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APRESENTACAO

Esta tese é constituida por:

1. Introducdo, onde estda 0 embasamento tedrico necessario para a compreensdo da

proposta de trabalho e objetivos.

2. Objetivos, onde se encontram todas as metas a serem desenvolvidas ao longo dos

capitulos.

3. Métodos e resultados, constituidos pelos capitulos 1, 2 e 3:
Capitulo 1, onde se encontra o primeiro artigo publicado pertencente a esta tese.
Capitulo 2, onde se encontra o segundo artigo publicado pertencente a esta tese.
Capitulo 3, referente ao terceiro artigo que sera submetido a revista Neuoscience.

4. Discussdo, que contém uma interpretacdo dos resultados obtidos relativos aos trés

capitulos acima, englobando-os em um contexto geral.
7. Conclus6es, onde se encontra o fechamento geral da tese.

8. Perspectivas, que aborda as possibilidades futuras de pesquisas relativas a

continuacéo deste trabalho.

9. Referéncias, onde se encontram listadas todas as referéncias bibliograficas utilizadas
na Introducédo e Discusséo deste trabalho.
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RESUMO

O objetivo desta tese foi avaliar o efeito do exercicio fisico sobre a meméria aversiva e
parametros inflamatdrios no processo de envelhecimento e na isquemia cerebral global
em ratos Wistar. Para isso foram realizados trés experimentos.

No primeiro, ratos de 3 meses de idade foram submetidos a exercicio (corrida esteira, 20
minutos por 2 semanas) ou mantidos sedentarios. Foram avaliados o desempenho na
tarefa de esquiva inibitdria e os niveis de COX-2, PGE; e de receptores E-prostanoides
(EP1-3) no hipocampo de ratos em diferentes tempos apos a Ultima sesséo de exercicio.
O exercicio induziu alteragdes tempo-dependentes sobre a via da COX-2,
especificamente, aumentou os niveis de COX-2 e dos receptores EP4 e EP2 e diminuiu
o0s niveis de PGE,. Além disso, uma correlacdo positiva entre o desempenho no teste da
memoria aversiva e os niveis de COX-2 foi observada.

No segundo experimento, ratos de 3 e 20 meses foram submetidos ao mesmo protocolo
de exercicio. Foram analisados o desempenho na tarefa de esquiva inibitoria e
parametros inflamatorios e epigenético (TNF-a, IL1-B, IL-4, NF-xB e acetilacdo global
da histona H4) no hipocampo de ratos em diferentes tempos apos a Ultima sessdo de
exercicio. Foi observado um declinio da memdria aversiva associado a um estado pro-
inflamatorio e uma reducéo da acetilagao da histona H4 em ratos velhos. O exercicio foi
capaz de melhorar a memoria, diminuir marcadores pro-inflamatérios e aumentar a
acetilacdo de histona em hipocampo de ratos de 20 meses de idade; além disso,
aumentou os niveis de IL-4 no hipocampo de ratos de 3 meses de idade.

No terceiro experimento, ratos de 3 meses foram submetidos a isquemia cerebral global
e a0 mesmo protocolo de exercicio. NOs investigamos o efeito do exercicio antes e
depois da isquemia sobre a sobrevivéncia celular e a funcdo de células gliais em
hipocampo de ratos submetidos a isquemia. Exercicio pds-isquemia aumentou a
sobrevivéncia celular e modulou a funcéo das células gliais, especificamente, aumentou
a area ocupada por astocitos e diminuiu a area ocupada por células da microglia no giro
denteado ap0s isquemia cerebral.

Estes resultados sugerem que o exercicio fisico de corrida em esteira por 2 semanas
pode induzir mudancas tempo-dependentes sobre a memaria e parametros inflamatorios
em hipocampo de ratos. Além disso, as respostas do exercicio podem ser influenciadas

pelo envelhecimento e pela isquemia cerebral.



ABSTRACT

The aim of this thesis was to study the effect of treadmill exercise on aversive memory
and inflammatory parameters in the aging process and global cerebral ischemia in
Wistar rats. For this, we made three experiments.

In the first, rats of 3 months of age were divided in exercise (running daily for 20 min
for 2 weeks) or non-exercised (sedentary) groups. Were analyzed the performance in the
inhibitory avoidance task and COX-2, PGE2 and E-prostanoid receptors levels in the rat
hippocampus at different time points after the last training session of treadmill exercise.
The treadmill exercise causes time-dependent changes on COX-2 pathways function,
specifically increased COX-2 and EP4, EP2 receptors levels and decreased PGE; levels.
Moreover a significant positive correlation between aversive memory performance and
COX-2 levels was observed.

In the second experiment, rats of 3 and 20 months of age were submitted to the same
exercise protocol. We analyzed the performance in the inhibitory avoidance task and
inflammatory and epigenetic parameters (TNF-a, IL1-B, IL-4, NF-kB and global histone
H4 acetylation) in the rat hippocampus at different time points after the last training
session of treadmill exercise. It was observed a decline on aversive memory associated
to a pro-inflammatory state and reduction on H4 acetylation in aged rats. The exercise
ameliorated memory, decreased pro-inflammatory markers and increased histone
acetylation in hippocampi of 20-months-old rats; moreover, increased IL-4 levels in
hippocampi from young adult rats.

In the third experiment, rats of 3 months of age were submitted to global cerebral
ischemia and the same exercise protocol. Here, we investigated the effect of both pre
and postischemic treadmill exercise on cell survival and glial cells functions in the
hippocampus of rats submitted to ischemia. Postischemic exercise increases cell
survival and modulates glial cells functions, specifically increased area occupied by
astrocyte and decreased area occupied by microglia in dentate gyrus following cerebral
ischemia.

These results suggest that the treadmill exercise for 2 weeks can lead to time-dependent
changes on memory and neuroinflammatory parameters in the rat hippocampus.
Moreover, the responses to the exercise can be influenced by aging and cerebral

ischemia.



Introducao



1.1 Memoria

O aprendizado é o processo resultante da interacdo do individuo com o meio ou de
representagdes internas que possibilitam aquisicdo de novas habilidades ou
informagdes. A memoria, por sua vez, compreende o conjunto de mecanismos que
operam no sistema nervoso central (SNC) para que o aprendizado ocorra. Estes
mecanismos operam em sequéncia, iniciando pela fase de aquisi¢do, que corresponde ao
periodo durante a exposi¢cdo da experiéncia. Apos, estas informacbes sdo codificadas e
armazenadas, 0 que constitui a fase de consolidagéo e por fim, estas informacGes podem
ser acessadas, 0 que constitui a fase de evocacdo (McGaugh, 2002; lzquierdo et al.,
1985).

A formacdo da memdria requer modificacfes celulares e moleculares que ocorrem
durante a fase da consolidacdo. Apds, a memoria é armazenada em um estado estavel e
durante a evocacdo, torna-se labil novamente, necessitando de processos, como a
transcricdo e a traducdo génica, ativacdo de receptores entre outros mecanismos
necessarios para sua manutencdo (Lee et al., 2005; Da Silva et al., 2008). A
reconsolidacdo da memdria mantém e acrescenta novas informacdes a memdria antiga
enquanto que a extingdo permite formar nova memdria com significado diferente da
memodria original (Izquierdo, 2002).

As memorias podem ser classificadas utilizando-se diferentes critérios, por exemplo, o
tempo de retencdo. Considerando este critério, podem ser classificadas em memoria de
curta duracdo, a qual dura horas, mantendo a informacao enquanto a memoria de longa
duracdo estd sendo formada e nédo requer sintese de novas proteinas; ou memoria de
longa duracdo que pode durar dias ou anos, garantindo o registro do passado
autobiografico, conhecimento e habilidades do individuo (Dalmaz & Netto., 2004;

Izquierdo, 2002).



As fungdes envolvendo o armazenamento de informagdes emergem como resultado do
funcionamento do SNC. O conhecimento a respeito da participagdo de certas estruturas
encefélicas na formacdo de memorias originou-se a partir da observacdo de humanos e
animais de laboratdrio com lesGes encefalicas especificas. A partir destas observagoes, 0
crescente interesse pelo envolvimento das estruturas do sistema limbico na formacéo da
memoria, com destaque a elucidacdo do papel do hipocampo, acrescentou de forma
significante o conhecimento a respeito do processamento mneménico (lzquierdo, 2002;
Ofen, 2012).

O hipocampo é uma estrutura subcortical do lobo temporal que compde o sistema
limbico formado por duas regiGes principais: o giro denteado e o Corno de Amon (CA),
que por sua vez é subdividido nas regides CA1l, CA2 e CA3. Conexdes sindpticas do
hipocampo incluem a via perforante, as fibras musgosas, e a via colateral de Schaffer. O
hipocampo desempenha um papel fundamental na formacdo de memorias declarativas
de curta e longa duracdo, e diferentes areas corticais interagem com o hipocampo para
regular a aquisicdo e o armazenamento de novas informagdes (Kandel, 2000; Izquierdo

et al., 1998; Figura 1).
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Figura 1. Seccéo coronal do hipocampo de rato (Adaptado de Pittson et al., 2005).

Para elucidacdo dos mecanismos envolvidos nos processos de memoria, tém-se

empregado modelos animais baseados no aprendizado de tarefas comportamentais



simples. Um teste amplamente utilizado para estudar a memdria aversiva, a qual é
considerada um subtipo de memoria declarativa, consiste na tarefa de esquiva inibitoria.
Nesta tarefa, o animal aprende que ao descer de uma plataforma, recebe um choque.
Este aprendizado requer um Unico treino e envolve a repressdo especifica da tendéncia
natural dos ratos para explorar o ambiente além da plataforma. Um aumento na laténcia
de descida, no teste, indica melhora da memoria aversiva (Netto et al., 1985; lzquierdo
et al., 2006). A formacdo da memdria associada a tarefa de esquiva inibitdria no rato
estd associada a ativacdo de receptores glutamatérgicos, aumento nos niveis
intracelulares de Célcio, ativacdo de vias de sinalizacdo que resultam em sintese de
novas proteinas. Estes processos podem ocorrer no hipocampo, cortex entorrinal e

amigdala (lzquierdo et al., 1999; Izquierdo et al., 2006).

1.2 Sistema imune

Nas ultimas duas décadas tornou-se evidente que o sistema imune desempenha um
papel importante na modulacéo das fungdes cognitivas (Yirmiya & Goshen, 2011). Em
condigdes fisiologicas, mecanismos imunes podem ser ativados por estimulos
ambientais e modular circuitos neuronais, promovendo a consolidacdo da memoria,
potenciacdo de longa duracdo (LTP, do inglés long-term potentiation) e neurogénese no
hipocampo. Estes efeitos benéficos sdo mediados por interacfes entre células do SNC
com fungbes imunes (microglia e astrocitos), neurdnios e células precursoras neuronais.
Estas interagdes envolvem a capacidade de resposta de neurbnios e células gliais a
neurotransmissores, hormonios, neurotrofinas e mediadores inflamatérios (Yirmiya e
Goshen, 2011).

Durante o aprendizado a liberacdo glutamatérgica, monoaminérgica e adrenocortical

pode ativar neurdnios, microglia e astrocitos no hipocampo. A ativacdo microglial pode



resultar na producdo e liberacao de interleucina-1 (IL-1) a qual ativa astrécitos e induz a
expressdo de mediadores envolvidos na plasticidade e memoria. Microglia e astrocitos
secretam mediadores que influenciam neurénios e células precursoras neuronais (NPCs)
envolvidos na neurogénese hipocampal, incluindo fator neurotréfico derivado do
encéfalo (BDNF) e fator de necrose tumoral alfa (TNF-a). Tem sido proposto o

envolvimento da IL-4 neste circuito, contribuindo para o aprendizado, memdria e

neurogénese (Yirmiya e Goshen, 2011).
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Figura 2. Acgdo do sistema imune sobre a memoria (Adaptado de Yirmiya et al., 2011).

Estudos tém elucidado o papel das citocinas inflamatérias na formagdo da memoria.
Neste contexto, um aumento dos niveis de citocinas inflamatorias como IL-1B, TNF-a,
foi associado com a melhora da memdria em roedores saudaveis (Yirmiya et al., 2002;
Song et al., 2003; Gibertini, 1998; McAfoose et al., 2009). Além disso, outros
mediadores inflamatorios envolvendo a via da ciclooxigenase-2 (COX-2) parecem

desempenhar um papel neste processo. Embora a funcdo da COX-2 no encéfalo, em



condicdes fisioldgicas, tenha sido pouco estudada, foi sugerido seu papel na transmisséo
sinaptica, plasticidade neuronal, memoria e neurogénese (Murray & O’Connor et al.,
2003; Chen & Bazan 2005; Yang & Chen, 2008; Rall et al., 2003).

Embora tenha sido sugerido que o sistema imune possa exercer efeitos benéficos sobre
as fungdes cognitivas, sua ativacdo crénica pode levar a alteracdes patoldgicas. Estas
alteracbes podem perturbar o delicado equilibrio necessario para manutengdo das
fungdes encefalicas, levando a prejuizos sobre plasticidade, neurogénese, aprendizado e
memoria. Estas condi¢cBes podem ocorrer tanto em situagdes fisioldgicas, como durante
o envelhecimento, como na presenca de disturbios da circulacdo cerebral (Jurgens &

Johnson, 2010; Yirmiya & Goshen, 2011; Cechetti et al., 2011; Vicente et al., 2009 ).

1.3 Envelhecimento

O envelhecimento é um processo bioldgico complexo, caracterizado por alteracdes
estruturais e funcionais das células e tecidos, podendo levar a reducdo das fungdes
cognitivas e aumentar a susceptibilidade a doencas associadas a idade (Siqueira et al.,
2004; Siqueira et al., 2005; Paradies et al., 2011). No Brasil, estima-se que nos
préximos 50 anos aproximadamente 30% da populacdo estardo na faixa etaria acima dos
65 anos (IBGE, 2008). Estes dados demonstram a importancia da pesquisa sobre o
envelhecimento normal objetivando investigar sobre as modificacfes associadas a idade
e contribuir para uma melhor qualidade de vida.

Embora estudos sejam conduzidos para investigar os mecanismos celulares e
moleculares envolvidos no processo de envelhecimento normal, ainda ndo esta
totalmente esclarecido como este processo interfere na reducdo das fungdes neuronais e
gliais e na disfuncdo cognitiva. Evidéncias experimentais tém sugerido que as

modificagfes do microambiente do encéfalo senescente estdo associadas ao estresse



oxidativo, aumento da reatividade microglial e inflamacéo cronica (Siqueira et al., 2005;
Jurgens & Johnson, 2010). Recentemente tem sido proposto que alteracfes epigenéticas
também podem estar relacionadas ao processo de envelhecimento (Chung et al., 2009;
Peleg et al., 2010; Jurgens & Johnson, 2010).

O encéfalo é particularmente susceptivel aos efeitos prejudiciais das espécies reativas de
oxigénio (EROs), devido a sua alta taxa metabdlica, reducdo tanto das defesas
antioxidantes quanto dos mecanismos de reparo durante o envelhecimento (Andersen,
2004). Além disso, as EROs estdo envolvidas na regulacéo redox das células do sistema
imune como por exemplo, as células da microglia que sdo ativadas sob condicBes
oxidativas (Halliwell, 2007). Essa ativacdo pode ser mediada pelo sistema da NADPH
oxidase resultando num aumento no consumo de oxigénio e consequente producdo do
radical anion superéxido (O2-.). Este radical pode formar peroxinitrito (ONOO-), que
pode depletar os grupamentos tidis e com isso alterar o balango redox da glutationa.
Este desequilibrio pode induzir a fosforilagcdo do inibidor kappa-B (IkB) promovendo a
ativacdo do fator de transcricdo nuclear kappa-B (NF-xB) através da sua translocagéo
para 0 nucleo. A ativacdo do NF-kB leva a transcricdo de mediadores inflamatorios,

como TNF-a, IL-1, entre outros (Oktyabrsky & Smirnova, 2007; Figura 3).
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Figura 3: Alteracdes no estado redox celular (Adaptado de Filippin et al., 2008).



Alteracbes do sistema imune podem induzir um estado pré-inflamatério no
microambiente encefélico senil e desta forma participar no processo do declinio
cognitivo relacionado ao envelhecimento (Buchanan et al, 2008; Lynch, 2010). Células
da microglia com um fendtipo reativo sdo normalmente referidas como “sensibilizadas”
e apresentam alteragcfes como desramificacdo e aumento do citoplasma. Neste estado,
estas células promovem uma maior liberacéo de citocinas inflamatdrias em comparagédo
com a microglia ramificada, em “repouso”, denominada de vigilante. Embora a
microglia “sensibilizada” tenha sido associada com doengas cronico-degenerativas,
evidéncias indicam que este fendtipo também estd presente no encéfalo durante o
envelhecimento normal (Bilbo, 2010). A reatividade microglial associada ao
envelhecimento pode contribuir para o dano neuronal assim como para a perda de
mecanismos neuroprotetores e neurorregulatorios, podendo resultar em reducdo das
funcbes cognitivas (Jurgens & Johnson, 2010; Barrientos et al., 2010; Figura 4).

Estudos demonstraram que altos niveis de citocinas pro-inflamatérias podem estar
associados a prejuizos na memdria em roedores (O'Donnell et al., 2000; Griffinetal,
2006). No entanto, estes estudos utilizam modelos de doengas neurodegenerativas ou
administragdo central e periférica de mediadores pro-inflamatérios para avaliar este
processo. O envolvimento de citocinas inflamatorias sobre tarefas comportamentais,
como testes de memoria espacial e aversiva, no processo do envelhecimento normal, em

roedores, tem sido pouco estudado.
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Figura 4: Alteracdes microgliais associadas ao envelhecimento (Adaptado de Barrientos et al., 2010).

Além dos mecanismos inflamatorios, estudos recentes tém sugerido que o declinio
cognitivo, associado ao envelhecimento, pode estar relacionado a modificacdes
epigenéticas. Epigenética refere-se a alteracfes da expressdo génica induzidas por
modificacdo da conformacgdo da cromatina sem alterar a sequéncia de DNA (Bird,
2007). Estas modificagOes podem ocorrer nas caudas N-terminais das histonas e entre as
mais estudas destaca-se a acetilacdo (Kouzarides, 2007). Em geral, a acetilagdo de
histonas facilita o processo de transcri¢cdo, enquanto que a desacetilacdo atenua este
processo (Waggoner, 2007; Turner, 2002). A acetilacdo pode ser regulada por enzimas
denominadas histonas acetiltransferases (HAT) e desacetilases (HDAC). As HAT
catalisam a adi¢do do grupo acetil da molécula doadora acetil-coenzima A (acetil-CoA)
aos residuos de lisina das histonas, enfraquecendo as interacOes eletrostaticas entre as
histonas e 0 DNA. Dessa forma, a cromatina adota uma configuragdo mais aberta,
facilitando a transcricdo (Waggoner, 2007). Por outro lado, as HDAC desacetilam as

histonas, removem o grupo acetil, ligando-se fortemente ao DNA e assim tornando a
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estrutura da cromatina mais compacta. Isto atenua o processo de transcri¢do e contribui

para o silenciamento génico (Turner, 2002; Figura 5).

Figura 5: ModificacGes das histonas. (Adaptado de http://bricker.tcnj.edu/Amb/amble9.html).

E interessante destacar que a formacdo da memoria tem sido associada com aumento
dos niveis de acetilacdo de histonas em roedores (Levenson et al., 2004; Vecsey et al.,
2007; Bousiges et al., 2010). Neste contexto, Reolon e colaboradores (2011)
demonstraram que a administracdo de inibidores da HDAC melhorou o declinio de
memoria associado ao envelhecimento. Além disso, foi proposto que a acetilagdo de
histonas induz a transcricdo de BDNF (Bekinschtein et al., 2008). O BDNF liga-se a
receptores tirosina kinase B (trkB, do inglés, BNDF-tyrosine kinase receptor B) o qual
ativa vias intracelulares como a cinase relacionada a sinais extracelulares (Erk) e a
proteina cinase dependente de Ca**/calmodulina 1l (CaMKII). Esta ativacdo contribui
para 0 aumento de espinhos dendriticos e plasticidade sinaptica (Mendelsohn & Larrick,
2012). Contudo, a reducao da acetilacdo de histonas e da sintese de BDNF podem estar
ligadas a prejuizos na plasticidade sinaptica observados durante o envelhecimento

(Mendelsohn & Larrick, 2012; Figura 6).
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Figura 6: AlteracGes epigenéticas associadas ao envelhecimento. (Adaptado de Mendelsohn e Larrick,
2012).

1.4 Isquemia cerebral

Conforme descrito previamente, além do envelhecimento, distirbios da circulacdo
cerebral também podem estar relacionados a ativacao cronica do sistema imune.
Desordens relacionadas a circulagdo cerebral contribuem significativamente para o
desenvolvimento de danos neurolégicos e representam uma importante causa de 6bito e
dependéncia (Radavonic, 2000). Entre estas desordens, a isquemia cerebral global é
caracterizada por uma reducdo importante do fluxo sanguineo cerebral e ocorre em
pacientes acometidos por uma variedade de condic¢Bes clinicas incluindo parada
cardiaca, choque e asfixia, e pacientes submetidos a cirurgia cardiaca complexa (Salazar
et al., 2001; Bernard et al., 2001; Nussmeier et al., 2002).

O encéfalo é altamente dependente de fluxo sanguineo continuo para o suprimento de
oxigénio e glicose, sendo mais vulneravel ao dano isquémico do que os outros tecidos
(Siesjo, 1978; Cechetti et al., 2011). Isto se deve a alta taxa metabolica, estoques de
energia limitados e uma grande dependéncia do metabolismo aerébico da glicose. A
reducdo da taxa de fluxo sanguineo afeta 0 microambiente encefalico resultando em
alteracdes bioquimicas e morfologicas associadas a disfuncdo cognitiva (Rodrigo et al.,

2005; Cechetti et al., 2011). Estudos experimentais tém demonstrado que apos isquemia
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cerebral, ocorre despolarizacdo neuronal, aumento dos niveis de glutamato e Ca®,
producdo excessiva de EROs, elevacdo de mediadores pro-inflamatorios e ativacdo da
sinalizacdo de morte celular (Lo et al., 2003; Figura 7). Estes eventos podem perdurar

horas ou dias e levam a morte neuronal (Durukan & Tatlisumak, 2007).
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Figura 7: ModificacGes celulares induzidas pela isquemia cerebral (Dirnagl et al., 1999).

A isquemia cerebral global observada em humanos pode ser reproduzida em modelos
animais. Um modelo amplamente utilizado é o de isquemia cerebral induzida pela
oclusdo dos 4 vasos. Este modelo caracteriza-se por eletrocauterizacdo das artérias
vertebrais e oclusdo transitoria das artérias carétidas em ratos (Pulsinelli & Brierley
1979; Figura 8). A reperfusdo ocorre ap0s a restauracao do fluxo carotideo. Este modelo
resulta em morte neuronal em regides especificas do encéfalo, incluindo neurénios
piramidais da camada CA1 do hipocampo a qual é obervada até 7 dias ap0s o insulto.
Associado a este evento, também se observa um aumento na proliferagdo celular.
Acredita-se que o aumento da proliferacdo celular estd relacionado a um mecanismo

compensatorio devido a significativa morte neuronal nesta regido. Esta proliferacdo
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celular inicia no terceiro dia ap6s o insulto e apresenta um apice 7 a 10 dias apés a

isquemia (Wiltrout et al., 2007).
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Figura 8: Modelo de isquemia cerebral induzido por ocluséo dos 4 vasos.

Outro evento importante que ocorre ap0os o insulto isquémico € a ativacdo de células
gliais a qual é vista como um fendmeno que pode agravar o dano neuronal e prejudicar a
recuperacdo funcional pés-lesdo (ladecola et al., 2011; Harukuni & Bhardwaj, 2006;
Mehta et al., 2007). Esta ativacdo glial ocorre logo apés a isquemia e permanece
semanas apos o insulto (Marioka et al., 1991; Valentim et al., 1999) podendo influenciar
a proliferacdo e sobrevivéncia das células progenitoras (Chao et al., 1992).

A ativacdo de células da microglia esta associada a promocdo de um estado proé-
inflamatério o qual influencia a progressdo da lesdo isquémica e agravamento dos
déficits neuroldgicos (Kato et al., 1996; Gehrmann, et al., 1992).

A ativacdo de astocitos esta associada a formacdo de cicatriz glial podendo prejudicar o
crescimento axonal e a funcdo neuronal (Sofroniew, 2009). Entretanto, um estudo
utilizando camundongos knockout para a proteina glial fibrilar &cida (GFAP; do inglés,
glial fibrilar acid protein), a qual integra o citoesqueleto astrocitario e esta implicada
em modificacOes estruturais e funcionais dos astrocitos, demonstrou que esses animais

apresentaram pior recuperagdo funcional apdés um modelo de trauma encefalico
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comparado aos animais lesionados que expressam GFAP (Otani et al.,, 2006).
Adicionalmente, foi demonstrado que astrogliose reativa adjacente a lesdo em modelo
de isquemia focal pode contribuir para recuperagcdo funcional e influenciar no
remodelamento neurovascular (Hayakawa et al., 2010). Portanto, a concep¢do de que
astrogliose reativa é um processo apenas danoso talvez ndo seja completamente correta

e que respostas gliais podem influenciar na melhora estrutural e funcional apés a leséo.

1.5 Exercicio fisico

O exercicio fisico tem recebido atengdo na ultimas décadas devido ao seu potencial
terapéutico e neuroprotetor. Esta area de investigacdo tem direcionado seus esfor¢os no
esclarecimento do papel do exercicio sobre processos de aprendizado e memdrias
dependentes do hipocampo.

Estudos tém evidenciado que diferentes protocolos como corrida em esteira, natacéo e
exercicio voluntario (corrida em roda) podem melhorar a memdria em roedores nos
testes de Water Maze (Berchtold et al 2010; Vaynman et al., 2004; Pietrelli et al., 2012),
reconhecimento de objetos (Hopkins et al., 2011) e esquiva inibitdria (Kim et al., 2010;
Radak et al., 2006; Bem et al., 2010).

Enfase tem sido dada sobre os efeitos do exercicio fisico sobre a bioquimica e a
morfologia do hipocampo. Tém sido proposto que o exercicio fisico pode aumentar os
niveis de BDNF (Vaynman et al., 2004; Radak et al., 2006; Berchtold et al., 2010) e
promover neurogénese hipocampal (Farmer et al., 2004; van Praag et al., 1999).
Também foi observado que exercicio fisico pode modular mecanismos epigenéticos,
alterando a atividade das enzimas HAT e HDAC e assim, podendo induzir acetilacdo de
histonas em hipocampo de ratos jovens (Elsner et al., 2011). Ainda, estudos

demonstraram que exercicio fisico pode alterar os niveis de citocinas inflamatorrias
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como TNF-a e IL-1p no encéfalo de roedores, no entanto 0s resultados sdo controversos
(Ang et al., 2004; Chennaoui et al., 2008; Funk et al., 2011; Ding et al., 2005;
Carmichael et al., 2005).

Esta divergéncia dos resultados pode estar relacionada aos diferentes protocolos
utilizados. Neste contexto, por exemplo, Scopel e colaboradores (2006), avaliaram o
efeito de diferentes intensidades de exercicio fisico sobre a suscetibilidade celular ao
dano induzido por privacdo de oxigénio e glicose (POG) em fatias hipocampais de
ratos. Foi demonstrado que exercicio moderado (corrida em esteira, 20 min por 2
semanas), diminuiu o dano celular induzido e POG, enquanto que o exercicio intenso
(corrida em esteira, 60 min por 2 semanas) aumentou o dano. Estes dados indicam que a
intensidade do exercicio pode determinar seus efeitos, e que exercicio moderado foi
neuroprotetor.

Além disso, poucos estudos tém investigado a duracdo dos efeitos do exercicio apds a
ultima sessdo de treino. Berchtold e colaboradores (2010) observaram que o exercicio
voluntario melhorou a meméria espacial e aumentou os niveis de BDNF hipocampal em
camundongos, sendo que este efeito foi verificado quando avaliado 1 e 2 semanas ap6s
o0 término do exercicio. Por outro lado, outros estudos demonstraram que a melhora da
memoria induzida pelo exercicio, avaliada pelos testes de reconhecimento de objetos e
esquiva inibitdria, ndo foi observada 2 e 8 semanas ap06s o utimo treino (Hopkins et al.,
2011; Radak et al., 2006).

Apesar de estudos demonstrarem que o exercicio fisico pode melhorar a memdria em
roedores, seu mecanismo de acdo, assim como a duracdo de seus efeitos apds seu

término, necessitam ser melhor explorados.



Objetivos



17

2.1 Objetivo Geral:
O objetivo dessa tese foi avaliar o efeito do exercicio fisico sobre a meméria aversiva e

pardmetros inflamatorios no processo de envelhecimento e na isquemia cerebral global.

2.2 Objetivos especificos:
I. Avaliar o efeito do exercicio fisico sobre a memoria aversiva no processo de

envelhemento, utilizando o teste de esquiva inibitoria em ratos Wistar de 3 e 20 meses.

I1. Avaliar o efeito do exercicio fisico sobre os niveis da enzima COX-2 em hipocampo

de ratos Wistar de 3 meses.

I11. Avaliar o efeito do exercicio fisico sobre os niveis de PGE; e seus receptores (EP1,

EP2 EP3 e EP4) em hipocampo de ratos Wistar de 3 meses.

IV. Avaliar o efeito do exercicio fisico sobre os niveis de citocinas inflamatérias, TNFa,

IL-1P e IL-4, em hipocampo de ratos Wistar de 3 e 20 meses.

V. Avaliar o efeito do exercicio fisico sobre os niveis do fator de transcricdo NF-kB em

hipocampo de ratos Wistar de 3 e 20 meses.

VI. Avaliar o efeito do exercicio fisico sobre os niveis de acetilacdo global da histona

H4 em hipocampo de ratos Wistar de 3 e 20 meses.

VII. Avaliar o efeito do exercicio fisico sobre a ativacdo de astrécitos marcados com
GFAP (marcador de astrocitos maduros) em hipocampo de ratos Wistar submetidos a

isquemia cerebral global.
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VIII. Avaliar o efeito do exercicio fisico sobre a ativacao de microglia marcada com
Iba-1 (do inglés, ionized calcium-binding adaptor molecule-1, marcador de células da

microglia) em hipocampo de ratos Wistar submetidos a isquemia cerebral global.

IX. Avaliar o efeito do exercicio fisico sobre a sobrevivencia de células BrdU-positivas
(do inglés, bromodeoxyuridine, marcador de proliferacdo celular) de ratos Wistar

submetidos a isquemia cerebral global.



Metodos e Resultados
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3.1 CAPITULO 1

TIME-DEPENDENT EFFECTS OF TREADMILL EXERCISE ON AVERSIVE
MEMORYAND CYCLOOXYGENASE PATHWAY FUNCTION

Neurobiology of Learning and Memory, 98: 182-187, 2012.
Doi: 10.1016/j.nIm.2013.01.007
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Exercise induces brain function adaptations and improves learning and memory; however the time win-
dow of exercise effects has been poorly investigated. Studies demonstrate an important role for cycloox-
ygenase-2 (COX-2) pathway function in the mechanisms underlying memory formation. The aim of
present work was to investigate the effects of treadmill exercise on aversive memory and COX-2, PGE;
and E-prostanoid receptors contents in the rat hippocampus at different time points after exercise has
ended. Adult male Wistar rats were assigned to non-exercised (sedentary ) and exercised (running daily
for 20 min, for 2 weeks) groups. The inhibitory avoidance task was used to assess aversive memory and
the COX-2, PGE; and E-prostanoid receptors (EP1, EP2, EP3 and EP4) levels were determined 1 h, 18 h,
3 days or 7 days after the last training session of treadmill exercise. The step down latency in the inhib-
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E-prostanoid receptors itory avoidance, COX-2 and EP4 receptors levels were acutely increased by exercise, with a significant
Hippocampus positive correlation between aversive memory performance and COX-2 levels. Increased EP2 content

Rt decreased PGE; levels were observed 7 days after the last running session, The treadmill exercise protocol
facilitates inhibitory avoidance memory and induces time-dependent changes on COX-2 pathways func-

tion (COX-2, PGE; and EP receptors)

© 2012 Elsevier Inc, All rights reserved.

1. Introduction

Physical exercise has been shown to enhance memory perfor-
mance and there is evidence that exercise may modulate physio-
logical mechanisms underlying memory formation, especially
those related to hippocampal neural plasticity such as increased
neurogenesis (Bjomebekk, Mathé, & Brené, 2005) and long-term
potentiation (LTP), a form of synaptic plasticity and model of learn-
ing and memory (O'Callaghan et al., 2007). Most studies in rodents
have focused on hippocampal-dependent behavior demonstrating
that wheel running or treadmill exercise improves spatial learning
in the water maze task (Albeck, Sano, Prewitt, & Dalton, 2006;
Berchtold, Castello, & Cotmana, 2010; Cassilhas et al., 2011; van
Praag. Christie, Sejnowski, & Gage, 1999; Vaynman, Ying, &
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Gomez-Pinilla, 2004). In addition, the effects of exercise have been
demonstrated in other memory tasks, such as object recognition
and inhibitory avoidance (Hopkins & Bucci, 2010, 2011; Radak
et al., 2006). Interestingly, the time window of exercise action on
physiological and behavioral functions has been poorly investi-
gated. Berchtold and colleagues (2010) demonstrated that the vol-
untary running improves memory parameters in radial arm water
maze, which can persist until 2 weeks after the exercise period.
Nonetheless, the object recognition memory was enhanced when
rats were tested immediately after voluntary running, but not
2 weeks after last session (Hopkins & Bucci, 2011). Similarly, Radak
and colleagues (2006) demonstrated that regular swimming
(8 weeks) improves performance in an inhibitory avoidance task
when rats were tested one day, but not 6 weeks, after the last
training session.

Mechanistic studies have found an increase of neurotrophic fac-
tors levels in the hippocampus with a similar temporal profile to
cognitive performance after the exercise training in rodents
(Berchtold et al., 2010; Hopkins & Bucci, 2011; Radak et al.,
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2006). An association between the improvement in the aversive
and declarative memory performance and increased BDNF levels
in hippocampus from exercised rats is then suggested.

According to that, our group has recently demonstrated that a
single session of treadmill exercise (20 min) acutely modify epige-
netic parameters in the rat hippocampus (Elsner et al., 2011), indi-
cating that the time course of the exercise effects on brain
functions must be better explored.

It is important to note that different pre and post synaptic
events underlying memory formation have been the subject of
numerous investigations, such as neurotrophic factors and epige-
netic parameters (Bekinschtein, Cammarota, Izquierdo, & Medina,
2008; Levenson & Sweatt, 2005). In this context, a role for cycloox-
ygenase-2 (COX-2) in memory acquisition and consolidation has
been described (Rall, Mach, & Dash, 2003; Teather & Wurtman,
2003). COX-2 is enniched in brain regions involved with the mem-
ory formation, such as hippocampus, neocortex, and amygdala
(Kaufmann, Andreasson, Isakson, & Worley, 1997; Yamagata,
Andreasson, Kaufmann, Barnes, & Worley, 1993). The inhibition
of COX-2 induced memory impairment and decreased cell prolifer-
ation and LTP (Akaneya & Tsumoto, 2006; Chen, Magee, & Bazan,
2002; Kumihashi et al., 2001; Rall et al., 2003; Teather, Packard,
& Bazan, 2002). Consistent with that, Yang and Chen (2008) sug-
gest that an increase of COX-2 expression can enhance synaptic
transmission and LTP in hippocampus. Recently, it was described
that treadmill exercise increases COX-2 immunoreactivity in hip-
pocampus from Zucher rats, an inbred strain used as a genetic
model for research on obesity and hypertension, and also from
its derived Zucker diabetic fatty rats (Hwang et al.,, 2010). Consid-
ering that different strains may show vanation in their outcomes
to exercise, other laboratory animal strains, particularly without
metabolic diseases phenotypes must be tested.

It is relevant to describe that previously we demonstrated that
the treadmill exercise protocol here used, i.e.. 2 weeks of daily
20 min sessions, has neuroprotective properties, since it was able
to reduce in vitro ischemic damage in hippocampal slices of Wistar
rats (Scopel et al., 2006).

It has been documented that Prostaglandin E; (PGE;) mediates
many of the COX-2-induced neurotoxicity. The effects of PGE;
are related to its binding to four receptors, named EP1, EP2, EP3
and EP4, and activation of EP2 and EP4 receptors is frequently
associated with neuroprotection (Akaike et al,, 1994; Andreasson,
2010; McCullough et al., 2004), while EP1 and EP3 receptors may
mediate neurotoxicity in models of excitotoxicity and cerebral
ischemia (Abe et al, 2009; Ahmad, Saleem, Ahmad, & Dore,
2006; Kawano et al., 2006). To our knowledge, there is a lack of
studies descnbing exercise-related modifications on PGE, and EP
receptors in any brain region.

Our working hypothesis is that the exercise would affect aver-
sive memory formation and cyclooxygenase pathway function,
possibly increasing the amounts of the enzyme recently linked to
memory, COX-2, as well as, of receptors related to neuroprotective
properties, EP2 and EP4. The aim of the present work is to investi-
gate the time course of treadmill exercise protocol (20 min/day
during 2 weeks) effects upon aversive memory, and the hippocam-
pus COX-2, PGE; and E-prostanoid receptors contents. The correla-
tion between biochemical and behavioral effects was studied.

2. Materials and methods
2.1. Animals
Male Wistar rats aged 3 months were used. Animals were

housed five per cage and maintained under standard conditions
(12 h light/dark cycle, at 22 +2 °C, with free access to food and

water). The NIH “Guide for the Care and Use of Laboratory Ani-
mals” (NIH publication No. 80-23, revised 1996) was followed in
all experiments. The Local Ethics Committee (Comité de Etica em
Pesquisa - UFRGS) approved all handling and experimental condi-
tions (nr. 2007876).

2.2. Exercise training

Rats were randomly divided into sedentary (SED) or exercised
(EXE) groups. The exercise training consisted of 2 weeks daily
20 min sessions on an adapted motorized rodent treadmill (INBRA-
MED TK 01, Porto Alegre, Brazil), with individual Plexiglas lanes, at
60% of animals maximal oxygen uptake (Brooks & White, 1978).
Peak oxygen uptake (VO,) was measured indirectly in all animals
before training. Each rat ran on a treadmill at a low initial speed in-
creased of the speed by 5m/min every 3 min until the point of
exhaustion (i.e., failure of the rat to continue running). The time
to fatigue (in min) and workload (in m/min) were taken as indexes
of exercise capacity, which was in turn taken as VO, max (Arida,
Scorza, dos Santos, Peres, & Cavalheiro, 1999; Brooks & White,
1978; Cechetti et al., 2007, 2008; Elsner et al., 2011; Scopel et al.,
2006; Siqueira et al,, 2009). In the first few sessions, rats were
adapted to the treadmill by running at 6.7 m/min for the first
2min, 10m/min for the next 4min, 15m/min for 8 min,
10 m/min for 4 min and 6.7 m/min for the last 2 min. Thereafter,
animals ran at 6.7 m/min for the first 4 min, 15m/min for 12 min
and 6.7 m/min for the last 4 min (Elsner et al., 2011). Any animal
that initially refused to run were encouraged by gently tapping
in their backs; neither electric shock nor physical prodding was
used in this study. The SED group was handled exactly as the
experimental animals and was left on the treadmill for 5 min with-
out any stimulus to run. Running sessions took place between
14:00 and 17:00 h,

2.3. Inhibitory avoidance

We used the single-trial step-down inhibitory avoidance task as
an established model of fear-motivated memory. At step-down
inhibitory avoidance training, animals leam to associate a location
in the training apparatus (a grid floor) with an aversive stimulus
(footshock). The general procedures for inhibitory avoidance
behavioral training and retention test were described in previous
reports (Amaral, Luft, Cammarota, Izquierdo, & Roesler, 2007;
Quevedo et al., 1999). The inhibitory avoidance apparatus was a
50 « 25 « 25 cm acrylic box (Albarsch, Porto Alegre, Brazil) whose
floor consists of parallel caliber stainless steel bars (1 mm diame-
ter) spaced 1 cm apart. A 7 cm wide, 2.5 cm high platform was
placed on the floor of the box against the left wall.

In the training trial, rats were placed on the platform and their
latency to step down to the grid with all four paws was measured
with a digital chronometer connected to the control box unit.
Immediately after stepping down onto the grid, rats received a
0.6 mA, 3.0s footshock and were removed from the apparatus
immediately after the footshock. The behavioral task was per-
formed 30 min before euthanasia on days 14, 15, 17 and 21, result-
ing in different groups namely 1h, 18h, 3days or 7days,
respectively (Fig. 1). The test trial took place 24 h after the training
one, by placing the rats on the platform and recording their laten-
cies to step down. Retention test latencies were cut off at 180 s and
no footshock was delivered. Different groups were submitted to
inhibitory avoidance task in different time of day, since running
sessions took place between 14:00 and 17:00 h and the time
course of exercise effects was evaluated. The acute and delayed ef-
fects on memory task were evaluated between 15:00 and 18:00 h,
while the inhibitory avoidance training and test was employed be-
tween 8:00 and 11:00 h in 18 h group (18 h after the last exercise
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W
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¥

Last session of treadmill exercise

Inhibitary avaidance test

Fig. 1. Diagram showing the timeline of experiments used in the present study. The treadmill exercise protocol { 20 min/day during 14 days) was used. The training trial took
place 24 h before the test one, by pladng the rats on the platform and recording their latencies to step down. The behavioral task was performed 30 min before euthanasia on
days 14, 15,17 and 21, resulting in different groups namely 1 h 18 h, 3 days or 7 days. respectively,

session ). In order to minimize the time of day effect, one control
group, SED, was evaluated for every EXE one. The behavioral task
was performed 30 min before euthanasia (Fig. 1).

24. Sample preparation

Exercised rats were decapitated 1 h (acutely), 18 h, 3 days or
Tdays (delayed) after the last session of treadmill exercise
(Fig. 1). The hippocampus were quickly dissected out and immedi-
ately frozen in liquid nitrogen, then stored at —80°C until the
determination content of COX-2, PGE; and E-prostanoid receptors
(EP1, EP2, EP3 and EP4). On the day of the assays, hippocampi were
homogenized and the lysates were subject to centrifugation in a
microcentrifuge tube, supernatant was removed for analysis. Pro-
tein concentration of each sample was measured by the Coomassie
Blue method using bovine serum albumin as standard (Bradford,
1976),

2.5, PGE; enzyme immunoassay

Tissue PGE; concentration was evaluated using an enzyme
immunoassay kit (Cayman Chemical, EUA). The PGE; concentration
was determined spectrophotometrically after incubation with tra-
cer and anti-PGEz monoclonal antibody on a microplate according
to the manufacturer's instructions.
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2.6, COX-2 and E-prostanocids receptors determination by Slot Blot

Samples were incubated with denaturing solution and after,
were applied on a membrane by a Slot Blot Filtration (Bio-Rad,
USA). The membranes were incubated with TBS buffer (Tris-HCI,
NaCl) containing blocking solution and later incubated with spe-
cific antibody for capture. Each membrane was then incubated
with COX-2 antibodies (1:1500) or one type E-prostanoid receptor
antibodies (EP1, EP2, EP3 or EP4}( 1:1000). Thereafter, membranes
were washed with wash buffer and were next incubated with TBS
buffer containing Tween 20, blocking solution and the peroxidase-
linked detection antibody. After wash, membranes were incubated
with color reagent Blots were dried, scanned and guantized with
Image] (PC version of Macintosh compatible NIH image). The blot
had a faint background that was corrected in image analysis.

2.7, Statistical analysis

All results are presented as mean (#5.0.). Results of behavioral
testing were expressed in latencies (sec) to step down platform.
Data were evaluated by Two-Way Analysis of Varance (ANOVA)
followed by the Duncan multiple comparison test when appropri-
ate. Biochemical results were expressed as percentage of control,
relative to the sedentary group at each time point. Independent-
sample Student t-test was used to compare the difference between

HSED . EXE

q

IA training

test test

L& training

1h group 18h group

Id group Td group

Fig. 2. Exercise effect on step down latency in inhibitory avoidance. Columns represent mean £ 500 (i =9-11). ANOVA followed by Duncan. *Values significantly different

from those respective sedentary control group (p < 0.05).
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Fig 4. Comrelation between step down latency in inhibitory avoidance test and
COX-2 content. Lincar regression analysis and Pearson correlation (r=Q571,
p <0001}

EXE and SED groups at each time point. Linear regression analysis
and Pearson correlation were used to study the association be-
tween behavioral and biochemical results. In all tests, p <0.05
was considered significant.
3. Results
3.1. Step-down inhibitory avoidance

Latencies to step down from the platform during training
were similar between all groups (ANOVA, F, .4 = 1.581,
p =0.213). The aversive memory was evaluated in a test session

carried out 24 h after training. Two-way ANOVA showed a main
group effect of exercise on step down latencies (F, g, =9.316,
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(n=5-7) Independent-samples Student’s f-test.

p = 0.003; Fig. 2): the exercise induced an acute increase in the
step down latency when compared to the sedentary group
(p<0.05). There was no significant delayed effect in the step
down latency. as measured 18 h, 3 days or 7 days after the last
session of treadmill exercise.

32. COX-2 determination

The exercise protocol acutely augmented the COX-2 content in
the rat hippocampus after the last treadmill session (t = -3.06,
df=9, p=0.014: Fig. 3); a significant positive correlation between
inhibitory avoidance test and COX-2 content was revealed
(r= 0571, p <0.001; Fig. 4).

3.3. PGE, determination

It was observed a decrease on the PGE, levels only 7 days after
the last session of treadmill in exercised rats, when compared to
their respective sedentary control (t=2.27, df=12, p~0.042;
Fig. 3).

3.4. EPs receptors determination

The hippocampus of exercised rats showed an increase of EP2
receptor content 7 days after the last treadmill session (t = -2.20,
df = 16, p = 0.048; Fig. 5). while an acute increase on EP4 receptor
content (1 h after the last training session, t= -2.34, df=17,
p =0.031; Fig. 5) was also observed. The levels of EP1 and EP3
receptors were not modified by exercise (data not shown).

T
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Fig 5. Effect of treadmill exercise protocol on EP2 receptor content and EP4 receptor content in hippocampus of rats. (A) Effect of exercise on EP2 content. (B) Effect of
exercise on EP4 content. Results are expressed as percentage of control. Line represents time-matched sedentary controls results (n = 6-9). Independent-samples Sudent’s 1-
test. "Values significantly different from those respective sedentary control group (p < 0.05)
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4. Discussion

The present study demonstrates that exercise may modulate
behavioral and biochemical functions, specifically improving aver-
sive memory performance and modifying the COX-2 pathway with
both acute and delayed features. To our knowledge, this is the first
evidence of a modulation effect of exercise on the COX-2 pathway
function, E-prostanoids receptors and PGE; in hippocampus.
Although it was previously described that treadmill exercise in-
creases COX-2 immunoreactivity in hippocampus from diabetic
and obese rats (Hwang et al., 2010), we here describe the effect
of exercise on COX-2 content in the hippocampus of healthy
animals.

Our exercise protocol (20 min/day during 2 weeks) transiently
improved the inhibitory avoidance aversive memory performance,
as shown by longer latencies to step down from the platform com-
pared to sedentary group. This result is not related to exercise-
induced changes in locomotor activity ( e.g. fatigue), since this effect
would have been detected in inhibitory avoidance training laten-
cies (see Fig. 2). Interestingly, Berchtold and colleagues (2010) dem-
onstrated that the cognitive effect of running can persist in a spatial
task, the radial arm water maze. In agreement with our results,
other studies showed a similar temporal profile of exercise effects
on non-spatial memory paradigms, specifically increasing acutely
the aversive and declarative memory, respectively, in passive
avoidance (Radak et al, 2006) and object recognition tasks
(Hopkins & Bucci, 2011), Along with the behavioral effect, exercise
caused an acute increase on COX-2 content. Corroborating with the
hypothesis that COX-2 is involved with memory formation
(Kaufmann et al.,, 1997; Yamagata et al., 1993), a positive correla-
tion between COX-2 content and inhibitory avoidance performance
was observed, so allowing us to suggest that the exercise-induced
COX-2 levels may be involved, at least in part, in the memory
enhancing effects of exercise.

The exercise-induced COX-2 levels increase could be related to
N-methyl-D-aspartate (NMDA) glutamate receptors, since NMDA
receptors are involved in the aversive, contextual and spatial as-
pects of memory (lzquierdo & Medina, 1997; Roesler et al,,
2003). NMDA receptor-dependent synaptic activity dynamically
regulates the expression of the COX-2 gene in the brain. Interest-
ingly, it was observed that exercise acutely increased the hippo-
campal COX-2 content without any change on PGE; levels; we
can suppose that the involvement of COX-2 on memory formation,
and its relationship with cognitive effects of exercise, is PGE;-inde-
pendent. Although several authors have claimed that PGE, is the
effector of COX-2-induced synaptic plasticity (Chen & Bazan,
2005; Yang & Chen, 2008), Hein and colleagues (2007) suggested
that it is impossible to exclude the role of others PGs. Considering
that COX-2-induced neurotoxicity seems be induced by PGE; pro-
duction, the lack of acute effect on PGE; levels would exclude the
potential toxicity induced by the increase of COX-2.

The behavioral finding here presented might be linked to role of
COX-2 on endocannabinoid signaling. Endocannabinoids, endoge-
nous metabolites of eicosanoid fatty acids, namely 2-arachidonoyl
glycerol (2-AG) and arachidonoyl ethanolamide (AEA), are
substrates for COX-2 (Kozak, Prusakiewicz, & Mamett, 2004; Piom-
elli, 2003). COX-2 oxygenates 2-AG and AEA, respectively, to pros-
taglandin glycerol esters and prostaglandin ethanolamides. Then,
the augment of COX-2 activity may accelerate the metabolism of
endocannabinoids, reducing their levels (Chen & Bazan, 2005; Yang
& Chen, 2008), besides it has been well established that cannabi-
noid blockade can improve memory (Bialuk & Winnicka, 2011;
Castellano, Rossi-Arnaud, Cestari, & Costanzi, 2003).

Surprisingly, despite increasing evidence of memory impair-
ment by COX-2 inhibition (Rall et al, 2003; Sharifzadeh et al.,

2005; Teather et al., 2002) there are no published clinical studies
investigating the role of COX-2 inhibition on normal learning and
memory,

Although the time window of memory-enhancing exercise ef-
fect was consistent with the increases in COX-2 and EP4 receptor
contents, we did not show any correlation between memory and
EP4 receptor content. Considering our findings and those of litera-
ture, we can correlate COX-2 with memory formation, while EP4
levels might be linked to neuroprotection effects. It is relevant to
note that we previously demonstrated that this protocol, i.e.,
2 weeks of daily 20 min sessions, reduces in vitro ischemic damage
in hippocampal slices of Wistar rats (Scopel et al., 2006). EP4 may
confer neuroprotection in excitotoxic or hypoxic paradigms in vitro
and in vivo models (Andreasson, 2010). Additionally, selective EP4
agonist protected neurons in hippocampal slices against NMDA-in-
duced excitotoxicity (Ahmad, Ahmad, de Brum-Fernandes, & Dore,
2005),

This exercise protocol has delayed effects on EP2 receptor con-
tent, which has been linked to neuroprotection activity. Ahmad
and colleagues (2006 ) demonstrated that the EP2 receptor stimula-
tion has a protective role in a model of striatal excitotoxicity.
Therefore, it is reasonable to think that the modulation of EP2
and EP4 prostanoid receptors might be related, at least in part, to
the neuroprotective effects of exercise previously described (Sco-
pel et al., 2006).

It is impossible to establish, at this moment, a definite mecha-
nism by which the exercise increases EP2 levels and decreases
PGE; content in the long term, although it is plausible that modu-
lation of epigenetic modifications that could vary according to spe-
cific genes (Szyf, 2009). We might suggest that the exercise was
able to reduce PGE2 synthase expression without affecting COX-2
expression. Interestingly, the exercise induced a reduction on
PGE; levels without affecting COX-2 content at 7 days after the last
training session. This result may be related to Candelario-Jalil &
colleagues, 2007, which demonstrated that resveratrol, a neuro-
protective compound, was able to reduce both PGE; levels and
PGE; synthase without affecting COX-2 content in brain rats.

Summanizing, the treadmill exercise causes time-dependent
changes on COX-2 pathways function (COX-2, PGE; and EP recep-
tors) and inhibitory avoidance memory. We suggest that the in-
crease of COX-2 is associated to the exercise-induced acute
memory enhancing effect; in addition the increase of EP2 and
EP4 receptors content, as well as the decrease of PGE; levels,
may be associated to the neuroprotective effects of this exercise
protocol, Further studies are needed to elucidate the modulatory
action of exercise on cyclooxygenase pathway function and its
relationship with the memory improvement.
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It has been described that exercise can modulate both inflammatory response and epigenetic modifica-
tions, although the effect of exercise on these parameters during the normal brain aging process yet
remains poorly understood, Here, we investigated the effect of aging and treadmill exercise on inflamma-
tory and epigenetic parameters specifically pro and anti-inflammatory cytokines levels, activation of
NF-kB and histone H4 acetylation levels in hippocampus from Wistar rats. Additionally, we evaluated
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decreased pro-inflammatory markers and increased histone H4 acetylation levels in hippocampi 20-
months-old rats, while increased acutely IL-4 levels in hippocampi from young adult rats. Together, these
results suggest that an imbalance of inflammatory markers might be involved to the aging-related aver-
sive memory impairment. Additionally, our exercise protocol may reverse aging-related memory decline
through improving cytokine profile.

© 2013 Elsevier Inc. All rights reserved,

1. Introduction

Several studies have pointed out that both normal aging process
and neurodegenerative diseases are associated with chronic neuro-
inflammatory response (de Magalhaes, Curado, & Church, 2009;
Lynch, 2010; Salminen et al., 2008). It has been suggested that
alterations on pro-inflammatory cytokines levels, such as interleu-
Kin-1p (IL-1p) and tumor-necrosis factor alpha (TNF-x«), and
anti-inflammatory cytokines, such as interleukin-4 (IL-4) and
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interleukin-10 (IL-10), may contribute to aged-related decline of
brain functions (Buchanan, Sparkman, Chen, & Johnson, 2008;
Griffin et al., 2006; Lynch, 2010; Nolan et al., 2005; O'Donnell
et al., 2000).

Interestingly, a great body of evidences has shown that cyto-
kines can alter memory formation and synaptic plasticity, where
the both the over-expression and absence of IL-13 and TNF-a
may directly influence the long-term potentiation (LTP) mainte-
nance, an animal model for learning and memory. However, the
involvement the inflammatory cytokines on hippocampal-depen-
dent learning and memory behavioral tasks; i.e., spatial memory,
object recognition and contextual fear conditioning has been
poorly studied. There are no studies, to our knowledge, reporting
the association of inflammatory cytokines with aversive memory
formation in the aging process.



29

GA Lovatel et al /Neurobiology of Learning and Memory 101 (2013) 94-102 95

The neuroinflammation is a dynamic process subject to aging
process and several factors, including physical activity, seem to
modulate inflammatory signaling (Wannamethee et al., 2002).
Treadmill exercise can decrease TNF-o and IL-1p levels in different
brain regions from healthy young rodents (Ang, Wong, Moochhala,
& Ng, 2004; Chennaoui, Drogou, & Gomez-Merino, 2008; Funk
et al,, 2011), however Ding et al. (2005) showed controversial re-
sults, We recently demonstrated that the treadmill exercise alters
some neuroinflammatory parameters, such as cyclooxygenase-2
(COX-2), prostaglandin E2 and E-prostanoid receptors levels in
young adult rats (Lovatel et al, 2012). Besides, the aversive mem-
ory enhancing effects by exercise seems be related to higher COX-2
(Lovatel et al., 2012).

In addition, the aging process has been associated with in-
creased activation of the nuclear factor-kappaB (NF-kB), an induc-
ible transcription factor complex that regulates the expression of
inflammatory molecules (Baeuerle & Baichwal, 1997; Manning &
Anderson, 1994). NF-kB activation is commonly short-lived, but
this pattern may be different during the aging process (Yu & Chung,
2006). Interestingly, the NF-xB-signaling pathway may be regu-
lated by histone acetylation, an important epigenetic mechanism
that can control the expression of specific genes with opposite
directions depending on the cell type (Chen, Fischle, Verdin, &
Greene, 2001; Jenuwein & Allis, 2001; Viatour et al., 2003; Yamam-
oto, Verma, Prajapati, Kwak, & Gaynor, 2003). There are evidences
indicating that histone acetylation status is implicated with the
inflammatory responses. However, these findings were mostly
based in hematopoietic cell, monocytes and macrophages (Bode
et al., 2007; Rahman, Marwick, & Kirkham, 2004; Roger et al.,
2011). However, studies reporting the relationship between NF-
kB or histone acetylation status and neuroinflammarion cytokines
during aging process are lack.

It is important to note that histone acetylation is controlled by
histone acetyltransferases (HAT) and histone deacetylases (HDAC)
enzymes (Choi & Howe, 2009; Kouzarides, 2007). It has been
widely recognized that histone acetylation is associated with en-
hanced transcriptional activity whereas deacetylation is typically
associated with transcriptional repression (Kimura, Matsubara, &
Horikoshi, 2005; Kouzarides, 2007). Interestingly, several groups
have demonstrated that memory formation is associated with
increased levels of histone acetylation (Barrett & Wood, 2008;
Mikaelsson & Miller, 2011). Evidences have indicated that histone
deacetylase inhibitors (HDACi ) are able to improve memory perfor-
mance. Studies demonstrated that administration of HDACi im-
proved memory in object recognition (Reolon et al, 2011),
conditioned context (Vecsey et al., 2007), LTP (Levenson et al.,
2004} and water maze (Peleg et al., 2010; Ricobaraza, Cuadrado-
Tejedor, & Garcia-Osta, 2011; Ricobaraza et al., 2009). We previ-
ously showed that a single session of treadmill exercise increased
HAT activity, in addition decreased HDAC activity in hippocampi
from young adult rats, suggesting thart this exercise protocol can
induce histone acetylation (Elsner et al., 2011). Accordantly, sev-
eral studies have demonstrated that exercise improves perfor-
mance in different memory and learning tasks in aged and young
rodents (Berchtold, Castello, & Cotmana, 2010; Radak et al., 2006;
van Praag, Shubert, Zhao, & Gage, 2005). Despite these findings,
to our knowledge there are no studies reporting the impact of exer-
cise on global histone acetylation in rat brain during normal aging
process.

Our working hypothesis was that memory behavioral tasks per-
formance is correlated to neuroinflammation and epigenetic mark-
ers, as well forced exercise would be able to reverse the aging
effects. Thus, the aim of this study was to investigate the effects
of treadmill exercise protocol (20 min/day during 2 weeks) on
TNFa, IL-1p, IL-4, NF-kB and histone H4 acetylation levels in hippo-
campi from 3 and 20-months-old Wistar rats. Moreover, we also

investigated the time course of the exercise effects, specifically,
1h, 18h, 3days and 7 days after the last session of treadmill
exercise.

2. Methods
2.1, Animals

Male Wistar rats of different ages, 3 and 20-months-old were
used. The animals were provided by Centro de Reprodugio de
Animais de Laboratdrio (CREAL) at Universidade Federal do Rio
Grande do Sul (UFRGS) and were maintained under standard con-
ditions (12-h light/dark, 22 + 2 °C) with food and water ad libitum.
The NIH “Guide for the Care and Use of Laboratory Animals™ (NIH
Publication No. 80-23, revised 1996) was followed in all experi-
ments. The Local Ethics Committee (CEUA de Etica em Pesquisa -
UFRGS) approved all handling and experimental conditions (nr.
21449).

2.2. Training

Rats were randomly divided into sedentary (SED) or exercised
(EXE) groups. EXE were submitted to exercise protocol consisted
on 20 min running session each day for 2 weeks (Fig. 1). SED was
handled exactly as the experimental animals and was left on the
treadmill for 5 min without any stimulus to run. The exercise train-
ing consisted of running sessions in an adapted motorized rodent
treadmill (INBRAMED TK 01, Porto Alegre, Brazil), with individual
Plexiglas lanes, at 60% of the animals maximal oxygen uptake
(Brooks & White, 1978). Peak oxygen uptake (VO,) was measured
indirectly in all animals before training. Each rat ran on a treadmill
at a low initial speed with the speed being increased by 5 m/min
every 3 min until the point of exhaustion (i.e., failure of the rat
to continue running). The time to fatigue (in min) and workload
(in m/min) were taken as indexes of exercise capacity, which
was in tum taken as VO; max (Arida, Scorza, dos Santos, Peres, &
Cavalheiro, 1999; Brooks & White, 1978; Cechetti et al., 2007,
2008; Elsner et al., 2011; Scopel et al., 2006). Rats of 3-months-
old were adapted to the treadmill by running, in the first few ses-
sions, at 6.7 m/min for the first 2 min, 10 m/min for the next 4 min,
15 m/min for 8 min, 10 m/min for 4 min and 6.7 m/min for the last
2 min. Thereafter, animals ran at 6.7 m/min for the first 4 min,
15 m/min for 12min and 6.7 m/min for the last 4 min. Rats of
20-months-old were adapted to the treadmill by running, in the
first few sessions, at 4.2 m/min for the first 2 min, 6.3 m/min for
the next 4 min, 9.5 m/min for 8 min, 6.3 m/min for 4 min and
4.2 m/min for the last 2 min. Thereafter, animals ran at 4.2 m/
min for the first 4 min, 9.5 m/min for 12 min and 4.2 m/min for
the last 4 min. Animals that initially refused to run were encour-
aged by gently tapping their backs. Neither electric shock nor phys-
ical prodding was used in this study and all the procedures took
place between 14:00 and 17:00 h.

2.3. Inhibitory avoidance rest

The inhibitory avoidance apparatus was consisted on
50 « 25 = 25 cm acrylic box (Albarsch, Porto Alegre, Brazil) whose
floor consists of parallel caliber stainless steel bars (1 mm diame-
ter) spaced 1 cm apart. A 7cm wide, 2.5 cm high platform was
placed on the floor of the box against the left wall. We used the sin-
gle-trial step-down inhibitory avoidance conditioning as an estab-
lished model of fear-motivated memory. At step-down inhibitory
avoidance training, animals learn to associate a location in the
training apparatus (a grid floor) with an aversive stimulus (foot-
shock). The general procedures for inhibitory avoidance behavioral
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Fig. 1. Schematic diagram showing the design of the experiments used in the present study. The test trials of inhibitory avoidance were conducted at 14,13, 17 or 21th days.
The rats were decapitate 30 min after test tnal, resulting in different groups 1 h, 18 h, 3 days or 7 days, related to the end of exercise penod, along with time-matched

sedentary controls.

training and retention test were described in previous reports
(Amaral, Luft, Cammarota, lzquierdo, & Roesler, 2007; Quevedo
et al, 1999). Previously, in the training trial, rats were placed on
the platform and their latency to step down to the grid with all four
paws was measured with a digital chronometer connected to the
control box unit, Immediately after stepping down on the grid,
the rats received a 0.6 mA, 3.0 s footshock and were removed from
the apparatus immediately after the footshock. The test trial took
place 24 h after training, by placing the rats on the platform and
recording their latencies to step down. Retention test latencies
measurements were cut off at 180 s and no footshock was deliv-
ered. The inhibitory avoidance test were conducted on the 14,
15, 17 or 21th days after exercise protocol started (Fig. 1). In order
to minimize the time of day effect, one control group (SED) was
evaluated for each exercised one. The behavioral test was per-
formed 30 min before euthanasia.

24. Preparation of samples

In order to verify the acute and delayed effects of exercise, ani-
mals were decapitated 1 h (acutely), 18 h, 3days or 7 days (de-
layed) after the last session of treadmill exercise. In addition, one
sedentary group was used for each exercised animal. The whole
hippocampi were quickly dissected out and immediately frozen
in liquid nitrogen, then stored at -80 °C.

2.5. Determination of the inflammatory cytokines levels

The levels of TNF-a, IL-1p and IL-4 were determined using Rat
ELISA Assay kits (Colorimetric Detection, catalog number 88-
7340; 88-6010 eBioscience Ready-SET-Go, USA; 555198, BD
OptEIA, USA, respectively) according to the manufacturer’s instruc-
tions. Briefly, 96-well plates were coated with specific monoclonal
antibody. The plates were then blocked for non-specific binding
using Assay Diluent. The hippocampi were homogenized with spe-
cific kit lyses buffer, lysates were centrifuged and the supernatant
and standards curve were incubated with the capture antibody fol-
lowed by detection antibody. The plates were incubated with
Detection enzyme Avidin-HRP followed by Substrate Solution.
The Stop Solution was added and the absorbance was measured
on a microplate reader (450 nm). Protein concentration of each
sample was measured by Lowry method (Peterson, 1977). The
cytokines levels were expressed as pg/ml.

2.6. Determination of the NF-kB levels

The NF-kB levels were determined using the NF-kB p65 (Total
and Phosphorylated) InstantOne ELISA Assay kit (Colorimetric
Detection, catalog number 85-86083, eBioscience Ready-SET-Go.
USA) according to the manufacturer’s instructions. Briefly, the hip-
pocampi were homogenized with specific kit lysis buffer, lysates
were centrifuged and the supernatant was removed for analysis.
Sample, negative control and positive control were incubated with
antibody cocktail followed Detection Reagent. The Stop Solution
was added and the absorbance was measured on a microplate

reader (450 nm). The Pierce BCA Protein Assay kit was used to
determine the protein concentration of each sample. The NF-xB
levels were expressed as relative optical density/mg protein.

2.7. Global histone H4 acetylation levels

The global histone H4 acetylation levels were determined using
the Global Histone H4 Acetylation Assay Kit (Colorimetric Detec-
tion, catalog number P-4009, EpiQuik USA) according to the man-
ufacturer’s instructions. The hippocampi were homogenized with
specific kit lyses buffer for nuclear extraction followed by the his-
tone extraction. After incubations TCA, HCl and acetone and few
centrifugations, the pellet was used for the H4 acetylation detec-
tion. The samples were incubated with the capture antibody fol-
lowed by detection antibody. After, the samples were incubated
with developing solution. The Stop Solution was added and the
absorbance was measured on a microplate reader (450 nm). The -
Pierce BCA Protein Assay kit was used to determine the pro-
tein concentration of each sample. The global histone H4
acetylation levels were expressed as ng/mg protein.

2.8. Statistical analysis

All results were expressed as mean + S.D. The results were ana-
lyzed by Three-Way Analysis of Variance (ANOVA) with age, exer-
cise and time points after the exercise as factors. Pearson
correlation and linear regression analysis were used to study the
relationships between behavioral and biochemical results, In all
tests, p < 0.05 was considered to indicate statistical significance.

3. Results

The latencies to step down from the platform during training
were similar in all groups (p > 0.05). Step down latencies of the test
session at different time-points after the exercise has ended are
illustrated in Fig. 2. Three-way ANOVA showed the effects of both
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Fig. 2. Effect of aging and exercise on step down latency in inhibitory avoidance.
Columns represent mean £ S.D. (n=9-11). ANOVA followed by Duncan. “Values
significantly different from those respective sedentary control group; *significantly
different from the 3-months-old groups (p <0.05)
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factors, age (F,;ss,=29.57; p<0.001) and exercise (F;;sq) =
26.16; p = 0.003). Aged rats exhibited impairment inhibitory avoid-
ance performance when compared to young rats. Duncan post hoc
test indicated that the exercise increased acutely the step down la-
tency after the last session, without any delayed effect (p <0.05;
Fig. 2).

Fig. 3 highlights the TNF-x levels. Three-way ANOVA revealed a
significant effect of the age factor (F; 05, =29.33:; p <0.001). It was
observed an increase on hippocampal TNF-x levels in the
20 months-old rats when compared to the young group. Moreover,
there was a significant interaction between age and exercise fac-
tors (F,45,=8.02, p=0006; Fig. 3B). Duncan post hoc test indi-
cated aged rats exhibited lower TNF-a levels (about 25%) when
compared to the sedentary group 1 h after the last exercise session
(p<0.05).

The IL-18 levels are illustrated in Fig. 4 Similarly, three-way
ANOVA demonstrated effect of the age factor (F ;¢ =30.67,
p <0.001), since hippocampi from aged rats showed higher IL-1§
levels compared to the young group. In addition, a significant inter-
action between age and exercise factors was observed
[Fi179)=4.65, p =0.035; Fig. 4). Duncan post hoc analysis revealed
that exercise induced acute and delay (18 h) reduction on IL-1§
levels (about 30%) in hippocampi from aged rats after the last
treadmill session (p <0.05: Fig. 4).

Three-way ANOVA showed the effect of the age factor on
Fig. 5 (F,7¢,=6085; p<0.001). Likewise the cytokines IL-1§
and TNF-a, aged rats have higher hippocampal NF-kB levels.
Moreover, Duncan post hoc test showed that exercise protocol
decreased NF-kB levels acutely in hippocampus from aged rats
(p<0.05). Interestingly, it was observed a significant negative
comrelation between inhibitory avoidance test and IL-1p
[R=-0.29. p=0010: Fig. 4B) and NF-kB content (R=0277,
p=0012; Fig. 5B).

Three-way ANOVA showed the effect of both factors, age and
exercise on IL-4 levels (F,.,=1259; p=0.001; F,5,=11.56;
p =0.001, respectively, Fig. 6). Hippocampi from aged rats have
lower levels of IL-4 compared to the young group (p <0.05). The
exercise protocol increased acutely IL-4 levels in hippocampi from
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3 months-old rats (approximately 55%, p < 0.001; Fig. 6A), without
any effect in the aged group. Furthermore, it was observed a signif-
icant positive correlation between inhibitory avoidance test and IL-
4 levels (R = 0.38, p = 0.001; Fig. 6B).

Three-way ANOVA showed a significant effect of both factors,
age and exercise on global histone H4 acetylation levels
(Fiy81y=17.75, p<0.001; Fysy,~7.63, p=0.007, respectively,
Fig. 7). It was observed that aged rats have lower levels of this
parameter comparing to the young group (Fig. 7A). Duncan post
hoc analysis revealed that the exercise protocol acutely increased
H4 acetylation levels in hippocampi from aged rats, without any
effect in the young group (about 30%; p < 0.05; Fig. 7A). Moreover,
it was observed a significant positive correlation between inhibi-
tory avoidance test and H4 acetylation levels (R~ 0251,
p=0011; Rg 7B).

4. Discussion

In the cumrent study, we provide the first evidence for relation-
ship between age-related aversive memory impairment and the
imbalance of inflammatory and epigenetic parameters. A novel
finding that emerged from our study involves a potential interac-
tion between aging and exercise on inflammatory parameters.
Interestingly, the forced exercise modulated inflammatory cyto-
kines content in an age-dependent manner, increasing anti-inflam-
matory cytokine content in young hippocampus, while the exercise
was able to reverse the increases of pro-inflammatory cytokines
levels induced by aging process.

Our data support the idea that the changes of inflammatory
cytokines may be involved, at least in part, to the aging-related
impairment, since we observed an increase on TNF-x and IL-18 lev-
els, pro-inflammatory cytokines, associated with decreased levels
of IL4, anti-inflammatory cytokines. in hippocampus from
20 months of age rats.

There was a negative correlation between IL-18 levels and the
performance on aversive memory test. Although we cannot deter-
mine that this phenomenon is causally related to cognitive deficit,
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Fig 3. (A) Effect of aging and treadmill exercise on TNF-a levels in rat hippocampus. Columns represent mean = S.D. (1 =5-7) Three-way ANOVA followed by Duncan test,
*significantly different from the respective sedentary control group: "significantly different from the 3-months-old groups (p < 0.05). (B) Correlation between inhibitory
avoidance test performance and TNF-x levels. Linear regression analysis and Pearson cormrelation
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Fig 4. (A) Effect of aging and treadmill exercise on IL-1§ levels in rat hippocampus. Columns represent mean £ S.D. (n = 5-7). Three-way ANOVA followed by Duncan test,
*significantly different from the respective sedentary control group; *significantly different from the 3-months-old groups (p < 0.05). (B) Correlation between inhibitory
avoidance test performance and [L-1 levels. Linear regression analysis and Pearson correlation.
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Fig. 5. (A) Effect of aging and treadmill exercise on NF-kB levels in rat hippocampus. Columns represent mean £ SD. (n = 5-7), Three-way ANOVA followed by Duncan test,
*significantly different from the respective sedentary control group; "significantly different from the 3-months-old groups (p < 0.05). (B) Correlation between inhibitory
avoidance test performance and NF-kB levels. Linear regression analysis and Pearson correlation.

several studies have demonstrated that cognitive deficits can be
induced by increases on IL-1p levels in young rodents (Barrientos
et al., 2004; Moore, Wu, Shaftel, Graham, & O'Banion, 2009; Murray
& Lynch, 1998). The correlation of aversive memory and IL-1p lev-
els is in agreement with those obtained with LTP and spatial mem-
ory in aged rodents (Buchanan et al., 2008; Griffin et al., 2006;
O'Donnell et al., 2000). Our findings can be related to experimental

studies demonstrating that increased levels of pro-inflammatory
cytokines, induced by central administration of IL-1§, peripheral
infection and overexpression of IL-18, may be associated with cog-
nitive deficit (Barrientos et al., 2004; Moore, Wu, Shaftel, Graham,
& O'Banion, 2009). In addition, Depino et al. (2004) showed that IL-
1 blockade in the dorsal hippocampus has a facilitatory effect in
inhibitory avoidance task.
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Fig. 7. (A) Effect of aging and treadmill exercise on histone acetylation levels in rat hippocampus. Columns represent mean £ 5.0, (n = 5-7). Three-way ANOVA followed by
Duncan test, ‘significantly different from the respective sedentary control group; "significantly different from the 3-months-old groups (p < 0.05). (B) Correlation between
inhibitory avoidance test performance and histone acetylation levels, Linear regression analysis and Pearson correlation.

Moreover, hippocampi from aged rats have higher levels of
TNF-2, supporting the idea that TNF-« plays a central role in the
inflammatory cascade in aged brain. This finding may be related
to susceptibility to excitotoxicity events and disturbed energy
metabolism, both situations commonly found in age-related neu-
rological disorders,

Although considering that we did not observe a significant cor-
relation between TNF-a and the aversive memory performance,
even with higher levels of TNF-, it is reasonable to speculate that
the TNF-2 could not modulate the aging-related aversive memory
decline in rats. It is interesting to note that studies demonstrating
the effects of TNF-2 on cognitive function have been contradictory.
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Transgenic mice expressing murine TNF-2 showed an impairment
of inhibitory avoidance (Fiore et al., 1996), while an opposite pat-
tern was demonstrated by Baune, Ponath, Golledge, et al. (2008)
and Baune, Ponath, Rothermundt, et al. (2008) that mice deficient
for TNF-o under non-inflammatory conditions have poor memory.
Yet, this group suggests that TNF-x is essential for normal func-
tions of memory and learning in healthy elderly humans (Baune,
Ponath, Golledge, et al., 2008; Baune, Ponath, Rothermundrt, et al.,
2008).

Another important finding that emerged from this study is that
the decrease in IL-4 levels can significantly contribute to the
impairment in inhibitory avoidance model in healthy aged rats,
supporting the previous findings obtained with LTP (Maher, Nolan,
& Lynch, 2005; Nolan et al., 2005) and water maze model (Kawaha-
raetal, 2012).

The involvement of NF-kB pathway in pro-inflammatory cyto-
kines transcription during aging process has been described
(Chung et al., 2009); accordantly, NF-kB phosphorylated, which
indicates an activation of NF-kB, was increased in hippocampus
from 20 months-old rats. Our findings support the hypothesis that
a shift from a homeostatic balance of inflammatory mediators to-
ward a pro-inflammatory state, modulated by NF-kB activation,
is related to aversive memory impairments.

It has been demonstrated that epigenetic modifications, such
as acetylation of histone and non-histone proteins, are involved
in NF-xB-signaling pathway (Aguilera, Hoya-Arias, Haegeman,
Espinosa, & Bigas, 2004; Viatour et al, 2003; Yamamoto et al.,
2003), although these findings have been contradictory, pointing
to a rather complex relationship to link NF-xB activation with his-
tone acetylation. The H4 histone hyperacetylated state induced by
HDAC inhibitors can activate NF-kB pathway in both murine mac-
rophage and human embryonic kidney 293 cells (Saccani & Natoli,
2002; Chen et al., 2001), while in bone marrow derived macro-
phages, HDAC inhibitors did not affect NF-kB nuclear translocation
(Roger et al., 2011).

We also infer that the H4 histone hipoacetylation in hippocampi
from aged rats would indicate a global acetylation state in cells,
what can influence the function of other acetylated substrates,
such as coactivators, components of the basal transcription
machinery, and proteins involved in nuclear import {Bannister,
Miska, Gorlich, & Kouzarides, 2000; Imhof et al., 1997). It is impor-
tant to note that the acetylation of different lysines in NF-kB sub-
units, p65 and p50, also controls its transcriptional activity and
DNA- binding affinity (Calao, Burny, Quivy, Dekoninck, & Van,
2008). NF-kB was able to interact directly with both enzymes re-
lated to histone acetylation, HAT and HDAC. It has been reported
that acetylation of p65 subunit plays a critical role in NF-kB-tran-
scriptional activity, Kieman et al. (2003 ) suggest that acetylation of
p65 regulates negatively transcriptional activity of NF-kB by low-
ering binding to DNA, promoting its export to the cytoplasm. Taken
together, we can suppose that our findings obtained in hippocampi
from aged rats would be related to hipoacetylation of NF-kB sub-
units, blocking its removal to the cytoplasm.

Besides, the aversive memory performance here observed might
be linked to a role of H4 histone acetylation, since we observed a po-
sitive correlation between both parameters. These results are in
agreement with previous studies reporting that aging-related mem-
ory decline in spatial memory paradigms and LTP can be related to
altered histone acetylation (Peleg et al., 2010; Zeng et al., 2011), In-
deed, decreased histone acetylation was observed in several cellular
and in vivo neurodegeneration models (Rouaux, Loeffler, &
Boutillier, 2004; Saha & Pahan, 2006; Sleiman et al., 2009).

Our exercise protocol (20 min/day during 2 weeks) improved
transitorily the inhibitory avoidance aversive memory perfor-
mance in both young and old rats. In agreement, other studies
showed a temporal profile of exercise effects on aversive and

declarative memory (Hopkins, Nitecki, & Bucci, 2011; Lovatel
et al., 2012; Radak et al., 2006).

The present study is the first evidence reporting the effects of
forced exercise on neuroinflammatory and epigenetic parameters
in healthy rats of different ages. This exercise protocol decreased
pro-inflammatory markers, specifically TNF-a, IL-1p and NF-kB
phosphorylated in hippocampus from healthy aged rats. Our data
can be related to other findings where the exercise was able to re-
duce TNF-o and IL-1§ levels in transgenic model of Alzheimer Dis-
ease (Leem, Lee, Son, & Lee, 2011; Nichol et al, 2008). Taken
together, these results suggest that exercise may restore the bal-
ance of inflammatory status, improving the aging-related memory
decline in rats.

In contrast to the data obtained from the aged group, the exer-
cise paradigm did not modify pro-inflammatory cytokines and NF-
kB levels in hippocampi from 3 months-old rats, showing different
profiles between young and aged rats. It is impossible at this mo-
ment to establish the types of cells are expressing studied cyto-
kines. The proinflammatory cytokines are usually produced in
the CNS by activated microglia (Giulian, Baker, Shih, & Lachman,
1986; Hetier et al., 1988) and astrocytes (Chung & Benveniste,
1990; Lieberman, Pitha, Shin, & Shin, 1989), although it has been
suggested that hippocampal neurons may produce the cytokines
(Bandtlow et al., 1990). However, it has been postulated an age-
associated increase in microglial reactivity (Chen et al., 2008). In
accordance, Buchanan et al. (2008 ) observed that a stress model in-
creased hippocampal IL-1p expression associated with a cognitive
impairment in aged mice, without any effect in adult mice. More-
over, the microglia activation also impacts on anti-inflammatory
cytokines in an age-depend manner, since activated microglia from
young rat brain releases anti-inflammatory cytokines, which is
considered a protective response (Perry, Cunningham, & Holmes,
2007; Perry, Matyszak, & Fearn, 1993). However microglia activa-
tion in middle-aged rats produces IL-1p, leading to a harmful phe-
notype (Perry, Newman, & Cunningham, 2003), Taken together, we
can suppose an exercise-induced shift in the state of microglia
from activated to non-activated in aging process, maintaining the
homeostasis. This modulation on neuroinflammation process can
be related to neuroprotective effect.

Consistent with the idea that exercise can impact inflammatory
cytokines content in an age-dependent manner, the exercised
young group showed higher IL-4 levels compared to the sedentary
group. In addition, it has been proposed that 1L-4 may exert neuro-
protective effect through to the inhibition of the expression and re-
lease of the IL-1p and TNF-2 (Brown & Hural, 1997; Chao, Molitor,
& Hu, 1993; Loane et al., 2009).

Recently, our group described the modulation of exercise on
both inflammatory and epigenetic parameters in hippocampus
from young rats (Elsner et al., 2011; Lovatel et al., 2012). Lovatel
et al. (2012) demonstrated that the time window of memory-
enhancing exercise effect was consistent with the increases in
COX-2 and EP4 receptor contents, correlating COX-2 with memory
formation, while EP4 levels might be linked to neuroprotection
effects.

The results here showed that this exercise protocol had no ef-
fect on H4 acetylation levels in hippocampus from 3-months-old
rats. Accordantly, our previous studies demonstrated that this pro-
tocol did not alter HAT and HDAC activities hippocampal histones
H3 and H4 in young adult rats (Elsner et al., 2011). On the other
hand, our protocol exercise increased the H4 acetylation levels in
20 months-old rats, this finding led us to hypothesize that exercise
may attenuate age-related changes on chromatin structure.

Taken together, our results support the involvement of imbal-
ance of inflammatory cytokines in the aging-related impairment
of aversive memory. Furthermore, additional studies are necessary
to test whether this phenomenon is causally related to normal
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aging-induced impairments. Finally, our data indicate that exercise
may ameliorate aging-related memory decline in rats through epi-
genetic mechanism involving histone acetylation and restoring the
homeostatic balance of inflammatory cytokines.
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3.3 CAPITULO 3

POSTISCHEMIC EXERCISE MODULATES DIFFERENTLY GFAP AND IBA-1
EXPRESSION IN HIPPOCAMPAL DENTATE GYRUS FOLLOWING GLOBAL
CEREBRAL ISCHEMIA IN WISTAR RATS
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ABSTRACT

The effect of exercise on glial cells activation and cell survival after global cerebral
iIschemia yet remains poorly understood. Here, we investigated the effect of both pre
and postischemic treadmill exercise protocols (20 min/day during 2 weeks) on glial
cells immunostaining and survival of BrdU+ cells in the hippocampus of Wistar rats
submitted to global ischemia. It was observed an increase of area occupied by astrocytes
in both dentate gyrus and stratum radiatum induced by global ischemia. Moreover, a
synergistic effect between ischemia and exercise on area occupied by astrocytes was
showed. Postischemic exercise partially reversed the ischemia-induced increase on area
occupied by microglia. It was showed an increase of the survival of BrdU-positive cells
in the in dentate gyrus induced by cerebral ischemia and the postischemic exercise
potentiated this phenomenon. In conclusion, postischemic exercise increases cell
survival and modulates differently astrocyte and microglia immunostaining in

hippocampal dentate gyrus following global cerebral ischemia in Wistar rats.

Keywords: Treadmill exercise; pre-ischemic exercise; postischemic exercise;
hippocampus; astrocyte; microglia; cell survival.
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1. INTRODUCTION

Epidemiological studies (Lee and Paffenbarger, 1998; Sacco et al., 1998) have shown
neuroprotective effects of moderate physical activity. Several studies have demonstrated
that pre-ischemic treadmill exercise can reduce infarct volumes induced by focal
ischemia model (Wang et al., 2001; Guo et al., 2008; Ding et al. 2004; 2005; 2006; Jia
et al., 2009). Moreover, it has been suggested that pre-ischemic exercise is able to
inhibit inflammatory injury, evaluated by expression of inflammatory mediators and
accumulation of leukocytes, besides induces overexpression of neurotrophins (Ding et
al., 2006; 2004). We demonstrated that daily moderate intensity exercise (20 min once a
day for two-weeks) reduces the damage in hippocampal slices from Wistar rats
submitted to in vitro ischemia (Scopel et al., 2006). Indeed, pre-ischemic voluntary
exercise in running wheel reduces the lethality induced by global cerebral ischemia in
Mongolian gerbils (Stummer et al., 1994). In addition, these exercised gerbils submitted
to ischemia show reduced neuronal damage in striatum, cortex and hippocampus
(Stummer et al., 1994). In is interesting to note that postischemic treadmill exercise
reverses the global ischemia-induced increase on apoptotic neuronal cell death
modulating the expression of neurotrophic factors (Sim et al., 2004; Lee et al., 2003).
To our knowledge there are no studies comparing pre and postischemic exercise on
cerebral ischemia.

The mechanisms by which physical activity alters brain function are unclear, but it has
been suggested that exercise might activate cellular and molecular pathways that
contribute to neuroprotection. There are several evidences describing that exercise per
se, particulary running, may increase cell proliferation and survival in the hippocampal

dentate gyrus of adult rodents (Kim et al.,2002; Trejo et al., 2001; van Praag et al.,
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1999; Lee 2003, Sim et al., 2004; Llorens-Martin et al., 2010). Moreover, some studies
have investigated the effects of exercise on cell proliferation and survival in rodents
after cerebral ischemia, although contradictory findings have been found. Yagita and
colleagues (2006) demonstrated that postischemic voluntary wheel running decreases
survival of newborn cells in dentate gyrus from Wistar rats submitted to global
iIschemia, whereas this exercise protocol promotes newborn cells survival in dentate
gyrus from mice submitted to focal ischemia (Luo et al., 2007).

A growing body of data demonstrates that glial cells play a multifaceted and complex
role in ischemia outcomes; astrocyte and microglia can have both harmful and
supportive effects on cell proliferation and survival (Ekdahl et al., 2009). Astrocytes
become reactive, known as astrogliosis, what can be characterized as proliferation,
hypertrophy of nuclei, cell body and cytoplasmic processes (Wang et al., 2006; Petito
and Halaby 1993). Astrogliosis is recognized as a remarkable cellular response
following a wide variety of insults to the CNS, such as global ischemia (Valentim et al.,
1999; Petito and Halaby 1993), however, it is remarkable to cite that physical exercise
itself can induce this phenomenon in different brain areas, including cortex, striatum
and hippocampus (Li et al. 2005; Uda et al. 2006; Saur et al., 2012). Besides, the global
ischemia has greater microglial response on postischemic days 4-7 days in both dentate
gyrus and area CA1l of rats submitted to global ischemia (Marioka et al., 1991;
Gehrmann et al., 1992); however, to our knowledge there are no studies reporting the
long term effects. Lambertsen and colleagues (2011) suggest that reactive microglia in
ischemic rats are ascribed from resident microglia. Divergent results about the influence
of exercise per se on microglia activity have been found; voluntary running did not alter
staining of microglia cells even increasing its proliferation (Olah et al., 2009), while

Kohman et al (2012) observed that wheel running enhanced survival of new neurons
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and reduces the proportion of new microglia in aged. Despite these findings, to our
knowledge, there are no studies reporting the impact of exercise on staining of microglia
and astrocytes in hippocampus of Wistar rats submitted to global ischemia.

Thus, the aim of this study was to investigate the effects of both pre and postischemic
treadmill exercise protocols (20 min/day during 2 weeks) on glial cells immunostaining
and survival of BrdU+ cells in the hippocampus of Wistar rats submitted to global

ischemia.

2. METHODS

2.1 Animals

Male Wistar rats of 3 months-old were used. The animals were provided by Centro de
Reproducdo de Animais de Laboratério (CREAL) at Universidade Federal do Rio
Grande do Sul (UFRGS) and were maintained under standard conditions (12-h light/
dark, 22+2°C) with food and water ad libitum at Unidade de Experimentacdo Animal do
Hospital de Clinicas de Porto Alegre (UEA/HCPA). The NIH “Guide for the Care and
Use of Laboratory Animals” (NIH publication No. 80-23, revised 1996) was followed
in all experiments. The Local Ethics Committee (Comissdo de Etica no Uso de Animais

- CEUA/HCPA, n° 09-630) approved all handling and experimental conditions.

2.2 Surgery

Transient global cerebral ischemia was induced in Wistar rats using the four-vessel

occlusion method described by Pulsinelli in 1982, with minor modifications (Netto et

al., 1993). The vertebral arteries were permanently electrocoagulated under halothane
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anesthesia, and silastic ties were placed around each common carotid artery without the
interruption of blood flow. On the next day, the ties were tightened and clamped for 10
min. Sham animals were operated, but the ties were not tightened. The body
temperature was maintained at 37+ 0.5 °C during ischemia and reperfusion by means of

a rectal probe and heating blanket.

2.3 Training

Rats were randomly divided into sedentary, exercised pre-ischemic or exercised
postischemic groups. Pre-ischemic exercised group was submitted to exercise protocol
consisting on 20 min running session each day for 2 weeks before global cerebral
ischemia, while postischemic exercised group was submitted to exercise 2 days after
global cerebral ischemia (Figure 1). The exercise training consisted of running sessions
in an adapted motorized rodent treadmill (INBRAMED TK 01, Porto Alegre, Brazil),
with individual Plexiglas lanes, at 60% of the animals maximal oxygen uptake (Brooks
and White, 1978). Peak oxygen uptake (VO2) was measured indirectly in all animals
before training. Each rat ran on a treadmill at a low initial speed with the speed being
increased by 5 m/min every 3 min until the point of exhaustion (i.e., failure of the rat to
continue running). The time to fatigue and workload were taken as indexes of exercise
capacity, which was in turn taken as VO2 max (Arida et al., 1999; Brooks and White,
1978; Scopel et al., 2006; Lovatel et al., 2012). Rats were adapted to the treadmill by
running, in the first few sessions, at 6.7 m/min for the first 2 min, 10 m/min for the next
4 min, 15 m/min for 8 min, 10 m/min for 4 min and 6.7 m/min for the last 2 min.
Thereafter, animals ran at 6.7 m/min for the first 4 min, 15 m/min for 12 min and 6.7
m/min for the last 4 min. Animals that initially refused to run were encouraged by

gently tapping their backs. Sedentary group was handled exactly as the experimental
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animals and was left on the treadmill for 5 min without any stimulus to run. Neither
electric shock nor physical prodding was used in this study and all the procedures took

place between 14:00 and 17:00 h.

2.4 BrdU administration

To study survival of newborn cells in the dentate gyrus of hippocampus, the animals
received 4 doses of BrdU (5-bromo-2’-deoxiuridine), an indicator of cell proliferation,
DNA synthesis marker, a synthetic analogue of thymidine (Sigma, 100mg/kg, i.p.,
dissolved in 0,1M NH40H, 20 mg/mL; 24h apart) (Nowakowski et al., 1989; Taupin,
2007; Veena et al., 2009b) on 7™ — 10™ days after ischemic insult (Figure 1). This
protocol was used since the global ischemia induces an increase cell proliferation
peaking at 7-10 days (Yagita et al., 2001; Iwai et al., 2002). In order to evaluate the
survival of BrdU-labeled cells in dentate gyrus, the animals were perfused at 28 days

after last BrdU administration.

2.5 Histological procedures

Twenty-eight days after the last BrdU injection, animals were anesthetized with
ketamine (90 mg/Kg i.p.) and xylazine (10 mg/Kg i.p). Heparin (Cristalia, Brazil) was
injected into the cardiac ventricle, and the animals were transcardially perfused (Milan,
Brazil) with of saline solution, followed by a fixative solution 4% paraformaldehyde
(Synth, Brazil). The brains were dissected, post-fixed and cryoprotected by immersion
in sucrose solution (Synth, Brazil). The brains were frozen in isopentane (Merck,
Germany) cooled in liquid nitrogen and kept in a freezer (—70 °C) for further analyses.
Coronal sections (40um) of the dorsal hippocampus were obtained using a cryostat

(Leica, Germany) and serially collected on gelatin coated slides. This area corresponded
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to a distance of approximately 2.30 to 4.52 mm posterior to the bregma (Paxinos and
Watson, 1982). Every sixth section (240um apart) was processed for each

immunostaining (Malberg et al., 2000; Veena et al., 2009a).

2.6 BrdU Immunohistochemistry

Sections were fixed in ice cold acetone, followed by washing in ice cold phosphate
buffer saline (PBS). Antigen retrieval was performed by heating sections in 0.01 M
sodium citrate buffer (pH 6.0) in a thermostatic bath at 92 °C for 20 minutes. The
tissues were washed in PBS and pre-incubated with 1% bovine serum albumin (BSA,
Sigma, USA) in PBS, containing Triton X-100 (PBS-Tx). Then, samples were
incubated with monoclonal mouse anti-BrdU antibody (1:200 diluted in nuclease, GE
Healthcare, Amersham Biosciences) at room temperature for 2 h and at 4 °C overnight.
Sections were washed in PBS and the endogen peroxidase was inactivated with 3%
hydrogen peroxide (Synth, Brazil) dissolved in PBS during 30 min. After washing in
PBS-Tx, sections were incubated with the secondary antibody rabbit anti-mouse 1gG
conjugated with peroxidase (1:500, Sigma, USA) at room temperature for 2 h. The
immunohistochemical reaction was revealed using a solution of 0.06% 3,3-
diaminobenzidine (Sigma, USA) and 10% hydrogen peroxide for 5 min. Finally, the
sections were rinsed in PBS, dehydrated in ethanol, cleared with xylene and covered
with synthetic canada balsam (Chemical Reaction, Brazil) and coverslips. In order to
minimize differences in the staining and background, all histological procedures were

performed at the same time and using the same solutions.

2.7 Quantification of BrdU labeled cells
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BrdU labeled cells in the granule cell layer (GCL) and the subgranular zone (SGZ) of
the dentate gyrus, defined as a two-nucleus-wide band between the apparent border of
the granule cell layer and the hilus, were counted (Beauquis et al., 2006). It was used an
Olympus BX40 microscope (magnification of 400x), omitting cells in the outermost
focal plane. From each animal, 4-5 sections were analyzed both left and right side, 4-5
animals per group. The number of BrdU labeled cells per section was multiplied by the
section periodicity (6) to obtain the total number of cells per dentate gyrus (Malberg et

al., 2000; Veena et al., 2009a).

2.8 Iba-1 and GFAP Immunofluorescence

In the remaining sections, fixation, antigen retrieval and tissue block was performed by
described above. Sections were incubated with the primary monoclonal rabbit anti-lba-1
(lonized calcium binding adapter molecule 1) antibody to detect microglial cells (1:500;
Wako Chemicals, USA) or the primary polyclonal rabbit anti-GFAP (Glial Fibrillary
Acidic Protein) antibody to detect astrocytes (1:1000; Dako, UK). Sections were
washed in PBS-Tx and were incubated with secondary antibody anti-rabbit Alexa Fluor

488.

2.9 Quantification of Iba-1 and GFAP

A confocal microscope (Zeiss) was used to visualize the fluorescence immunostaining
(excitation wavelength of 488 nm) of the sections. Images from the dentate gyrus and
stratum radiatum of CA1 of the hippocampus (200x) were acquired by z-axis analysis in
a series of stacks (x and y: 320.09 um, z: 1.00 um). The total area occupied by soma and
processes of astrocytes and microglia was determined to reveal a cellular activation

using Image J Software 1.42g. From each animal, 8-10 images were analyzed, 4-5
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animals per group (Viola et al., 2009; Ferreira et al. 2011; Mestriner et al., 2011). All
images containing the region of interest were turned into binary (black and white) and a
single threshold value was established for Iba-1 and GFAP staining. Then, each
threshold was kept constant for all animal groups and was used to measure the total

percentage area (%) occupied by microglia and astrocytes (Centenaro et al., 2011).

2.10 Statistical analysis

The data were analyzed using Two-way analysis of variance (ANOVA) with cerebral
ischemia and exercise as independent variables. When there were statistically
significant F values (p<0.05), the Duncan post hoc test was used. All data are

represented by the mean + S.D.

3. RESULTS

The GFAP immunostaining in the dentate gyrus is illustrated in Figure 2. Two-way
ANOVA revealed significant effect of both factors, ischemia and exercise, on the
quantification of the total percentage area (%) occupied by GFAP+ soma and astrocytic
processes (F,29=297.73; p<0.001; F(2,29=29.16; p<0.001, respectively). The ischemic
insult increased % of GFAP area in dentate gyrus subfield compared to sham groups.

Interestingly, there was a significant interaction between ischemia and exercise factors
(F(2,29=7.57; p=0.003). The Duncan post hoc test showed a significant increase in the %
area occupied by astrocytes in the post-ischemic exercised groups when compared to all
groups. Furthermore, this exercise protocol per se increased the area occupied by
GFAP+ cells in dentate gyrus (Figure 2), while both exercise protocols did not affect

this parameter in the stratum radiatum of hippocampus (Figure 3). Two-way ANOVA
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revealed an effect of ischemia factor on GFAP+ soma and astrocytic processes in the
stratum radiatum of hippocampus (F1,29/=39.72; p<0.001; Figure 3).

Two-way ANOVA showed the effect of both factors, ischemia and exercise, on the
quantification of the total percentage area (%) occupied by Iba-1+ soma and microglial
processes in the dentate gyrus (respectively, F127=273.09; p<0.001; F(.7=8.27; p=
0.002, Figure 4). Rats submitted to ischemia showed higher % area occupied by
microglia when compared to sham groups. Moreover, there was a significant interaction
between ischemia and exercise factors (F(2,27)=23.03; p<0.001). The Duncan post hoc
test revealed a significant decrease in the % area occupied by microglia in the post-
iIschemic exercise groups when compared to other ischemic groups (Figure 4).

Survival of progenitor BrdU-labeled cells in the GCL and SGZ of the dentate gyrus of
the hippocampus is illustrated in Figure 5. It was observed an effect of both factors,
ischemia (F(1,20=34.15; p<0.001) and exercise (F29=9.24; p=0.001). In addition, it
was observed an increase on cell survival in the dentate gyrus of the post-ischemia

exercise group compared to all groups (p<0.05).

Discussion

The present study demonstrates that postischemic exercise may modulate glial
functions, specifically increase GFAP expression and decrease Iba-1 staining, in
addition, this exercise protocol can increase survival of newborn cells in the dentate
gyrus from rats submitted to global ischemia.

An important finding that emerged from this study is that there was a synergistic effect
between ischemia and exercise on the % area occupied by astrocytes. It is interesting
that treadmill exercise suppressed formation of reactive astrocytes in other CNS insult

models, such Parkinson’s disease (Dutra et al., 2013) and forebrain traumatic brain
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injuries (Seo et al., 2010). Additionally, the exercise-induced astrogliosis here observed
in sham groups is supported by previous studies which demonstrated an increase in
astrocytic activation and proliferation of GFAP-positive cells, in the subgranular zone
of the hippocampus, in healthy exercised rats (Uda et al. 2006; Li et al. 2005; Uda et al.
2006; Saur et al., 2012).

We infer that the robust increase in the % area occupied by astrocytes observed in the
exercised ischemic rats may play a role in providing a favorable micro-environment, or
even necessary for neuronal growth and restructuring after CNS insult. This possibility
is supported by previous study that rehabilitation training (complex environment
housing) produces enhanced functional recovery, dendritic growth, synaptogenesis, and
increased number of synapses associate with astrocytic activation in the hippocampus
after cerebral ischemia (Biernaskie and Corbett 2001; Briones et al., 2006). Indeed, the
involvement of astrocytes in angiogenesis has been recognized, contributing to induce a
favorable state to neurovascular unit (consisting of microvascular endothelium,
astroglia, neurons and the extracellular matrix), what would protect the blood-brain-
barrier function following ischemic damage. In this context, Huang and colleagues
(2013) suggested that exercise-induced cognitive improvement of middle-aged rats
might be associated with increases on the capillaries density in the rat cortex.

Duan and colleagues (2011) demonstrated that postischemic treatment with delta opioid
peptide, which induces astrocytic activation, could promote neuronal survival after
global ischemia in the rat hippocampus. In this context, our data support the idea that
the functional modulation of the astrocytes by exercise may be involved, at least in part,
to the cellular survival in the hippocampus after ischemia, since we observed an
increase in the survival of BrdU-positive cells in the subgranular zone (SGZ) and

granular cell layer (GCL) of the dntate gyrus in the postischemic exercise group.
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The increase in the % area occupied by astrocytes in ischemic groups corroborates with
previous works (Valentim et al., 1999; Petito and Halaby 1993), indicating a possibly
hypertrophy of cell bodies and processes, characteristic of astrocytic activation
(Sofroniew and Vinters, 2010). Our findings are in accordance with Valentim and
colleagues (1999) that observed an early and late increase in both immunocontent and
GFAP phosphorylation rate in hippocampus, pointing to a long-term glial phenomenon.
Moreover, Petito and Halaby (1993) demonstrated a persistent increase in GFAP
immunocontent until five weeks in the CAL area after ischemic insult.

An early increased Iba-1 expression was previously described in dentate gyrus and CAl
of ischemic rats (Morioka et al., 1991; Gehrmann et al., 1992), and in our study an
increase was observed 5 weeks after the ischemic event, pointing to a long-term
microglial phenomenon. Interestingly, postischemic exercise reversed partially the
microglia activation. To our knowledge, we provide here, for the first time, evidence of
exercise modulation on microglia activation after global cerebral ischemia. This effect
can be related to previous described neuroprotective properties, since some studies
suggest a detrimental role of microglial action by producing neurotoxic molecules and
proinflammatory cytokines (Wang et al., 2007; Kaushal and Schlichter, 2008).
Recently, our group described that the exercise decreased pro-inflammatory markers in
hippocampus from aged rats without any effect in young rats. Taken together, we can
suppose that exercise is able to modulate the pro-inflammatory state against injury
conditions. Indeed, the exercise-induced reduction of the Iba-1 staining here observed
could be related to decline on proinflammatory cytokines observed in aged rats (Lovatel
et al., 2012), once these cytokines are frequently produced by activated microglia

(Hetier et al., 1988; Giulian et al., 1986).
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The increase of the survival of newborn cells induced by cerebral ischemia in dentate
gyrus observed in this study corroborates with previous works (Yagita et al., 2006; Lee
et al., 2008). Interestingly, the postischemic exercise potentiated the augment of the cell
survival. In agreement with this results, other studies showed an increase in the cell
survival induced by forced (Lee et al., 2008) and voluntary (Luo et al., 2007) exercise
after focal cerebral ischemia. On the other hand, Yagita and colleagues (2006) showed
that running exercise decreased the cell survival after global cerebral ischemia.

We can suggest that the astrogliosys observed in exercised ischemic group can
contribute to survival of newborn cells, and could be related to its expression of
fibroblast growth factor (FGF-2) (Briones et al., 2006). It is known that FGF-2 can play
a significant role in cell survival in vivo (Kuhn et al., 1997; Leker et al., 2007). Besides,
it was reported that cyclooxygense-2 (COX2) may alter cell proliferation and survival in
the adult hippocampus (Zhu et al., 2004). The administration with COX2 inhibitors
reduces cell proliferation after global ischemia in adult mice and COX2 knockout mice
showed lower proliferation following global ischemia (Sasaki et al., 2003). Recently,
our group described that exercise may induce an acute increase on COX2 content and
we can propose that this augment might contribute to cell survival observed in this
study.

Interestingly, our pre-ischemic exercise protocol did not affect cell survival in
hippocampus of ischemic rats, the divergence between pre and postischemic exercise
protocol on cell survival can be associated with our experimental design, since in order
to study the survival of newborn cells, all samples were obtained 4 weeks after
ischemia, consequently there is a difference time interval in pre and postischemic
groups. It is possible that the effects of exercise persist no longer than 23 days (interval

between ending exercise in the post-ischemic protocol and sacrifice). Moreover, it was
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reported that running exercise exerts contradictory effects on cell proliferation and
survival depending on the protocol used (Naylor et al., 2005). Mild or moderate
exercise protocols seem to be beneficial, whereas intense exercise can be harmful
(Scopel et al., 2006). It was demonstrated that voluntary exercise promotes the survival
of progenitor cells in the postischemic dentate gyrus whereas forced swimming dose not
(Luo et al., 2007; van Praag et al., 1999). Moreover, short-term running (9 days)
increases cell proliferation whereas long-term running (24 days) decreases cell
proliferation in rats (Naylor et al., 2005). The postischemic exercise protocol was able
to increase the survival of newborn cells after global ischemia, and it is possible to infer
that the stimulus induced by this exercise protocol occurred in the moment of cell
proliferation peak induced by global ischemia (Yagita et al., 2001).

Summarizing, our results support the hypothesis that exercise increases cell survival
associated with a modulation on glial cells functions, specifically postischemic exercise
induces an augment on astrocytes concomitantly a decrease on microglia imunostaining

in dentate gyrus after global ischemia.
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sections of the dentate gyrus stained for GFAP immunofluorescence. (B) % of area
occupied by astrocytes in the dentate gyrus in different groups. Columns represent mean
1+S.D. (n=4-5). Two-way ANOVA followed by Duncan test; # significantly different
from the sham groups; * significantly different from the sedentary ischemic and pre-

ischemic exercise. Scale bar: 50 um.

Figure 3. Effects of cerebral ischemia and exercise on quantification of GFAP+
astrocyte in the stratum radiatum (SR) of the hippocampus. (A) Digital images of
coronal sections of the SR stained for GFAP immunofluorescence. (B) % of area
occupied by astrocytes in the SR in different groups. Columns represent mean £S.D.
(n=4-5). Two-way ANOVA revealed an effect of ischemia factor; # significantly
different from the sham groups. Scale bar: 50 um.

Figure 4. Effects of cerebral ischemia and exercise on quantification of Iba-1+
microglia in the dentate gyrus of the hippocampus. (A) Digital images of coronal
sections of the dentate gyrus stained for Iba-1 immunofluorescence. (B) % of area
occupied by microglia in the dentate gyrus in different groups. Columns represent mean
1+S.D. (n = 4-5). Two-way ANOVA followed by Duncan test; # significantly different
from the sham groups; * significantly different from the sedentary ischemic and pre-

ischemic exercise. Scale bar: 50 um.

Figure 5. Effects of cerebral ischemia and exercise on survival of BrdU-labeled cells in
the dentate gyrus of the hippocampus. Quantitative analysis of the
immunocytochemistry for BrdU in the subgranular zone (SGZ) and granular cell layer
(GCL) of the dentate gyrus of the hippocampus in different groups. Columns represent
mean +S.D. (n = 4-5). Two-way ANOVA followed by Duncan test; # significantly
different from the sham groups; * significantly different from the sedentary ischeimic

and pre-ischemic exercise.
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Essa tese teve como objetivo geral avaliar o efeito do exercicio fisico sobre a memdria
aversiva e pardmetros inflamatorios no processo de envelhecimento e na isquemia
cerebral global.

A necessidade do entendimento dos mecanismos pelos quais o exercicio fisico exerce
seus efeitos benéficos sobre processos cognitivos, tanto em condicBes fisioldgicas,
como em patoldgicas, torna-se cada vez mais importante uma vez que na atualidade o
exercicio fisico regular se encontra indissocidvel dos conceitos de salde e de qualidade
de vida (Scliar, 2007).

No primeiro capitulo apresentado nessa tese, mostramos os efeitos do exercicio fisico de
corrida em esteira por duas semanas sobre a memdria aversiva e fungdo da via COX-2.
Neste trabalho evidenciamos que o exercicio fisico é capaz de melhorar a memdria
aversiva e modificar de forma tempo-dependente o conteltdo da COX-2, PGE; e
receptores prostandides (EP1, EP2, EP3 e EP4) em hipocampo de ratos jovens
saudaveis.

A melhora da memdria aversiva induzida pelo exercicio fisico foi transitoria, observada
1 h ap6s a ultima sessdo de exercicio, mas ndo a longo prazo (18 h, 3 dias e 7 dias apds
0 Ultimo treino). Este resultado esta de acordo com estudos prévios que demonstraram
que os efeitos benéficos do exercicio sobre a memdria ndo sdo mantidos 2 e 3 semanas
apo6s o ultimo treino (Radak et al., 2006; Hopkins et al., 2011). Associado ao efeito
comportamental, este protocolo resultou em um aumento do conteudo de COX-2.
Nossos resultados demonstraram uma correlacéo positiva significativa entre o contetdo
da COX-2 e o desempenho no teste da esquiva inibitoria. Desta forma, podemos sugerir
que o aumento dos niveis da COX-2, induzido pelo exercicio, pode estar relacionado,
pelo menos em parte, com a melhora da memoria aversiva. Esse resultado contribui com

outros estudos que relacionaram o papel da COX-2 na plasticidade sinaptica e memoria
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(Murray e O’Connor et al., 2003; Chen e Bazan 2005; Yang & Chen, 2008) apoiando a
ideia de que o sistema imune, em condices fisioldgicas, pode participar da formacao da
memoria.

O aumento da COX-2 ndo foi acompanhado pelo aumento do seu produto, a PGE,.
Assim, sugerimos que o papel da COX-2 na formacdo da memdria aversiva induzida
pelo exercicio ndo depende, neste caso, da PGE,. Embora alguns estudos tenham
observado que os efeitos da COX-2 sobre a plasticidade estdo associados a PGE; (Chen
& Bazan 2005; Yang & Chen, 2008), Hein e colaboradores (2007) descreveram que
outras prostaglandinas podem estar envolvidas neste processo.

Além disso, considerando que uma neurotoxicidade induzida pela COX-2 esta ligada a
producdo de PGE2, a auséncia do aumento da PGE, observada neste estudo poderia
excluir um possivel efeito tdxico do aumento da COX-2.

Outro resultado interessante deste estudo foi que o exercicio fisico induziu um aumento
agudo no conteudo de receptores EP4 associado a uma reducdo tardia no contedo de
receptores EP2. Considerando que estudos tém associado estes receptores prostandides
com neuroprotecdo (Andreasson 2010), n6s sugerimos que a modulagcdo destes
receptores pelo exercicio pode estar associada a um efeito neuroprotetor deste protocolo
de exercicio demonstrado previamente (Scopel et al., 2006). Estes dados renovam a
importancia da pratica de exercicio fisico em condi¢des fisioldgicas, com o objetivo de
melhorar a memoria e promover modificagdes bioquimicas que possam contribuir para
a funcdo cognitiva.

Considerando que o exercicio fisico exerce um papel sobre o sistema imune e assim
melhora a memoria aversiva, em condigdes fisiologicas, nés também investigamos se
este protocolo de exercicio poderia influenciar em condic¢des onde ativacao cronica do

sistema imune esta presente, como por exemplo, no processo de envelhecimento.
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Desta forma, no segundo capitulo desta tese, mostramos que o exercicio fisico induz
mudancas dependentes da idade na memdria aversiva, associadas a modulagdo de
processos inflamatorios e epigenéticos em ratos de diferentes idades.

Neste estudo observamos que o perfil inflamatorio pode influenciar o declinio cognitivo
associado ao envelhecimento, uma vez que observamos um aumento das citocinas pro-
inflamatorias como IL-1p ¢ TNF-a, acompanhado por uma reducdo da interleucina anti-
inflamatoria IL-4 em hipocampo de ratos senescentes. Uma correlagdo negativa entre 0s
niveis de IL-1p ¢ o desempenho no teste da esquiva inibitéria foi observada. Este
achado corrobora com estudos prévios que demonstraram uma relacdo entre IL-1 com
LTP e com memoria espacial no processo de envelhecimento (Buchanann et al., 2008;
Griffin et al., 2006; O’Donell et al., 2000). Além disso, 0 aumento da IL-1p, induzido
por administracdo central ou por infecgdo periférica, foi associado a déficits cognitivos
em roedores (Barrientos et al., 2004;Moore et al., 2009). Ainda, o bloqueio da IL-1p
apresentou efeito sobre a memdria, melhorando o desempenho no teste da esquiva
inibitoria em roedores jovens (Depino et al., 2004).

Além disso, o hipocampo de ratos senescentes apresentou um aumento nos niveis de
TNF-a, apoiando a ideia de que o TNF-a tem um papel central na cascata inflamatéria
durante o envelhecimento. Considerando que ndo foi observada uma correlagcdo
significativa entre TNF-o e 0 desempenho no teste da esquiva inibitéria, nés podemos
inferir que o TNF-a poderia ndo estar diretamente envolvido no declinio da memoria
aversiva relacionado com o envelhecimento. Cabe destacar que estudos envolvendo
TNF-a e fungdes cognitivas tém apresentado resultados contraditérios. Neste contexto,
foi demonstrado que camundongos transgénicos, apresentando um aumento de TNF-a,

demonstraram um prejuizo na memoria aversiva (Fiore et al., 1996). Enquanto que
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Baune e colaboradores (2008) observaram que camundongos transgénicos, que
apresentam deficiéncia de TNF-a, apresentaram pior desempenho no teste de memodria.
O estado pro-inflamantorio, observado durante o envelhecimento, pode estar
relacionado ao aumento no NF-kB, o principal fator de transcricdo de moléculas pro-
inflamatorias (Chung et al., 2009). No presente estudo foi observado um aumento dos
niveis de NF-kB em hipocampo de ratos senescentes, sugerindo que o estado pro-
inflamatorio, observado nestes animais, pode estar associado a ativacdo do NF-kB.
Esse resultado corrobora com estudos prévios que demonstraram que roedores
senescentes apresentaram aumento da ativacao do NF-kB (Baeuerle & Baich, 1997)
Além disso, foi sugerido que processos epigenéticos, especificamente acetilacdo de
histonas, podem estar ligados a ativacdo do NF-kB, no entanto os resultados sdo
contraditorios (Saccani & Natoli, 2002; Chen et al., 2002; Roger et al., 2012).

No presente estudo observamos um aumento dos niveis de NF-kB e uma reducédo da
acetilacao da histona H4 em ratos velhos, sugerindo que a transcricdo mediada pelo NF-
kB parece ndo envolver a acetilagéo desta histona.

Nossos resultados demonstraram uma diminuicdo dos niveis de acetilacdo da histona H4
em ratos de 20 meses de idade, sugerindo um papel desta alteracdo epigenética no
declinio da memdria aversiva associada ao envelhecimento. Este resultado corrobora
com outros autores que demonstraram uma associacdo entre alteracdo de histonas com
declinio de LTP e memdria espacial (Peleg et al., 2010; Zeng et al., 2011).

O protocolo de exercicio utilizado neste estudo (corrida, 20 min por 2 semanas)
melhorou transitoriamente a memoria aversiva em ratos jovens e senescentes. Este
resultado corrobora com outros estudos que demonstraram efeitos benéficos da memoria
sobre a memdria, com um perfil temporal (Hopkins et al., 2011; Radak et al., 2006).

Além disso, o exercicio fisico foi capaz de diminuir niveis de citocinas pro-
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inflamatorias em ratos senescentes, sugerindo um papel na restauragdo do equilibrio
destes mediadores e assim melhorando o desempenho no teste de memdria. N0ssos
resultados corroboram estudos prévios que observaram efeito anti-inflamatorio,
induzido pelo exercicio fisico, em modelos de doenca de Alzheimer (Leem et al., 2011;
Nichol et al., 2008).

Outro resultado que emerge deste estudo esta relacionado a alteragfes epigenéticas. O
exercicio aumentou os niveis de acetilacao da histona H4 em ratos de 20 meses de
idade. Este resultado é a primeira evidencia de que o exercicio fisico pode alterar
acetilacdo de hitonas em ratos velhos. Isto suporta a ideia de que o exercicio pode
atenuar as mudancas relacionadas ao envelhecimento sobre a estrutura da cromatina e
desta forma contribuir para a fungéo cognitiva.

Estes dados reforcam o papel benéfico do exercicio fisico durante o processo de
envelhecimento, com o objetivo de melhorar a memoria e influenciar no equilibrio
neuroquimico.

Considerando que ativacdo crénica do sistema imune parece estar associada ao prejuizo
da memoria aversiva observado em ratos senescentes, e que 0 exercicio fisico
apresentou efeito benéfico sobre este processo, nds também investigamos o papel do
exercicio fisico sobre 0 modelo de isquemia cerebral global em ratos, uma vez que este
modelo representa outra condicdo relacionada a ativacdo cronica do sistema imune.
Desta forma o terceiro capitulo dessa tese, aborda os efeitos do exercicio fisico sobre a
sobrevivéncia celular e a funcdo das celulas gliais apds isquemia cerebral global. Além
disso, neste estudo, comparamos dois protocolos de exercicio fisico, um realizado antes
do evento isquémico, para avaliar o efeito neuroprotetor e outro realizado apos a

isquemia para avaliar o seu papel na recuperacéo.
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Neste estudo foi observado um aumento da ativagdo de astrécitos e microglia induzidos
pelo evento isquémico, 5 semanas apos a isquemia cerebral global. Estes resultados
corroboram com estudos prévios que demonstraram aumento de marcadores
astrocitarios e microgliais no encéfalo de roedores apds isquemia cerebral (Petito et al.,
1993; Valentin et al., 1999; Cechetti et al., 2011; Morioka et al., 1991; Gehrmann et al.,
1992).

Além disso, nds demonstramos que o exercicio apds a isquemia modificou a ativacdo de
celulas gliais, especificamente, aumentou a atividade de astrocitos e reduziu a atividade
de células microgliais. Embora o efeito benéfico do exercicio apds evento isquémico
tenha sido descrito previamente (Cechetti et al., 2012; Cechetti et al., 2008; Scopel et
al., 2006), esta € a primeira evidéncia, de nosso conhecimento, do efeito do exercicio
fisico sobre células gliais ap6s o modelo de isquemia cerebral global em ratos.

O aumento dos astrdcitos induzido pelo exercicio nos animais apds a isquemia pode
contribuir para o microambiente encefalico favorecendo o reparo do dano, uma vez que
foi demonstrado que ativacdo de astrocitos pode participar do remodelamento
neurovascular e contribuir para a recuperacdo funcional ap6s isquemia cerebral focal
(Hayakawa et al., 2010). Adicionalmente, um aumento de astocitos, induzido por um
treinamento de reabilitacdo, foi associado a recuperacdo funcional, crescimento
dendritico e sinaptogénese no hipocampo ap6s lesdo isquemica (Biernaskie e Corbett
2001; Briones et al., 2006). Ainda, o envolvimento de astrocitos na angiogénese tem
sido reconhecido, contribuindo para um estado favoravel a unidade neurovascular e
desta forma protegendo a funcdo da barreira hematoencefalica apds a lesdo isquémica.
Neste contexto, Huang e colegas (2013) sugeriram que a melhora cognitiva induzida
pelo exercicio em ratos de meia-idade podem estar associada ao aumento da densidade

vascular no cortex cerebral de ratos.
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Duan e colaboradores (2011) demonstraram que ativacdo de astrocitos, induzida por
tratamento com delta opiodide, pode estar associada a sobrevivéncia de neurbnios
hipocampais apds isquemia cerebral global. Neste contexto, nossos resultados apoiam a
ideia de que a modulagdo funcional da atividade dos astrdcitos, induzida pelo exercicio
fisico, pode estar relacionada, pelo menos em parte, com a sobrevivéncia celular no
hipocampo ap6s isquemia cerebral.

Outro resultado demonstrado neste estudo foi que exercicio realizado apos a isquemia
reduziu a ativacdo das células da microglia. De nosso conhecimento, esta é a primeira
evidéncia de que o exercicio fisico modular a atividade destas células apds isquemia
cerebral global em ratos. Esse efeito pode estar relacionado a uma acgéo protetora uma
vez que estudos sugerem um papel prejudicial da acdo da microglia através da ativacao
de moléculas neurotdxicas e citocinas pro-inflamatérias (Wang et al., 2007; Kaushal
and Schlichter, 2008).

Foi demonstrado no segundo capitulo desta tese que o protocolo de exercicio fisico de
corrida em esteira por 2 semanas, foi capaz de reduzir os niveis de citocinas pro-
inflamatorias em hipocampo de ratos senescentes sem alterar nos jovens.

Este resultado pode também ser relacionado ao resultado do terceiro capitulo desta tese
que demonstrou uma reducdo da ativacdo da microglia em ratos observado apos
isquemia cerebral global. Considerando que liberacdo de citocinas pré-inflamatérias é
frequentemente associada a ativacdo da microglia, podemos sugerir que o protocolo de
exercicio aqui estudado possa ter um papel benéfico, sobre o sistema imune, apenas em
condi¢Bes onde se encontra um estado pro-inflamatorio presente (por exemplo, no
processo de envelhecimento e na isquemia cerebral). Esta ideia corrobora com outros

estudos que observaram diferentes respostas em roedores jovens e velhos submetidos ao
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mesmo estimulo (virus, bactéria ou modelo de estresse; Jurgens & Johnson, 2010;
Barrientos et al., 2010).

O protocolo de exercicio fisico realizado ap6s a isquemia cerebral global influenciou a
sobrevivéncia celular, uma vez que animais exercitados ap0s isquemia cerebral global
apresentaram um aumento no nimero de células BrdU-positivas no giro denteado no
hipocampo. Por outro lado, ratos exercitados antes da isquemia cerebral ndo
apresentaram diferenca nestes parametros comparados ao grupo sedentario.
Considerando o papel das células gliais no microambiente encefalico apds a isquemia
cerebral e que o exercicio pode modular sua atividade, podemos sugerir que 0 momento
em que o exercicio é realizado é crucial para determinar seus efeitos. Neste contexto,
cabe destacar que sete dias apds a isquemia cerebral € observado um pico de
proliferacdo celular, desta forma podemos sugerir que o protocolo de exercicio fisico,
realizado ap6s a isquemia, coincidiu com este momento de maior proliferagdo celular e
por este motivo pode ter apresentado efeitos distintos do protocolo realizado antes do
evento isquémico.

O aumento da sobrevivéncia celular induzida pelo exercicio corrobora com outros
estudos prévios que utilizaram protocolos de exercicio forcado (Lee et al., 2008) e
voluntario (Luo et al., 2007) apds modelo de isquemia cerebral focal. Por outro lado,
nossos resultados discordam de Yagita e colaboradores (2006) que demonstraram que
corrida em esteira diminuiu a sobrevivéncia celular apés modelo de isquemia cerebral
global.

Estudos prévios demonstraram que exercicio fisico pode exercer efeitos contraditorios
sobre a proliferacdo e sobrevivéncia celular dependendo do protocolo utilizado (Naylor
et al., 2005). Foi demonstrado que exercicio voluntario promoveu sobrevivéncia de

células progenitoras no giro denteado enquanto que exercicio de natacdo ndo apresentou
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nenhum efeito sobre esse parametro (Luo et al., 2007; van Praag et al., 1999). Além
disso, corrida em esteira por 9 dias aumentou a proliferacdo celular enquanto que
corrida 24 dias diminuiu esse fendmeno (Naylor et al., 2005).

Por fim, os resultados deste estudo déo suporte a hipétese de que o exercicio aumenta a
sobrevivéncia de células progenitoras associada a uma modulagdo da funcgdo de células

gliais no giro denteado do hipocampo de ratos apds isquemia cerebral global.
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Conclusao
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Os resultados apresentados nesta tese nos permitem concluir que:

- O exercicio fisico de corrida por 2 semanas melhorou transitoriamente a memoria
aversiva em ratos jovens (3 meses de idade) e senescentes (20 meses de idade).

- O exercicio fisico foi capaz de modificar de forma tempo-dependente o contetdo da
COX-2, PGE; e receptores prostandides EP2 e EP4 em hipocampo de ratos jovens.

- Um declinio da memoria aversiva associado ao aumento dos niveis de IL-13, TNF-a e
NFkB e reducéo da acetilagdo da histona H4 foi observado em ratos de 20 meses de idade.
- O exercicio fisico promoveu a reducdo dos niveis de citocinas pro-inflamatérias como a
IL1B e TNF-a assim como do fator de transcrigdo NFkB em hipocampo de ratos de 20
meses.

- O exercicio fisico foi capaz de reverter parcialmente a diminuigdo da acetilacdo global da
histona H4 induzida envelhecimento.

- O exercicio fisico aumentou os niveis da interleucina anti-inflamatéria IL-4 em
hipocampo de ratos jovens.

- O modelo de isquemia cerebral global induziu um aumento na atividade de astrécitos e
microglia observado 5 semanas ap6s 0 evento isquémico.

- O exercicio realizado apds a isquemia modulou a atividade de células gliais, aumentando
a atividade e astrocitos e diminuindo a ativagdo microglial em hipocampo de ratos apds
isquemia cerebral global.

- O exercicio realizado ap6s a isquemia aumentou a sobrevivéncia celular apés a isquemia
cerebral global.

Esses resultados em conjunto sugerem a acdo benéfica de exercicio fisico sobre a memoria
e sobre parametros inflamatorios no processo de envelhecimento e na isquemia cerebral

global.
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Perspectivas
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Trabalharemos com as seguintes hipoteses futuras:

1. Se o aumento dos niveis de COX-2 induzido pelo exercicio fisico possa estar
envolvido na formagdo da memoria aversiva no envelhecimento e na isquemia cerebral

global;

2. Se a modulacdo de mediadores inflamatdrios, induzida pelo exercicio nos animais

senescentes, também possa ocorrer apds a iquemia cerebral global;

3. Se a modulagdo das células gliais, induzida pelo exercicio, também possa ocorrer no

processo do envelhecimento;

4. Se outros protocolos de exercicio de intensidade moderada, mas com tempo de
duracdo maior, podem exercer efeito mais duradouro sobre a memoria aversiva e

paramentros morfoldgicos e bioquimicos.
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