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Resumo



O objetivo dessa tese foi estudar o impacto de diferentes modalidades de exercicio fisico sobre a
memoaria aversiva e marcas epigenéticas em histonas globais e em regido promotora de genes de
interesse no hipocampo de ratos Wistar durante o processo de envelhecimento. Para isso, foram
realizados dois experimentos.

No primeiro, investigamos o efeito de um protocolo de exercicio aerébico 20 minutos, diariamente
durante 2 semanas, sobre a memdria aversiva e niveis de acetilagdo da H3K9, H4K12 e H4K5 em
hipocampo de ratos Wistar adultos jovens e envelhecidos. Este protocolo de exercicio, melhorou a
memoaria aversiva e aumentou os niveis de acetilacdo da H4K12 em ambas as idades testadas. O
exercicio também foi capaz de aumentar os niveis de acetilagdo da H3K9 em ratos envelhecidos.
Além disso, foi observado um declinio cognitivo relacionado ao envelhecimento sem qualquer
efeito no estado de acetilagdo de histonas.

No segundo experimento, ratos adultos jovens e envelhecidos foram submetidos a 12 semanas de
treinamento fisico nas modalidades aerdbica, forga, acrobatica ou combinada. Nesses animais foi
investigado o efeito do envelhecimento e do exercicio na memodria e em marcadores epigenéticos
na regidao promotora dos genes cFos, Bdnf e Dnmt3a em hipocampo. O envelhecimento foi
associado a modificagdes epigenéticas em histonas nos promotores de Bdnf, cFos e Dnmt3a. As
modalidades aerdbica, acrobatica e combinada melhoraram o desempenho na memdria aversiva
em ambas as idades testadas. Além disso, essas modalidades alteraram a acetilagdo da H3K9 e
trimetilagdo da H3K4 no promotor do cFos de animais envelhecidos. As modalidades aerdbica e
forca reverteram parcialmente os aumentos induzidos pela idade na trimetilagdo da H3K4 no
promotor do Bdnf. O treino de forca e a combinagdo de modalidades alteraram a acetilagdo da
H4K8 no promotor do Dnmt3a em ratos adultos jovens. Em suma, nossos resultados
demonstraram que o exercicio fisico melhora a memodria aversiva de ratos Wistar, de maneira

protocolo-dependente, sendo efetivas as modalidades aerdbica, acrobatica e combinada. Além



disso, um importante achado desse trabalho foram as mudancas relacionadas ao envelhecimento
e ao exercicio fisico em marcas epigenéticas, tanto em histonas especificas quanto em regido
promotora de genes de interesse no hipocampo de ratos Wistar. Nossos resultados contribuem
para a literatura, fornecendo possiveis mecanismos bioldgicos que sustentem a prescri¢ado clinica
de diferentes modalidades de exercicio para atenuar os déficits de memodria durante o
envelhecimento.

Palavras chave: Epigenética; Exercicio; Ratos; Memdria; histonas; envelhecimento.



Abstract



In this thesis, we aimed to investigate the impact of different exercise modalities on aversive
memory and hippocampal epigenetic regulation globally and at the promoter regions of genes of
interest in Wistar rats during aging process. Two experiments were carried out in this
investigation.

First, we considered the effect of a daily aerobic protocol (20-min for 2 weeks) on the aversive
memory and acetylation levels of H3K9, H4K12 and H4K5 specific sites in the hippocampus of
young adult and aged Wistar rats. Exercise improved aversive memory and increased acetylation
levels of H4K12 in both groups. Exercise was also able to increase H3K9 acetylation levels in the
group of aged animals. In addition, an age-related cognitive decline was observed without any
effect on the histone acetylation status.

In the second experiment, young adult and aged rats were submitted to 12 weeks of physical
training in aerobic, resistance, acrobatic or combined modalities. In this experiment we
investigated the effect of aging and exercise in memory and epigenetic marks in the promoter
region of the cFos, Bdnf and Dnmt3a genes in the hippocampus. Aging was associated with altered
histone modifications at Bdnf, cFos and Dnmt3a promoters. Aerobic, acrobatic and combined
modalities improved aversive memory performance in young adult and aged rats. Moreover, these
modalities altered hippocampal epigenetic marks, particularly H3K9ac or H3K4me3, at the cFos
promoter of aged animals. Aerobic and resistance modalities partially reversed age-induced
increases in H3K4me3 at the Bdnf promoter. Resistance and combined modalities changed H4K8ac
at the Dnmt3a promoter in young adult rats. In summary, our results demonstrated that physical
exercise improves aversive memory of Wistar rats in a protocol-dependent manner, being the
aerobic, acrobatic and combined modalities more effective. In addition, an important finding of
this work were the changes related to aging and physical exercise in epigenetic marks, both in

specific histones globally and at promoter region of genes of interest in the hippocampus of Wistar
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rats. Our results contribute to the literature, providing biological mechanisms that support the
clinical prescription of different exercise modalities in order to attenuate memory deficits induced
by the aging process.

Keywords: Epigenetics, Exercise, rats, memory; aging.
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1. Introducao



1.1. Envelhecimento, Memdria e Exercicio Fisico

O envelhecimento é caracterizado por um declinio fisioldgico associado a modificagGes
morfolégicas, moleculares e comportamentais [1]. Estima-se que no Brasil, em 2020, cerca de 14%
da populagdo estara acima dos 65 anos de idade [2]. Este dado é relevante ja que possui
repercussao direta sobre a saude publica, uma vez que o envelhecimento tem sido relacionado a
reducdo da capacidade cognitiva — em especial de meméria e aprendizado — em idosos, levando a
limitagGes na capacidade funcional e de realizagdo pessoal, social e econémica [3-5]. Pesquisas
clinicas mostram que o envelhecimento fisiolégico, sem doencas neurodegenerativas associadas,
afeta habilidades cognitivas como a memdria espacial, meméria de trabalho, tempo de resposta e
formacdo de memorias de longo prazo [6, 7]. Esses efeitos também sdo observados em estudos
pré-clinicos com roedores e primatas, onde estes animais apresentaram um pior desempenho em
paradigmas de memoria [8-11]. Nesse contexto, torna-se premente estudar alternativas
preventivas e terapéuticas a fim de minimizar os déficits cognitivos relacionados ao

envelhecimento.

Diversos estudos apontam o exercicio fisico como uma estratégia ndao farmacoldgica de baixo
custo, eficaz tanto na prevengao quanto no tratamento destes déficits [12, 13]. O American Heart
Association and American College of Sports Medicine recomenda a combinagdo do exercicio
aerodbico, de forca e equilibrio para pacientes idosos com o objetivo de promover melhora na
capacidade funcional, independéncia fisica e também na melhora desempenho cognitivo [14, 15].

Este tipo de protocolo é conhecido como treinamento combinado e ja tem evidéncias na melhora
de forca, poténcia muscular e funcdo cardiorrespiratérias em jovens [16-19] e idosos [20-22]. E
interessante que tanto o treinamento aerdbico, quanto o treino de forga, sdo procurados por

individuos idosos para aprimorar a aptidao fisica e ja existem trabalhos que observaram que a
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combinacdo dessas modalidades por 12 meses teve um efeito funcional, reduzindo a incidéncia de

guedas nessa populagdo [23].

Os beneficios da atividade fisica na memadria em idosos tém sido descritos na literatura [24-26],
mas trabalhos que investigaram o impacto de protocolos combinados no manejo dos déficits
cognitivos do envelhecimento, ainda sdo escassos. Nesse contexto, o uso de modelos animais tem
sido bastante empregado para o estudo dos mecanismos de agdo pelos quais o exercicio protege e
reestabelece as fungGes cerebrais no envelhecimento, inclusive melhorando a meméria. A maioria
dos trabalhos pré-clinicos avaliando a combinacdo de modalidades tém focado em aspectos

musculoesqueléticos e metabdlicos em animais jovens [27, 28].

Dentre as modalidades de exercicio, o treinamento aerdbico é um dos mais estudados. Evidéncias
em humanos demonstraram que a pratica regular de atividade fisica aerdbica, durante a vida,
melhorou aspectos da fungdo executiva, diminuiu a perda neuronal, melhorou o controle motor e
a memoria de trabalho em idosos [29]. Roig et al (2013), em uma metanalise com humanos
saudaveis, sugere que o exercicio aerdbico fornece estimulos necessdrios para otimizar as
respostas da maquinaria molecular responsavel pelo processamento da memdria [13]. Ensaios
pré-clinicos realizados em nosso grupo de pesquisa também demonstraram efeitos benéficos do
exercicio sobre a memdria, onde o treino aerdbico moderado por 2 semanas melhorou a memoria
aversiva em ratos Wistar [10, 30]. Este achado estd de acordo com outros trabalhos que também
evidenciaram os efeitos benéficos do exercicio aerébico em diferentes paradigmas de memoria

[31-33].

O treino de forga é outra modalidade de exercicio muito empregada na populacdo idosa, com
bons resultados funcionais: melhora do equilibrio [34], diminuicdo de quedas [35], atenuacdo da

hipotrofia muscular [36] e ja existem evidéncias quanto a melhora cognitiva [37, 38]. Em modelos
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animais, a sessdo Unica do treino de forga foi capaz de melhorar a memadria contextual com
aumento dos niveis de sinapsina e sinaptofisina em hipocampo de ratos Wistar adultos [39]. Ja o
treinamento crénico também foi capaz de melhorar a memadria com aumento concomitante do
IGF-1 hipocampal, um importante mediador da angiogénese cerebral [40]. Apesar das evidéncias
que o treino de forga impacta na expressao de neurotrofinas hipocampais, ainda sdo escassos os

estudos que fizeram essas analises em animais envelhecidos.

Outra modalidade de exercicio que induz o aprendizado motor em modelos animais é o chamado
exercicio acrobdtico. Este, exige que os animais desenvolvam equilibrio [41], habilidades no uso
dos membros posteriores e coordenacdo dos membros anteriores [42] além de requerer ajustes
na coordenagdo motora global dos animais [43]. O exercicio acrobdtico tem sido relacionado com
0 aumento na expressao de proteinas relacionadas a neuroplasticidade [44, 45] e memodria [46],
no entanto, sao raros os trabalhos que relataram o efeito dessa modalidade de exercicio em
animais envelhecidos. Em humanos, o treino de equilibrio especificamente na populagdo idosa
tem sido investigado utilizando circuitos proprioceptivos [47, 48] e do Tai Chi [49, 50] com
melhora tanto do equilibrio e coordenacdo quanto em aspectos cognitivos. Evidéncias tém
sugerido que, tanto o exercicio fisico quanto o envelhecimento, podem modular o processo de
transcricdo de genes envolvidos na plasticidade sinaptica e memdria, por meio de modificagdes

epigenéticas [51].

1.2 Epigenética e Envelhecimento
Fendmenos epigenéticos referem-se ao processo no qual a informagdo genética de um organismo
interage com o ambiente. Esses alteram o estado dinamico da cromatina, podendo influenciar o

fendtipo do individuo, sem mudangas na sequéncia dos nucleotideos [52-55]. A estrutura da
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cromatina consiste em quatro pares de proteinas denominadas histonas (H2B, H4, H3 e H2A), as

quais estdo envolvidas pelo DNA (Figura 1).

(A) Cromatina
N—

(B) Octamero

Figura 1 - Estrutura da cromatina (A) e histonas (B) (adaptada de Gréff e Mansuy, 2008).

As principais alteragbes epigenéticas sdo a metilagdo do DNA e a acetilagdo, fosforilacdo,
metilacdo e ubiquitinacdo das histonas, sendo a acetilacdo e metilacdo de histonas o foco desta
tese. A acetilagdo e metilagdo de histonas ocorrem em sitios especificos denominados lisinas (K)
(Figura 2) [56-58]. E interessante comentar que mudangas no estado das histonas podem alterar a
conformacgdo da cromatina e com isto regular a transcrigao génica [59].

@) Acetilagio
[M] Metilagao

® Fosforiiagso
Ubiquinagao

Figura 2 - Modificagbes epigenéticas em histonas (Adaptada de Gréff e Mansuy, 2008).
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A acetilacdo das histonas é catalisada por dois grupos enzimaticos denominados histona
acetiltransferases (HATs) e histona desacetilases (HDACs) [52, 60]. As HATs usam o acetil-CoA
como doador de grupamento acetil para as histonas [56, 61]. A acetilagdo neutraliza a carga
positiva, enfraquecendo as interagdes eletrostaticas da histona com o DNA, o que torna a
cromatina menos compacta, facilitando a transcricdao génica [52, 60]. Por outro lado, as HDACs
desacetilam as lisinas retirando o grupamento acetil, deixando a estrutura da cromatina mais

compacta e assim reprimindo a transcrigao génica (Figura 3) [56, 59].
e O 0 O
N (N (P (-
G( @’( @( @(
(@
@ )
LEGG

Figura 3 - Enzimas histona acetiltransferases (HAT) e histona desacetilases (HDAC)

(Adaptada de Anthony et al 2013)

Diferentemente da acetilagdo, a metilagdo de histonas (Figura 4), catalisada pelas histonas
metiltransferases (HMT), esta relacionada tanto com ativagdo quanto com repressdo génica. Estas
respostas dependem do grau de metilagdo (mono, di e tri metilagdo), da histona e lisina na qual o
grupamento metil é adicionado [62]. Por exemplo, ja esta consolidado na literatura que a lisina 9
(K9) da histona 3 (H3), quando monometilada, estd associada a ativagdo transcricional enquanto a
di e tri-metilacdo resultam em silénciamento génico. Por outro lado, no caso da histona 4 (H4)
lisina 4 (K4) a di- e trimetilagdo induzem ao relaxamento da cromatina favorecendo a transcrigdo

génica [63, 64].
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Figura 4 - Metilagdo das Histonas (Adaptada de https://pharmacy.wisc.edu/jiang-

lab/research/)

Recentemente, alteragdes epigenéticas tém sido relacionadas com o processo do envelhecimento,

especialmente envolvendo alteragdes no padrao de acetilagdo. Ja foi observado uma diminuigdo
da acetilagdo global da H3 e nas lisinas especificas H3K9 e H4K12 em hipocampo de roedores
envelhecidos, sendo essa diminuicdao relacionada a menor expressao do Fator neurotréfico

derivado do encéfalo (Bdnf) [65].

Resultados prévios do nosso grupo apontam um padrdo de desacetilagdo relacionado com o
envelhecimento, uma vez que ja foi observado tanto aumento na atividade da HDAC em
hipocampo de ratos envelhecidos [66] quanto a diminuicdo na acetilagdo da histona H4 global,
associado a déficit de memoria aversiva em ratos Wistar de 20 meses de idade [10]. Ricobaraza e
colegas (2009), utilizando os camundongos transgénicos Tg2576 como modelo de doenca de
Alzheimer, evidenciaram um declinio na acetilagdo global das histonas H3 e H4, em hipocampo de

camundongos de 15 meses, este achado foi associado a um déficit da memaria espacial [67].

E importante destacar que estudos sugerem que a propria exposicdo a um contexto de
aprendizado pode levar ao aumento da acetilagdo de histonas [68-70]. Bousiges e colaboradores
(2010) observaram que a exposi¢do ao teste do labirinto aquatico (memoaria espacial) aumentou a
acetilacao global das histonas H2B e H4 no hipocampo de ratos de 3 meses de idade [69]. Em

outro estudo, o contexto de medo condicionado (memdria aversiva) aumentou a acetilagdo global
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da histona H3 e ndo da H4 [70]. Peleg e colaboradores (2011) demonstraram um aumento
transitério da acetilagdo das lisinas H3K9, H3K12, H4K5, H4K8 e H4K16 apds a exposicdo ao
contexto de medo condicionado, em hipocampos de camundongos 3 e 16 meses de idade. No
entanto, a lisina H4K12 aumentou apenas em camundongos de 3 meses, assim, os autores
sugerem um papel desta lisina no déficit de memdria relacionado ao envelhecimento [68]. Nesse
sentido, outros paradigmas de memdria aversiva podem ser explorados para uma melhor

contextualizacdo do efeito da acetilagdo especifica sobre déficit de memoaria relacionado a idade.

A metilagdo de histonas também tem sido relacionada com o processo de formagdo de memoria e
envelhecimento. Gupta et al (2010) observou que o condicionamento de medo levou ao aumento
na H3K9me2 e H3K4me3 no hipocampo, sugerindo que a metilagdo da H3 regula a expressdo de
genes especificos durante a formagdo da memoéria em ratos jovens [63]. Morse et al (2015)
observaram durante o envelhecimento em roedores, modulacio das mesmas marcas em
hipocampo, relacionando esses achados com pior desempenho em testes de memdria
declarativa, sugerindo assim, o papel crucial dessas na formag¢do da memédria durante a
senescéncia [71]. Estudos prévios apontam que a di e trimetilacdo da histona H3 (marcas de

metilacdo repressivas) sdo caracteristicas do envelhecimento [72].

1.3 Epigenética e Exercicio Fisico

E importante destacar que agentes que promovam aumento no nivel de acetilagdo de histonas
parecem ser recursos terapéuticos promissores no tratamento dos déficits cognitivos relacionados
ao envelhecimento, contribuindo para a melhora da qualidade de vida de idosos [73]. Dados de
nosso grupo demonstram que o efeito neuroprotetor do exercicio pode estar relacionado, pelo
menos em parte, com a modulag¢do da atividade das enzimas HAT e HDAC, uma vez que o exercicio

fisico aerébico aumentou a atividade da HAT e diminuiu a atividade da HDAC, um indicativo de
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aumento da acetilagdo de histonas [74]. Gomez-Pinilla e colegas (2013) observou em ratos de 3
meses submetidos a um protocolo de exercicio voluntario, a diminuic¢do atividade da HDAC apds a

atividade, com aumento concomitante da acetilagao da histona H3 e dos niveis de BDNF [75].

Durante o processo de envelhecimento foi observada uma redugdo na acetilagdo global da histona
H4 em hipocampo de ratos Wistar, enquanto que o exercicio aerdbico moderado (20min/dia
durante 14 dias) reverteu esse padrao, sendo este achado relacionado com melhor desempenho
no teste da esquiva inibitéria [10]. Resultados semelhantes foram encontrados com o mesmo
protocolo em cértex pré-frontal [76]. E importante mencionar que diversos trabalhos relacionam

a acetilagdo de histonas com formagdao de memdria [61, 77].

Nesse contexto, Peleg e colaboradores (2010) demonstraram um aumento da acetilagdo das
lisinas H3K9, H3K12, H4K5, H4K8, H4K16, uma hora apds a exposicdo ao contexto de medo
condicionado, em roedores de 3 e 16 meses de idade. No entanto, a lisina H4K12 aumentou
apenas nos jovens, e, com isso, os autores sugerem um papel da desacetilacdo desta lisina no
déficit de memaria relacionado ao envelhecimento [68]. Logo, o estudo dos efeitos do exercicio
nessa lisina especifica é essencial dada sua importdncia na maquinaria transcricional durante a

formagdao da meméria no envelhecimento.

Nosso grupo de pesquisa relatou também, o efeito de protocolos de exercicio aerdbico na
metilacdo de histonas e niveis de DNMTs em hipocampo de ratos durante o envelhecimento. Em
um estudo publicado por Elsner et al (2013) a sessdo Unica de exercicio diminuiu os niveis de
DNMT3b e DNMT1 em ratos jovens. Por outro lado, tanto a sessdo Unica quanto o protocolo
cronico moderado (20 minutos/dia durante 14 dias) reduziu a metilagdo da H3K9 em ratos adultos
jovens e no envelhecimento a sessdo Unica reverteu o efeito induzido pelo envelhecimento nesta

lisina [78].
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Trabalhos na literatura também tem avaliado o efeito de diferentes modalidades de exercicio em
marcadores epigenéticos na regido promotora de genes, relacionando essa modulagdo com
achados de expressdo. O exercicio aerdbico voluntadrio reduziu os niveis da enzima HDAC,
aumentou a acetilagdo da histona H3 em hipocampo, impactando nos niveis BDNF em ratos
Sprague-Dawley de 3 meses [75]. O déficit de memdria do envelhecimento esta relacionado com
reducdo nos niveis de BDNF tanto em estudos com humanos [79, 80] quanto em modelos animais
[81, 82], e protocolos de exercicio fisico sdo capazes de modular os niveis dessa neurotrofina em
animais jovens, desta forma, se faz essencial estudar o efeito de protocolos combinados nesse

gene durante o envelhecimento e sua regulagdo por vias epigenéticas.

O treino de forca em humanos ja foi capaz de alterar a metilagdo do DNA em marcadores
periféricos, adipdcitos e tecido muscular, além de modificar a expressao proteica de fatores de
crescimento [83-86], no entanto, ndo existem estudos que avaliaram em modelos animais os
efeitos no sistema nervoso central de treinos de forga ou sua associagdo com protocolos
aerébicos. Embora alguns trabalhos ja tenham observado aumento na expressao do gene Bdnf em
hipocampo induzido pelas modalidades acrobatica e forca [44, 87], ainda ndo existem trabalhos
que relacionam a regulacdo epigenética desse gene, especialmente no hipocampo de animais

envelhecidos.

Os genes do cfFos e do Dnmt3a, sdo importantes para plasticidade sindptica, atividade e
desenvolvimento neuronal e formag¢dao da memdria [88, 89]. E apesar de existir alguns dados na
literatura que demonstram a expressdo desses genes regulado por algumas modalidades de
exercicio [43, 90, 91], ndo ha estudos prévios que tenham investigado a regulacdo epigenética de
diferentes modalidades de exercicio na regido promotora desses genes durante o processo de

envelhecimento.
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2. Justificativa e Hipotese de
Trabalho



Com o aumento da expectativa de vida e do nimero de idosos no Brasil, torna-se premente
estudar alternativas preventivas e terapéuticas para minimizar os déficits cognitivos e motores
relacionados ao envelhecimento. Diversos estudos evidenciam exercicio fisico como uma
estratégia ndo farmacoldgica, de baixo custo, eficaz na prevengdo e tratamento destes déficits. No
entanto, os mecanismos de acdo dos efeitos protetores no processo de envelhecimento do

treinamento aerdébico, o de forga, acrobatico e a associagdo destes ainda ndao foram elucidados.

Considerando que os mecanismos epigenéticos podem estar relacionados ao processo de
envelhecimento e ao efeito protetor do exercicio fisico, é imprescindivel investigar a acdo de
diferentes modalidades de exercicio sobre parametros epigenéticos e sua relagdo com o

desempenho cognitivo e motor durante o envelhecimento.

Primeiramente, nossa hipdtese de trabalho foi que o envelhecimento reduz a acetilagdo global de
lisinas especificas em hipocampos, e que o exercicio reverte, pelo menos parcialmente, o efeito do
envelhecimento nesses parametros epigenéticos com concomitante impacto na memdria aversiva.
Considerando que houve alteracdo global, hipotetizamos que ha alteragGes nos residuos
especificos em regiGes promotoras de genes relacionadosO a memoria. Ainda, que protocolos de
exercicio de forcga, aerdbico, acrobatico e combinado modulam de maneira protocolo e idade-
dependente tanto o desempenho em teste de memdria quantos nos marcadores epigenéticos

testados.
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3. Objetivos



3.1 Objetivo Geral
- Esta tese de doutorado teve como objetivo geral investigar a acdo de diferentes modalidades de
exercicio sobre parametros epigenéticos e sua relagdio com o desempenho cognitivo durante o

envelhecimento em ratos Wistar.

3.2 Objetivos Especificos

- Avaliar o efeito do exercicio aerdbico em ratos Wistar no processo de envelhecimento sobre a
memoria aversiva e o padrdo de acetilagao das histonas H4K5, H3K9 e H4K12 em hipocampo.

- Estudar o impacto da exposicdo a um contexto de aprendizado (esquiva inibitéria) sobre o e
acetilacdo de histonas especificas em hipocampo de ratos Wistar durante o envelhecimento;

- Investigar os efeitos de diferentes modalidades de exercicio fisico sobre a memdria aversiva em
ratos Wistar durante o processo de envelhecimento;

- Avaliar mudancas induzidas pelas diferentes modalidades de exercicio em marcas epigenéticas
em histonas, especificamente H3K9ac, H4K8ac, H3K9me2 e H3K4me3, na regido promotora dos

genes Bdnf, Fos e Dnmt3a hipocampo de ratos Wistar durante o envelhecimento.
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4. Abordagem Metodologica



4.1 Materiais e Métodos

4.1.1 Materiais e métodos referentes ao Capitulo 1

4.1.1.1 Animais

Foram utilizados 72 ratos Wistar de 3 e 20 meses fornecidos pelo Centro de Reprodugdo e
Experimentacdo de Animais de Laboratdrio (CREAL) da UFRGS, apds aprovagdo pela Comissdo de
Eticas no Uso de Animais (CEUA 23997) da respectiva instituigdo. Os animais permaneceram em
grupos de no maximo 4, em caixas de Plexiglass (40 x 33,3 x 17 cm), com troca de maravalha a
cada dois dias e condi¢des padrdo de biotério (ciclo de 12h claro/escuro), com temperatura (21 *
2° C) e umidade (60%+10) controladas e dgua e comida fornecidas a vontade, e posteriormente

foram divididos em oito grupos experimentais conforme o desenho experimental:

Ultima sessdo de Eutandsia
exergicio

3 meses (n=6) ,, L
77 I

Ratos ndo expostos a El
20-21 meses (n=6)

Protocolo de Exercicio
Exercitados 20 min/dia

N S

3 meses (n=12) L 1 30min § 30min p
77 T I L]
Dia 1 13 14

20-21 meses (n=12) J/ J/

Treino Teste
ElL E.l

Ratos expostos a El

3 meses (n=6)

Ratos ndo expostos a El
20-21 meses (n=6)

Sedentarios

3 meses (n=12)
Ratos expostos a El
20-21 meses (n=12)

Figura 5 - Desenho Experimental

4.1.1.2 Protocolo de exercicio Fisico

O protocolo de exercicio fisico consiste em corrida em esteira ergométrica adaptada para ratos
(Inbramed TK 01, Porto Alegre, Brasil), (Figura 6). Para determinar a velocidade de corrida foi
utilizada a medida de consumo maximo de oxigénio indireto (VO2max) recomendada por Brooks e
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White[92]. Nesta medida os animais sdo submetidos a corrida em esteira com velocidade
progressiva (5 m/min a cada 3 min) até atingirem a exaustdo. O tempo de fadiga (em minutos) e a
velocidade maxima (em m/min) sdo tomados como indice da capacidade de exercicio e usados
para a mensurag¢do de VO2max indireto.

Os animais foram divididos em grupos exercitados (EXE) ou sedentarios (SED). Os animais do
grupo EXE s3o submetidos a corrida na esteira durante 20 minutos, por duas semanas a uma
intensidade de 60% do VO2 max entre as 14 e 17h, diariamente, segundo protocolo neuroprotetor
proposto por Elsner (2011) [74]. Os animais SED sdo colocados na esteira desligada por 5 minutos,

sendo desta forma, manipulados exatamente como os animais do grupo EXE.

Figura 6- Esteira adaptada para roedores

4.1.1.2 Paradigma da Esquiva Inibitoria
Para avaliar a meméria aversiva de longa duragdo, foi utilizado o paradigma da esquiva inibitéria,

que consiste de duas sessoes, sendo elas treino e teste. O aparato da esquiva inibitdria consiste de
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uma caixa de acrilico de 50x25x25cm com uma grade de barras de ago paralelas de 1 mm de

diametro contendo uma plataforma (com altura de 7 cm) (Figura 7).

Figura 7 - Aparato da Esquiva Inibitéria

Na sessdo treino, 30 minutos apds o exercicio fisico, os animais foram colocados na plataforma e
sua laténcia de decida medida (em segundos). Ao descer, o animal recebeu um choque com
intensidade de 0,6 mA por 3 segundos. Na sessdo teste, 30 minutos apds a ultima sessdo de
exercicio fisico, os animais foram recolocados na plataforma e a laténcia de decida da plataforma é
registrada e usada como medida de reteng¢do (memoaria) da tarefa e nenhum choque é aplicado ao
animal. Para avaliagdo da memodria de longa duragdo, a sessao teste acontece 24 horas apds o

treino no aparato.

4.1.1.3 Preparag¢do das amostras

Os animais foram decapitados uma hora apds a Ultima sessdo de exercicio e posteriormente o
hipocampo foi rapidamente dissecado, congelado em N2 liquido e armazenadas a -80°C até a
realiza¢cdo dos ensaios bioquimicos.

O hipocampo foi homogeneizado (n=5) em solu¢do EDTA-free (Sigma-Aldrich, Sao Paulo, Brazil) 1X

contendo um coquetel de inibidor de protease e estocado a -80°C para as analises subsequentes.
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As histonas foram extraida com protocolo previamente utilizado[93]. Em suma, um tampao PBS
(Phosphate-Buffered-Saline) contendo 250uL de Triton e 10mg NaN3 foi adicionado ao
homogeneizado, resultando um volume final de 50 mL. Depois de 10 minutos no gelo, as amostras
foram centrifugadas a 6500 g por 10 minutes a 4°C. O sobrenadante foi removido e o pellet
coletado. HCl (0,2M) foi adicionado em volume igual e a extragdo acida de histonas ocorreu
overnight a 4°C. No dia seguinte, as amostras foram centrifugadas a 6500 g por 10min a 4°C, e 0
extrato de histonas estocado a -80°C. A concentragdo de proteina para cada amostra foi
determinada pelo método descrito por Bradford em 1976 [94], usando albumina bovina como
padrao.

4.1.1.4 Western blot

25ug do total de proteina foi separado em um gel poliacrilamida- SDS 12% e transferida por
eletroforese para uma membrana de nitrocelulose. As membranas foram bloqueadas em uma
solugdo 5% deleite desnatado em TBS contendo 0.05% Tween-20 e incubados com os seguintes
anticorpos:anti-R-actin (ab8227, Abcam) numa concentragdo 1:1500, anti-acetyl histone H3 (Lys-9,
ab10812, Abcam) numa concentragdo 1:500, anti-acetyl histone H4 (Lys-5, K5, ab51997, Abcam)
numa concentragdo 1:700, e anti-acetyl histone H4 (Lys-12, K12, ab61238, Abcam) numa
concentragdo 1:700. Os anticorpos secundarios conjugados (ab6721, HRP) foram utilizados e
detectados utilizando o kit de substratos Western Blot de ECL (ab65628, Abcam, EUA). Foram
utilizados marcadores pré-corados (Benchmark marker, Invitrogen) para determinar o peso
molecular das bandas detectadas e confirmar a especificidade do alvo de anticorpos. A
quantificacdo foi realizada utilizando um sistema de imagem Kodak Gel Logic 2200. Os niveis de

proteina total foram normalizados de acordo com o nivel de proteina R-actina de cada amostra.

4.1.1.5 Calculo Amostral
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Tendo por base dados prévios de nosso laboratério, que utilizaram metodologia semelhante, além
de dados disponiveis na literatura[70, 74], o tamanho da amostra foi estimado em 12 animais por
grupo para os grupos que serao submetidos a teste de comportamento e 6 para as analises
bioquimicas, considerando a diferenca minima entre as médias, o desvio padrdo, o nivel de
significancia - erro tipo | ou a - de 5% e o poder de confianga de 90%.

4.1.1.6 Anadlise Estatistica

Os resultados das relagdes entre as marcas epigenéticas e os niveis de B-actina foram expressos
em porcentagem de controle e analisados por analise de variancia (ANOVA) de trés vias com
idade, exercicio e exposi¢cdo a esquiva inibitéria como fatores. Os resultados da esquiva inibitéria
foram analisados por ANOVA de duas vias com idade e exercicio como fatores. Em todos os testes

p < 0.05 foi considerado significante estatisticamente.

4.1.2 Materiais e métodos referentes ao Capitulo 2

4.1.2.1 Animais

Foram utilizados 76 ratos Wistar de 2 e 22 meses de idade fornecidos pelo Centro de Reprodugao
e Experimentagdo de Animais de Laboratdrio (CREAL) da UFRGS, apds aprovagdo pela Comissdo de
Eticas no Uso de Animais (CEUA 29818) da respectiva instituigdo. Os animais permaneceram em
grupos de no maximo 3, em caixas de Plexiglass (40 x 33,3 x 17 cm), com troca de maravalha a
cada dois dias e condi¢des padrdo de biotério (ciclo de 12h claro/escuro), com temperatura (21 *
2° C) e umidade (60%+10) controladas e dgua e comida fornecidas a vontade, e posteriormente

foram divididos em 10 grupos experimentais conforme o desenho experimental:
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Figura 8 - Desenho Experimental 2

4.1.2.2 Protocolos de Exercicio

Os ratos adultos jovens e envelhecidos foram randomicamente divididos em 5 grupos (n=6-9):
sedentario, aerdbico, acrobatico, forca e combinado. Todos os grupos experimentais, exceto o
grupo sedentario, foram submetidos a 20 minutos de exercicio, 3 vezes por semana durante 12
semanas. Os animais foram habituados a cada modalidade por meio da exposi¢do aos diferentes
aparatos uma semana antes do inicio dos protocolos de exercicio. Os animais sedentdrios
receberam manipulagdo semelhante aos grupos exercitados, sendo colocados na esteira desligada
ou aparato do treino acrobatico e forca sem carga por curtos periodos. Nenhum choque ou

estimulo fisico foi utilizado nesse estudo. Todos os procedimentos ocorreram entre as 14:00 e

17:00h.

Exercicio Aerdbico
O protocolo de treino aerdbico consistiu em corrida em esteira ergométrica adaptada para ratos
(Inbramed TK 01, Porto Alegre, Brasil). Para determinar a velocidade de corrida foi utilizada a

medida de consumo maximo de oxigénio indireto (VO2max) recomendada por Brooks e White
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(1987). Nesta medida os animais foram submetidos a corrida em esteira com velocidade
progressiva (5 m/min a cada 3 min) até atingirem a exaustdo. O tempo de fadiga (em minutos) e a
velocidade maxima (em m/min) foram tomados como indice da capacidade de exercicio e usados
para a mensuragao de VO2max indireto. Além de ser usado para determinagdo inicial da
intensidade do treino, essa medida foi repetida a cada trés semanas para progressdo da
velocidade de acordo com as adaptagdes ao exercicio, totalizando 4 medidas. Os animais do grupo
aerdbico foram submetidos a corrida na esteira durante 20 minutos, 3 vezes diariamente.

Treino de forga

O protocolo de treino de forca foi adaptado de Gil e colaboradores (2015), utilizando uma escada
vertical (Im de comprimento e 852 de inclinagdo) com uma caixa escura no topo (20 x 20 x 20 cm)
(Figura 9). Os animais eram condicionados a escalar até a caixa escura em series de 8 repeti¢des
com peso fixado em suas caudas. O peso foi determinado usando o teste de uma repeticdo
maxima (1RM) adaptada para ratos. Nesse teste os animais inicialmente subiam a escada com
metade do seu peso corporal nas caudas. Apds realizarem essa atividade com sucesso, 30g eram
adicionados para uma nova tentativa (2 escaladas + 2 minutos de descanso). Esse procedimento
foi repetido até que os animais ndao conseguissem mais escalar e o peso final foi considerado a
capacidade maxima. Os animais iniciaram o protocolo com 50% da capacidade maxima e a cada 3

semanas, 10% da carga mdxima era adicionada até um limite de 80% nas ultimas 3 semanas [95].

Figura 9 - Aparato para o treino de forga
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Protocolo Acrobatico

O treino acrobatico foi adaptado conforme protocolo de Jones et al (1999)[96]. Em cada sessdo de
treinamento os animais tinham que completar 5 atividades 6 vezes: (1) atravessar uma escada
horizontal (100 cm de comprimento, 3 cm entre os degraus), (2) atravessar obstaculos (barreiras
de 5 a 21 cm de altura), (3) atravessar uma gangorra, (4) andar sobre uma barra estreita (90cm de
comprimento e 10 cm de largura) e (5) andar sobre uma corda suspensa (100 cm de comprimento
5 c¢cm de largura). A cada 3 semanas o circuito era modificado/dificultado afim de fornecer desafios
motores continuamente [97].

Treino Combinado

As sessbes de treinamento combinado consistiram em 6 min de treinamento aerdbio, 6 min de
treinamento acrobatico e 6 min de treinamento de resisténcia. A dificuldade aumentou no
protocolo combinado da mesma maneira que anteriormente descrita individualmente acimal10,
95, 97].0 teste do VO, e o de uma repeticao maxima foram determinados da mesma forma como
descrito acima nos protocolos aerdbico e forga.

4.1.2.3 Paradigma de memodria: Teste de esquiva inibitéria

O teste da esquiva inibitéria foi realizado conforme descrito previamente no subitem 4.1.1.2 dos
materiais e métodos desta tese.

4.1.2.4. Preparagao das amostras

Todos os ratos foram eutanasiados por decapitagdao 1 hora apds a Ultima sessdo de exercicios. O
hipocampo foi rapidamente dissecado, imediatamente congelado em nitrogénio liquido e depois
armazenado a -80 ° C até os ensaios bioquimicos.

4.1.2.5 Imunoprecipitacdao da cromatina

Para avaliar a associagao entre a acetilacao e metilagao das histonas na regido promotora do gene

Bdnf, Cfos e Dnmt3a foi empregada a técnica de imunoprecipitacdo da cromatina[98].
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Resumidamente, as amostras de hipocampo (n=4-5) foram fixadas em formaldeido 1% por 8
minutos em temperatura ambiente. A fixa¢do foi interrompida pela adicdo de glicina 2M, e o
tecido foi lavado 5 vezes com PBS gelado e inibidor de proteases.

A cromatina foi solubilizada e extraida usando tampdes de lise; o tecido fixado homogeneizado
com tampdo de lise celular (10 Mm Tris, 10 Mm NaCl e 0,2% NP-40). O homogeneizado foi
centrifugado a 5500xg por 5 minutos, o sobrenadante descartado, e o pellet foi solubilizado com o
tampdo de lise nuclear (ChIP kit number 17-295; Upstate Biotechnology, Lake Placid, NY).

Em seguida, o extrato de cromatina foi submetido a sonicacdo (Bioruptor (Diagenode®) de 20-35
ciclos, 30s on/off em alta poténcia), gerando fragmentos de DNA de 100 pb. Apds a fragmentacao,
a densidade optica de cada amostra foi determinada e quantidades iguais de lisado de cromatina
(60pg) foram diluidos em um tampao RIPA (1M TRIS HCI, 5M de NaCl, 0.5M de EDTA, NP40, 10%
SDS) até o volume de 1 ml.

A solugcdo de cromatina ja fragmentada foi incubada overnight com granulos magnéticos
(SureBeads™ catdlogo 161-4823 da BIORAD®) associados aos anticorpos anti-histona
H3K9ac,H4H8ac, H3K9me2 e H3K4me3 (Abcam®). Os granulos foram lavados com tampdo de alto
e baixo teor de sal, tampdo de LiCl e tampdo de elui¢do no qual foram separados dos granulos
magnéticos apds 4h a 65°C. O DNA associado as histonas acetiladas foi purificado com kit
comercial (Qiaquick PCR purification kit, catadlogo28104 da Qiagen®).

Quantificagdo do DNA por PCRq em tempo real

Os niveis da acetilacio e metilagdo de histonas em cada promotor de interesse foram
determinados usando a quantidade de histonas acetiladas associadas ao DNA por PCRq em tempo
real (ABI Prism 7700; Applied Biosystems, Foster City, CA). Para amplificar as regiGes promotoras
utilizamos os primers do Bdnf (Forward GGCAGTTGGACAGTCATTGGReverse —

GGGCGATCCACTGAGCAAAG), Fos (Forward CCGACTCCTTCTCCAGCATG  GReverse —
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GCGGCAGGTTTACTCTGAGT) e Dnmt3a (Forward TGGTGCCCAGGAAAGGAAAGReverse —
TGAGGCACCAATCTGAACCC). O imunoprecipitado de DNA amplificado, correu em triplicata na
presenca de SYBR-Green (Applied Biosystems). Os valores de limiar de ciclo (Ct) de cada amostra
foram obtidos usando o software Sequence Detector 1.1. A quantificagdo relativa de modelo de
DNA foi realizada como descrito anteriormente por Gupta et al. (2012) [99] e pelo Manual Applied
Biosystems com adaptacgodes.

4.1.2.6 Andlise Estatistica

Todos os dados foram avaliados de acordo com a homogeneidade e normalidade apds o teste de
Kolmogorov-Smirnov e Levene. A influéncia da idade no paradigma de esquiva inibitéria e nos
marcadores epigenéticos foi avaliada pelo teste t de Student, que comparou apenas animais
sedentarios adultos e envelhecidos. Os efeitos das modalidades de exercicio sobre o paradigma de
esquiva inibitéria e os marcadores epigenéticos foram avaliados pela ANOVA de uma vida. Em

todos os testes, p<0,05 foi considerado como indicador de significancia estatistica.
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5. Capitulo 1:

Treadmill exercise induces selective changes in hippocampal histone
acetylation during the aging process in rats

Neuroscience Letters 634: 19-24.

https://doi.org/10.1016/j.neulet.2016.10.008
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Physical exercise and the aging process have been shown to induce opposite effects on epigenetic marks,
such as histone acetylation. The impact of exercise on hippocampal histone acetylation on specific lysine
residues, especially during the aging process, is rarely studied. The aim of this study was to investigate
the effect of treadmill exercise (20 min/day during 2 weeks) on H3K9, H4K5 and H4K12 acetylation
levels in hippocampi of young adult and aged rats. Male Wistar rats aged 3 or 20-21 months were
assigned to sedentary and exercise groups. Single-trial step-down inhibitory avoidance conditioning
was employed as an aversive memory paradigm. Hippocampal H3K9, H4K5 and H4K12 acetylation was
determined by Western blotting. The daily moderate exercise protocol improved the aversive memory
performance and increased hipocampal H4K12 acetylation levels in both tested ages. Exercise was also
able to increase H3K9 acetylation levels in aged rats. An age-related decline in memory performance
‘was observed, without any effect of the aging process on histone acetylation state. Our data suggest
that treadmill exercise can impact hippocampal the histone acetylation profile in an age- and lysine-
dependentmanner. In addition, higher hippocampal H4K12 acetylation levels at both ages may be related
to improvement of aversive memory performance.

© 2016 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

histone-modifying enzymes, have been linked to exercise effects
on memory performance in rodent models. The histone acetylation

A growing body of evidence suggests that moderate exercise
is able to impact brain functions such as cognition, learning and
memory performance, and cognitive decline in aging [4,25,26]. Epi-
genetic modifications, specifically global histone acetylation and
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corresponds to acetyl groups attached to lysine (K) residues on the
amino-terminal tails of histones (H) and has been widely associ-
ated with enhanced transcriptional activity [2,17]. A single session
of exercise (20 min) increased histone acetylase enzyme (HAT) (the
enzyme that adds acetyl groups to histones) and decreased his-
tone deacetylase enzyme (HDAC)(the enzyme that removes acetyl
groups) activity immediately and one hour after exercise in the rat
hippocampus [14]. Additionally, voluntary exercise protocols have
induced changes in HDAC activity [1,16]. A previous study indi-
cated that a moderate daily exercise protocol (20 min/day during 2
weeks)improved transitorily aversive memory performance, (eval-
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uated by an inhibitory avoidance test) and concomitantly reversed
age-induced decreases of hippocampal global H4 [22]. Despite
these findings, exercise effects on specific lysine modifications in
todent hippocampi are rarely investigated [12,15].

Another remarkable point is the fact that aversive learning con-
text exposure in different fear-motivated learning tasks can alter
epigenetic marks, suggesting that the influence of the learning
paradigm on acetylation levels should be considered. Interestingly,
a training session of fear conditioning was able to alter hippocam-
pal global acetylation of H2B, H3 and H4 [6,20] as well as specific
lysine, such as H4K12, H3K9, H3K14, H4K5 and H4KS8 in young
adult rodents, while H4K12 acetylation state was unchanged in
aged hippocampus [9,24]. The authors suggested that the lack of
this specific acetylation during the acquisition stage can be related
to age-dependent memory impairment [24]. In addition, it has been
observed that exposure to a memory paradigm, including the test
session, is able to alter H3K14 acetylation in the hippocampus of
young adult rats [12]. However, little is known regarding its con-
tribution to aversive memory consolidation in the aging process.

Despite the growing body of evidence describing the effects of
exercise, the aging process and exposure to the aversive memory
paradigm on epigenetic parameters [10,19], there are few studies
evaluating the interaction among these factors, particularly histone
acetylation on specific lysine residues, in brain areas. Thus, the aim
of this study was to investigate the effect of a treadmill exercise
protocol (20 min/day during 2 weeks) on histone acetylation levels
on specific lysine residues, such as H3K9, H4K5 and H4K12, in hip-
pocampi of 3 or 20-21-month-old Wistar rats. We asked whether
exercise and aging effects are differentially modified by exposure
to an inhibitory avoidance task.

2. Material and methods
2.1. Animals

Male Wistar rats aged 3 and 20-21 months old were used
and maintained under standard conditions (12-h light/dark,
22°C+2°C) with food and water ad libitum. Animals were pro-
vided by Centro de Reprodug¢do e Experimentacdo de Animais de
Laboratério (CREAL) at Universidade Federal do Rio Grande do
Sul (UFRGS) and housed five per cage (Plexiglass cages, dimen-
sions: 40 x 33.3 x 17cm). The NIH “Guide for the Care and Use
of Laboratory Animals” (NIH publication No. 80-23, revised 1996)
was followed in all experiments and the Local Ethics Committee
approved all handling and experimental conditions (nr. 23997).

2.2. Exercise protocol

Rats were randomly divided into a sedentary (SED) or exercised
(EXE) groups (n=10-12; Fig. 1). The SED group animals was han-
dled exactly as the EXE group and left on the treadmill while it
was not operating for 5min. The exercise training was performed
on a motorized rodent treadmill (AVS Projetos, Sdo Paulo, Brazil)
with individual Plexiglas lanes. The peak oxygen uptake (VO;) was
indirectly measured in all animals prior to training.

Each rat ran on a treadmill at a low initial speed, and the speed
was increased at a rate of 5m/min every 3 min until the point of
exhaustion (g, failure of the rat to continue running). The time to
fatigue (in min) and workload (in m/min) were obtained as indices
of exercise capacity, which, in turn, were taken as VO;max [3,8].
The animals initially refusing to run were encouraged by gently
tapping on their backs.

The exercise training consisted of running sessions at 60% of
VO;max. The rats were subjected to one 20-min running session
daily for 2 weeks. Treadmill velocity progression is represented in

Table 1. In the first two sessions, rats were adapted to the tread-
mill. Neither electric shock nor physical prodding were used in this
study. All of the procedures took place between 02:00P.M. and
05:00 P.M.

2.3. Inhibitory avoidance

The animals were exposed or not exposed to an inhibitory avoid-
ance task. We used single-trial step-down inhibitory avoidance
conditioning as a model of fear-motivated memory. At step-down
inhibitory avoidance training, the animals learned to associate a
location in the training apparatus (a grid floor) with an aversive
stimulus (footshock). In the training trial, rats were placed on a plat-
form and immediately after stepping down on the grid received a
0.6 mA, 3.0 s footshock prior to removal from the apparatus. The test
trial took place 24 h after the training trial, the rats were exposed
to the plataform and no footshock was delivered; latencies to step
down were recorded and used as a measure of memory reten-
tion. Retention test latencies measurements were cut off at 180s.
The exercised and exposed to learning context groups, were sub-
jected to inhibitory avoidance test session 30min after the last
exercise session and 30 min before euthanasia. The general proce-
dures for inhibitory avoidance behavioral training and the retention
test were described in a previous report [21,22].

2.4. Preparation of the samples

Rats were sacrificed by decapitation 1h after the last training
session of exercise. It has been demonstrated that our exercise
protocol improved aversive memory performance as well as hip-
pocampal global H4 at 1 h after the last training session of exercise,
and the behavioral test was performed 30 min before euthanasia
[22]. Hippocampi were quickly dissected, immediately snap-frozen
in liquid nitrogen, and stored at —80 °C until the histone extraction.
The hippocampi were homogenized (n=5), placed in EDTA-free
(Sigma-Aldrich, Sao Paulo, Brazil) solution 1x containing a protease
inhibitor cocktail tablet, and stored at —80 °C for subsequent anal-
ysis. Histones were extracted as previously described [11]. Briefly,
PBS buffer (Phosphate-Buffered-Saline) containing 250 pL Triton
and 10mg NaN3 was added to the homogenated samples to a
50 mL final volume. After 10 min on ice, samples were centrifuged
at 6500g for 10 min at 4°C. The supernatant was removed, and the
pellet was collected. An equal volume of 0.2N HCI was added, and
acid extraction of histones was carried out over night at 4°C. The
next day, samples were centrifuged at 6500g for 10 min at 4°C, and
this histone extract was stored at —80°C. The protein concentration
of each sample was measured using the Coomassie Blue method,
and bovine serum albumin was used as a standard [7].

2.5. Western blot analysis

Twenty-five g of total protein was separated on a 12%
SDS-polyacrylamide gel and transferred electrophoretically to a
nitrocellulose membrane. Membranes were blocked with 5% non
fat dry milk in TBS containing 0.05% Tween-20 and were incubated
overnight with the following antibodies: anti-B-actin (ab8227,
Abcam) at 1:1500, anti-acetyl histone H3 (Lys-9, ab10812, Abcam)
at 1:500, anti-acetyl histone H4 (Lys-5, K5, ab51997, Abcam) at
1:700, and anti-acetyl histone H4 (Lys-12, K12, ab61238, Abcam)
at 1:700. Goat anti-rabbit (ab6721, HRP) horseradish peroxidase-
conjugated secondary antibodies were used and detected using
the ECL Western Blotting Substrate Kit (ab65628, Abcam, EUA).
Pre-stained molecular weight protein markers (Benchmark marker,
Invitrogen) were used to determine the molecular weight of the
detected bands and confirm antibodies target specificity. Quan-
tification was performed using a Kodak Gel Logic 2200 Imaging
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Fig. 1. Experimental Design.
Table 1
Velocities progression in time during adaptation period (1-2 days) and training protocol (3-14days) in 3 and 20-21-month-old Wistar rats.
1-2min 2-6min 6-14min 14-18 min 18-20min
VO, max 40% VO, max 50% VO, max 60% VO, max 50% VO, max 40%
Adaptation period 7m/min 8.6 m/min 10.4 m/min 8.6m/min 7 m/min
(1-2days)
3 month-old rats
Adaptation period 5.86m/min 7.34m/min 8.8 m/min 7.34m/min 5.86 m/min
(1-2days)
20-21 month-old rats
1-4 min 4-16 min VO2max 60% 1-4min
VO2max 40% VO2max 40%
Training protocol 7m/min 10.4m/min 7 m/min
(3-14days)
3 month-old rats
Training protocol 5.86 m/min 8.8 m/min 5.86 m/min

(3-14days)
20-21 month-old rats

system. Total protein levels were normalized according to each
sample’s 3-actin protein level.

2.6. Statistical analysis

The results of ratios between acetylated H3K9, H4K5, H4K12,
and B-actin protein levels were expressed as a percentage of control
and analyzed using three-way analysis of variance (ANOVA) with
age, exercise and exposure to inhibitory avoidance as factors. The
results of the inhibitory avoidance test were analyzed by two-way
analysis of variance (ANOVA) with age and exercise as factors. In
all tests, p <0.05 was considered to indicate statistical significance.

3. Results

Our work investigated the interaction between exercise, the
aging process and exposure to memory paradigms on hippocam-
pal histone acetylation markers. A moderate treadmill exercise
protocol (20 min/day during 2 weeks) improved aversive memory
performance in the inhibitory avoidance paradigm in both tested
ages of young (3 months old) and aged (20-21 months old) Wis-
tar rats. Latencies to step down from the platform during the test
session of inhibitory avoidance are presented in Fig. 2. As expected,
aged rats exhibited a worse performance in the inhibitory avoid-
ance paradigm (F(1.60)=8680; p<0.005), and exercise was able
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to improve the step down latency in both ages (F(;;60)=39.632;
p<0.0001).

We also evaluated the effects of exercise on histone acety-
lation levels on specific lysine residues in hippocampi of rats.
H4K12 acetylation levels are illustrated in Fig. 3. Three-way ANOVA
revealed a significant effect of exercise, given that there was an
increase of H4K12 levels in all exercised groups (F(j 27 =9.201;
p=0.006).

Fig. 4 highlights the hippocampal H3K9 acetylation levels.
Three-way ANOVA showed the effect of exercise (F; 29)=7.460;
p=0.012) and a significant interaction between exercise and age
(F(1.20)=4.785; p=0.039). Forced exercise increased H3K9 acety-
lation in 21-month-old rats comparing to respective sedentary
groups (Tukey poshoc; p=0.04) without any effect in young groups.
H4K5 acetylation levels were unchanged (data not shown).

Neither age nor exposure to the learning context per se showed
any effect on hippocampal histone specific acetylation.

4. Discussion

Our study indicates that a daily moderate exercise protocol
can impact hippocampal histone specific acetylation in an age
and lysine-dependent manner in rats. Forced exercise was able to
improve the step down latency in the inhibitory avoidance task and
concomitantly increased hippocampal H4K12 acetylation levels in
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both young adult and aged rats. This is an important finding con-
sidering that hippocampal H4K12 acetylation seems to be essential
for the expression of genes related to memory formation such as
Formin 2 [24].

Another remarkable result is the age-dependent effect of forced
exercise on H3K9 acetylation levels, since increased hippocampal
H3K9 acetylation in aged groups was observed without any change
to levels in young adult animals. Interestingly, Elsner et al. showed
that our exercise protocol decreased H3K9 methylation only in 3-
month old rats with no effects in 20-month-old animals [ 15]. Taken
together, these data suggest that exercise impacts H3K9 epigenetic
profiles in an age-dependent manner. H3K9 acetylation has been
described as an important epigenetic mark involved with neuronal
gene expression.

Previous studies with voluntary exercise protocols observed
increases in H3 global and specificlysine residue (H3K9 and H3K14)
acetylation and memory-related gene expression, such as Calbindin
(Calb1) and BDNF in brain structures [ 1,10]. In addition, forced aer-
obic exercise, such as swimming, improved memory impairment
induced by isoflurane by enhancing histone acetylation levels, such
as H3K9 [29]. Taken together, it is possible to infer that increases in
H3K9 acetylation observed in aged and exercised rats could reflect
enhances in gene transcription.

Furthermore, H3K9 acetylation has been linked to inflammatory
pathways. Soliman and colleagues described the role of H3K9 acety-
lation in neuroprotection after brain inflammation models [28],
since acetate supplementation reversed lipopolysaccharides (LPS)
effects by increasing H3K9 acetylation in primary mouse astroglial
cultures. We suggest that increases in H3K9 acetylation induced
by forced exercise (20 min/day during 2 weeks) in 20-21-month-
old rats may be associated with previous findings describing the
modulation of pro-inflammatory markers in aged hippocampi [22].

Interestingly, most of the experimental studies on the epige-
netic effects of exercise have used voluntary protocols, despite the
fact that forced exercise is more comparable to human exercise
[27]. Either forced or voluntary protocols are able to alter epige-
netic mechanisms and produce some differences in the acetylation
profile of specific lysine residues.

Intlekofer et al. suggested that H4K12 acetylation is not
involved in the benefits of voluntary exercise on non-reinforced
hippocampal-dependent learning, specifically an object location
memory task in young adult mice [18]. On the other hand,
forced exercise improved performance in a negatively motivated
hippocampal-dependent paradigm and an inhibitory avoidance
task, concomitantly increasing H4K12 acetylation levels in all stud-
ied ages. Taken together, these studies indicate that forced and
voluntary exercises impact H4K12 acetylation differently. In addi-
tion, we can infer that forced exercise is more effective than
voluntary exercise in the aging process, since a lower degree of
acetylation at H4K12 has been linked to impairment in memory
consolidation of aged rodent [24].

Considering that hippocampal H3K9, H4K5 and H4K12 acety-
lation levels were not changed by exposure to learning context
(training and test sessions), it is possible to infer that these epige-
netic marks are not primarily required in the consolidation phase
of inhibitory avoidance memories and that inhibitory avoidance
paradigm-induced alteration of epigenetic parameters is mainly on
the H3K14 acetylation status [12]. In accordance, Blank et al. also
did not observe changes in hippocampal H3K9 and H3K14 acety-
lation levels after training and retention sessions of an inhibitory
avoidance paradigm [5]. Changes in hippocampal histone acetyla-
tion levels on specific lysine residues during the acquisition phase
in aversive memory have been described [9,24].

An important point of discussion is the role of histone acety-
lation during the aging process. Previously, an increase in HDAC
activity in hippocampi of aged rats was described [13], which is
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consistent with a decrease in global H4 acetylation in hippocampi
of 20-month-old rats [22]. Moreover, the impairment in aversive
memory performance in aged rats was related to reduced global
H4 acetylation levels [22]. Conversely, in the current study, H3K9,
H4K5 and H4K12 acetylation levels were not significantly altered
by aging. Taken together, it is possible to infer that aging-induced
effects on global H4 acetylation levels and memory performace
might be related to other specific lysines, such as H4K8 and H4K16.

Recently, hippocampal H4K5 acetylation was linked to memory
formation after contextual fear conditioning [23]. However, we did
not find any difference in H4K5 acetylation. This disagreement may
be related to differences in fear-motivated learning tasks and dif-
ferent time-points in which the hippocampi were collected. In our
work, hippocampi were collected 30 min after the inhibitory avoid-
ance test, while Park et al. collected the samples one hour after fear
conditioning training and after re-exposure to the context on day
3.

In summary, our data revealed that a forced exercise proto-
col is able to increase hippocampal histone specific acetylation
in a lysine- and age-dependent manner because exercise-induced
increases in H4K12 acetylation were observed in all tested groups
and H3K9 acetylation levels changed exclusively in aged rats.
Exercise-induced improvement of aversive memory retention may
be related to changes in hippocampal H4K12 acetylation. Further
studies are needed to elucidate the relationship between these epi-
genetic modifications and physiological effects induced by exercise,
especially during the aging process.
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6. Capitulo 2

Effects of exercise modalities on memory performance and hippocampal

epigenetic marks at Bdnf, cFos and Dnmt3a genes during aging
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Abstract

We aimed to investigate the effects of different exercise modalities on aversive memory and
epigenetic landscapes at Bdnf, cFos and Dnmt3a gene promoters in hippocampus of rats. Young
adult and aged male Wistar rats were subjected to aerobic, acrobatic, resistance or combined
exercise modalities (3 times a week, 20 min/day) for 12 weeks. Aging was associated with altered
histone modifications at the promoters of Bdnf, cFos and Dnmt3a. Aerobic, acrobatic and
combined modalities improved aversive memory performance in young adult and aged rats.
Moreover, these modalities altered hippocampal epigenetic marks, particularly H3K9ac or
H3K4me3, at the cFos promoter of aged animals. Aerobic and resistance modalities partially
reversed age-induced increases in H3K4me3 at the Bdnf promoter. Resistance and combined
modalities changed H4K8ac at the Dnmt3a promoter in young adult rats. Our results provide
new insight by providing a biological mechanism which supports the utility of exercise modalities

to attenuate memory deficits during aging.
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Exercise; rats; aversive memory; histone methylation, histone acetylation; epigenetic marks.
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1. Introduction

It is well established that aged individuals are more likely to suffer memory impairments. Clinical
research showed that physiological aging typically affects specific cognitive abilities such as
spatial memory, working memory, reaction time and long-term memory (Hansen and Zhang,
2013; Podtelezhnikov et al., 2011). Age—related cognitive deficits have been observed in pre-
clinical studies using animal models including rodents and non-human primates (Barreto et al.,
2010; Comrie et al., 2018; Lovatel et al., 2013; McQuail et al., 2016).

The American Heart Association and American College of Sports Medicine recommend a
combination of aerobic, resistance and balance exercise be prescribed for elderly patients as it
has been shown to contribute to a healthy and independent lifestyle and improve functional
capacity as well as cognitive performance (Chodzko-Zajko et al., 2009; Nelson et al., 2007).
Beneficial effects of physical exercise on memory in aged populations have been reported
(Nouchi et al., 2014; Segal et al., 2012; Suzuki et al., 2012), but studies investigating the impact
of combined exercise modalities on age-related cognitive impairments in rodents are rare.
Instead, most experimental work evaluating combination of exercise modalities have focused
on metabolic and skeletal muscle modifications in young adult (YA) rats (Ogasawara et al., 2014;
Shen et al., 2015). The effect of combined modality on memory performance and its mechanism
of action are rarely studied (Zarrinkalam et al., 2016), especially on age-related deficits.

Animal models are widely used to understand the neurobiological mechanisms through which
exercise protects and restores brain function independent of aging. In this context, different
exercise modalities were able to improve memory in rodents (Berchtold et al., 2010; Cassilhas
et al., 2012a; Cotman and Berchtold, 2002). In YA rats, 8 weeks of progressive resistance exercise
improved aversive memory and increased peripheral and hippocampal IGF-1 levels (Cassilhas et
al., 2012a). Another exercise modality, namely, acrobatic (which is similar to balance training in

humans), induced axonal remodeling and synaptogenesis in motor cortex, cerebellum and
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striatum (Salame et al., 2016; Tamakoshi et al., 2014). However, there are few studies
investigating resistance or acrobatic exercise effects in memory tasks using animal models
during aging. To our knowledge, only aerobic modalities have been studied in aging models.
Previous data indicate that 2 weeks of a moderate aerobic protocol reversed age-induced
memory impairments, and regulated the inflammatory profile related to aging in hippocampus,
decreasing pro-inflammatory cytokines and increasing anti-inflammatory cascades (Lovatel et
al., 2013). Additionally, this protocol increased global histone H4 acetylation levels and
acetylation of specific lysine residues (H4K12 and H3K9) in hippocampi of 20-21 month-old
Wistar rats when compared to non-exercised controls (de Meireles et al., 2016; Lovatel et al.,
2013).

Epigenetic mechanisms, specifically histone modifications, have been proposed as modulators
of the protective effects of exercise on memory. Aerobic exercise induced hippocampal H3
acetylation at Brain Derived Neurotrophic Factor (Bdnf) gene promoter of 3 month-old rats, a
crucial gene for learning, memory and synaptic plasticity (Gomez-Pinilla et al., 2011). Although
the epigenetic mechanisms have not been investigated, resistance and acrobatic exercise
increased Bdnf expression in the hippocampus (Klintsova et al., 2004; Novaes Gomes et al.,
2014). However, there is a dearth of information regarding the epigenetic modulation exerted
by exercise modalities in the aging hippocampus.

Taken together, the aim of this study was to investigate the potential protective effects of
different exercise modalities, aerobic, resistance, acrobatic and their combination, on age-
related declines in aversive memory and identify exercise-induced epigenetic mechanisms,
specifically histone modifications, associated with aging and the protective effects of exercise
within the hippocampus. We have focused on the promoter regions of three genes important
for synaptic plasticity, neuronal activity and neuronal development: Bdnf, cFos and DNA

methyltransferase 3a (Dnmt3a) (Bayraktar and Kreutz, 2017; Kitraki et al., 1993).
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2. Materials and Methods

2.1 Animals

Male Wistar (n=76) rats aged 2 and 22 months were maintained under standard conditions (12-
h light/dark, 22 C+2°C), with food and water ad libitum. Animals were provided by the Centro
de Reprodugdo e Experimentagdo de Animais de Laboratério (CREAL) at the Universidade
Federal do Rio Grande do Sul (UFRGS) and housed three per cage (Plexiglass cages, dimensions:
40 x33.3x 17 cm). 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 approved
all handling and experimental conditions (nr. 29818).

2.2 Exercise Protocols

Rats were randomly divided into five groups (n= 6-9): sedentary, aerobic, acrobatic, resistance
and combined. Experimental groups, except sedentary, were subjected to 20-minute exercise
sessions for 12 weeks (Experimental Design in Figure 1). Animals were habituated to each
exercise modality by exposure to the different exercise apparati for 1 week prior to exercise
protocol commenced. Sedentary animals were exposed to “sham” exercise protocols in that
they were placed on a non-functional treadmill, acrobatic or resistance apparatus. Neither
electric shock nor physical prodding were used in this study. All the procedures took place
between 14:00 and 17:00 hr.

2.2.1 Aerobic protocol

Aerobic training was performed on a motorized rodent treadmill (AVS Projetos, Sdo Paulo, Brazil)
with individual Plexiglas lanes. The peak oxygen uptake (VO) was indirectly measured in all
animals prior to training. Each rat ran on a treadmill at a low initial speed, and the speed was
increased at a rate of 5 m/min every 3 minutes 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 obtained as
indices of exercise capacity, which, in turn, were taken as VO,max (Arida et al., 1999; Brooks and

White, 1978). The aerobic training consisted of running sessions at 60% of VO,max (Lovatel et
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al., 2013). The animals initially refusing to run were encouraged by gently tapping on their backs.
VO,max was assessed every three weeks in order to increase treadmill speed according to the
animal’s adaptation to exercise, maintaining training at 60% of VO,max.

2.2.2 Acrobatic protocol

Acrobatic exercises were employed according to Jones et al. (Jones et al., 1999). Animals were
required to complete five activities six times each: (1) transverse a horizontal ladder (100-cm of
diameter, 3-cm spaced rungs), (2) walk through an obstacle course (barriers 5- to 21-cm-high),
(3) cross a seesaw, (4) transverse a narrow bar (90-cm of diameter and 10 cm of width) and (5)
transverse a rope (100-cm of diameter and 5-cm of width). The obstacles were changed, bars
and rope were narrowed and the space between the rungs of the ladder was increased every
three weeks in order to increase the training difficulty (Black et al., 1990).

2.2.3 Resistance protocol

Resistance exercise training was performed as adapted from Gil et al (2015), using a climbing
ladder (height 1 m, inclination of 85 degrees), which was designed to make the rats ascend
towards a dark chamber (20 x 20 x 20 cm) with weight attached to their tails. Animals scaled the
ladder in series of 8 repetitions with weight attached to their tails, with 2 minutes of rest. The
weight for training was determined using 1 RM (repetition maximum) test performed prior to
training, animals climbed the ladder twice with 50% of their body weight attached to their tails.
After successful completion of the task, 30 g were added for another trial (climbed ladder 2X +
2 minutes of rest). This was repeated until animals were unable to climb the ladder and the
weight was recorded as the maximum overload. Animals started the experiment climbing with
50% of the maximum overload attached to their tails; every three weeks, 10% of the maximum
overload was added, until they reached the maximum of 80% of the overload in the last 3 weeks
(Gil and Kim, 2015).

2.2.4 Combined protocol
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The training sessions consisted of 6 min of aerobic training, 6 min of acrobatic training and 6 min
of resistance training. The difficulty increased in the combined protocol in the same manner as
previously described individually above (Black et al., 1990; Gil and Kim, 2015; Lovatel et al.,
2013). The VO, and the maximum overload were determined by the same tests used in the
aerobic and resistance groups.

2.3. Memory Paradigm: Inhibitory Avoidance

We used single-trial step-down inhibitory avoidance conditioning as a model of fear-motivated
memory in which the animals learned to associate a location in the training apparatus (a
depressed area indicated by a grid floor) with an aversive stimulus (footshock). In the training
trial, rats were placed on a platform and immediately after stepping down on the grid received
a 0.6 mA, 3.0 second footshock prior to removal from the apparatus. The test trial took place 24
hours after the training trial, in which the rats were placed in the platform and no footshock was
delivered; latencies to step down were recorded and used as a measure of memory retention.
Retention test latencies measurements were cut off at 180 s. All animals were subjected to
inhibitory avoidance test session 30 minutes after the last exercise session. The general
procedures for inhibitory avoidance behavioral training and the retention test were described
in a previous report (Lovatel et al., 2012; Lovatel et al., 2013).

2.4. Preparation of the Samples

All rats were euthanized by decapitation 1 hour after the last exercise session. The whole
hippocampi were quickly dissected, immediately snap-frozen in liquid nitrogen, and then stored
at -80°C until the ChiP analysis.

2.5. Quantitative Chromatin Immunoprecipitation (qChIP)

ChIP analysis of the frozen hippocampus (n=4-5) was performed as previously described by Pefia
et al, 2017 (Pefia et al.,, 2017) with minor modifications. Samples were cross-linked in 1%
formaldehyde for 12 minutes at room temperature. The crosslinking reaction was stopped by

adding glycine (2 M). Samples were homogenized in cold PBS with protease inhibitors (Pls),
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incubated in cold cell lysis buffer (5 mM PIPES pH 8, 85 mM KCI, 0.5% NP40) with Pls, and
sonicated in cold nuclear lysis buffer (50 mM Tris-HCl pH 8, 10 mM EDTA, 1% SDS) with PlIs at
4°C for 30-40 cycles in a Bioruptor (Diagenode®) until average fragment size was 100-150 bp as
assessed by BioAnalyzer (Agilent). Samples were frozen in aliquots at -80°C until
immunoprecipitation. Histone modifications (acetylation and methylation) were assessed using
the following antibodies from Abcam: anti-acetyl(ac) H3K9ac (15823), H4K8ac (15823), anti-
methyl(me) H3K9me2 (1220) and H3K4me3 (8580). Mouse and Rabbit Isotype Control
antibodies (37355and 172730 respectively) were incuded as negative controls..

Magnetic beads (Dynabeads M-280 Sheep anti-Mouse/Rabbit IgG) were blocked (4% BSA in PBS)
and incubated with antibody at 4°C for 6 hours. 1000 ng of chromatin from each sample was
incubated with antibody-bead mix overnight (16 hours) for immunoprecipitation. Prior to
antibody incubation, 10% aliquots were removed from each sample as input. Chromatin samples
were then washed 1x each with low salt buffer (0.1% SDS, 1% TritonX100, 2 mM EDTA pH 8, 150
mM NacCl, 20 mM Tris-HCI pH 8), high salt buffer (0.1% SDS, 1% TritonX100, 2 mM EDTA pH 8,
500 mM NaCl, 20 mM Tris-HCI pH 8), LiCl buffer (150 mM LiCl, 1% NP40, 1% NaDOC, 1 mM EDTA,
10 mM Tris-HCI pH 8), and TE buffer + NaCl (50 mM NaCl, 10 mM Tris-HCI pH 8, 1 mM EDTA).
Samples were then eluted in buffer (1% SDS, 100 mM NaHCO3) and reverse crosslinked overnight
at 65°C. After RNAse and proteinase K incubations, DNA was purified using the PCR Purification
Kit (Qiagen® 28106) and stored at 4°C until gPCR analysis (Applied Biosystems QuantStudio®).
Primers for qChIP (Integrated DNA tecnologies®) were designed using Primer Blast (NCBI) to
amplify promoter regions (Table 1). qChlIP results, including IgG controls, were calculated as
percent of input. All antibodies showed significant enrichment over their comparable IgG control
(Supplemental Data 1).

2.6. Statistical Analysis

All data were evaluated for normal distribution and homogeneity of variance using Kolmogorov-

Smirnov and Levene test. The influence of age on inhibitory avoidance paradigm and epigenetic
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markers was evaluated by Student's t-test comparing only sedentary adult and sedentary aged
animals. The exercise modalities effects on inhibitory avoidance paradigm and epigenetic
markers were evaluated by One-Way ANOVA and by Kurskal-Wallis test considering the

distribution of variance. In all tests, p<0.05 was considered to indicate statistical significance.

3. Results

3.1 Exercise exerts modality-dependent effects on aversive memory.

First, baseline differences in YA vs aged sedentary controls was analyzed (Figure 2). Student’s t-
test revealed that aged rats underperformed in the inhibitory avoidance paradigm (p=0.03)
compared to YA animals (Figure 2A). Given the age-related changes observed between control
groups, we analyzed the effects of exercise modalities within YA and aged animals separately.
One-way ANOVA showed a main effect of exercise modalities on step down latency in YA ((F4;41)
=17.3; p<0.0001) and aged ((F(;37) = 3.851; p=0.012) rats (Figures 2B and 2C). Dunnet’s post-hoc
analysis revealed that acrobatic (p=0.005 and p=0.022), aerobic (p=0.002 and p=0.031) and
combined (p<0.001 and p=0.016) exercise enhanced memory performance in YA rats and
ameliorated the age-related deficiencies observed in aged rats compared to sedentary animals.
The p-values refer to YA and aged rats, respectively.

3.2. Aging modulates epigenetic marks at the Bdnf, cFos and Dnmt3a gene promoters in
hippocampus.

We next evaluated the age-related alterations in histone modifications associated with 3 genes
(Bdnf, cFos and Dnmt3a) important for brain development, synaptic plasticity and cognition
(Bayraktar and Kreutz, 2017; Gdmez-Pinilla et al., 2002 ; Kitraki et al., 1993) in the sedentary
controls. Age-related changes were observed in histone methylation at Bdnf (Figure 3A), cFos
(Figure 3B) and Dnmt3a (Figure 3C).Specifically, H3K4 trimethylation (H3K4me3) was decreased
at the cFos promoter but increased (p=0.007) at the Dnmt3a and Bdnf promoters (p=0.04 and

p=0.001) in aged vs YA animals. Age-related effects were observed for H3K9 dimethylation
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(H3K9me2) at the Bdnf promoter (p=0.05). Fewer age-related effects were observed with regard
to histone acetylation. While no effects were observed in H3K9 acetylation (H3K9ac), H4K8
acetylation (H4K8ac) was increased at the Bdnf promoter (p=0.002) and decreased at the cFos

promoter (p=0.01) in aged animals.

3.3 Exercise modalities influenced H4K8ac and H3K4me3 at the Bdnf promoter in hippocampus
in an age-dependent way.

We hypothesized that the protective effects of exercise in the aged animals would be associated
with changes in histone modifications at the Bdnf, cFos and Dnmt3a promoters. Therefore, we
analyzed changes in histone modifications in hippocampus after exercise in the YA and aged
animals separately. The tested exercise modalities altered epigenetic parameters at the Bdnf
promoter in an age-specific manner (Fig. 4A and 4B). One-Way ANOVA showed the effect of
exercise (F:20) = 4.43; p=0.013); resistance (p=0.029), acrobatic (p=0.039) and aerobic (p=0.027)
modalities increased H4K8ac in YA rats. Meanwhile, in aged animals, exercise modalities
decreased H3K4me3 (F.20)= 12.014; p<0.0001) in aerobic (p=0.012) and resistance (p=0.012)
groups.

3.4. Exercise modalities influenced H3K9ac or H3K4me3 at the cFos promoter in hippocampus
in an age-dependent way.

One-Way ANOVA demonstrated the effect of exercise on H3K9ac (Fig. 5A; F(a:21= 5.17; p=0.008)
and H4K4me3 (Fig. 5B;F(.21)= 3.92; p=0.018) at the cFos promoter in a modality-dependent way
only in aged rats. H3K9ac was induced in hippocampus by acrobatic (p=0.04) and by aerobic
(p=0.05) protocols. Concurrently, acrobatic (p=0.05) and combined (p=0.03) increased H3K4me3
in this gene region.

3.5 Resistance and combined protocols decreased H4K8ac at the Dnmt3a promoter in

hippocampus in an age-dependent way.
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We observed an effect of exercise (Fa:20)= 4.517; p=0.014) on H4K8ac at the Dnmt3a promoter
in adult animals in a modality-dependent way (Figure 6). Resistance (p=0.048) and combined
(p=0.012) groups exhibited lower H4K8ac levels in hippocampus compared to the sedentary

group in YA animals. In contrast, there was no effect of exercise on aged animals.

4. Discussion

This study demonstrates that chronic moderate acrobatic, aerobic and combined exercise can
alleviate age-related cognitive deficits in aversive memory performance. We also show, for the
first time in the literature, that epigenetic regulation at three important genes for memory
formation, Bdnf, cFos and Dnmt3a, in the hippocampus is associated with this alleviation. In
summary, our findings contribute to clinical research in the elderly population by providing a
potential mechanism of action of exercise modalities.

Previous literature has shown that aerobic exercise, 20 min/day for 2 weeks, is capable of
improving aversive memory in both YA and aged rats (Lovatel et al., 2013). Here we replicate
and expand on those findings. Aerobic exercise as well as acrobatic and combined modalities
were able to improve step down latency in the inhibitory avoidance task in YA and aged
animals. Additionally, our findings demonstrate that similar effects on memory performance can
be obtained with a long-term duration protocol of aerobic exercise, with different frequency of
training (specifically 12 weeks, three times a week, 20 minutes). Previous reports in YA rodents
observed the advantage of aerobic over acrobatic training on different memory paradigms, such
as eye blink conditioning and water-escape motivated radial arm maze (Green et al., 2011;
Lambert et al., 2005), findings that we did not find here. This difference may be due to the
specific kind of memory evaluated.

It is possible to suggest that greater training frequencies are needed for resistance exercise-
induced memory improvements, since here resistance exercise alone did not affect aversive

memory in either YA or aged rats. Previous reports described that this modality 5 times a week
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improved passive avoidance task and spatial memory performance in 3 month-old rats
(Cassilhas et al., 2012a; Cassilhas et al., 2012b).

Although the American College of Sports and Medicine recommends a combination of exercise
modalities for elderly populations to improve general health (Chodzko-Zajko et al., 2009), this is
the first pre-clinical research supporting the prescription of combined modality exercise, using
aerobic, acrobatic and resistance training, to improve memory function during aging. Combined
modalities have been shown to improve cognition in YA rodents. Zarrinkalam et al (2016)
compared endurance, resistance and combined exercise (resistance and endurance) and
showed selective effects of these modalities on spatial and aversive memory in YA rats
submitted to a morphine addiction model, which leads to memory impairment (Zarrinkalam et
al., 2016). Here we show that our combined modality had improved measures of aversive
memory in both ages, providing rational basis for the clinical recommendation during life span.
In order to identify potential molecular mechanisms underlying the effects of aging and exercise,
we examined histone modifications associated with the promoters of 3 genes related to learning
and memory in the hippocampus (Bayraktar and Kreutz, 2017, Gomez-Pinilla et al., 2008;
Gomez-Pinilla et al., 2002 ; Kitraki et al., 1993). We observed lower H3K9me2 and increased
H4K8ac and H3K4me3 at the Bdnf promoter in hippocampi of aged rats. Taken that H3K9me2 is
a repressive mark related to gene silencing (Gupta et al., 2010), while H4K8ac and H3K4me3 are
associated to transcriptional activation (Wang et al., 2008), our results suggest a chromatin
landscape aiding Bdnf transcription in healthy aged animals. In support of this, previous
literature suggests that expression of a Bdnf precursor, proBDNF, was augmented in the
hippocampus of 24 month-old Wistar rats (Perovic et al., 2013 ) and 22-24 months old C57BL/6
mice (Buhusi et al., 2017). Considering that proBDNF processing into mature BDNF occurs at
different rates over the lifespan (Perovic et al., 2013 ; Silhol et al., 2007), it is possible to suggest
that aged hippocampi have higher proBDNF levels. ProBDNF has been proposed to play a role in

neuronal apoptosis (Teng et al., 2005), inhibiting neuronal migration (Xu et al., 2011), memory
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impairment (Buhusi et al., 2017) and induction of hippocampal long-term depression (LTD),
suggesting that proBDNF might oppose the known effects of its mature counterpart on memory
(Woo et al., 2005). An age-dependent effect on the Bdnf promoter was observed, since aerobic
and resistance aged groups had decreased hippocampal Bdnf promoter H3K4me3, suggesting
that these protocols can attenuate age-induced effects, and could lead to a reduction in gene
transcription and consequently reduced levels of proBDNF.

Conversely, YA rats submitted to resistance, acrobatic and aerobic modalities had increased
hippocampal Bdnf promoter H4K8ac, which may indicate an increase in Bdnf transcription.
Previous reports have reported the impact of several exercise modalities on Bdnf expression.
Aerobic exercise increased Bdnf expression in YA (Gomez-Pinilla et al., 2011) and adolescent
rodents (Abel and Rissman, 2013). Although Klistsova and colleagues (2004) also observed
increased levels in BDNF expression and its receptor, TrkB protein, in motor cortex and
cerebellum in YA rats after acrobatic training (Klintsova et al., 2004), this is the first study
describing the effects of acrobatic exercise on hippocampal Bdnf epigenetic regulation. In
addition, it is possible to suggest that longer training periods of resistance training are necessary
to modulate Bdnf expression, since our protocol of 12 weeks increased hippocampal Bdnf
promoter H4K8ac, while 4 and 8 weeks did not alter hippocampal Bdnf expression in YA rats
(Cassilhas et al., 2012a; Novaes Gomes et al., 2014). Surprisingly, our combined modality did not
regulate epigenetically the Bdnf promoter, although this failure can be related to previous
literature that multicomponent exercise was unable to impact peripheral blood BDNF levels in
humans (lves et al.). Taken that resistance modality did not affect cognitive outcomes even with
increased Bdnf H4K8ac, while combined exercise improved memory performance without any
effect on this histone modification, it is possible to infer that cognitive effects of exercise cannot
be related exclusively to Bdnf H4K8ac modulation.

Regarding the cFos promoter, our results demonstrated reductions in H3K4me3 and H4K8ac,

both associated with transcriptional activation, in aged animals (Wang et al., 2008). These data
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corroborate previous research demonstrating regulation of cFos expression by aging (Kitraki et
al., 1993; Li et al., 2015), since an age-related reduction in cFOS protein levels was found in brain
regions such as hippocampus, hypothalamus, striatum, cerebral cortex and cerebellum of rats,
probably owing to reduced neuronal activity during the aging process. In addition, decreased
cFos expression was observed in hippocampus of middle-aged mice with visuospacial memory
impairment (Li et al., 2015). This report and ours reinforce the evidence that cFos expression has
an important role in memory impairment during aging. Taken that Ono and colleagues (1993)
did not show alterations in cFos gene DNA methylation in the whole brain (Ono et al., 1993), our
results support histone modifications as possible mechanisms mediating age-related alterations
in cFos expression.

It is important to note that acrobatic, aerobic and combined exercise improved memory
performance and concomitantly affected hippocampal activation epigenetic marks, specifically
H3K9ac and/or H3K4me3, at cFos promoter in aged rats. Aerobic exercise has been pointed out
as capable of attenuating cognitive decline and epigenetic repression promoted by age (de
Meireles et al., 2016). In this study, this modality induced an age-dependent effect, since we
observed increased hippocampal H3K9ac at the cFos promoter only in aged groups, which could
be related to augmented gene expression. This result suggests that aerobic exercise alters this
mark in adverse situations, such as during aging. In accordance, swimming increased
hippocampal H3K9ac and cFos expression in animals submitted to a isoflurane-induced memory
impairment paradigm without any effect in animals not exposed to isoflurane (Zhong et al.,
2016).

Acrobatic modality exerted a broader effect, altering two evaluated epigenetic marks, H3K9ac
and H3K4me3, at the cFos promoter in aged animals, which would suggest transcriptional
activation. In accordance, previous studies reported increased cFos expression in motor cortex
after acrobatic training in rodents (Kleim et al., 1996). In addition to the management of the

postural instability and improve balance (Garcia et al., 2012) in elderly people, this work brings
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a new perspective about acrobatic exercise effects on aversive memory in aging and highlights
the involvement of hippocampal epigenetic regulation.

Our study is the first report of the impact of combined exercise, including aerobic, resistance
and acrobatic training, in animal models. Our combined protocol had similar effects as acrobatic
and aerobic protocols on memory performance, and concomitantly was able to induce
epigenetic changes, specifically H3K4me3, in hippocampal at the cFos promoter. The relevance
to clinical practice is based on the fact of individual profiles of elderly patients could restrict their
training with aerobic or resistance conditions. The spent time with each component is reduced
in combined modality, allowing that individuals with some limitations to achieve the full
beneficial response as well.

Another remarkable finding of our study is the effect of aging and exercise on hippocampal
Dnmt3a promoter regulation. DNMT3A is an important enzyme for de novo DNA methylation
which is strongly associated with gene repression, a mechanism already observed in age-related
alterations (Akbarian et al., 2013; Graff and Mansuy, 2008). It is relevant to highlight that the
Dnmt3a gene is necessary for normal memory formation (Bird, 2002; Feng et al., 2010; Morris
et al.,, 2014). A previous report by Morris and colleagues (2014) demonstrated that
Dnmt3a knockout mice have synaptic alterations as well as learning deficits in several
associative and episodic memory tasks (Morris et al., 2014). Here, we observed an increase in
hippocampal H3K4me3 at the Dnmt3a promoter mediated by age that can be related to
increased Dnmt3a expression and consequently increased DNA methylation. Our finding is in
agreement with recent literature questioning the paradigm of global DNA hypomethylation in
aging (Jung and Pfeifer, 2015), since it has been observed that levels of 5-methylcytosine (5-mC),
5-hydroxymehtylcytosine (5-hmC) and DNMT3A are augmented in brain tissue, especially in
hippocampus (Chouliaras et al., 2011; Chouliaras et al., 2012; lanov et al., 2017). Our data may
be related to findings by Chouliaras and colleagues (2011), who observed enhancement of

Dnmt3a expression in 24 month-old mice (Chouliaras et al., 2011).
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Evidence shows that DNA methylation is an important mechanism by which exercise affects
gene expression. In this study, age- and modality-associated effects were observed in epigenetic
marks at the Dnmt3a promoter, given that resistance and combined protocols decreased
hippocampal H4K8ac in YA rats, which might decrease its expression. Moreover, exercise
modalities did not exert any effect in aged animals. Together, we could exclude the involvement
of epigenetic modulation of exercise at the Dnmt3a promoter in hippocampus on functional
improvement observed during aging. Although the aerobic protocol used here (12 weeks, 3
times a week) did not modify any studied epigenetic marks (H3K9ac, H3K4me3, H3K9me2 and
H4K8ac) at the Dnmt3a promoter, previously our research group and others showed exercise
modulation of hippocampal DNMT levels in YA rodents (Abel and Rissman, 2013; Elsner et al.,
2013). Elsner and colleagues (2013) observed modulation of DNMT3B levels after a single
session of aerobic exercise in 3 month-old rats, without any effect in aged animals (Elsner et al.,
2013). Abel and colleagues (2013) observed decreased Dnmt3a, Dnmt3b and Dnmt1 expression

in adolescent mice exercised with voluntary wheel running.

5. Conclusions

Results of the current study support the hypothesis that exercise training starting in late
adulthood impacts age-related cognitive declines, since acrobatic, aerobic and combined
modalities are able to improve aversive memory performance in aged rats and that epigenetic
mechanisms at hippocampal Bdnf, cFos and Dnmt3a promoters might be involved with both the
aging process and exercise effects. Our work supports the idea that exercise alters hippocampal
epigenetic marks in an age-dependent manner. Aerobic and resistance modalities attenuate
age-induced effects on hippocampal Bdnf promoter H3K4me3. Besides, exercise modalities
which improved memory performance in aged rats were able to modify H3K9ac or H3K4me3 at
the cFos promoter that could increase gene transcription. These insights provide a substantial

basis for rational prescription of exercise modalities in the elderly population not only for
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metabolic and cardiovascular improvements but also for cognitive benefits, what can be

exploited as a potential therapeutic target to reduce memory disorders during aging.
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Table and Figure Legends

Figure 1. Experimental Design (I.A.: Inhibitory Avoidance)

Figure 2. Effect of aging and exercise modalities on step-down latency in inhibitory avoidance
paradigm. Columns represent mean + S.D. (n = 7-10). 2A. Effect of aging on step-down latency.
Student’s t-test *values significantly different from the 5 months-old groups. 2B and 2C. Effect
of exercise on step-down latency in young adult and aged rats respectively. One-Way ANOVA;
#values significantly different from the respective sedentary group.

Figure 3. Effect of aging at the Bdnf, cFos and Dnmt3a promoters in hippocampus of Wistar rats.
3A. Effect of aging on acetylated (H4K8 and H3K9) and methylated (H3K9me2 and H3K4me3)
chromatin. 3B. Effect of aging on acetylated (H4K8 and H3K9) and methylated (H3K4me3 and
H3K9me2) chromatin. 3C. Effect of aging on acetylated (H3K9) and methylated (H3K4me3 and
H3K9me2) chromatin. Columns represent mean * S.D. (n = 4-5) and data are presented as
percent input. Student’s t-test *values significantly different from the 5 months-old groups.
Figure 4. Effect of exercise at the Bdnf promoter in hippocampus of Wistar rats. 4A. Effect of
exercise on H4K8ac chromatin. 4B. Effect of exercise on H3K4me3 chromatin. Columns
represent mean + S.D. (n = 4-5) and data are presented as percent input. One-Way ANOVA
#values significantly different from the respective sedentary group.

Figure 5. Effect of exercise at the cFos promoter in hippocampus of Wistar rats. 5A. Effect of
exercise on H3K9ac chromatin. 5B. Effect of exercise on H3K4me3 chromatin. Columns
represent mean + S.D. (n = 4-5) and data are presented as percent input. One-Way ANOVA
*values significantly different from the respective sedentary group.

Figure 6. Effect of exercise on H4K8ac chromatin at the Dnmt3a promoter in hippocampus of
Wistar rats. Columns represent mean + S.D. (n = 4-5) and data are presented as percent input.
One-Way ANOVA *values significantly different from the respective sedentary group.

Table 1: Gene name, accession number, forward primer sequence, and reverse primer sequence

of primer pairs used in quantitative PCR amplification.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6.
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Supplemental Data

Antibody enrichment over IgG control. Columns represent mean += S.D. and
data are presented as percent of input at the respective promoter. Panel A.
Bdnf promoter. Panel B. cFos promoter. Panel C. Dnmt3a promoter. Student
t-test *difference between Input and 19G p<0,001. *difference between Input
and IgG P < 0,01.
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/. Discussao



Nessa tese foi investigado o impacto de diferentes modalidades de exercicio fisico sobre a
memoaria aversiva e marcadores epigenéticos globais e em regido promotora de genes de interesse

no hipocampo de ratos Wistar durante o processo de envelhecimento.

O déficit de memdria relacionado ao envelhecimento, achados dos capitulos 1 e 2, ja foi
demonstrado na literatura tanto em humanos [6, 7] como em roedores, ndo s6 na memoria
aversiva [10, 30] mas também em paradigmas de memdria espacial e declarativa [8, 9]. Nesse
trabalho pudemos replicar e complementar os achados ja descritos anteriormente [100, 101]
sobre o efeito do exercicio na memdria. Observamos que as modalidades aerdbica, acrobatica e
combinada foram eficazes na melhora da memodria aversiva em ratos adultos jovens e na
atenuagdo dos déficits cognitivos relacionados ao envelhecimento, efeitos ndo encontrados nos

animais do grupo forga.

Os achados do 12 e 29 capitulo referentes a melhora da memoria aversiva induzida pelo exercicio
aerdbico, estdo de acordo com a literatura prévia que mostra os efeitos benéficos desta
modalidade sobre a memaria em ratos jovens e envelhecidos [100, 102, 103]. Trabalhos anteriores
demonstraram que o exercicio aerdbico tem vantagem sobre o treino acrobatico em diferentes
paradigmas de memdria [104, 105], achado n3do observado neste trabalho em ambas as idades

estudadas, provavelmente pela especificidade do tipo de memdria avaliada.

Por outro lado, o exercicio de forca ndo melhorou o desempenho na esquiva inibitéria em ratos
adultos jovens ou envelhecidos, contrariando trabalhos anteriores em que o treino de forga 5
vezes por semana melhorou a memaria aversiva em ratos de 3 meses [40, 106]. Uma possivel
explicacdo para esse fendmeno é que protocolos com frequéncias de treinamento superiores sdo
necessarias para eficacia dessa modalidade na memadria, uma vez que nosso protocolo foi de 3

vezes por semana.
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Embora o American College of Sports and Medicine recomende o uso de diferentes modalidades
de exercicio para melhoria da saude geral de idosos [14], este é o primeiro estudo pré-clinico que
investigou a associa¢do dos protocolos aerébico, forga e acrobdtico com o objetivo de melhorar a
memoria durante o envelhecimento. A combinagdo dos treinos de forga e aerdbico ja se mostrou
eficaz na melhora da cogni¢cdo de roedores. Zarrinkalam et al (2016) compararam os treinos de
forga, aerdbico e a combinagdo dessas modalidades na meméria espacial e aversiva de ratos

adultos jovens expostos a um modelo de adi¢gao de morfina, que causa déficit de memdria [107].

No respectivo trabalho, foi observado que a combina¢do de modalidades melhorou a memaria
aversiva, enquanto os protocolos aerébico e de forga isoladamente foram ineficazes. O presente
estudo mostrou que a associagdo dos exercicios aerodbico, for¢a e acrobatico também melhorou a
memoria aversiva ndao sé em ratos adultos jovens, mas também em ratos envelhecidos, desta
forma, essa tese fornece base racional para prescri¢dao clinica da combinagdo de modalidades

durante diferentes etapas da vida.

Os mecanismos epigenéticos, especificamente as modificacbes em histonas, tém sido propostos
como mecanismo para os déficits de memoaria relacionados ao envelhecimento. Em relagdo a
acetilacdao de histonas, especificamente a H3K9, nao foi observado um efeito do envelhecimento
(12 e 22 capitulo). Trabalhos prévios também n&do observaram mudancgas na acetilagdo da H3K9 em
hipocampo de ratos Wistar envelhecidos apds as fases de aquisicdo e retengdo da esquiva
inibitéria [108]. Esse achado pode estar relacionado com os resultados de Elsner e colaboradores
(2013), que observaram um aumento da metilacdo da H3K9 global relacionada ao envelhecimento
em ratos Wistar, sugerindo que esse residuo de lisina globalmente estaria mais suscetivel a
metilacdo do que a acetilagdo. Peleg e colaboradores (2010), estudando o padrdo de acetilagdo

das histonas H3K9 e H4K12 em ratos jovens e envelhecidos demonstrou que os niveis basais
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dessas marcas epigenéticas ndo foram alterados pela idade. No entanto, apds o condicionamento
de medo os animais envelhecidos tiveram um aumento da acetilagdo da H3K9, mas ndo da H4K12
sugerindo a regulacao hipocampal dessa lisina como chave para o déficit de memoria relacionado
ao envelhecimento [68]. No primeiro capitulo dessa tese ndo observamos o efeito do
envelhecimento em nenhuma das lisinas estudadas (H3K9, H4K5 e H4K12). Esses achados sdo
interessantes quando analisados junto ao 22 capitulo, pois revelam que mesmo com um aumento
da atividade hipocampal da HDAC e desacetilagao global da H4 em ratos envelhecidos [10, 74],
aparentemente existe um padrdo lisina e gene dependente para as mudangas epigenéticas

relacionadas ao envelhecimento.

No gene do cFos e no do Bdnf foi possivel observar efeitos antagonicos no padrao de acetilagao da
H4K8, uma vez que houve uma diminui¢cdo da acetilagdo desse residuo na regido promotora do
cFos e aumento na regido promotora do Bdnf. Em relagdo a regidao promotora do cfos, a redugdo
da acetilagdo da H4K8 e da trimetilagdo da H3K4 (modificagdo ativadora transcricional [109]),
sugerem uma diminuicdo na transcricdo do gene cFos em hipocampo relacionada ao
envelhecimento. Esses resultados parecem corroborar achados prévios nos quais se observou
reducdo na expressdo do Cfos em diversas regiGes cerebrais induzida pelo envelhecimento [89,
110]. Em estudos com camundongos de meia idade, a redugdo na expressao do cFos hipocampal
foi correlacionada ao dano na memdria visuo-espacial, reforcando o papel importante da
expressao desse gene nas cascatas de formagdo de memdria no processo de envelhecimento

[110].

Diferente do observado na regido promotora do cFos, no gene do Bdnf houve um aumento da
acetilacdo da H4K8 e da trimetilacdo da H3K4 (ambas as marcas ativadoras) em concomitancia

com uma redugdo da dimetilagdo da H3K9 (marca repressora [63]), sugerindo um aumento na
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transcricdo hipocampal desse gene. A literatura prévia corrobora esses achados, uma vez que ja
foi observado um aumento na expressao do precursor do Bdnf (proBDNF) em hipocampo de ratos
de 24 meses [111] e de camundongos C57BL/6 de 22-24 meses [112]. Considerando que o
processamento do proBDNF em BDNF maduro ocorre em taxas diferentes durante a vida [111,
113], baseado nos achados dessa tese é possivel sugerir que ocorra um acumulo de proBDNF no
hipocampo de ratos envelhecidos. E importante salientar que o proBDNF, diferente de sua forma
madura, participa de cascatas ativadoras de apoptose [114], inibe a migragdo neuronal [115] e

esta relacionado com déficits de memoria [112, 116].

Um dos achados mais interessantes dessa tese sdo os efeitos do exercicio, de maneira
modalidade-dependente, contrabalanceando os efeitos do envelhecimento sobre marcadores
epigenéticos em histonas, globalmente e em regidao promotora dos genes Bdnf e cFos. No 12
capitulo dessa tese observamos que o exercicio aerdbico (20 minutos, diariamente, durante 2
semanas) aumentou globalmente a acetilagdo da H4K12 em hipocampo de animais jovens e
envelhecidos. Esse achado é relevante, uma vez que Peleg e colaboradores (2010) relataram a
importancia da regulacdo epigenética dessa lisina em hipocampo na formagdo da meméoria de
animais envelhecidos [68]. O aumento da acetilagdo dessa lisina induzido pelo exercicio fisico foi
relacionado a melhora no desempenho dos animais no teste da esquiva inibitdria e teve efeito

semelhante ao encontrado em outros trabalhos com o uso de inibidores da HDAC [68].

Na regido promotora do Bndf, o treino de for¢a e aerdbico reverteram parcialmente o efeito do
envelhecimento, uma vez que ficou evidente uma diminui¢do da trimetilagdo da H3K4 hipocampal,
sugerindo uma reducdo da expressdo do proBDNF. Nos animais jovens, os treinos de forga,
acrobatico e aerdébico aumentaram a acetilacdo da H4K8 na regido promotora do Bdnf, sugerindo

um aumento da transcricdo deste gene. Trabalhos prévios corroboram esse achado, uma vez que
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demonstraram o impacto de algumas modalidades na expressdao de Bdnf. O exercicio aerébico
aumentou a expressdo de Bdnf em ratos adultos jovens [75] e camundongos adolescentes [90].
Apesar de estudos anteriores ja demonstrarem o aumento nos niveis de BDNF e do seu receptor
TrkB em cortex motor e cerebelo de ratos adultos jovens apds o treinamento acrobatico [44], essa
tese é o primeiro relato dos efeitos dessa modalidade em marcadores epigenéticos em regiao
promotora do Bdnf. Além disso, é possivel sugerir que o treino de forca em protocolos de maior
frequéncia seja capaz de modular a expressdo do Bdnf, uma vez que nosso protocolo de 12
semanas aumentou a acetilagdo da H4K8 hipocampal na regido promotora deste gene, enquanto 4
e 8 semanas de treino ndo alteraram a expressdao de Bdnf hipocampal de ratos Wistar adultos

jovens [87, 106].

Assim como no gene do Bdnf, foi possivel observar que algumas modalidades de exercicio
atenuaram os efeitos do envelhecimento em marcas epigenéticas na regido promotora do cFos ao
mesmo tempo em que provocaram a melhora da meméria. Especificamente o exercicio aerdbico e
0 acrobatico aumentaram a acetilagdo da H3K9 e o exercicio acrobatico e o combinado
aumentaram a trimetilacgdo da H3K4 na regidao promotora do cFos em ratos envelhecidos. O
exercicio aerdbico ja se mostrou capaz de atenuar os déficits cognitivos e a repressado epigenética
promovida pelo envelhecimento [10]. Nesse estudo, essa modalidade mostrou um efeito idade-
dependente, uma vez que induziu um aumento na acetilagdo da H3K9 na regido promotora do
cFos, sugerindo um aumento na sua expressao, apenas em ratos envelhecidos. Esse resultado
pode estar relacionado com outros trabalhos que mostraram que o exercicio aerébico é capaz de
alterar a acetilagdo da H3K9 em situagdes prejudiciais para a memdaria, como o envelhecimento.
Zhong e colaboradores (2016) observaram que o exercicio de natagdo aumentou a acetilagdo
hipocampal da H3K9 e a expressdo de cFos em ratos submetidos a um modelo de déficit de

memoria induzido pelo uso do isoflurano, e 0 mesmo protocolo ndo teve efeito algum nos ratos
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ndo expostos ao modelo [91]. A acetilacdo da H3K9 na regido promotora do cFos em hipocampo
de ratos envelhecidos submetidos ao protocolo de exercicio aerdbico e a auséncia de efeito nos
animais adultos jovens esta em concordancia com o 12 capitulo dessa tese, no qual observamos
globalmente um aumento na acetilagdo dessa lisina apenas em hipocampo de animais

envelhecidos.

Por outro lado, a modalidade acrobatica teve um efeito mais amplo no gene do cFos alterando
duas marcas epigenéticas, a acetilacdo da H3K9 e a trimetilagdo da H3K4 nos animais
envelhecidos, sendo essas marcas relacionadas a ativacdo transcricional. Estudos prévios
corroboram esse achado demonstrando um aumento na expressao do cFos no cortex motor apos
o treino acrobdtico [43]. Em conjunto, esses achados trazem novas perspectivas sobre o uso
terapéutico do treino acrobatico, ndo apenas para o tratamento da instabilidade postural e
melhorar o equilibrio [117] mas também a fim melhorar o déficit de meméria relacionado ao
envelhecimento. Além disso, fornecemos os mecanismos epigenéticos dessa regulagdo no

hipocampo.

Nosso estudo é o 19 relato do impacto do exercicio combinado, incluindo componente acrobatico,
forca e aerdobico em modelos animais. Nosso protocolo combinado teve efeitos semelhantes ao
acrobatico e aerdbico na melhora da memdria e concomitantemente induziu mudangas
epigenéticas, especificamente induzindo um aumento na trimetilagdo da H3K4 na regido
promotora do cFos. Esses achados sdo relevantes para pratica clinica, uma vez que muitos idosos
apresentam restricGes osteoarticulares ou cardiorrespiratdrias que restringem sua capacidade
fisica para treino por longos periodos. No treino combinado o tempo referente para cada atividade
€ menor, permitindo que individuos com limitagGes motoras possam ter as respostas benéficas de

cada modalidade e da combinagao delas.
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Outro aspecto a ser enfatizado é o efeito do envelhecimento e do exercicio na regulagdo
epigenética no gene Dnmt3a. A Dnmt3a é uma importante enzima para a metilagdo de novo (que
ocorre em sitios com nenhum tipo de indicagdo de metilagdo, ou seja, sem a presenca de
metilacdo prévia) e estd fortemente associada com a repressdo génica, um mecanismo ja
observado no envelhecimento [61, 118]. E importante destacar que o gene da Dnmt3a é
necessdrio para a formagdo da memdéria [119-121]. Morris e colegas (2014) demonstraram que

camundongos knockout para este gene possuem alteragdes sindpticas importantes e déficits de
memoria (episddica e associativa) [120]. Aqui, observamos um aumento na trimetilagdo

hipocampal da H3K4 na regido promotora do gene Dnmt3a em ratos envelhecidos, o que sugere
um aumento na expressao da Dnmt3a e consequentemente na metilagdo do DNA. Nossos achados
estao de acordo com a literatura recente, que questiona o paradigma da hipometilagao global do
DNA no envelhecimento [122], uma vez que ja foram observados niveis de 5-metilcitosina (5-mC),
5-hydroximetilcitosina (5-hmC) e DNMT3A aumentados no tecido cerebral e especificamente em

hipocampo de roedores envelhecidos [123-125].

Nossos resultados estdo relacionados com os achados de Chouliaras e colegas (2011) que
observaram aumento na expressao da Dnmt3a em camundongos de 24 meses [123]. Evidencias
mostram que a metilagdo do DNA é um importante mecanismo pelo qual o exercicio afeta a
expressdao génica. Nesse estudo observamos efeitos idade e modalidade-dependentes na
regulacdo epigenética do gene da Dnmt3a em sua regido promotora, uma vez que os protocolos
de forca e combinados diminuiram a acetilagdo da H4K8 apenas em ratos jovens, sugerindo uma
diminuicdo na expressdo génica. Dados estes resultados, podemos excluir o envolvimento da
modulagdo epigenética hipocampal do gene Dnmt3a nos efeitos funcionais benéficos do exercicio

na memoaria durante o envelhecimento.

90



Apesar do protocolo de exercicio aerdbico utilizado nesse estudo (3 vezes por semana, durante 12
semanas) nao ter modificado nenhuma das marcas epigenéticas estudadas (H3K9ac, H3K4me3,
H3K9me2 e H4K8ac) na regido promotora do gene Dnmt3a, nosso grupo de pesquisa e outros ja
demonstraram a modulagdo epigenética hipocampal nos niveis de DNMT em camundongos jovens
[78, 90]. Nosso grupo de pesquisa em 2013, observou a modulagcdo da DNMT3B, outra DNA
metiltransferase de novo, apds a sessdo Unica de exercicio em ratos de 3 meses sem efeito algum
nos animais envelhecidos [78]. Abel e colaboradores (2013) também evidenciaram uma
diminuicdo da expressdo das Dnmt3a, Dnmt3b e Dnmtl modulada pelo exercicio aerébico

voluntario em camundongos adolescentes[90].

Em suma, nossos dados demonstraram que o exercicio fisico melhora a memaria aversiva de ratos
Wistar, de maneira protocolo dependente, sendo as modalidades aerdbica, acrobatica e
combinada efetivas na melhora da meméria de animais adultos jovens e na atenuagao dos déficits
de cognitivos induzidos pelo processo de envelhecimento. Além disso, um importante achado
desse trabalho foram as mudancas relacionadas ao envelhecimento e ao exercicio fisico em
marcas epigenéticas tanto em histonas especificas quanto em regido promotora de genes de
interesse no hipocampo de ratos Wistar. Esse é o primeiro trabalho na literatura que investigou os
efeitos de diferentes modalidades de exercicio fisico sobre a memaria e marcadores epigenéticos

durante o processo de envelhecimento.
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8. Conclusoes



Os resultados apresentados nessa tese nos permitem concluir que:

- Os exercicios aerdbico, acrobatico e combinado exercem um efeito benéfico na memaria tanto
em animais adultos jovens quanto em animais envelhecidos, podendo ser indicado para essa
finalidade em qualquer etapa da vida.

- Globalmente o envelhecimento ndo alterou a acetilagdo das histonas H3K9, H4K12 e H4K5 em
hipocampo de ratos Wistar.

- O exercicio aerdbico diario moderado (20 minutos/dia durante 14 dias) aumentou a acetilacdo da
H3K9 global apenas em hipocampo de animais envelhecidos e da H4K12 globalmente em
hipocampo de ambas as idades estudadas.

- A exposicdo ao contexto de aprendizado, paradigma da esquiva inibitéria, ndo influenciou na
acetilacdo global dos residuos de lisina da H3K9, H4K12 e H4K5 em hipocampo de ambas as idades
estudadas.

- Na regido promotora de genes de interesse, o envelhecimento teve um efeito lisina dependente.
No promotor do gene Bdnf houve um aumento nos niveis das marcas ativadoras (H3K4me3 e
H4K8ac) e redugdo de marcas repressoras (H3K9me2), sugerindo um aumento na transcrigdo
desse gene e provavel acimulo de seu precursor. No promotor do gene cFos foi observado uma
reducdo de marcas ativadoras (H3K4me3 e H4K8ac) indicando uma redugdo em sua transcrigdo.
Na regido promotora do gene Dnmt3a foi observada a mudanca apenas de uma marca ativadora
(H3K4me3).

- Nosso trabalho indica que as modalidades de exercicio alteram as marcas epigenéticas em
hipocampo de maneira idade-dependente.

- As modalidades aerdbicas e o treino de for¢a atenuaram os efeitos induzidos pela idade,
reduzindo a trimetilagdo da H3K4 no promotor Bdnf em hipocampo. Em ratos adultos jovens os

exercicios de forga, acrobatico e aerébico aumentaram a acetilacdo da H4KS.
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- As modalidades de exercicio que melhoraram o desempenho da memadria em ratos envelhecidos
foram capazes de modificar H3K9ac ou H3K4me3 hipocampais no promotor cFos sugerindo um
aumento na transcricdo desse gene, atenuando os efeitos do envelhecimento.

- Na regido promotora do gene Dnmt3a o protocolo de forga e o treino combinado aumentaram a

acetilagao da H4K8 apenas em hipocampo de animais jovens.

Esses achados nos fornecem uma base substancial tanto nos mecanismos de acdo epigenéticos
pelos quais as diferentes modalidades de exercicio melhoram a memaria no envelhecimento, mas
também para a prescri¢do clinica racional do exercicio na populagdo idosa. As modalidades de
exercicio ndo sé melhoram o metabolismo, imunidade e causam adaptagGes benéficas ao sistema
cardiovascular como ja descrito na literatura, mas também geram beneficios cognitivos, o que
pode ser explorado como potencial alvo terapéutico para reduzir os transtornos da memdria

durante o envelhecimento.
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