uma vez que desempenham, também, um papel associado a
resposta imune. Nesse sentido, TGF-B pode mediar a iniciagdo e a regulacao
da resposta imune no SNC e ainda é capaz de controlar a proliferacdo neuronal

(Teeling & Perry 2009). Apoés injuria ao SNC também ocorre um aumento
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significativo da expressdo de TGF-B pelos astrocitos, evento claramente
implicado na formacao da cicatriz glial (Gomes et al. 2005). Além disso, um
aumento nos niveis basais dessa citocina é igualmente observado em diversas
condi¢cdes patolégicas como esclerose multipla, doenca de Alzheimer e
tumores cerebrais (Diniz et al. 2014). Com isso, esse aumento de TGF-B
associado ao envelhecimento, observado aqui em culturas de astrocitos
hipocampais, pode estar envolvido no processo de desencadeamento e
aceleramento de desordens neurolégicas.

O envelhecimento cerebral tem sido apontado como o fator mais
importante associado a uma série de doencas neurodegenerativas. A teoria
dos radicais livres no envelhecimento, elaborada por Harman em 2003, parte
da premissa que um processo Unico, modificavel por fatores genéticos e
ambientais, é responsavel por fatores associados ao envelhecimento de todos
0S seres Vivos e que este ponto em comum, seria as reagdes envolvendo
radicais livres. Essas reacOes seriam responsaveis pela deterioracdo
progressiva de sistemas biolégicos ao longo do tempo por serem bastante
instaveis e imprevisiveis, devido ao carater altamente reativo das espécies
envolvidas (Harman 2003). No que diz respeito as ERO’s, a mitocondria e a
enzima NOX sdo as principais responsaveis pela sua producdo no SNC, e
existe um grande numero de evidéncias que apoiam uma associacao entre
disfuncdo mitrocondrial/NOX e envelhecimento cerebral (Suh et al. 2008;
Brennan et al. 2009). Além disso, a geracdo de radical superéxido, pela
ativacdo de NOX, pode conduzir a um severo dano oxidativo com consequente
morte de neurdnios. Ja elevados niveis de nitritos, além de conduzirem a morte

neuronal induzida pela glia, podem predizer dano mitocondrial e estéo
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envolvidas na alteracdo dos niveis de citocinas liberados nos SNC (Esposito et
al. 2008). Estudos também reportam que aumentos na producdo de NO sé&o
observados em consequéncia a perda de neurbnios em doencas
neurodegenerativas (Liu & Hong 2003). Assim, o presente trabalho demonstrou
um aumento na liberacdo de nitritos por astrocitos hipocampais adultos e
envelhecidos, quando comparados a neonatos, bem como um aumento
substancial na producédo de radical superdxido com a idade, sem causar perda
de integridade de membrana celular. Com isso, nossos dados corroboram com
a teoria dos radicais livres de Harman, que postula que uma diminuigdo em
fungbes bioquimicas e fisiolégicas correlacionadas com a idade se ddo devido
a um aumento no dano oxidativo.

O estresse oxidativo observado durante o envelhecimento cerebral ndo
pode ser creditado somente a um aumento da producdo de ERO’s, visto que
ele pode estar relacionado também a uma diminuigdo nos sistemas de defesa
antioxidantes. Nesse sentido, enzimas responsaveis pela defesa antioxidante
em astrécitos, como SOD, CAT e GPx podem controlar a geracao de radicais
livres. A diminuicdo na atividade de SOD e CAT, dependente da idade, aqui
observada em astrécitos hipocampais, faz com que este sistema seja incapaz
de evitar uma superproducdo de radical superdxido e perdxido de hidrogénio
(H20,), moléculas que causam severos danos celulares, sugerindo que animais
envelhecidos sdo mais suscetiveis ao dano oxidativo (Droge 2002; Jiang &
Cadenas 2014). Em adicdo, o aumento na atividade de GPx observado, pode
ser explicado como uma forma dos astrocitos compensarem o aumento de
H,O, e os niveis diminuidos de GSH. A enzima SOD, presente em astrécitos,

parece estar envolvida na manutencdo dos niveis de GSH, pois atua na
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detoxificagdo de radicais superoxido, assim, niveis de SOD diminuidos séo
condizentes com uma diminuicdo nos niveis de GSH. Cabe ressaltar que a
reducdo nos niveis intracelulares de GSH esta diretamente associada com o
envelhecimento cerebral e neurodegeneracdo dependente da idade, baixos
niveis de GSH sdo reportados como indicadores precoces de degeneracao
nigrostriatal na doenca de Parkinson (Lee et al. 2010)

O tripeptideo GSH é um importante elo entre estresse oxidativo,
excitoxicidade e inflamagé&o, processos tipicos encontrados no envelhecimento
cerebral. Em relacdo a excitotoxicidade, sabe-se que esse processo é
controlado pelos transportadores de glutamato astrocitarios e que estes sao
vulneraveis a acdo de oxidantes biol6gicos, uma diminuicdo no contetudo de
GSH os torna mais suscetiveis a sofrerem reacdes oxidativas e,
consequentemente, perderem sua funcionalidade. Além disso, estudos
demonstraram que deplecfes nos niveis de GSH também séo responséaveis
por induzir a resposta inflamatéria exacerbada em doencas cerebrais
relacionadas ao envelhecimento (Lee et al. 2010). Em relacdo a isso, Lee e
colaboradores demonstraram também que a diminuicdo do contetdo de GSH
leva ao aumento da resposta inflamatéria celular, com aumento dos niveis de
TNF-a e IL-1B, classicas citocinas proé-inflamatoérias (Lee et al. 2010). IL-18
inclusive é considerada como citocina biomarcadora predominante em resposta
a injurias cerebrais e seus niveis elevados nas fases agudas e crbnicas de
doencas neurodegenerativas sugerem um importante papel dessa citocina em
processos relacionados a doencas neurolégicas (Rothwell 2003; Allan et al.

2005).
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O aumento dos niveis de ERO’s no SNC, por diversos estimulos,
também tem forte influéncia na resposta inflamatéria, podendo regular
positivamente a expressdo de mediadores inflamatorios, sobretudo os niveis de
TNF-a (Infanger et al. 2006). Esta citocina, por sua vez, induz ativacao
astrocitaria, potencializa a producdo de NO, aumentando a geracédo de ERO’s.
Além disso, TNF-a é o primeiro sinal para o aumento da liberagdo de outras
citocinas proé-inflamatérias como IL-13 e essas duas citocinas, por sua vez, sao
essenciais para producéo e liberacdo de IL-6. Cabe ressalta que IL-6 também
tem sua expressado induzida pelo aumento da secrecdo da proteina S100B
(Ponath et al. 2007). Outra citocina responsavel pela inducdo de processos
inflamatoérios € a IL-18 (um membro da superfamilia da IL-1) que em sua
liberacdo estreitamente associada a doencas neurodegenerativas (Ojala et al.
2009; Sutinen et al. 2014). Foi demonstrado ainda que niveis de TNF-a, IL-1p,
IL-6 e IL-18 apresentam-se aumentados no hipocampo e cértex durante o
envelhecimento cerebral (Xie et al. 2003). Por outro lado, os efeitos
antinflamatorios exercidos pela IL-10 estdo relacionados a inibicao da secrecao
de TNF-a. Além disso, a IL-10 pode exercer uma rapida neuroprotecdo devido
a sua capacidade de promover um atraso na ativacdo de NFkB (Tukhovskaya
et al. 2014). Essa via também estd envolvida no aumento dos niveis da
quimiocina MCP-1 que € uma reguladora primordial da neurotoxicidade
inflamatdria no envelhecimento cerebral e ativadora da via p38 MAPK no SNC.
Os resultados obtidos a partir desse modelo de envelhecimento astrocitario in
vitro, apresentados nesse trabalho, estdo de acordo com estes relatos da
literatura, visto que o cérebro envelhecido apresenta niveis elevados de

citocinas e quimiocinas proé-inflamatorias.
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Caracteristicamente, o fator de transcricio NFkB €& considerado o
principal mediador inflamatorio do SNC, regulando a liberacdo de citocinas pro-
inflamatodrias, e consequentemente, exercendo um importante papel no
desenvolvimento de desordens neuroinflamatorias. Nesse estudo noés
observamos que, em astrécitos hipocampais, tanto NFKB quanto citocinas pro-
inflamatorias tiveram seus niveis aumentados em fungéo da idade. Uma vez
que a resposta inflamatoria parece estar exacerbada no cérebro envelhecido e
que NFkB estad envolvido na modulagdo dessa resposta, existem evidéncias
consistentes que had uma maior ativacdo de NFkB com a idade, e o sinal
determinante para esta, é a elevagéo dos niveis de NFkB p65 no nucleo (Miller
& O'Callaghan 2005) Além disso, a ativacdo de NFkB também é responsavel
pelo controle da homeostase redox, visto que é capaz de modular a sintese de
proteinas pré-oxidantes, podendo ser um link entre resposta inflamatoéria e
estresse oxidativo/nitrosativo (Morgan & Liu 2011). A via p38 MAPK, que regula
a translocacao de NFkB, parece ser um evento precoce na ativacéo desse fator
de transcricdo (Gorina et al. 2011), e também apresentou seus niveis
aumentados no nosso modelo de astrécitos hipocampais de animais AD e EN
em comparagdo a NN. Nesse sentido, NFkB e p38 MAPK podem estar
envolvidos na mediacao do estresse oxidativo e resposta inflamatéria no SNC.

Outro importante fator de transcricdo envolvido no controle da resposta
inflamatéria é o Nrf-2, conhecido por ativar o sistema de defesa antioxidante
celular, ele atua, por exemplo, restaurando os niveis de GSH através da
inducdo da transcricdo do gene da glutamilcisteina sintetase, mediando,
portanto, a neuroprotecdo no SNC (Calabrese et al. 2005). Dados indicam que

a translocacéo reduzida de Nrf-2 para o ndcleo pode ser a resposta primaria a
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alteracdes na homeostase redox e inflamacdo. Uma vez que esse fator de
transcricdo é considerado um mediador anti-inflamatério, nossos achados
corroboram com estudos que demonstram que a atividade transcripcional de
Nrf-2 diminui com envelhecimento cerebral. Nrf-2 ainda regula a expressao de
HO1, proteina que é responsavel por um fundamental mecanismo de defesa
para células expostas a alteracdes oxidativas, controlando a producdo de NO
através da inibicdo da atividade da enzima Oxido nitrico sintase induzivel
(Wakabayashi et al. 2010). Nrf-2 e HO1, em conjunto, também desempenham
um importante papel na modulagdo de NFkB, uma vez que os produtos da
reagdo catalisada por HO1, bilirrubina e ferro molecular, inibem a ativagéo
NFkB. Além disso, o monéxido de carbono, é responsavel por diminuir a
producdo de TNF-a e IL-1B8 e aumentar a producédo de IL-10 (Otterbein et al.
2000). Nesse sentido, alteracdes em parametros de estresse oxidativo e
resposta inflamatdria dependentes da idade, em astrécitos hipocampais de
ratos Wistar AD e EN, podem ser explicadas por alteracbes nas vias de
sinalizacdo de NFkB, p38, Nrf-2 e HO1, demonstrando assim que essas
sinalizacbes sao fundamentais para o0 entendimento dos processos
relacionados ao envelhecimento e desordens neurodegenerativas.

Por fim, demonstramos que o modelo de cultura descrito nesse trabalho
mostrou-se uma ferramenta adequada para elucidar propriedades bioquimicas,
fisiologicas e moleculares de astrdcitos hipocampais de ratos Wistar adultos e
envelhecidos. Nesse sentido, nossos resultados evidenciam que alteracdes na
funcionalidade astrocitaria, dependentes da idade, associadas a marcadores
gliais, metabolismo glutamatérgico, fatores troficos, funcdo mitocondrial,

estresse oxidativo/nitrosativo e resposta inflamatoria estdo conectados,
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provavelmente, através das vias de sinalizacdo NFkB, p38, Nrf-2 e HO-1. Em
conjunto, nossos resultados enfatizam que 0s astrécitos representam um
importante alvo para compreender mecanismos envolvendo envelhecimento e
desordens neuroldgicas relacionadas a idade e que este modelo é adequado
para o estudo de patologias que tenham suas bases relacionadas a regiao
hipocampal e ao envelhecimento cerebral, permitindo, futuramente, a
realizacdo de experimentos que testem tanto alvos preventivos como

terapéuticos em situacdes neurodegenerativas in vivo e in vitro.
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PERSPECTIVAS

ApGs o aprimoramento da caracterizagdo de um protocolo de cultivo de
astrocitos hipocampais de animais adultos e envelhecidos com a avaliacdo de
pardmetros glutamatérgico, oxidativos e inflamatorios relacionados ao
envelhecimento, como perspectivas desse trabalho nés vamos buscar uma
correlacdo de efeitos provocados por estimulos in vivo com efeitos observados
in vitro. Para isso, buscaremos avaliar o efeito da administracdo de resveratrol,
Seus mecanismos neuroquimicos, moleculares e celulares, in vivo,
correlacionando com culturas de astrécitos corticais e hipocampais de ratos

Wistar adultos submetidos a um modelo de inflamacéo/deméncia por LPS.
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