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Resumo

A fosforilacdo da histona 3 na serina 10 (H3S10) e a acetilagdo da histona 3 lisina 14 (H3K14)
tem sido relacionadas com a formacdo da memoria em paradigmas de medo condicionado.
Estudos demonstram que o exercicio é capaz de melhorar o desempenho em testes de memoria
além de modular marcadores epigenéticos. O objetivo desse estudo foi investigar o efeito de um
protocolo de corrida em esteira (20min/dia durante 2 semanas) sobre o0s niveis de acetilagdo da
H3K14 e de fosforilagdo da H3S10 em hipocampo de ratos expostos ou ndo expostos a um
contexto de aprendizado.Ratos Wistar de 3 meses de idade foram submetidos a um protocolo de
exercicio cronico (grupo exercitado) ou submetidos a esteira desligada (grupo sedentario) e apés
parte dos animais foram expostos a um contexto de aprendizado (esquiva inibitéria). Os animais
foram eutanasiados por decapitacdo e os niveis da fosforilacdo da serina 10 e da acetilacdo da
lisina 14 na histona 3 (H3 foram avaliados em hipocampos. A ANOVA de duas vias mostrou
um efeito significativo dos fatores “contexto de aprendizado” e “exercicio” nos niveis de
acetilagdo da H3K14, assim como uma interacdo entre esses fatores. Houve uma diminuigdo nos
niveis de acetilagdo 24h ap6s o treino da esquiva inibitdria (30 minutos ap6s o teste) no
hipocampo do grupo submetido ao contexto de aprendizado. Além disso, o exercicio crénico
aumentou os niveis de acetilagdo no hipocampo dos ratos expostos ao contexto de aprendizado.
Os niveis de fosforilagdo da H3S10 ndo foram alterados pelo contexto de aprendizado nem pelo
exercicio. Nossos dados apoiam a hip6tese de que a modulacdo da acetilacdo na H3K14 em
hipocampo de ratos pode estar relacionada,pelo menos em parte, aos efeitos do exercicio sobre

memoria aversiva.

PALAVRAS-CHAVE: Epigenética, exercicio e contexto de aprendizado.



Abstract

The phosphorylation of histone H3 at serine 10 (H3S106) and acetylation of histone 3 at lysine
14 (H3K14) have been linked to memory processes in fear conditioning paradigms. Some
studies demonstrated that exercise was able to improve the performance in memory tasks and
modulate epigenetic markers. The aim of this study was to investigate the effect of treadmill
exercise protocol (20min/day during 2 weeks) on H3K14 acetylation and H3S10
phosphorylation levels in hippocampi from rats exposed or not exposed to learning context.
Wistar rats with 3-months-old were submitted to chronic exercise protocol (exercised group) or
left on the treadmill turned off (sedentary group) and after it, some animal were exposed to
learning context (inhibitory avoidance). Rats were euthanized by decapitation and the levels of
serine 10 phosphorylation and lysine 14 acetylation on histone 3 (H3) were evaluated in
hippocampi. Two-way ANOVA showed a significant effect of “learning context” and “exercise
factors” on acetylation levels of H3K14, as well as an interaction between these factors. There
was a decrease in acetylation levels twenty four hours after inhibitory avoidance training (30
minutes after test), in hippocampus from exposed to learning context groups. Besides, the
chronic exercise increased acetylation levels in hippocampi from rats exposed to learning
context. The H3S10 phosphorylation levels were not altered by of learning context and exercise.
Our data support the hypothesis that the modulation on acetylation levels of H3K14 acetylation
in hippocampus might be related, at least partially, to exercise effects on aversive memory.

KEY WORDS: epigenetic, physical exercise and learning context
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1. Introducéo
1.1 Exercicio Fisico

A prética do exercicio fisico tem sido relacionada com a reducdo no nimero de doengas
fisicas e mentais, desta forma, trazendo beneficios a salde e qualidade de vida ao individuo
(Berger and Motl, 2000; Duman, 2005; Gaz and Smith, 2012; Guiney and Machado, 2013;
Mahabir et al., 2004; Yamazaki et al., 2013). Estudos clinicos e experimentais demonstraram 0s
efeitos benéficos do exercicio, tais como: aumento da sensibilidade a insulina, aumento do
metabolismo, melhora da funcdo cardiaca, aumento de fatores de crescimento e melhora do
sistema imunol6gico, mostrando que este tem um papel importante tanto na prevencao quanto
no tratamento de doengas metabdlicas e cardiorrespiratérias (Botero et al., 2013; Caponi et al.,
2013; Galassetti and Riddell, 2013; Grisolia et al., 2013; Joshi, 2007; Williams, 2013).

Ha& diversos trabalhos que evidenciam os efeitos de diferentes protocolos de exercicio no
sistema nervoso central (SNC). Estes sugerem que 0 exercicio mantém a integridade
cerebrovascular através do aumento da rede capilar, das conexdes sinapticas, aumento de fatores
neurotréficos, melhora da cognicdo e neurogénese, além de melhorar a eficiéncia dos processos
e fungdes do sistema nervoso central (Cotman and Berchtold, 2002; Radak et al., 2001; Vivar et
al., 2012).

Nosso grupo de pesquisa tem estudado o efeito neuroprotetor e 0s mecanismos de agéo do
exercicio fisico, especificamente o treinamento em esteira ergométrica adaptada para ratos.
Observamos que o exercicio moderado de corrida, 20 minutos diariamente por duas semanas a
60% do VO,maéx, reduziu o dano induzido por isquemia in vitro em fatias hipocampais de ratos
Wistar, sugerindo este protocolo como neuroprotetor enquanto um protocolo intenso
(60min/dia) aumentou o dano, sugerindo que os efeitos benéficos do exercicio podem estar

associados as variaveis de treinamento (Scopel et al., 2006).

Nesse contexto, 0 uso de animais de experimentacdo tem sido empregado na busca dos
mecanismos e respostas bioldgicas ao exercicio, sendo importante destacar que estas variam de
acordo com a modalidade, intensidade, duracdo, frequéncia e protocolo utilizados (Narath et al.,
2001).

1.2 Classificagdo do Exercicio

O exercicio pode ser classificado de acordo com a sua intensidade em leve, moderado e
intenso, sendo essa classificagdo determinada pela taxa de consumo maximo de oxigénio
(VO,méx), definida como a capacidade maxima que o individuo tem em captar e utilizar o

oxigénio inspirado para gerar trabalho (Kasch et al., 1976). O exercicio leve corresponde em
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torno de 20 e 50% do VO,méax, o exercicio moderado de 50-70% do VO,max e o exercicio

intenso acima de 80% do VO,méax (Drummond et al., 2005).

Outra classificacdo do exercicio é quanto a motivacdo, podendo ser voluntario ou forcado.
Nos protocolos voluntérios, os animais tem acesso a roda de corrida de livre acesso durante um
determinado periodo, no entanto o controle de intensidade, duracéo e frequéncia fica impreciso
pelo componente volitivo do animal (Kennard and Woodruff-Pak, 2012; Mondon et al., 1985).
Por outro lado, os protocolos forgados usam a corrida em esteira e o nado forgado, que
permitem um melhor controle das varidveis estudadas (Ke et al., 2011; Radak et al., 2001).
Alguns trabalhos distinguem os efeitos do exercicio agudo e do crénico, sendo os efeitos agudos
aqueles associados diretamente com uma sessao Unica de exercicio e 0s crdnicos como sendo as
adaptaces dos sistemas bioldgicos a uma exposi¢do frequente ou regular ao exercicio
(Thompson et al., 2001).

1.3 Efeitos do Exercicio Fisico sobre a Memodria e Cognicao

Entre os efeitos benéficos do exercicio ao SNC destaca-se a melhora das fun¢des cognitivas
em especial da memdria e aprendizado. Em humanos, o exercicio melhorou alguns aspectos da
fungdo executiva, diminuiu a perda neuronal relacionada & idade, melhorou o controle motor e a
memoéria de trabalho em adultos (Tseng et al., 2013). Roig et al (2013) em uma metanalise
envolvendo humanos saudaveis, sugere que o exercicio fornece os estimulos necessarios para
otimizar as respostas da maquinaria molecular responsavel pelo processamento da meméria. Em
estudo controlado com idosos com amnésia moderada, observou-se apds um protocolo de
exercicio de 12 meses, melhoras na cognicdo geral, memodria de curto prazo e nas habilidades
linguisticas (Suzuki et al., 2012). Erickson et al (2011) comparou idosos sem nenhum tipo de
deméncia, exercitados e sedentarios e constatou via ressonancia magnética um aumento nos
lobos temporais e hipocampo além de um incremento nos niveis séricos do fator neurotréfico
derivado do cérebro (BDNF), sugerindo esse como um dos mecanismos pelo qual o exercicio

pode melhorar a memoria em adultos.

Em estudos pré-clinicos, os protocolos voluntarios de exercicio tem se mostrado eficientes
na melhora do desempenho em testes de meméria. Alomari et al (2013) observaram em ratos
Wistar machos, ap6s uma semana de pratica de exercicio fisico voluntario ou forcado, um
aumento nos niveis de BDNF associado & melhora da performance no labirinto aquatico.
Berchtold et al (2011) encontrou resultados semelhantes em hipocampos de roedores, em

protocolos de exercicio voluntario de 1, 2 ou 3 semanas, 0s quais também foram relacionados
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com aumento nos niveis de BDNF e melhora na performance no mesmo paradigma de memoria
(Berchtold et al., 2005; Berchtold et al., 2010).

Radak e colaboradores (2001), observaram que ratos Wistar submetidos a um protocolo de
nado forgcado por 9 semanas, tiveram melhora na performance em um teste de memaria aversiva
relacionado a atenuacdo no dano oxidativo. O exercicio em esteira regular, em uma intensidade
moderada durante 28 dias, melhorou a desempenho no teste de memdria espacial do labirinto
aquatico em camundongos de 3 meses (Li et al., 2013). Além disso, 0 exercicio em esteira
moderado diariamente durante 5 semanas melhorou o desempenho no labirinto aquético
acompanhado pela ativagdo da proteina serina-treonina quinase(AKT) e do elemento de resposta
ao monofosfato ciclico de adenosina (CREB), culminando com incremento do BDNF em
hipocampo de ratos Wistar durante o processo de envelhecimento (Aguiar-Jr et al., 2011).
Resultados prévios de nosso laboratério demonstraram que o protocolo neuroprotetor de corrida
em esteira por 20 minutos diariamente, durante duas semanas a 60% do VO,max, aumentou
agudamente os niveis de ciclooxigenase-2 (COX2) e do receptor prostandide (EP4), sendo esse
incremento relacionado com melhora da memaria aversiva em ratos Wistar de 3 meses (Lovatel
etal., 2012).

Um protocolo de exercicio moderado de corrida em esteira, 3 vezes por semana, durante 12
semanas foi capaz de regular o dano oxidativo no hipocampo de ratos ap6s hipoperfusdo
cerebral além de reduzir o dano sobre a meméria espacial (Cechetti et al., 2012). Fernandes et al
(2012) relatou atenuacdo dos efeitos deletérios sob a memdria da privacdo paradoxal do sono

em ratos de dois meses submetidos a 4 semanas de exercicio de corrida em esteira.

Todos esses estudos sugerem um forte potencial do exercicio como modulador do processo
de formagdo e manutencdo da memoria em mamiferos, no entanto o mecanismo pelo qual o
exercicio exerce seus efeitos benéficos ainda ndo esta totalmente elucidado. Estudos recentes

sugerem gue mecanismos epigenéticos parecem estar envolvidos nesse processo.

1.4 Epigenética

Fenbmenos epigenéticos referem-se ao processo de modifica¢cBes na cromatina que podem
gerar alterages na expressdo génica, sem alterar a sequéncia do DNA (Gravina and Vijg, 2010;
Jaenisch and Bird, 2003; Yoo and Jones, 2006). Tais mecanismos tém papel fundamental na
codificacdo de estimulos ambientais em rotas celulares durante o desenvolvimento e adaptagdes

comportamentais no decorrer da vida de um individuo (Feng and Nestler, 2013). 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). As principais alteracdes epigenéticas sdo a
metilagdo do DNA e a acetilacdo, a fosforilacdo, a metilacdo e a ubiquitinacdo das histonas
(Graff and Mansuy, 2009; Strahl and Allis, 2000), sendo a acetilagdo e a fosforilagdo das
histonas o assunto foco deste trabalho.

Figura 1 - Estrutura da Cromatina (Adaptada de Nestler, 2013).

® / @ Acetilagdo
N f Hzg A@ - G

[M] Metilagdo

@ @ c ® Fosforilagdo
@ N A Ubiquitinagdo

Figura 2 - Estrutura das Histonas (Adaptada de Graff e Mansuy, 2008).

A acetilacdo de histonas ocorre em sitios especificos denominados lisinas (K) (Figura 2) e é
catalisada por dois grupos enziméaticos denominados histona acetiltransferases (HATS) e histona
desacetilases (HDACs) (Arrowsmith et al., 2012; Yoo and Jones, 2006). As HATs usam a
acetil-CoA como doadora de grupamento acetil para as histonas (Graff and Mansuy, 2008;
Strahl and Allis, 2000). A acetilacdo neutraliza a carga positiva, enfraquecendo as interacdes

eletrostaticas da histona com o DNA,0 que torna a cromatina menos compacta, facilitando a
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transcricdo génica (Arrowsmith et al., 2012; Yoo and Jones, 2006). Enquanto que, as HDACs
retiram o grupamento acetil, deixando a estrutura da cromatina mais compacta, e assim,

reprimindo a transcrigdo génica (Figura 3) (Kiefer, 2007; Strahl and Allis, 2000).

(8]
n
CHy-C-8-CoA  HS=-CoA

S R
v HDAC E“
(h\ \7, 9

—— i -
Silenciamento CH¢C—-OH o Transcrigao
Génico Génica

Figura 3 - Enzimas histona acetiltransferases (HAT) e histona desacetilases (HDAC) (Adaptado de Chang et al,
2002)

Os efeitos da fosforilagdo nas histonas parecem ser histona-dependente e sensivel as demais
modificacdes epigenéticas que acontecem na cromatina, interagindo com elas dinamicamente
(Strahl and Allis, 2000). Esta esta geralmente associada ao aumento da transcri¢do por conta da
interacdo repulsiva entre as cargas negativas do grupamento fosfato na histona e no DNA, sendo
essa repulséo responsavel por um aumento na acessibilidade da maquinaria transcricional (Graff
and Mansuy, 2008; Strahl and Allis, 2000). No entanto, existem evidéncias de que a
fosforilagdo das histonas H1 e H3 também estaria envolvida na condensagdo cromossdmica
durante a mitose (Goto et al., 1999 ; Wei et al., 1999). Esse paradoxo tenta ser explicado pela
hip6tese do codigo das histonas (Figura 4), o qual sugere que o padrdo combinatério de
modificagbes n-terminais resulta em uma identidade heterogénea, onde a remodelacdo da
cromatina pelas interacGes biofisicas e o recrutamento de complexos de sinalizagdo criam uma
combinagdo Unica de padrGes de expressdo génica (Penner et al., 2010; Sawicka and Seiser,
2012). Logo, ainda nédo é possivel avaliar precisamente quais enzimas regulam a fosforilagdo
das histonas uma vez que apesar da participacdo de fosfatases e quinases, diferentes vias de

sinalizac&o sdo ativadas nessa modificagdo (Kouzarides, 2007).
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Figura 4 - Hipotese do Codigo das Histonas onde M significa metilagéo, P fosforilagdo e A acetilagdo (Adaptada
de Graff e Mansuy, 2008).

1.4 Fosfoacetilacdo da histona 3 e sua relacdo com a formagédo da memoria.

Considerando apenas as interacdes eletrostaticas para o estabelecimento de um padrdo na
acessibilidade a cromatina, a acetilacdo de histonas atraves da neutralizacdo da carga positiva e
a fosforilagdo através da adicdo de cargas negativas, causam descondensacdo da cromatina,
facilitando a transcricdo génica (Kouzarides, 2007). Logo a combinacdo de ambos o0s
mecanismos poderia amplificar a leitura de vias de sinalizacdo causando um montante maior de
mudancas na densidade total das cargas nas caudas N-terminais que conduziriam a maiores
mudancgas na estrutura da cromatina dos genes-alvo (Strahl and Allis, 2000). A relacdo entre a
acetilacdo em concomitancia com a fosforilagdo da H3 e aumento da transcricdo génica no
processo de formagcdo da memdria ja tem embasamento experimental (Borrelli et al., 2008;
Nowak and Corces, 2004).

A formacdo da memdria é um processo complexo, que envolve sinalizacdo intracelular,
regulacdo da transcricdo génica e mudancas translacionais em proteinas poOs-sinapticas
(Radulovic and Tronson, 2008). Estes processos ocorrem de forma distinta entre a formacéo de
memoria de curta e longa duragdo. Memoéria de curta duracdo é formada nos primeiros

momentos apds a aquisicdo e fica retida por minutos ou horas, e este processo depende de
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modificacdes em proteinas ja existentes (Gold, 2008). Por outro lado, memoria de longo prazo é
formada em uma segunda fase podendo permanecer por mais tempo e esta relacionada a sintese
de novas proteinas em regides especificas do encéfalo.Esta regulacéo da expressdo génica inclui
padres de alta frequéncia de atividade sinaptica, ativacdo de receptores n-metil-D-aspartato
(NMDA), sensiveis a glutamato e influxo de calcio (Ca*") no hipocampo (Levenson et al.,
2004). Esse aumento no influxo de Ca®* regula a sinalizacio de proteinas quinase C (PKC) e
proteina quinase dependente de AMP ciclico (PKA), desencadeando uma série de
acontecimentos que convergem para ativagdo das proteinas cinases ativadas por mitdgenos
(ERK), regulando a transcri¢do de genes das proteinas a serem sintetizadas para a consolidagdo
da memoria, sendo esse modelo celular chamado de: potenciacdo de longa duragdo (LTP)
(Davis et al., 2000; Erickson and Barnes, 2003; Izquierdo et al., 1998; Vecsey et al., 2007).

Alguns trabalhos relacionam a fosfoacetilagdo da H3 na cascata de formagdo da memoria.
Chandramohanet al (2012), utilizando o nado forcado como contexto de aprendizado,
observaram um aumento da fosforilagdo da serina 10 (S10) em concomitancia com a acetilagdo
da lisina 14 (K14) no giro denteado de ratos Wistar. No mesmo estudo, a administracdo de
antagonistas dos receptores NMDA e das ERK1/2 bloquearam a fosfoacetilagdo anterior além
de afetar o parametro comportamental de memoria estudado. Esse trabalho corrobora Chwang et
al (2006), que encontrou resultados semelhantes em hipocampo utilizando o condicionamento
de medo. Além disso, Chwang et al (2007) utilizando ratos nocaute para a proteina quinase 1
ativada por mitdgenos e estresse (MSK1) observou uma piora na memoria em paradigmas de
memoéria avaliados, relacionados com uma diminuicdo da fosfoacetilacdo da S10 e K12, efeito
esse revertido na utilizacdo de inibidores da HDAC. Nosso grupo de pesquisa demonstrou que o
protocolo neuroprotetor do exercicio melhorou a memdria aversiva de ratos Wistar no processo
de envelhecimento e esta foi relacionada com aumento nos niveis de acetilacdo da H4 (Lovatel
et al., 2013). Ainda, outros trabalhos com diferentes protocolos de exercicio fisico mostram
melhora da memdria por mediacdo epigenética. Gomez-Pinilla e colaboradores (2011)
demonstraram que o exercicio de corrida voluntario induziu um aumento na acetilacdo da
histona H3 na regido promotora IV do gene BDNF em hipocampo de ratos Wistar de 3 meses.
Além disso, 0 exercicio voluntario aumenta a expressdo de genes relacionados a fatores de
crescimento e plasticidade sinéptica, associado a um aumento da acetilacdo de histonas (Collins
et al., 2009). Outros estudos mostram que o exercicio fisico é um fator ambiental que influencia
importantes fenbmenos epigenéticos no hipocampo de roedores (Elsner et al., 2011; Elsner et
al., 2013), no entanto até o momento, a0 nosso conhecimento, ndo existem trabalhos
relacionado os efeitos benéficos do exercicio fisico e a fosfoacetilacdo da histona 3 sobre a

memoria aversiva.
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2. Objetivos

2.1 Objetivo Geral

- Estudar o efeito do exercicio fisico moderado em esteira ergométrica na fosfoacetilacao de

histonas em hipocampo de ratos Wistar adultos jovens.

2.2 Objetivos Especificos

- Avaliar o efeito do exercicio fisico sobre os niveis de fosforilagdo da serina 10 na histona

especifica (H3) em hipocampo de ratos Wistar de 3 meses.

- Avaliar o efeito do exercicio fisico sobre osniveis de acetilacdo da lisina 14 na histona

especifica (H3) em hipocampo de ratos Wistar de 3 meses.

- Analisar a relagdo entre a exposicao ao contexto de aprendizado (esquiva inibitéria) e os niveis

de fosfoacetilagdo de histonas.
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Abstract

The epigenetic modifications of histone 3, such as phosphorylation of serine 10 (H3S10) and
acetylation of serine 14 (H3K14), have been linked to memory processes in fear conditioning
paradigms. Considering that exercise improves memory performance and also is able to
modulate several epigenetic marks in rat brain, the aim of this study was to investigate the effect
of treadmill exercise protocol (20min/day during 2 weeks) on H3K14 acetylation and H3S10
phosphorylation levels in hippocampi from 3-months-old Wistar rats exposed or non-exposed to
aversive learning context. Male Wistar rats aged 2-3 months, maintained under standard
conditions, were used. The animals were submitted or not submitted to chronic exercise
protocol (running daily for 20 min for 2 weeks) and exposed to learning context (inhibitory
avoidance). Two-way ANOVA showed a significant effect of learning context and exercise on
acetylation levels of H3K14, as well as an interaction between the factors exercise and learning
context exposition. Specifically twenty four hours after inhibitory avoidance training and 30
minutes after the test session, there was a decrease in acetylation level in the hippocampi.
Besides, the chronic exercise increased acetylation levels only in hippocampi from rats exposed
to learning context. The H3S10 phosphorylation levels were not altered by learning context and
exercise. Our data support the hypothesis that the modulation on acetylation levels of H3K14
acetylation in hippocampus might be related, at least partially, to exercise effects on aversive
memory.

Highlights: Forced exercise modulates histone acetylation in rats » Learning context in
inhibitory avoidance paradigm may alter epigenetic makers P Exercise improved H3K12
acetylation in rats exposed to passive avoidance » Exercise and learning context did not alter
H3S1 phosphorylation.

Key Words: epigenetic; histone H3S10 phosphorylation; histone H3K14 acetylation; physical

exercise; learning context

Acknowledgments. This work was supported by the Brazilian funding agencies: Conselho
Nacional de Desenvolvimento Cientifico e Tecnolégico CNPq (Fellowships to Dr. I.R. Siqueira;
V.R. Elsner, L.R. Cechinel and K. Bertoldi), Coordenacdo de Aperfeicoamento de Pessoal de
Nivel Superior — CAPES (L.C.F Meireles, F.S. Moysés and A. Korb) and Programa de Bolsas
de Iniciacéo Cientifica — BIC UFRGS (C. Basso).



25

1. Introduction
A growing amount of evidence suggests that epigenetic mechanisms are linked to exercise-
induced improvement in memory and learning performance. The voluntary exercise increases
global acetylation of histone 3 in hippocampi from rodents, which was correlated with an
augment on neuroplasticity genes expression (Abel and Rissman, 2013; Gomez-Pinilla,
Vaynman, and Ying, 2008). This process is regulated by histone acetyltransferases (HATS) that
add acetyl groups to lysine (K) residues from amino-terminal tails of histones, while histone
desacetylases (HDACs) remove these groups (Strahl and Allis, 2000). It has been demonstrated
that exercise is able to alter the balance between HAT and HDAC activities, supporting the idea
that exercise might induce histone acetylation. A single session of treadmill (20 min) increases
HAT activity and decreases HDAC activity, both immediately and one hour after the exercise,
in rat hippocampus (Elsner, Lovatel, Bertoldi, Vanzella, Santos, Spindler, de Almeida, Nardin,
and Siqueira, 2011). This exercise protocol also transitorily enhanced HAT activity in frontal
cortices, while the chronic protocol (20 min/day during 2 weeks) was able to reduce the HDAC
activity (Spindler, Elsner, Moysés, Bertoldi, Cechinel, Basso, Roesler, Lovatel, and Siqueira,
2013). Taken together, it is possible to suggest that exercise modulates time-dependent histone

acetylation mechanisms.

It has been widely demonstrated that exercise improves performance in memory and learning
tasks in rodents (Berchtold, Castello, and Cotman, 2010; Praag, Shubert, Zhao, and Gage, 2005
; Radak, Kaneko, Tahara, Nakamoto, Pucsok, Sasvari, Nyakase, and Gotoc, 2001). Furthermore,
we demonstrated that a chronic exercise protocol improved global histone 4 (H4) acetylation 1
hour after the last session in hippocampi from 20-months old rats, which was positively
correlated with aversive memory performance evaluated by inhibitory avoidance paradigm
(Lovatel, Elsner, Bertoldi, Vanzella, Moysés, Vizuete, Spindler, Cechinel, Netto, Muotri, and
Siqueira, 2013). Accordingly, several studies have pointed out that epigenetic mechanisms play
an important role in hippocampus-dependent memory (Graff and Mansuy, 2009; Levenson and
Sweatt, 2005; Sweatt, 2009). In this context, the acetylation of histones H3 and H4 is widely
associated with memory formation (Korzus, Rosenfeld, and Mayford, 2004; Levenson,
O’Riordan, Brown, Trinh, Molfese, and Sweatt, 2004).

It is interesting to note that contextual fear conditioning has been associated with an increase of
global acetylation of histone H3 (Levenson et al., 2004; Vecsey, Hawk, Lattal, Stein, Fabian,
Attner, Cabrera, McDonough, Brindle, Abel, and Wood, 2007) and at specific lysines of H3 and
H4 histones, such as H3K9, H3K14, H4K5, H4K8 and H4K12 in rodents hippocampi (Peleg,

Sananbenesi, Zovoilis, Burkhardt, Bahari-Javan, Agis-Balboa, Cota, Wittnam, Gogol-Doering,
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Opitz, Salinas-Riester, Dettenhofer, Kan, Farinelli, Chen, and Fischer, 2010). Moreover,
increased acetylation of H3K14 coupled to phosphorylation of histone H3 at serine 10 (H3S10)
has been described 1 hour after fear conditioning training, suggesting that these mechanisms

are related to memory formation (Chwang, O’Riordan, Levenson, and Sweatt, 2006).

Although there are evidences about the exercise effects per se on these epigenetic marks
(Collins, Hill, ChandramohaN, Whitcomb, Droste, and Reul, 2009; Intlekofer and Cotman,
2012), there are no studies, to our knowledge, reporting the impact of forced exercise on these
parameters in brain areas from rodents exposed to learning contexts. Therefore, the aim of this
study was to investigate the effect of treadmill exercise protocol (20min/day during 2 weeks) on
H3K14 acetylation and H3S10 phosphorylation levels in hippocampi from 3-months-old Wistar

rats exposed or non-exposed to inhibitory avoidance task.

2. Material and Methods
2.1 Animals

Male Wistar rats aged 2-3 months, maintained under standard conditions (12-h light/dark, 22°C
*+ 2°C) with food and water ad libitum were used. The animals were provided by Centro de
Reproducdo e Experimentacdo de Animais de Laboratério (CREAL) at Universidade Federal do
Rio Grande do Sul (UFRGS) and housed five per cage. 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. 21449).

2.2 Exercise Protocol

Rats were randomly divided into sedentary group (SED) or exercised groups (EXE). SED was
handled exactly as the experimental animals and was left on the treadmill for 5 min without any
stimulus to run. The exercise training consisted of running sessions on a motorized rodent
treadmill (AVS Projetos,Sdo Paulo, Brazil), with individual Plexiglas lanes, at 60% of the
animals maximal oxygen uptake (Brooks and White, 1978). Peak oxygen uptake (VO,) was
measured indirectly in all animals before training. Each rat ran on a treadmill at a low initial
speed with the speed being increased by 5 m/min every 3 min until the point of exhaustion (i.e.
failure of the rat to continue running). The time to fatigue (in min) and workload (in m/min)

were taken as indexes of exercise capacity, which was in turn taken as VO,max (Arida, Scorza,
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dos Santos, Peres, and Cavalheiro, 1999; Brooks and White, 1978). Any animals that initially
refused to run were encouraged by gently tapping their backs. Neither electric shock nor
physical prodding was used in this study. All the procedures took place between 14:00 and
17:00 h.

Rats were submitted to one 20-min running session each day for 2 weeks. In the first few
sessions, rats were adapted to the treadmill by running at 8 m/min for the first 2 min, 10 m/min
for the next 4 min, 13 m/min for 8 min, 10 m/min for 4 min and 8 m/min for the last 2 min.
Thereafter, animals ran at 8 m/min for the first 4 min, 13 m/min for 12 min and 8 m/min for the

last 4 min.

2.3 Inhibitory avoidance

Animals were exposed to inhibitory avoidance (exposed to learning context group) or non-
exposed to inhibitory avoidance (non-exposed to learning context group). We used the single-
trial step-down inhibitory avoidance conditioning as an established model of fear-motivated
memory. At step-down inhibitory avoidance training, animals learn to associate a location in the
training apparatus (a grid floor) with an aversive stimulus (footshock). In the training trial, rats
were placed on the platform and immediately after stepping down on the grid; the rats received
a 0.6 mA, 3.0 s footshock and were removed from the apparatus. The test trial took place 24 h
after training. The inhibitory avoidance test was conducted 30 min before euthanasia. The
general procedures and results for inhibitory avoidance behavioral training and retention test

were described in previous reports (Lovatel et al., 2013).

2.4 Preparation of samples

Rats were killed by decapitation 1 h after the last training session of chronic treadmill exercise.
The whole hippocampi were quickly dissected out and immediately snap-frozen in liquid
nitrogen, then stored at -80 °C until the histone extraction. Whole hippocampi were
homogenized in TEB buffer (PBS containing 0.05% Triton X 100.2 mM PMSF and 0.02%
NaNs3) and centrifuged at 3000 rpm for 5 minutes at 4°C. The tissue pellet was resuspended in
an extraction buffer (0.5N HCI and 10% glycerol) and incubated on ice for 30 minutes. The
samples were centrifuged at 12000 rpm for 5 minutes at 4°C and the supernatant was removed
and left in acetone at -20°C overnight. Finally the pellet was centrifuged, air-dried and dissolved

in water distilled. This histone extract was stored at -80°C. The protein concentration of each
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sample was measured by the Coomassie Blue method using bovine serum albumin as standard
(Bradford, 1976).

2.5 Determination of Global Histone H3 phosphorylation (Ser 10)

The histone H3 phosphorylation levels (Ser10) were determined using the Global Histone H3
phosphorylation (Serl0) assay kit (Colorimetric Detection, catalog # P-7002, Epigentek®,
Farmingdale, NY, USA) according to the manufacturer’s instructions and absorbance was

measured at 450nm.

2.6 Determination of Global Histone Acetylation H3-K14

The acetyl histone H3-K14 levels were determined using the Global Acetyl Histone H3-K14
quantification Kit (Colorimetric Detection, catalog # P-4012, Epigentek®,Farmingdale, NY,

USA) according to the manufacturer’s instructions and absorbance was measured at 450nm.

2.7 Statistical analysis

All results were expressed as mean = S.D. The results were analyzed by two-way analysis of
variance (ANOVA) with exercise and learning context exposure as factors. In all tests, p < 0.05

was considered to indicate statistical significance.

3. Results

The effects of learning context and exercise in hippocampal acetylation levels of H3K14 are
presented in Figure 1. Two-way ANOVA showed a significant effect of exposition to inhibitory
avoidance task, there was a decrease in acetylation levels twenty four hours after inhibitory
avoidance training (30 minutes after test) compared to non-exposed groups (F 32 = 70.448) ; p
< 0.001). Moreover, two-way ANOVA also showed the effect of exercise on this parameter
(Fa32) = 78.703; p < 0.001). It is important to note that there is a significant interaction between
the factors, exercise and learning context exposition (Fus) = 55.424; p<0.001), since the
chronic exercise increased acetylation levels in hippocampus from animals exposed to learning
context. However, exercise did not alter H3H14 acetylation levels in hippocampus from non-

exposed to learning context animals (Figure 1).
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Neither exercise nor exposition to learning context showed any effect in phosphorylation of
H3S10 (Figure 2).

0.07 -

0.05

0.04 -
B SED

0.03 -  EXE

H3-K14 acetylation (ng/mg

0.02 A

0.01 -

Non-exposed to learning context group Exposed to learning context group

Figure 1 - Effect of exercise in hippocampal levels of H3K14 histone acetylation in Wistar rats exposed to inhibitory
avoidance (exposed to learning context group) or non-exposed to inhibitory avoidance (non-exposed to learning
context group). Columns represent mean = S.D. (n = 8-12). Two-way ANOVA followed by Duncan test,
*significantly different from the respective baseline group; # significantly different from the respective sedentary

control group.
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Figure 2 - Effect on exercise in hippocampal levels of H3S10 histone phosphorylation in Wistar rats exposed to
inhibitory avoidance (exposed to learning context group) or non-exposed to inhibitory avoidance (non-exposed to

learning context group). Columns represent mean + S.D. (n = 8-12). Two-way ANOVA.

4. Discussion
This work compared the effect of exercise on histone H3K14 acetylation and phosphorylation of
H3S10 in animals submitted or not to a learning context. It is important to describe that this
exercise protocol (20 min/day during 2 weeks) improved transitorily the inhibitory avoidance

aversive memory performance in Wistar rats (Lovatel et al., 2013).

It has been demonstrated that fear conditioning training increases both acetylation of H3K14
and phosphorylation of H3S10, where various time points following the training period were
analyzed (Chwang et al., 2006), although, the effect of session test was rarely evaluated. In this
context, test session exposure has been performed in spatial memory paradigm (Bousiges,
Vasconcelos, Neidl, Cosquer, Herbeaux, Panteleeva, Loeffler, Cassel, and Boutillier, 2010;
Castellano, Fletcher, Kelley-Bell, Kim, Gallagher, and Rapp, 2012). It has been found an
increase in the levels of H2B and H4 acetylation, without effect in H3K14, after a spatial
learning context in Long Evans rats hippocampus (Bousiges et al., 2010). In addition,
Castellano et al (2012) described an increase on H3 global acetylation in young and aged Long
Evans rats hippocampi after a learning context (Morris Water Maze). Our data suggest that
H3K14 acetylation is altered in hippocampus from rats exposed to inhibitory avoidance training

and test, since it was observed a reduction of this parameter in the inhibitory avoidance group
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compared to baseline group, indicating that aversive paradigm can induce a different result

those obtained from spatial memory task after test session.

Other important result presented here is that our exercise protocol was able to reverse the
inhibitory avoidance paradigm-induced decrease in H3K14 acetylation, without any effect in the
baseline group (non-exposed to learning context). Our data support the idea that exercise may

modify the responses in learning contexts through histone acetylation.

In accordance with our finding, voluntary exercise increases H4K12 acetylation in BDNF
promoters in hippocampi from mice submitted to subthreshold learning context in object
location memory task, suggesting that both histone modifications, H4K12 and H3K14 are
highly sensitive to environmental stimulation (Intlekofer, Berchtold, Malvaez, Carlos,
McQuown, Cunningham, Wood, and Cotman, 2013).

We have already reported that our chronic exercise protocol enhanced transitorily memory
performance in inhibitory avoidance paradigm in 3 and 20 months-old Wistar rats, and the
global H4 hipoacetylation was concomitantly reversed in aged rats (Lovatel et al., 2013). We
can suggest that the exercise mechanism may be different between young and aged rats, since
the chronic protocol was unable to alter HAT and HDAC activities and global H4 acetylation in
young adult Wistar rats (Elsner et al., 2011). Indeed, Collins et al (2009) observed exercise
effects on phosphorylation of H3S10 and acetylation of H3K14 only in the groups exposed to a
novelty (new cage) or a stress factor (forced swimming). Taken together, we suggest that

exercise is more effective in adverse situations, such as tasks exposure or aging process.

Some studies have suggested the involvement of H3S10 phosphorylation and H3K14
acetylation on memory formation (Chandramohan, Droste, Arthur, and Reul, 2008; Chwang,
Arthur, Schumacher, and Sweatt, 2007; Chwang et al., 2006). Moreover, fear conditioning
training increased the phosphoacetylation levels (H3S10 and H3K14) in Sprague-Dawley rats
hippocampi (Chwang et al., 2006). Chandramohan and colleagues (2008) found increased
phosphorylation of H3S10 levels and of H3K14 acetylation, after forced swimming test, with
positive correlation between time of immobility (considered as a memory parameter by the

authors) and phosphoacetylation levels (Chandramohan et al., 2008).

In contrast our result indicates that inhibitory avoidance training and test exposure did not affect
phosphorylation of H3S10 levels. In accordance to our results, Castellano and colleagues (2012)
described an increase on H3 global acetylation in young and aged Long Evans rats hippocampi
after a learning context (Morris Water Maze) without any alterations in H3S10 phosphorylation

(Castellano et al., 2012). This work is the first describing the effect of forced exercise on H3S10
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phosphorylation in Wistar rats hippocampi, controlling the exposition to the learning context.
We found that exercise did not change phosphorylation H3S10 levels, excluding this epigenetic

modification as an important neuroprotective mechanism of exercise.

5. Conclusions
Taken together, these data supports the hypothesis that the modulation on acetylation levels of
H3K14 acetylation in hippocampus might be related, at least in partially, to exercise effects on

aversive memory. Further studies are needed to clarify the details of the mechanisms by which

histone acetylation may be modulated by exercise.
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4. Consideragdes Finais

Os resultados do presente estudo demonstraram que 0 exercicio de corrida em esteira foi capaz
de modular os niveis de acetilagdo da H3K14, mas néo a fosforilagdo da H3S10, em hipocampo
de ratos Wistar de 3 meses expostos a esquiva inibitoria. E que a modulagdo desse parametro
pode ser relacionada, pelo menos em parte, aos efeitos do exercicio na memdria aversiva. No
entanto, sdo necessarios mais estudos investigando esse mecanismo durante o processo de

envelhecimento e em diferentes paradigmas de memoria.
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