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RESUMO

Estudos recentes tém mostrado que o estresse no periodo de desenvolvimento do SNC pode ter
consequéncias variaveis sobre a cognicédo, alterando a forma como o individuo responde frente a
situacdes semelhantes a que é exposto na vida adulta, aumentando a susceptibilidade ou resiliéncia
de uma forma dependente tanto do background genético do individuo como da forma como ele é
exposto ao estressor na infancia e na vida adulta. A técnica da privacdo materna, que busca
mimetizar a exposi¢cdo ao estresse na infancia por meio da separacdo da mae de sua prole no
periodo considerado chave para o desenvolvimento do SNC, foi utilizada neste estudo com a
finalidade de se investigar a variabilidade de resposta ao estresse na vida adulta em animais
separados da mée, bem como para se investigar possiveis mecanismos epigenéticos envolvidos no
comprometimento da memoéria de reconhecimento dos animais adultos e niveis de BDNF no
hipocampo, proteina esta chave para o processo de consolidacdo da memoria. Epigenética é um
termo que se refere a um tipo de memaria que envolve mudancga estrutural e funcional na cromatina,
incluindo a expressdo de genes na resposta a um estimulo ambiental, porém sem promover
mudancas na sequéncia de DNA. Para investigar, neste estudo, os efeitos da modulacéo epigenética
sobre a memdria, foi realizada a medida da atividade da enzima histona deacetilase (HDAC), dos
niveis de acetilagdo da Histona H3 e dos niveis da proteina BDNF, marcadores estes que dao ideia
sobre a atividade de expressdo do gene, e comparados os resultados com aqueles obtidos em
tarefas de memoaria de reconhecimento. Investigamos também as propriedades potenciais do Butirato
de Sédio, conhecido inibidor da HDAC, em reverter através dos mecanismos epigenéticos os déficits
de meméria nos animais de pior desempenho cognitivo. Verificamos que a atividade da HDAC foi
maior em ratos submetidos a privagdo materna com pior desempenho cognitivo e que o uso do
Butirato ndo so reverteu os niveis de acetilacdo de histonas H3 como ainda influenciou a melhora da
cognicdo nos animais separados que haviam tido desempenho cognitivo inferior no primeiro teste de
reconhecimento, restaurando sua memoria. Esta descoberta refor¢a a ideia de que o aumento da
atividade da HDAC reduz a acetilagdo da Histona H3 levando a uma redugéo na transcricdo de BDNF
e consequentemente a um déficit de memdria. Além disso, observamos uma correlagao positiva entre
niveis de BDNF e o desempenho de memoéria em ratos separados da mée. Juntos os resultados
indicam o uso de inibidores da HDAC como um possivel agente terapéutico no tratamento de déficits
cognitivos. Entretanto, mais estudos que reforcem o entendimento das alteracbes persistentes
observadas em adultos e induzidas por eventos estressores precoces, bem como dos mecanismos

envolvidos no desenvolvimento da resiliéncia, sdo necessarios.

Palavras-chave: BDNF, HDAC, estresse precoce, prejuizo cognitivo, memoria reconhecimento,

Butirato de Sédio



ABSTRACT

Exposure to stressful events early in life may have permanent deleterious consequences on
nervous system function and increase the susceptibility to cognitive impairment later in life.
Maternal deprivation, commonly used as a source of early life stress, impairs memory in adult
rats and reduces hippocampal brain-derived neurotrophic factor (BDNF) levels in a very
heterogeneous way among individuals. The aim of the present study was to investigate the
possible epigenetic modulation underlying recognition memory impairment and reduced
BDNF levels in the hippocampus of adult maternal deprived rats. We also evaluated the
potential ameliorating properties of the histone deacetylase (HDAC) inhibitor, sodium
butyrate, on memory deficits and BDNF changes associated with maternal deprivation. For
this study, maternal deprived animals were categorized as ‘inferior learners’ and ‘superior
learners’ according to their performance in novel object recognition memory task. Results
indicated that HDAC activity was higher in individuals submitted to maternal deprivation
with the worst cognitive performance (inferior learners). Acute administration of sodium
butyrate increased histone H3 acetylation and BDNF levels, and restored recognition memory
in maternally deprived animals with the worst cognitive performance. Moreover, we also
showed that there is a positive correlation between BDNF levels and memory performance.
Taken together, the results indicated that HDAC inhibitors could be considered as a possible
therapeutic agent to improve cognitive performance in inferior learners individuals. Further
studies need to be conducted for a better understanding of the mechanisms associated with
persistent alterations observed in adult life induced by early stressful events and those leading

to resilience.

Keywords: post-natal stress, object recognition, sodium butyrate, histone acetylation, BDNF,

rats.
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1 INTRODUCAO

1.1Efeitos do Estresse sobre o Sistema Neuroenddcrino e Modelagens

Animais

O estresse € tido como um processo de real ou perceptivel ameaca ao
equilibrio homeostéatico (Smith 2006; Guest et al., 2013). A resposta ao estresse
representa um sistema adaptativo que auxilia o organismo a reconhecer e responder
a situacdes de mudancas ambientais, que embora necessaria a sobrevivéncia,
dependendo da intensidade e duracdo do estresse, pode ter consequéncias
benéficas, inGcuas ou nocivas a saude, estando associado, segundo estudos, a um
maior risco de aterosclerose, hipertensao arterial, atrofia dos neurénios hipocampais,
imunossupressao e cancer (Campbell, 2003; Bisaz e Sullivan, 2012; Babenko et al,
2015).

Para que a homeostase seja mantida quando da presenca de estimulos
nocivos (estressores) cabe ao organismo a ativagcdo de uma complexa gama de
respostas, envolvendo o sistema enddcrino, nervoso e imune (Smith 2006), num
processo de resposta ao estresse, mediada pelo eixo Hipotalamo-Pituitario-Adrenal
(HPA) que é responsavel pela ativagdo de uma reacgao do tipo “luta ou fuga” perante
a situagao de perigo potencial (Guest et al., 2013).

A atividade do eixo HPA é componente essencial ao individuo na resposta ao
estimulo estressor, decorrendo da hiperatividade deste a liberacdo do Fator
Liberador de Corticotrofina (CRF, do inglés corticotropin releasing factor), pelo
nacleo Paraventricular (PVN) do Hipotalamo (Figura 1). Este, por sua vez, estimula a

liberacdo do Hormonio Adenocorticotrofico (ACTH), da Pituitaria anterior na corrente



sanguinea, o qual estimula a liberacdo de glicocorticoides, como o cortisol, no cortex
da adrenal, que prontamente entram no cérebro participando, entdo, da modulacao
dos processos de aprendizagem e memdéria em animais e humanos (Heim et al.,
2004; Aisa et al., 2007; Pfau e Russo, 2015), desempenhando efeito ou positivo ou
negativo dependendo da ligacdo dos corticosterdides sobre receptores
mineralocorticéides ou glicocorticéides, bem como do tempo em que se da esta
interacdo dentre as varias fases de processamento da informacdo, se durante a
aquisicao, consolidacéo e/ou retencdo da memoria e da duracdo deste estimulo, se
agudo ou croénico (de Kloet et al., 1999).

O estresse tem sido reconhecido como o principal fator precipitante em
transtornos de humor e seus efeitos sobre o Sistema Nervoso Central (SNC)
parecem ter direta correlacdo com a duracdo e a intensidade da experiéncia
adversa. Assim, os mesmos mediadores envolvidos na série de mecanismos
adaptativos aos efeitos agudos do estresse, que tornam o individuo resiliente
emocional e cognitivamente as mesmas condicbes de estresse em exposices
futuras, como jA demonstrado em primatas e roedores, podem estar envolvidos,
também, na superatividade do eixo HPA observada quando da exposicdo
prolongada e repetida a condi¢cdes estressantes, que resulta nos efeitos prejudiciais
sobre os mesmos mecanismos, reduzindo a plasticidade neuronal e prejudicando a
memoria dependente do hipocampo (Calabrese et al, 2009; Pfau e Russo, 2015).

O hipocampo surge como um alvo preferencial da agdo de hormoénios do
estresse por causa de sua abundante expressao de receptores de glicocorticoides
(McEwen, 1999) e, ainda, pelo seu envolvimento na regulacdo do eixo HPA e na
funcdo cognitiva, de modo que experiéncias estressantes nos periodos iniciais de

vida podem produzir efeitos duradouros no desenvolvimento normal do cérebro,



promovendo modificacdes adaptativas em resposta ao estresse agudo ou cronico,
que trazem consequéncias funcionais e estruturais ao funcionamento normal do
hipocampo e desencadeiam alteracdo na capacidade de responder a estimulos
estressantes em periodos posteriores como ja observado em populacdes humanas e
roedores homogéneos de laboratério (Hulshof et al. 2011; McEwen et al, 2012).

Em individuos saudaveis, ja ficou demonstrado que tanto o estresse cronico
como a presenca de glicocorticéides circulantes, induzidos experimentalmente, leva a
prejuizos cognitivos reversiveis na memoria (Ohl et. al, 2000). E que as experiéncias
adversas precoces podem agir programando mudangas em circuitos neurais em
resposta ao estresse, causando disfuncédo do sistema HPA e levando a aumento de
ansiedade e perturbacdo de cognicdo na idade adulta, que pode variar ao longo da
vida e diferir, em natureza temporal, promovendo mudancas tanto adaptativas quanto

mal adaptativas (Aisa et al., 2007).
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ADAPTACOES FISIOLOGICAS QUE PREPARAM O
ORGANISMO PARA ENFRENTAR O ESTRESSE

Figura 1: Adaptacdes fisiologicas para enfrentamento do estresse.

Legenda: ACTH: horménio adrenocorticotrofico; CRH: hormdnio liberador de corticotrofina; HPA: Eixo
Hipotalamo-Pituitaria-Adrenal. O sinal “+” representa ativagao. O sinal “-“ representa inibicdo. As
linhas pontilhadas ilustram o sistema de retroalimentagcdo negativa de regulagdo do eixo HPA. Figura
da autoria da Dra. Maria Noémia Martins de Lima.



10

Os modelos animais representam uma ferramenta importante para o estudo
dos mecanismos subjacentes aos fendmenos supracitados, uma vez que permitem a
utilizacdo de técnicas que sao inviaveis em estudos envolvendo seres humanos
(Kaffman e Meaney, 2007; Levine, 1967).

Um dos primeiros paradigmas experimentais descritos em roedores foi
realizado por Levine (1957), quando o mesmo propds a manipulacéo fisica diaria
dos filhotes de sua matriz durante curtos periodos de tempo (3-15 min) nas duas a
trés primeiras semanas de vida, comportamento que se viu estimular o cuidado da
mae com sua prole, induz respostas neuroendocrinas agudas dos filhotes (Schmidt,
Wang e Meijer, 2011).

Ja4 o método da separacdo materna € uma técnica realizada em animais que
mimetiza repetidas exposicoes ao estresse em periodos precoces da vida dos filhotes,
por meio de sua separacdo do convivio com a mae, resultando em elevada
reatividade ao estresse na vida adulta (Lehmann e Feldon, 2000; Ploj et al., 2003).

Este periodo pds-natal precoce, que compreende as duas primeiras semanas
de vida (entre o 3° e 14° dia p6s-natal em ratos), também conhecido como “periodo
hiporresponsivo ao estresse”, garante baixos niveis de corticOides estaveis que
parecem ser ideais para o desenvolvimento neuronal (Daskalaskis et al., 2014). E um
periodo no qual o animal apresenta alta vulnerabilidade a injarias e eventos adversos,
de forma que repetidas exposicdes ao estresse, como a causada pela separacéo
materna, promovem ativacdo do eixo HPA, tornando-o sensivel ao estresse e
desencadeando modificacdes neurobiolégicas e comportamentais que tendem a
permanecer por toda a vida (de Lima et al., 2011, Pinheiro et al., 2012, Wang et al.,

2014).
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Em roedores e primatas ndo humanos, jA esta bem demonstrado que o
estresse durante o periodo de desenvolvimento do SNC resulta em efeitos
neurobiolégicos e comportamentais de longo prazo na funcdo hipocampal, que pode
culminar em inibicdo da neurogénese no giro denteado (Hui et al., 2011; Lajud et. al.,
2012), reducdo na expressao de niveis do fator neurotréfico derivado do cérebro
(BDNF, sigla do inglés brain-derived neurotrophic factor) e desregulacdo do eixo
HPA, culminando em déficits na consolidacdo da memodria e em diferentes
paradigmas comportamentais (Lubin et al., 2008; Hui et. al., 2011; Suri et al., 2013;

Marco et al, 2015).

1.2Relacédo entre exposicdo ao estresse durante o periodo de desenvolvimento

do sistema nervoso central (SNC) e performance cognitiva na vida adulta.

Aprendizado e memodria sdo caracterizados como processos de aquisicao,
consolidacdo e evocacdo de informacdes. A aquisicdo é a fase onde se da a
exposicdo dos sistemas sensoriais as novas informacdes, a qual € seguida quase que
concomitantemente do processo de consolidacdo onde uma série de processos
bioquimicos ocorre no hipocampo e outras estruturas cerebrais em duas janelas de
tempo distintas, uma logo apés o treinamento onde se da a expressao de fatores de
transcricdo, e, a segunda, entre trés a seis horas apés o treino, onde a expressao de
proteinas estruturais promove o remodelamento sinaptico requerido na formacéao da
memoria de longo prazo (LTM). E a evocacao é o momento onde se da a recordacéo
da memoria, na qual ocorre a reativacdo de redes sinapticas modificadas pelo
processo de consolidagdo da memoaria (Igaz et al., 2002; McGaugh, 2000; Izquierdo e

Medina, 1997).
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Estes sdo tidos como processos multissistemas que podem sofrer influéncia
tanto de fatores genéticos, que envolvem polimorfismos em genes como da APOE,
APOC1, em receptores e transportadores de serotonina e dopamina e em proteinas
neurotroéficas, tais como BDNF e enzima conversora de angiotensina (ECA) bem como
de interacbes ambientais, as quais vao determinar diferentes suscetibilidades ao
déficit de memoria (de Andrade et al., 2011).

Memoria ndo é um processo passivo e indiscriminado de retencdo de
conhecimento, mas um processo vital que nos permite interagir e reconhecer nosso
ambiente e prepararmo-nos cognitiva, emocional e fisiologicamente a situacdes
semelhantes que vierem a ocorrer no futuro (McEwen e Sapolsky, 1995; Reul, 2014).

Os primeiros relatos sugerindo a interferéncia de fatores estressores sobre a
expressao fenotipica da capacidade cognitiva data do inicio do século 20, quando
Freud (1918) propb6s que as neuroses adultas eram decorrentes de experiéncias
infantis, o que foi inicialmente testado em roedores por Weininger, em 1950 (Macri et
al., 2008).

Estudo realizado por McEwen (2012), em modelos animais, relata a
importéancia do cuidado materno sobre a responsividade dos filhotes ao estresse,
segundo o qual, pequenos periodos de manipulacdo modulam de forma positiva o
comportamento dos animais, aumentando, assim, sua capacidade exploratoria
ambiental e diminuindo a reatividade emocional e resposta do eixo HPA. Ja animais
expostos a periodos longos de separacdo materna e condi¢des de estresse crénico o
observado seria um aumento da reacdo emocional e reatividade do eixo HPA com
menor capacidade de exploracdo de novos ambientes.

Estudos que utilizam a exposicdo ao estresse no periodo inicial de

desenvolvimento tém demonstrado que este promove alteragbes comportamentais e
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funcionais que tendem a permanecer ao longo da vida (Plotsky et al., 2005),
interferindo sobre os processos de aquisicdo, consolidacdo e evocacdo de memoérias
relacionadas ao medo, alterando a habilidade com que o organismo responde, lida e
se adapta a situacOes estressantes (Aisa et al. 2007).

Em nivel molecular, ja foi observado nos filhotes adultos separados na infancia
elevados niveis de mMRNA do CRF no nucleo paraventricular e elevados niveis
plasmaticos de ACTH e corticosterona (Huot et al., 2002; Leckman et al., 2002) que
foi demonstrado afetar aprendizado espacial de forma modesta, porém
estatisticamente significante durante periodo de aquisicdo de memoaria na tarefa do
labirinto aquatico de Morris (Huot et al., 2002).

Em nosso grupo de pesquisa ja se demonstrou que a exposicdo a eventos
precoces de estresse provocados pela separacdo materna durante 180 minutos
diarios entre o 1° e 14° dia poOs-natal podem ter consequéncias prejudiciais
permanentes sobre funcdo do Sistema Nervoso com aumento de suscetibilidade a
condi¢gBes psiquiatricas na vida adulta e com prejuizos na memoria evidenciados
pelos testes comportamentais de campo aberto e de reconhecimento do objeto novo,
além de causar reducdo nos niveis de BDNF hipocampal (de Lima et al.,, 2011a;
Pinheiro et al., 2014)

Resultados que séo corroborados por estudos em ratos adultos submetidos a
periodos de separacdo materna que revelaram, também, mdltiplas e persistentes
mudancas no SNC na vida adulta que desencadeiam alteracbes comportamentais
marcantes incluindo aumento de ansiedade, anedonia, interrupcdo do sono,
diminuicdo do apetite (Heim et al., 2004), além de déficits cognitivos no aprendizado
observados no teste de reconhecimento de objeto novo (Hulshof et al., 2011; Wang et

al., 2011; Baudin et al, 2012).
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Entretanto a literatura ainda aponta algumas contradicdes sobre estes
resultados, ja tendo sido demonstrado que repetidas separacbes podem afetar
parametros neuroenddécrinos e fisiologicos impactando ndo s6 na vulnerabilidade
como também na resiliéncia quando de desafios subsequentes (Schmidt, Wang e
Meijer, 2011).

Estudos desenvolvidos em roedores durante o periodo hiporresponsivo ao
estresse (1° ao 14° dia péds-natal) ja identificaram desde modificacbes a nivel
molecular, com reducéo de corticosterona global (sem diferencas em niveis de CRF
no nucleo paraventricular) e reduzida atividade do eixo HPA (com menor reatividade a
situacbes estressantes) (Slotten et al., 2006), até modificacdes fenotipicas, com
consequente aumento de peso corporal, hiperatividade locomotora no ambiente novo,
elevado aprendizado espacial dependente do hipocampo e melhoria ha ansiedade em
animais adultos jovens, observado em testes como o de campo aberto, labirinto em
cruz elevado e de transicdo claro/escuro (Suri et al., 2014; Zhang et al., 2014) que
caracterizam os efeitos positivos da separacdo materna relacionados ao aumento da
resiliéncia.

Ha atualmente o entendimento de que estudos de separacdo materna
realizados sobre mesma metodologia analitica variam a cerca da porcentagem de
animais que sofrem com os efeitos negativos da separagdo materna (Hulsoff et al.,
2011) de modo que alguns autores classificam o impacto da separa¢cdo materna como
sendo responsavel ndo por uma deterioracdo generalizada das fungdes cognitivas,
mas pela amplificacdo das diferencas individuais na capacidade de aprendizagem
(QOitz et al., 2000).

Esta, portanto, bem estabelecido que a exposicdo ao estresse durante o

periodo de desenvolvimento do SNC pode desencadear multiplos efeitos sobre as
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funcBes cognitivas e o comportamento de acordo com: 1) background genético do
individuo; 2) condi¢cdes em que o individuo foi exposto ao estresse durante o periodo
de desenvolvimento e 3) condi¢cdes em que o individuo é exposto ao estresse na vida
adulta. E, dependendo destes contextos, as adversidades podem desencadear tanto
um efeito deletério sobre a cognicdo (aumento da vulnerabilidade) quanto um
aumento da capacidade do individuo de se adaptar a situacdes de estresse na vida
adulta (aumento da resiliéncia), consequentemente melhorando seu desempenho em
determinados desafios cognitivos (Daskalakis et al., 2014; Suri et al., 2013; Pryce et

al., 2003).

1.3Mecanismos epigenéticos envolvidos na regulacdo dos efeitos da
exposicao ao estresse durante o periodo de desenvolvimento do SNC sobre

a performance cognitiva na vida adulta.

O termo epigenética refere-se a um tipo de memoaria celular dinamica, que
envolve mudancgas na estrutura e no funcionamento da cromatina, em resposta a
estimulos ambientais sem que ocorram alteragdes na sequéncia do DNA podendo
ativar ou reprimir a atividade do gene dependendo do sitio ou tipo de modificacéo
(Cowansage et al., 2010).

A cromatina é formada pela cadeia de DNA gen6mico enovelada ao redor de
octameros formados por proteinas denominadas de histonas (H2A/H2B/H3/H4),
estrutura esta denominada nucleossomo (Jarome e Lubin, 2013). As histonas séo
alvo de varios tipos de modificacdes pos-traducionais que alteram acessibilidade e o
recrutamento da maquinaria transcriscional ao DNA determinando se a transcricao

génica pode ocorrer. Entre estes mecanismos epigenéticos que controlam a
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expressao génica estdo a acetilacdo de residuos de lisina das histonas H3 (que
favorecem a transcricdo génica) e a metilacéo de residuos de lisina das histonas H3
(que desfavorecem a transcricdo génica). As enzimas que promovem a acetilacao
das histonas sdo conhecidas como histonas acetiltransferases (HATS) e as que
promovem a sua deacetilacdo como histonas deacetilases (HDACs) (Figura 2). As
enzimas que promovem a metilacdo das histonas sdo conhecidas como histona
metiltransferases (KMTS) e as que promovem a sua demetilacdo como histonas
demetilases (KDMs) (Bonasio et al., 2010; Huan et al., 2014).

Ambos os grupos de enzimas tém sido estudadas como possiveis alvos para
o desenvolvimento de farmacos para o tratamento de déficits cognitivos que
acompanham transtornos neuropsiquiatricos (Fischer et al., 2010; Peter e Akbarian,

2011).

Figura 2: Mecanismo epigenético de remodelamento da cromatina.
Legenda: SWI/SNF: Complexo de proteinas capaz de remodelamento do nucleossoma; HAT:
Histona Acetiltransferase; RNA pol I1I: RNA polimerase IlI; HDAC: Histona Deacetilase; HMT: Histona
metiltransferase; As flechas representam um mecanismo passivel de modulagdo epigenética que
pode favorecer ou desfavorecer a transcricdo génica. Adaptada de Luong P, 2009

A inibicdo da HDAC ja demonstrou efeitos positivos de neuroprote¢do tanto
em modelos in vivo quanto in vitro de doencas cerebrais, por meio da inducdo da
expressao de multiplos alvos que agem com efeitos neuroprotetores (Chuang et al,

2009). E o Butirato de Sadio, inibidor das HDACs, quando utilizado em estudos
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anteriores, mostrou melhorar a meméria em modelos animais que apresentaram
déficits cognitivos relacionados a previa submissdo a separacdo materna e estresse
cronico leve, tendo demonstrado influenciar a melhora nos niveis de BDNF,
revertendo prejuizos de memoaria no teste de reconhecimento de objetos (Valvassori
et al., 2014; Penney e Tsai, 2014)

Durante o processo de formacdo e armazenamento das memorias de longa
duracdo se faz necessario que haja transcricdo e sintese de proteinas in vivo, um
processo limitado a periodos criticos logo ap6s o periodo de aprendizado
demonstrando haver uma linha de tempo necesséaria de eventos de expressao
génica (Peixoto e Abel, 2013).

Dentre estas proteinas, o BDNF, que é um membro da familia dos fatores
neurotréficos, tem recebido atencdo especial dado o seu envolvimento no
crescimento, diferenciacdo e sobrevivéncia de populacbes neuronais durante o
desenvolvimento e seu envolvimento na regulacdo estrutural e funcional de
diferentes circuitos neuronais ao longo da vida (Ortiz et al., 2014).

O BDNF além de estar envolvido na formacéo de diferentes tipos de memoria
ainda se mostra critico para manter o armazenamento duradouro de informagao no
hipocampo, amigdala e cortex insular muitas horas apos o aprendizado
(Bekinschtein et al., 2014)

Alguns estudos sugerem, ainda, que a regulacéo epigenética da expressao de
BDNF possa estar relacionada com os déficits cognitivos observados nos individuos
adultos que foram expostos ao estresse durante o periodo de desenvolvimento do
SNC (Lubin et al., 2008; Jarome e Lubin, 2013; Suri et al., 2013).

Adultos que foram desmamados precocemente também apresentaram maior

ansiedade e responsividade ao estresse, efeitos estes relacionados com diminui¢ao
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da sintese de BDNF no hipocampo (Kikusui et al., 2009). Da mesma forma que ratos
adultos que receberam pouca atencdo da mae aumentaram comportamento
relacionado com ansiedade que era acompanhado de niveis anormais de BDNF no
hipocampo e amigdala (Macri et al., 2009) ou animais expostos a maes
abusivamente estressadas por 30 minutos diarios, que apresentavam mudancas
duradouras na expressdo de neurotrofinas, com reducdo nos niveis de mRNA de
BDNF no cortex pré-frontal quando atingiam a idade adulta devido ao processo de
metilacdo do gene de BDNF em promotores especificos (Calabrese et al. 2009).

Ha4 uma crescente literatura vinculando a regulacdo epigenética,
especialmente do gene BDNF, com a plasticidade e funcéo cognitiva do cérebro e
como a regulacdo epigenética desempenha processo ativo na regulacdo da
capacidade de um animal responder e formar memodrias do seu ambiente e
experiéncias, entdo modificacbes epigenéticas realizadas no inicio do
desenvolvimento podem ter a capacidade de subsequentemente afetar a cognicéo
(Roth e Sweatt, 2011).

Schaaf e colaboradores (2001) em estudo realizado associando desempenho
de memodria e expressdo génica de BDNF em ratos senescentes separados
maternalmente em periodos precoces de vida evidenciou que niveis aumentados de
expressdo de BDNF em animais que realizaram tarefa de aprendizado espacial nao
estavam ligados a prejuizo na cogni¢cdo enquanto animais que nao apresentavam
alteracdes na expressdo de BDNF apos a tarefa de aprendizado mostraram déficit
na performance cognitiva.

Como os efeitos da exposicdo ao estresse durante o periodo de
desenvolvimento do SNC sdo muito heterogéneos entre os individuos, se propos,

com este trabalho, investigar, se uma melhor performance cognitiva poderia estar
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relacionada com um maior nivel de acetilacdo das histonas e se estes efeitos
correlacionam-se com os niveis de BDNF no hipocampo, regido chave para o
aprendizado e a memoria. E, ainda, se uso do butirato de sédio, um conhecido
inibidor das HDACs, pode melhorar a performance cognitiva nos individuos que

apresentaram déficits.

2 JUSTIFICATIVA

O estudo da relacdo entre a exposicdo ao estresse durante o periodo de
desenvolvimento do SNC e a performance cognitiva na vida adulta pode contribuir
para a identificacdo de mecanismos moleculares através dos quais a exposicdo ao
estresse possa estar contribuindo para um melhor ou pior desempenho cognitivo na
fase adulta (aumento da “resiliéncia” ou aumento da “vulnerabilidade”). Além disso, a
identificagdo de mecanismos moleculares envolvidos nesta dinamica pode contribuir
para o desenvolvimento de farmacos que possam ser utilizados para a atenuacao
dos déficits cognitivos naqueles individuos mais susceptiveis ao estresse e que

apresentam um pior desempenho cognitivo na vida adulta.

3 OBJETIVOS

3.1 Objetivo Geral

Investigar, se uma melhor performance cognitiva poderia estar relacionada

com um maior nivel de acetilagcdo das histonas e se estes efeitos correlacionam-se

com os niveis de BDNF no hipocampo, regido cerebral chave para o aprendizado e
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a memoria, em individuos que foram expostos ao estresse durante o periodo de

desenvolvimento do SNC e o uso de um inibidor das HDACs como um possivel

agente terapéutico para melhorar a performance cognitiva nos individuos que

apresentarem déficits.

3.2 Objetivos Especificos

Avaliar se existe a variabilidade dos efeitos da exposicao ao estresse durante
o periodo de desenvolvimento do SNC (através do método de privacao
materna) sobre a memoria de reconhecimento em individuos adultos.

Avaliar a influéncia da exposicdo ao estresse durante o periodo de
desenvolvimento do SNC (através do método de privacdo materna) sobre os
niveis de BDNF no hipocampo dos individuos adultos durante a fase de
consolidacdo da memaria de reconhecimento.

Avaliar a influéncia da exposicdo ao estresse durante o periodo de
desenvolvimento do SNC (através do método de privacdo materna) sobre os
niveis de acetilacdo das histonas H3 no hipocampo dos individuos adultos
durante a fase de consolidacdo da memodria de reconhecimento.

Avaliar a influéncia da exposicdo ao estresse durante o periodo de
desenvolvimento do SNC (através do método de privacdo materna) sobre a
atividade das HDACs no hipocampo dos individuos adultos durante a fase de
consolidagdo da memaria de reconhecimento.

Avaliar o efeito da administracéo intraperitoneal aguda de Butirato de Sodio

(um inibidor das HDACs) sobre a atividade das HDACs, os niveis de
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acetilacao das histonas H3 e de BDNF no hipocampo dos individuos adultos
durante a fase de consolidacdo da memoaria de reconhecimento.

e Avaliar o efeito da administracéo intraperitoneal aguda de Butirato de sédio
sobre a memodria de reconhecimento (através do teste de retencdo de
memoria de longa duracéo).

e Avaliar a possivel correlacdo entre o desempenho no teste de meméria e os

niveis de BDNF no hipocampo.
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4 ARTIGO

Highlights

o Early-life stress affects memory in a very heterogeneous way among individuals.

e HDAC activity was higher in hippocampus of individuals submitted to maternal
deprivation with the worst cognitive performance.

e HDAC inhibition increases BDNF levels in hippocampus and restores memory deficits in
individuals submitted to maternal deprivation with the worst cognitive performance.

e There is a correlation between memory and BDNF levels in hippocampus of maternal
deprived individuals.

e HDAC inhibition offers a possible therapeutic target to improve cognitive performance in
memory-impaired individuals exposed to maternal deprivation.



23

Neurobiology of Learning and Memory

Original paper

Association between early life stress exposure and cognition in adult life:
vulnerability, resilience and epigenetic

Manoel Osério Albuquerque Filho « Betania Souza de Freitas » Rebeca Carvalho Lacerda
Garcia « Pedro Castilhos de Freitas Crivelaro « Nadja Schroder « Maria Noémia Martins de

Lima

Neurobiology and Developmental Biology Laboratory, Faculty of Biosciences, Pontifical
Catholic University, 90619-900 Porto Alegre, RS, Brazil

Corresponding author

Maria Noémia Martins de Lima

Faculty of Biosciences

Pontifical Catholic University

Av. Ipiranga, 6681 Predio 12D

90619-900, Porto Alegre - RS

Brazil

Tel.: +55 - 51 33534743 Fax: +55 51 33203612
E-mail address: maria.lima@pucrs.br


mailto:maria.lima@pucrs.br

24

Abstract

Exposure to stressful events early in life may have permanent deleterious consequences on
nervous system function and increase the susceptibility to cognitive impairment later in life.
Maternal deprivation, commonly used as a source of early life stress, impairs memory in adult
rats and reduces hippocampal brain-derived neurotrophic factor (BDNF) levels in a very
heterogeneous way among individuals. The aim of the present study was to investigate the
possible epigenetic modulation underlying recognition memory impairment and reduced
BDNF levels in the hippocampus of adult maternal deprived rats. We also evaluated the
potential ameliorating properties of the histone deacetylase (HDAC) inhibitor, sodium
butyrate, on memory deficits and BDNF changes associated with maternal deprivation. For
this study, maternal deprived animals were categorized as ‘inferior learners’ and ‘superior
learners’ according to their performance in novel object recognition memory task. Results
indicated that HDAC activity was higher in individuals submitted to maternal deprivation
with the worst cognitive performance (inferior learners). Acute administration of sodium
butyrate increased histone H3 acetylation and BDNF levels, and restored recognition memory
in maternally deprived animals with the worst cognitive performance. Moreover, we also
showed that there is a positive correlation between BDNF levels and memory performance.
Taken together, the results indicated that HDAC inhibitors could be considered as a possible
therapeutic agent to improve cognitive performance in inferior learners individuals. Further
studies need to be conducted for a better understanding of the mechanisms associated with
persistent alterations observed in adult life induced by early stressful events and those leading

to resilience.

Keywords: post-natal stress, object recognition, sodium butyrate, histone acetylation, BDNF,

rats.
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1. Introduction

It is well established that exposure to stress during central nervous system (CNS)
development can trigger multiple effects on cognitive function and behavior in adulthood in
accordance to: 1) the individual's genetic background; 2) conditions under which the
individual was exposed to stress during the development and 3) conditions under which the
individual is exposed to stress in adulthood - a concept known as three-hit paradigm. So
depending on the context, adversity can trigger both a deleterious effect on cognition
(increased vulnerability) or an increase in the individual's ability to adapt to stress in
adulthood (increased resilience) and consequently have a better performance in certain
cognitive challenges (Daskalakis et al., 2013; Suri et al., 2013; Hulshof et al., 2011; Pryce et
al., 2003).

Animal models represent an important tool for the study of the mechanisms underlying
the mentioned phenomena since they allow the use of techniques that are unfeasible in studies
involving humans. In the last decades, it has been consistently shown that exposure to stress
during CNS development, using maternal deprivation paradigms, may induce increased
anxiety and stress hormone levels; changes in neurogenesis and apoptosis rates; decrease in
neurotrophic factors and enzymes responsible for transducing signals important for learning
and cognition in adults (Kaffman and Meaney, 2007). In fact, previous studies conducted by
our laboratory have repeatedly demonstrated that exposure to stress during CNS development,
using the maternal deprivation paradigm, induce cognitive impairments in adult life that is
accompanied by a decrease in the levels of brain-derived neurotrophic factor (BDNF) and an
increase in IL-10 (anti-inflammatory cytokine) and TNF-a (pro-inflammatory cytokine) in
key brain regions for learning and memory (Pinheiro et al., 2015; 2012; Garcia et al., 2013; de

Lima et al., 2011). Studies also revealed that epigenetic regulation of gene transcription could



26

be involved in the modulation of BDNF expression and memory consolidation in different
behavioral paradigms (Suri et al., 2013; Cowansage et al., 2010; Lubin et al., 2008).

It has been suggested that the epigenetic regulation of the expression of BDNF may be
linked to the cognitive deficits observed in adults who were exposed to stress during CNS
development (Suri et al., 2013; Jarome and Lubin, 2013; Lubin et al. 2008). The epigenetic
term refers to a type of memory that involves permanent changes in the chromatin structure
and action, including gene expression in response to the environment without changes
occurring in the DNA sequence. Chromatin is formed by the genomic DNA chain coiled
around octamers formed by proteins called histones (H2A / H2B / H3 / H4), which are subject
to several types of post-translational modifications that alter gene expression. Among such
modifications are the acetylation of lysine residues of histone H3 (favoring gene transcription)
and methylation of lysine residues of histone H3 (which disadvantage gene transcription).
Enzymes that promote acetylation of histones are known as histone acetyltransferases (HATS)
and promoting its deacetylation as histone deacetylases (HDACs) (Bonasio et al., 2010). Both
groups of enzymes have been studied as possible targets for drug development for the
treatment of cognitive impairment accompanying neuropsychiatric disorders (Peter and
Akbarian, 2011; Fischer et al., 2010).

As the effects of exposure to stress during CNS development are very heterogeneous
among individuals, the aim of the present study was to investigate, for the first time, if a better
cognitive performance could be related to a higher level of histone H3 acetylation and if these
effects could be associated to BDNF levels in hippocampus (a key brain region for learning
and memory). We also investigated the use of a HDAC inhibitor (sodium butyrate, NaBu) as

a possible therapeutic agent to improve cognitive performance in inferior learners individuals.
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2. Materials and Methods

2.1. Experimental Design

The animals were submitted to maternal deprivation from post-natal day 1-14. When
they reached adulthood, these animals were submitted to object recognition task in order to
identify who were the individuals submitted to maternal deprivation with worse and better
cognitive performance, categorizing them in two groups in relation to controls: inferior
learners (IL) and superior learners (SL). One month later the same animals were submitted to
a new training session of the object recognition task (in order to induce a new memory
consolidation phase). Immediately after training, these animals received an intraperitoneal
injection of vehicle (control group) or NaBu, a HDACs inhibitor (Blank et al., 2015; Silva et
al., 2012; Reolon et al., 2011). These animals were then divided into 2 other groups: 1) those
who were euthanized 3 hours after the training session (for biochemical analysis), and 2)
those who were submitted to the long-term memory retention test of object recognition task.
The purpose of this subdivision was to verify if NaBu alters HDAC activity, histone H3
acetylation and BDNF levels during memory consolidation phase (subgroup 1) and improves
cognitive performance (subgroup 2) in controls and maternally deprived animals. Figure 1

summarizes the experimental design.

2.2. Animals

Pregnant Wistar rats were obtained from the Centro de Modelos Biologicos

Experimentais (CeMBE/PUCRS), Pontifical Catholic University, Porto Alegre, Brazil. After
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birth, each litter was adjusted within 48 h to eight rat pups and to contain offspring of both
genders (males varying from three to five and females varying from three to five in each litter
in order to obtain a final number of eight pups). Each pup was kept with its mother in a plastic
cage with sawdust bedding at room temperature of 21+1 °C and a 12/12-h light/dark cycle. At
the age of 3 weeks, pups were weaned and the males selected and raised in groups of three to
five in individually ventilated cages with sawdust bedding. After weaning animals were given
standardized pellet food and tap water ad libitum. All experimental procedures were
performed in accordance with the Guide for the Care and Use of Laboratory Animals and the
recommendations on animal use of the Brazilian Guidelines for the Care and Use of Animals
in Research and Teaching (DBCA, published by CONCEA, MCTI), and approved by the
Ethics Committee for the Use of Animals of Pontifical Catholic University (CEUA

14/00397). All efforts were made to minimize the number of animals used and their suffering.

2.3. Maternal Deprivation

Maternal deprivation was performed based on previous reports (Pinheiro et al. 2015;
2013; Garcia et al. 2013; de Lima et al. 2011; Levine 1967). Rat pups were exposed to one of
the following maternal rearing conditions from post-natal day 1-14: (1) non-deprived (ND),
animals were exposed to a daily 15 min period in which the dam was removed and the litter
was weighed or (2) deprived (D), animals were exposed to a daily 180 minutes period in
which the dam was removed and the litter was weighed. During the separation period, rat
pups of each litter were maintained together in a plastic cage with standard bedding material
in an adjacent room to its dams on an incubator at the temperature of 35°C to avoid
hypothermia. After the separation period, pups were returned to the nest and rolled in home

cage bedding material, and the dam was returned. In rats, the mother is routinely off the litter
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for periods of 20-25 minutes (Jans and Woodside 1990). Thus, only the group exposed to a
180 minutes period of separation (deprived), but not the group exposed to a 15 minutes period

of separation (non-deprived), results in a deprivation of maternal care.

2.4. Open-field Behavior

Open-field behavior was measured as previously described (Pinheiro et al. 2015; 2013;
Garcia et al. 2013; de Lima et al. 2011). The open field was a 40 X 45 X 60 cm arena
surrounded by 50 cm high walls, made of plywood with a frontal glass wall. The floor of the
arena was divided into 12 equal squares by black lines. Animals were placed in the rear left
corner and left to explore the field freely for 5 min. Latency to start locomotion, number of
line crossings and rearings, and number of fecal pellets were measured during the

experimental sessions by an investigator unaware of treatment group of the animals.

2.5. Novel Object Recognition Task

The object recognition task was performed as previously described (Pinheiro et al.
2015; 2013; Garcia et al. 2013; de Lima et al. 2011). Recognition memory was assessed 24
hours after open-field behavior evaluations in the same apparatus except that the arena floor
was covered with sawdust [from bedding material] during the recognition memory training
and test trials. The open field exploration was thus used as a context habituation trial for the

recognition memory task.

2.5.1. Novel Object Recognition Task | (NOR I)
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NOR | was performed in order to categorize the animals in inferior learners (IL) and
superior learners (SL). On the first day, rats were given one 5-minutes training trial in which
they were exposed to two identical objects: Al and A2 (Duplo Lego toys). The objects were
positioned in two adjacent corners, 9 cm from the walls. On the long-term memory (LTM)
testing trial (24 hours after the training session), rats were allowed to explore the open field
for 5 minutes in the presence of two objects: a copy of the familiar object A and a novel
object B. These were placed in the same locations as in the training session. All objects
presented similar textures, colors, and sizes, but distinctive shapes. Between trials the objects
were washed with 10% ethanol solution. Object exploration was videotaped and analyzed by
an experimenter blind to group treatment assignments using two stopwatches to record the
time spent exploring the objects during the experimental sessions by an investigator.
Exploration was defined as sniffing or touching the object with the nose. Sitting on the object
was not considered as exploration. A recognition index calculated for each animal was
expressed by the ratio Tn/(Tr+Tn) [Te= time spent exploring the familiar object; Tn= time
spent exploring the novel object]. Animals that during training and testing trials added up to
less than 10 seconds of total exploration time of objects were excluded in order to avoid

confusing low exploratory activity with low memory retention rates.

2.5.2. Novel Object Recognition Task Il (NOR II)

One month later the same animals were submitted to a new training session of the
object recognition task (NOR II) in order to investigate the effects of NaBu on HDAC
activity, histone H3 acetylation and BDNF levels during memory consolidation phase

(subgroup 1) and on cognitive performance (subgroup 2).
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NOR Il was conducted as NOR | except that a different set of objects (i.e., objects that
have never been presented to these animals) was used a in the training and memory retention

trials.

2.5.3. Criteria for Categorizing SL and IL in the NOR Task

The animals of D group were divided into 2 subgroups: 1) superior learners (SL) -
those who achieved a significantly higher recognition memory index than the ND group
(control) in NOR | LTM retention test; 2) inferior learners (IL) - those who obtained a
significantly lower recognition memory index than ND group in NOR | LTM retention test.
The categorizing protocol was adapted from the study conducted by Gerstein and colleagues

(2013).

2.6. Treatment

The animals received a single intraperitoneal injection of saline solution (NaCl 0.9
g%, control group) or NaBu (Sigma, St. Louis, MO, USA) dissolved in saline solution at the
dose of 1.0 g/kg of body weight immediately after the training session of the NOR Il. The
dose of NaBu was selected based on previous studies (Silva et al., 2012; Reolon et al., 2011;

Dash et al., 2009). Drugs were prepared freshly before each experiment.

2.7. Sample Preparation for Biochemical Analysis
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Three hours after NOR 11 training or twenty four hours after NOR 1l LTM testing
animals were Killed by decapitation and the hippocampus from rats randomly selected from

each experimental group were quickly dissected and stored at —80 °C for posterior analyses.

2.8. HDAC Activity

HDAC activity in hippocampus was measured by sandwich-ELISA, using a
commercial kit according to the manufacturer’s instructions (product code # 17-374, Upstate
Biotechnology Inc., Billerica, MA, USA) as previously described (Réus et al., 2013). The
assay is a simple two-step procedure performed in a microtiter plate. In the first step, samples
are incubated with the HDAC assay substrate, allowing deacetylation of the substrate. Next,
the activator solution releases p-nitroanilide from the deacetylated substrate or standard.
Briefly, microtiter plates (96-well flat-bottom) were coated with 10 uL of HDAC assay buffer
or HDAC assay buffer containing 4uM of Trichostatin A (an inhibitor of HDAC classes I and
I) into each well. Next, 20ul of test sample, or 20ul of HeLa nuclear extract (positive
control), or 20ul of water (negative control), or standard control at different concentrations
(i.e.,, 0.01575, 0.0315, 0.0635, 0.125, 0.25, 0.5 and 1 mM) were added into the wells. The
HDAC extract was prepared using a CelLytic NuCLEAR Extraction Kit (product code #
NXTRACT, Sigma, St. Louis, MO, USA). Then, 10ul of the 4 mM HDAC assay substrate
was added and the plates were mixed thoroughly and incubated for 60 minutes at 37°C. Next,
20ul of the diluted activator solution was added to each well and the plates were mixed
thoroughly. After incubation at room temperature for 10-20 minutes, the HDAC activity was
determined (absorbance set at 405 nm). The standard curve demonstrates a direct relationship
between optical density and deacetylated substrate concentration. Total protein was measured

by Bradford’s method using bovine serum albumin as standard (Bradford et al., 1976).
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2.9. Histone H3 Total Acetylation

Histone H3 total acetylation in hippocampus was measured by sandwich-ELISA,
using a commercial kit according to the manufacturer’s instructions (product code #
ab115124, Abcam, Bristol, UK) as previously described (Kocic et al., 2014). Briefly,
microtiter plates (96-well flat-bottom) were coated with 50 pL of antibody buffer. Next, 1 ug
of test sample was added into the sample wells and 1 pL of standard control at the different
concentrations, into the standard control wells (i.e., 1.5, 3, 6, 12, 25, 50, and 100 ng/ul). The
histone extract was prepared using a histone extraction kit (product code # ab113476, Abcam,
Bristol, UK). The plates were then mixed and covered with Parafilm M and incubated for 1-2
hours at room temperature. After, the wells were washed three times with 150 pL of wash
buffer. Next, 50 uL of diluted detection antibody was added to each well and incubate for 60
minutes at room temperature on an orbital shaker (100 rpm). Then, wells were washed six
times with 150 uL of wash buffer. After, 100 uL of color developer was added into the wells
and the plates were incubated for 2-10 minutes at room temperature away from light. After
addition of 50 uL of stop solution in each well, the amount of histone H3 acetylation was
determined (absorbance set at 450 nm). The standard curve demonstrates a direct relationship
between optical density and acetyl histone H3 concentration. Total protein was measured by

Bradford’s method using bovine serum albumin as standard (Bradford et al., 1976).

2.10. BDNF Measurements

BDNF levels in brain tissue were measured by sandwich-ELISA, using a commercial

kit according to the manufacturer’s instructions (product code # CYT306, Millipore,
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Darmstadt, Alemanha) as previously described (Pinheiro et al., 2015). Briefly, microtiter
plates (96-well flat-bottom) were coated for 24 hours at 4 °C with the samples diluted 1:3 in
sample diluent and standard curve ranging from 15.63 to 500 pg/ml of BNDF. Plates were
then washed four times with wash buffer followed by the addition of biotinylated mouse anti-
human BNDF monoclonal antibody (diluted 1:1000 in sample diluent), which was incubated
for 3 hours at room temperature. After washing, a second incubation with streptavidin-
horseradish peroxidase conjugate solution (diluted 1:1000) for 1h at room temperature was
carried out. After addition of substrate and stop solution, the amount of BDNF was
determined (absorbance set at 450 nm). The standard curve demonstrates a direct relationship
between optical density and BDNF concentration. Total protein was measured by Bradford’s

method using bovine serum albumin as standard (Bradford et al., 1976).

2.11. Statistical Analysis

Data for open field behavior, recognition indexes and total time spent exploring the
familiar and novel objects in training and retention test trials are expressed as mean = SEM
and were analyzed by one way analysis of variance (ANOVA), followed by LSD post hoc
test, when necessary, in order to categorize animals according to their memory performance in
inferior learners and superior learners in comparison to the control group (NOR 1).
Biochemical data are expressed as mean = SEM. Biochemical data and NOR 1l recognition
indexes were analyzed by two-way analysis of variance (two-way ANOVA) was performed,
with recognition memory performance (non-deprived, control group, or superior learner or
inferior learner) and treatment (vehicle or sodium butyrate) as fixed factors. Further
comparisons were performed by one-way ANOVA followed by LSD post hoc test. One-tailed

Pearson’s correlation was performed between recognition indexes in LTM retention session
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and BDNF levels in the hippocampus. For all cases, P values less than 0.05 were considered
statistically significant (Pinheiro et al., 2015).

3 Results

3.1 Open-field Behavior

In order to control for possible effects of neonatal maternal deprivation on general
sensorimotor functions, we analyzed open field behavior in adult rats (Figure 2). One-way
ANOVA showed no statistically significant differences among the groups in the latency to
start locomotion (F (2,145) = 0.983, p = 0.377, Fig 1A), in the number of crossings (F (2,145 =
0.802, p = 0.451, Fig 1B), in the number of rearings (F (2,145) = 0.496, p = 0.610, Fig 1C), and
in the number of fecal pellets produced during session (F 2,145y = 0.904, p = 0.407, Fig 1D).
These results suggest that maternal deprivation does not affect locomotion, exploration, or

anxiety.

3.2 Novel Object Recognition Memory

The effects of maternal deprivation on NOR | are shown in Figure 3. Descriptive
statistics showed that ND group had a LTM retention test recognition index of 0.678 +
0.00689. Based on that, animals of D group were divided into 2 subgroups: 1) superior
learners (SL) - those who had a LTM retention test index > 0.678 (n = 28); 2) inferior learners
(IL) - those who had a LTM retention test index < 0.678 (n = 63). One way analysis of
variance (ANOVA), revealed a significant difference among the groups in LTM retention test
(F @ 145y = 70.082, p < 0.001), but not in training session (F ¢, 145y = 0.556, p = 0.574).

Subsequent analysis using LSD post hoc test confirmed that animals that were separated from
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their mothers and were categorized as IL showed lower recognition indexes in LTM retention
test when compared to the ND group (p < 0.001), indicating that maternal deprivation impairs
long-term recognition memory. However, a subset of animals that were separated from their
mothers, those categorized as SL showed statistically significant higher recognition indexes in
LTM retention test when compared to the ND group and to the IL group (both p’s < 0.001).
All experimental groups showed statistical differences between recognition indexes in
training and LTM retention test, indicating that all groups preferred the novel object (p <
0.001 for ND, SL and IL groups; T-Test). Statistical comparisons of total time exploring
objects during the training (F ¢, 145y = 2.521, p = 0.084) or LTM retention (F 2, 145y = 0.384, p
= 0.682) sessions showed no significant differences among the groups (Table 1).

We next aimed at investigating whether HDAC inhibition using NaBu, would
attenuate the memory-impairing effects of maternal deprivation on IL (Figure 4). One way
analysis of variance (ANOVA), revealed a significant difference among the groups in LTM
retention test (F (3, 34) = 4.309, p = 0.011), but not in training session (F 3,34 = 0.239, p =
0.869). Subsequent analysis using LSD post hoc test revealed that animals that were separated
from their mothers, categorized as IL, and treated with vehicle showed lower recognition
indexes in LTM retention test when compared to the ND group (p = 0.007), confirming that
maternal deprivation impairs long-term recognition memory in a subset of animals. However,
animals that were separated from their mothers, categorized as IL, and treated with NaBu
showed no significant differences in recognition indexes in LTM retention test when
compared to the ND group (p = 0.592) indicating that NaBu was able to restore recognition
memory in IL animals. In addition, the IL group treated with NaBu showed a significantly
higher recognition index than vehicle-treated IL group (p = 0.020). Only IL vehicle-treated
animals that were separated from their mothers showed no statistical differences between

recognition indexes in training and LTM retention test, indicating that this group had no
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preference for the novel object (p = 0.092; T-Test). Conversely, the IL animals that received
NaBu showed statistical differences between recognition indexes in training and LTM
retention test, corroborating the idea that NaBu was able to restore the preference for the
novel object (p < 0.001; T-Test).

Statistical comparisons of total time exploring objects during the training (F (3, 34y =
1.172, p = 0.335) or LTM retention (F (, 34y = 0.239, p = 0.869) sessions showed no
significant differences among the groups (Table 1). Similarly, statistical comparisons of total
time exploring objects during the training (F (s, 759 = 1.113, p = 0.361) session showed no
significant differences among the groups of animals that were euthanized 3 hours after

training session for biochemical analyses (Table 1).

3.3 HDAC Activity

Figure 5 exhibits the results for HDAC activity in the hippocampus of rats submitted
to neonatal maternal deprivation and adult acute treatment with NaBu. Two way ANOVA
revealed a significant main effect of memory performance (F (2, 199 = 5.826, p < 0.011).
Further statistical comparisons of HDAC activity in the hippocampus, using one way
ANOVA, has indicated a significant difference among the groups (F (s,19) = 3.111, p < 0.032),
and LSD post hoc comparisons indicated that animals that were separated from their mothers
and were categorized as IL and received saline showed higher HDAC activity 3 hours after
recognition memory training when compared to the ND group that received saline (p =
0.004), suggesting that higher HDAC activity could be related to recognition memory deficits
seen in maternal deprived individuals with worse learning performance (IL). No significant
differences were observed in the comparison of NaBu-treated animals with their respective

control groups, when HDAC activity was measured 3 h after NaBu administration.
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3.4 H3 Total Acetylation

Figure 6 shows the results for H3 total acetylation measurements in the hippocampus
of rats submitted to neonatal maternal deprivation and adult acute treatment with NaBu
immediately after training (NOR 11). Two way ANOVA revealed a significant main effect of
treatment (F (1, 24) = 63.54, p < 0.0001). Statistical comparison of H3 total acetylation levels in
the hippocampus of animals euthanized 3 h after NOR Il training, using one-way ANOVA,
has indicated a significant difference among the groups (F (s, 24) = 14.899, p < 0.001). Further
LSD post hoc comparisons indicated that NaBu treatment induced a significant increase in H3
total acetylation levels in all three groups that received NaBu (ND, SL and IL) when
compared to their respective control groups (p = 0.003, p < 0.001 and p = 0.015, respectively),
suggesting that NaBu single administration produced an effective inhibition of HDAC (the

enzyme responsible for deacetylation of H3 lysine residues).

3.5 BDNF Measurements

Figure 7 presents BDNF levels in the hippocampus of rats submitted to neonatal
maternal deprivation and adult acute treatment with NaBu that were euthanized 3 hours after
training (7a) or 24 hours after LTM retention test (7b). Two-way analysis of variance showed
statistically significant main effects of memory performance (F (, 23) = 8.29, p = 0.002) and
treatment (F (1, 23y = 4.69, p = 0.041). Moreover, a significant interaction between memory
performance and treatment was observed (F (2, 23) = 4.247, p = 0.027). Further comparisons of
BDNF levels in the hippocampus, using one-way ANOVA, revealed a significant difference

among the groups (F ¢, 23 = 6.273, p = 0.001) 3 hours after training. LSD post hoc
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comparisons have shown that NaBu acute treatment induced a significant increase in BDNF
levels in individuals submitted to maternal deprivation when compared to ND-vehicle group
(p =0.006 and p = 0.011, respectively for D-SL and D-IF).

In contrast, statistical comparison of BDNF levels in the hippocampus has revealed no
significant difference among the groups (F (3, 14 = 1.436, p = 0.274) 24 hours after training.
Although BDNF levels 24 after training did not differ among the groups, interestingly, there
is a positive correlation between recognition index and BDNF levels in hippocampus

(Pearson’s test coefficient r = 0.511, p = 0. 036, Figure 8).

4 Discussion

Exposure to stressful events early in life may have permanent deleterious
consequences on nervous system function and increase the susceptibility to cognition
impairments later in life (Aisa et al., 2009; 2007; Choy et al., 2008). Consistently with our
previous findings (Pinheiro et al. 2015; 2013; Garcia et al. 2013; de Lima et al. 2011), here we
show that maternal deprivation, which is commonly used as a source of early life stress,
impairs recognition memory in most adult rats. Memory deficits reported here cannot be
attributed to general alterations in exploratory or sensory motor behavior, since no differences
were found among the groups in the open-field test or in the time spent exploring objects
during training or testing sessions in the novel object recognition task.

Previous reports showed that maternal deprivation could trigger both a deleterious
effect on cognition (increased vulnerability) or an increase in the individual's ability to adapt
to stress in adulthood (increased resilience) and consequently have a better performance in
certain cognitive challenges (Suri et al., 2014; Makena et al., 2012; Rledi-Bettschen et al.,
2005; Oitzl et al., 2000). Interestingly, here we showed, for the first time, that maternal

deprivation impairs recognition memory a very heterogeneous way among individuals. A
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subset of animals submitted to maternal separation did not display any memory impairment,
performing even better than controls (Figure 3).

A classical study performed by Levine (1967) demonstrated that short periods of
maternal deprivation during the postnatal period induced a reduction in stress response in
adult life. Meaney and colleagues (1991) indicated that this effect could be associated to an
increase in the efficiency of endocrine response to stress, preventing excessive exposure to the
highly catabolic adrenal steroids. The subtle manipulation early in life appears to protect the
animal from potentially damaging effects of these steroids, ensuring the anatomical integrity
of brain structures involved in cognitive functioning later in life. The same research group
also suggested that the increased resilience effect was mediated by an increment in maternal
care after the separation period (Meaney, 2001). In a recent review, Bock and colleagues
(2014) expanded the three-hit paradigm (see Introduction) proposing the view that an
individual predisposition of stress responsive peripheral and central nervous systems is not
only a genetic predisposition (for example, polymorphisms or gender) but acts in close
cooperation with epigenetic predispositions.

We had hypothesized that the maternal deprivation-induced memory impairment could
be related to altered epigenetic patterns of BDNF transcription since our previous studies
suggested that there is a correlation between decreased BDNF levels in hippocampus and
impaired cognitive performance (Pinheiro et al. 2015; 2013; de Lima et al. 2011). Histone
acetylation is a form of chromatin modification involved in the transcriptional regulation
underlying memory formation (Lopez-Atalaya & Barco, 2014; Penney & Tsai, 2014) and also
shown to be involved in the modulation of BDNF transcription (Cortés-Mendoza et al., 2013).
Here, we investigated whether recognition memory impairment induced by maternal
deprivation is related to altered histone acetylation in the hippocampus, and if it could be

related to BDNF levels in this key brain region for memory and cognition. The present results
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show that HDAC activity is increased in the IL group, compared to controls and to SL (Figure
5). In agreement, Levine and colleagues (2012) demonstrated, in an elegant study, that the
expression of class I and I HDACSs and the acetylation of histone H3 and histone H4 proteins
were altered in hippocampus and other brains regions during postnatal development of stress
susceptible mice exposed to early life stress when compared to stress resilient ones. Although
in the present study, we did not perform separated measures of class | and Il HDACSs activities
as Levine and colleagues (2012), the increased activity of HDAC that we observed could
represent a possible explanation for the differences seen between SL and IL in recognition
memory index.

Intriguingly, animals that received NaBu did not present a decrement in HDAC
activity when compared to their respective controls that received vehicle. This fact may be
due to the period in which the analysis was performed (3 hours after the NaBu injection).
However, our results showing that all NaBu-treated groups presented higher H3 acetylation
levels, suggest that HDAC inhibition was achieved, but perhaps undetectably at 3h after
NaBu administration.

In fact, acute administration of the HDAC inhibitor, NaBu, immediately after training,
increased H3 acetylation levels 3 hours later in all groups of animals, including the IL group,
confirming its HDAC’s inhibitory effect. Thus, it is possible that, by inhibiting HDAC and
allowing H3 acetylation to increase in the group of IL (that had increased HDAC activity),
NaBu was able to restore memory in the group of IL animals subjected to LTM retention test.
Those animals were probably more susceptible to the effects of maternal separation than the
SL group.

NaBu, shown to display HDAC inhibitor properties, improves memory in different
tasks such as recognition memory (Valvassori et al., 2014), contextual fear conditioning

(Zhong et al., 2014) and inhibitory avoidance (Blank et al., 2015a). It also improves BDNF
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transcription probably via epigenetic mechanisms that include the acetylation of lysine
residues of histone H3 (promoting gene transcription) in behavioral paradigms of memory
impairment (Singh et al., 2015; Barichello et al., 2015; Valvassori et al., 2014). In accordance,
a recent study performed by Blank and colleagues (2015b) showed that blocking TrkB (a
BDNF receptor) in the dorsal hippocampus after learning or retrieval impairs retention of
memory for inhibitory avoidance. More importantly, the impairing effect of TrkB antagonism
on consolidation was completely prevented by the NaBu. Here we show that administration of
NaBu increased BDNF levels in the hippocampus of maternally deprived rats, irrespectively
of their memory performance group, as both IL and SL treated with NaBu displayed increased
BDNF 3 hours after training. It is well established that recognition memory consolidation
requires protein synthesis in a time-dependent manner and that the hippocampus plays a key
role in this process (Furini et al., 2015). Studies using protein synthesis inhibitors have shown
that protein synthesis is required during a limited post-training window for consolidation of
this type of memory. For example, inhibition of hippocampal protein synthesis 6 hours after
training did not blocked consolidation of long-term recognition memory, whereas inhibition 3
hours after training did (Rossato et al., 2007). In addition, although when BDNF levels were
measured 24 hours later, no significant differences among the groups were observed, a
positive correlation between BDNF levels in the hippocampus and memory performance was
found. Taken together these results suggest that HDAC inhibition may regulate BDNF
expression during consolidation, and in turn, BDNF increases in IL may also underlie, at least

in part, NaBu memory improving effects.
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5 Conclusions

In summary, here we show, for the first time, that maternal deprivation induces
persistent memory deficits in a very heterogeneous way among individuals. The present
results show that HDAC activity was higher in individuals submitted to maternal deprivation
with the worst cognitive performance. This finding supports the idea that increased HDAC
activity reduces the histone H3 acetylation which may lead to a decrease in BDNF
transcription and consequently to a memory deficit. In addition, we also showed that there is a
correlation between higher BDNF levels and better memory performance regardless of being
subjected to maternal separation or pharmacological treatment and that NaBu (a HDAC
inhibitor) restored memory in the IL group. Taken together, the results indicated that HDAC
inhibitors could be considered as a possible therapeutic agent to improve cognitive
performance in IL individuals. Further studies need to be conducted for a better understanding
of the mechanisms associated with persistent alterations observed in adult life induced by

early stressful events and those leading to resilience.
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Table 1. Mean = S.E.M. total time (in seconds) exploring both objects in the training or
long-term (LTM) retention test of novel object recognition task I and Il (NOR I and II)
in rats submitted to neonatal maternal deprivation (D) or not (ND) and to acute saline
(vehicle) or sodium butyrate (1g9/Kg) administration immediately after training. No
significant differences among the groups were observed.

Novel Object Recognition Task I (NOR 1)

Total time spent exploring objects during training session

Group Mean (s) S.E.M. N
ND 62.9198 +1.89477 60
D-SL 62.1511 +2.47883 28
D-IL 68.0857 +1.91676 60
Total time spent exploring objects during LTM retention test

Group Mean (s) S.E.M. N
ND 61.7000 +3.16528 60
D-SL 57.3039 +2.76666 28
D-IL 59.9855 +2.86917 60

Novel Object Recognition Task | (NOR II)

Euthanasia 3 hours after training
Total time spent exploring objects during training session

Group Mean (s) S.E.M. N

ND-Vehicle 40.1993 +3.31765 14
ND-Sodium butyrate (1g/Kg) 35.9629 +3.85978 14
D-SL-Vehicle 41.2633 +5.83485 12
D-SL-Sodium butyrate (1g/Kg)  39.8131 +2.24375 13
D-IL-Vehicle 34.4979 +3.69357 14

D-IL-Sodium butyrate (1g/Kg)  46.3029 +4.65002 14

Euthanasia 24 hours after LTM retention test
Total time spent exploring objects during training session

Group Mean (s) S.E.M. N
ND-Vehicle 32.4100 +5.33661 8
ND-Sodium butyrate (1g9/Kg) 39.7010 +4.02335 10
D-IL-Vehicle 44.0140 +5.48839 10

D-IL-Sodium butyrate (19/Kg) 43.9210 +4.32588 10

Total time spent exploring objects during LTM retention test

Group Mean (s) S.E.M. N
ND-Vehicle 42.5513 +5.69381 8
ND-Sodium butyrate (1g/Kg) 39.7430 +4.90473 10
D-IL-Vehicle 49.4120 +4.84454 10

D-IL-Sodium butyrate (19/Kg) 35.4820 +2.71457 10
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Figure captions

Maternal NORI NORII
Deprivation {using the same animals used in NOR I)

. Euthanasia 3h after training
Vehicle
Euthanasia 24h after LTM
ND —— Control
. Euthanasia 3h after training
Sodium butyrate —z .
Euthanasia 24h after LTM
e

Euthanasia 3h after training

Vehicle
Superior learner {
: Sodium butyrate ——> Euthanasia 3h after training

Euthanasia 3h after training

Vehicle —|:
Euthanasia 24h after LTM
Inferior learner

. Euthanasia 3h after training
Sodium butyrate
Euthanasia 24h after LTM

Biochemical Analysis

Fig. 1 Experimental design - Animals were submitted to maternal deprivation (D) or not
(ND) from post-natal day 1-14. When they reached adulthood, these animals were submitted
to object recognition task (NOR 1) in order to identify who are the individuals with worse (IL
— inferior learners) and better (SL — superior learners) cognitive performance in comparison to
controls. After 1 month, the same animals were submitted to a new training session on the
object recognition task (NOR Il) in order to induce a new memory consolidation phase.
Immediately after training, these animals received an intraperitoneal injection of vehicle
(control group) or sodium butyrate (1g/Kg). These animals were then divided in other 2
groups: 1) those who were euthanized 3 h after the training session (for biochemical analysis)
and 2) those submitted to the long-term memory (LTM) retention test of novel object

recognition task and euthanized 24 h later.
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Fig. 2 Effects of maternal deprivation on open-field behavior. (A) Latency to start locomotion

(s), (B) number of crossings, (C) number of rearings and (D) number of fecal pellets were

evaluated in an open-field apparatus in adult life. The open-field behavior measurement was

used as a habituation session for the novel object recognition task I (NOR 1). Data are

expressed as mean = SEM. No significant differences among the groups were observed.
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Fig. 3 Effects of maternal deprivation on novel object recognition task. Long-term memory
(LTM) retention test were performed 24 hours after training in NOR I. The proportion of the
total exploration time that the animal spent investigating the novel object was the
“Recognition Index” expressed by the ratio Tn/(Tr + Tn), Tr = time spent exploring the
familiar object and Tn = time spent exploring the novel object. Data expressed as mean +
SEM, n =28-60 per group (NOR 1). Groups of animals submitted (Deprived, D) or not (non-
deprived, ND) to maternal deprivation in the neonatal period were subdivided into SL
(superior learners) and IL (inferior learners) according to their performance in LTM retention
test of NOR | (see item 2.5.3. Criteria for Categorizing SL and IL in the NOR Task).
Differences between ND (control) group and all other groups are indicated as: **p < 0.001

(LSD post hoc test); between D-SL group from other groups as: *"p < 0.001 (LSD post hoc

test).
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Fig. 4 Effects of NaBu on novel object recognition task. Long-term memory (LTM) retention
test were performed 24 hours after training in NOR I1. The proportion of the total exploration
time that the animal spent investigating the novel object was the “Recognition Index”
expressed by the ratio Tn/(Tr + Tn), Tr = time spent exploring the familiar object and Ty =
time spent exploring the novel object. Data expressed as mean £ SEM, n = 8-10 per group
(NOR I1). Groups of animals submitted (Deprived, D) and categorized as inferior learners (D-
IL) or not (non-deprived, ND) to maternal deprivation in the neonatal period received vehicle
or sodium butyrate (NaB, 1g/Kg/ip) immediately after training of NOR Il. Differences
between ND-Vehicle (control) group and all other groups are indicated as: **p < 0.01 (LSD

post hoc test); between D-IL-Vehicle group from other groups as: **p < 0.01 (LSD post hoc

test).
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Fig. 5 Effects of maternal deprivation and sodium butyrate acute treatment (1g/Kg, ip) on
histone deacetylase activity (HDAC) in hippocampus 3 hours after the training session of
novel object recognition task Il (NOR 1I). Data are expressed as mean + SEM nM of
deacetylated substrate/ug of protein, N = 4-5 animals per group. Differences between ND-

Vehicle versus other groups are indicated as: **p < 0.01 (LSD post hoc test).
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Fig. 6 Effects of maternal deprivation and sodium butyrate acute treatment (1g9/Kg, ip) on H3
total acetylation in hippocampus 3 hours after the training session of novel object recognition
task Il (NOR II). Data are expressed as mean £ SEM ng of histone H3 acetylated/ug of
protein, N = 4-6 animals per group. Differences between ND-Vehicle versus other groups are

indicated as: **p < 0.01 (LSD post hoc test).
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Fig. 7 Effects of maternal deprivation and sodium butyrate acute treatment (1g/Kg/ip) on
brain-derived neurotrophic factor (BDNF) levels in hippocampus 3 hours after the training
session (a) and 24 hours after LTM retention test (b) of novel object recognition task 11 (NOR
I1). Data are expressed as mean + SEM pg of BDNF/ug of protein, N = 4-7 (3 h after training)
and N = 3-6 (24h after training) animals per group. Differences between MD-IL-Vehicle

versus other groups are indicated as: *p < 0.05 and **p < 0.01 (LSD post hoc test).
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Fig. 8 Analyses of correlation between recognition index in LTM retention test and BDNF
levels in the hippocampus 24 hours after LTM retention test of novel object recognition task
I (NOR II). Each diamond represents an individual animal. Correlation between

hippocampal BDNF levels and LTM recognition indexes (Pearson’s test coefficient r = 0.511,

p=0. 036).
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5 CONSIDERACOES FINAIS

O primeiro dos parametros avaliados no estudo foi o parametro
comportamental, no qual os roedores, ao atingirem a idade adulta, foram avaliados
por meio do teste de Campo Aberto a fim de identificar o efeito da separacao
materna sobre a atividade locomotora, exploratéria geral e ansiedade. Os resultados
mostram ndo haver diferenca significativa na locomocao, exploracdo e ansiedade
causada pela separacdo materna, resultado este que corrobora com alguns achados
da literatura (Shalev e Kafkafi, 2002; Marco et al., 2013; Mela et al., 2015).

Quanto ao indice de reconhecimento e retencdo de memaria, apos 24 horas
do teste de campo aberto, os animais foram, entdo, submetidos a testes de
Reconhecimento do Objeto Novo | com a finalidade de se identificar nos animais do
grupo Separado aqueles que tiveram melhor ou pior capacidade de aprendizado.

Os resultados dos testes de Memoria de Reconhecimento | demonstraram
que a separacdo materna teve efeito variavel sobre a memoéria dos animais,
havendo animais que tiveram desempenho de aprendizagem superior e inferior
guando comparados aos animais do grupo Handling.

Os animais do grupo Handling foram considerados como animais controle no
estudo e como padrdao de boa memodria. Resultados obtidos pelo nosso grupo de
pesquisa, bem como em outros estudos de memoria espacial jA demostraram que
Handling Neonatal tem efeitos positivos sobre o desempenho em testes de memoria,
tais como Labirinto Aquético de Morris (Garoflos et al., 2005; Stamatakis et al.,
2008), Labirinto de Brago Radial (Valee et al., 1999), e Reconhecimento do Objeto
Novo (Fenoglio et. al.,, 2005), sugerindo, inclusive, que tais efeitos sejam mais

evidentes em animais que atingem o envelhecimento, periodo no qual a
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manipulacdo tende a atenuar o declinio de aprendizagem e memoéria que
normalmente ocorrem (Raineki et al., 2014).

Ja com relacdo a Separacdo Materna, como mostra a literatura, pode
influenciar os animais tanto prejudicando no desempenho cognitivo, como visto na
tarefa de Reconhecimento do Objeto Novo (Aisa et al., 2007; Benetti et al., 2009;
Solas et al., 2010; de Lima et al., 2011; Hulshof et al., 2011; Wang et al., 2011,
Baudin et al, 2012; Wang et al., 2014) e Labirinto Aquatico de Morris (Hui et al.,
2011, Aisa et al.,, 2007; Wang et al., 2014), quanto melhorando ou mantendo
capacidade cognitiva similar ao grupo controle, como visto nas tarefas de Labirinto
de Cruz Elevado (Ruedi-Bettschen et al., 2005), Labirinto Aquatico de Morris (Oitz et
al., 2000, Suri et al., 2014) e Reconhecimento do Objeto Novo (Makena et al., 2012)
demonstrando que as repetidas separacdes afetam parametros neuroenddcrinos e
fisiol6égicos e impactam néo s6 levando a vulnerabilidade como também resiliéncia
guando de desafios subsequentes (Schmidt, Wang e Meijer, 2011).

Portanto, se procurou, neste trabalho, ndo s6 evidenciar esta variabilidade
como correlaciona-la a uma proteina ja bem descrita e tida como imprescindivel no
processo de formacao e consolidacdo da memoria, no caso o BDNF.

Com os animais divididos entre os grupos Handling e Separados Superior e
Inferior os mesmos foram submetidos novamente a tarefa de reconhecimento de
objeto (Reconhecimento do Objeto Novo Il) e desta vez, ao tratamento com Veiculo
e Butirato de Sodio a fim de analisar a influéncia do Butirato e sua capacidade em
reestabelecer o aprendizado nos animais de pior desempenho.

Os resultados do teste de Reconhecimento do Objeto Novo Il mostram que
nao houve diferenca significativa de aprendizado quando comparados 0os animais do

grupo Handling tratados ou com Veiculo ou com Butirato de Sddio, de modo que o
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Butirato de Sdédio ndo foi capaz de melhorar ainda mais a capacidade de
aprendizado nos animais cujo desempenho se encontrava normal. JA quando
comparados animais do grupo Handling aos do grupo Separado Inferior, que tiveram
pior desempenho de memoaria no teste de Reconhecimento do Objeto Novo I, o que
se viu foi a confirmacdo do efeito prejudicial da Separacdo Materna sobre o
aprendizado destes animais e, que os animais que foram tratados com Butirato de
Sadio apresentaram melhora na capacidade de aprendizado quando comparados
aos animais tratados com Veiculo, demonstrando que o Butirato de Sodio reverteu o
déficit de memdria no grupo de animais que inicialmente apresentaram déficit
cognitivo, tornando sua capacidade de aprendizado e memadria comparavel aquela
dos animais pertencentes ao grupo néo separado.

Estudos anteriores j4 haviam demonstrado a capacidade do Butirato de Sddio
em melhorar a memoria em modelos animais que apresentavam déficits cognitivos
relacionados a separacdo materna e/ou estresse crbnico leve precoce, revertendo
prejuizos de memoria no teste de Reconhecimento de Objeto Novo, num mecanismo
diretamente relacionado com o aumentando nos niveis de neurotrofinas (Yasuda et
al., 2009; Valvassori et al., 2014; Penney e Tsai, 2014).

A fim de identificar esta correlacdo e elucidar os aspectos bioquimicos
envolvidos no processo de aprendizado e as diferencas entre os grupos Handling e
Separado, bem como a resposta desencadeada pelo uso do Butirato de Sodio nos
animais, foi realizada a eutanasia de parte dos animais de cada um dos grupos 3
horas apos a administracdo aguda do Veiculo e/ou Butirato de Sdédio, a fim de
avaliar a etapa na qual se da inicio ao processo de sintese de proteinas necessarias
a consolidacdo da memoria. Foram medidos o nivel de Acetilacdo das Histonas H3,

a atividade da HDAC e o nivel de BDNF no hipocampo dos animais eutanaziados 3
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horas apods a administracdo de Butirato de Sédio. Além disso, os niveis de BDNF
também foram medidos nos animais que foram submetidos ao teste de retencéo de
memoria de longa duracéo.

Nos ultimos anos tem sido pontuada a importancia da epigenética no
funcionamento cerebral, incluido ai os processos de aprendizado e memadria. Como
0s neurbnios ndo se dividem nem podem ser substituidos, estudos sugerem que a
regulacdo epigenética de proteinas necessarias ao processo de aprendizado e
memoria esteja relacionada com os déficits cognitivos observados nos individuos
adultos que foram expostos ao estresse durante o periodo de desenvolvimento do
SNC (Lubin et al., 2008; Molfese, 2011; Sultan e Day, 2011; Jarome e Lubin, 2013,
Suri et al., 2013).

Com relacdo ao nivel de Acetilacdo das Histonas H3 viu-se que todos os
grupos (ndo separado, separado inferior e separado superior) tiveram um aumento
significativo induzido por Butirato de Sédio quando comparado com seus respectivos
controles, o que foi obtido por administracdo de dose Unica. Isto comprova a efetiva
inibicdo do Butirato de Sédio sobre HDAC, e efeito esperado sobre a acetilacdo da
Histona H3.

Quando analisados os resultados da Atividade da HDAC de animais nao
Separados e Separados Inferiores que receberam injecdo de salina, vé-se que 0s
animais Separados Inferior apresentaram niveis de atividade da HDAC
significativamente maiores se comparado ao grupo nao separado, 0 que sugere que
a atividade da HDAC esteja relacionada com o déficit de memoria de
reconhecimento visto em animais separados da mé&e com pior desempenho
cognitivo, pois estando aumentada impede a chegada da polimerase ao DNA e

consequente transcricdo de proteinas necessarias a consolidacdo da memoria. Ja
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0S animais separados da mae com desempenho superior, ndo apresentaram
diferencas na atividade da HDAC em relacéo grupo controle.

E, a analise do nivel de BDNF demonstra uma correlagdo positiva entre o
maior nivel de BDNF no hipocampo e a melhor resposta cognitiva observada no
teste da tarefa de reconhecimento realizado 24 horas ap0s injecdo aguda do Butirato
de Sodio. A administracdo de Butirato de Sodio fez com que os niveis de BDNF no
hipocampo dos animais privados maternalmente, independente do grupo de
desempenho, apresentassem aumento 3 horas apds o tratamento, sugerindo que a
inibicdo da HDAC leva ao aumento da acetilacdo das histonas H3 que culmina com
aumento da expressdo de BDNF, neurotrofina esta de suma importancia para a
promocado da LTP, necesséaria ao processo de consolidacdo da memdria de longo
prazo.

Os resultados reforcam achados anteriores com relacéo a eficacia do Butirato
de Sdédio, enquanto inibidor as HDAC’s, em induzir a expressdo de um subconjunto
de genes associados a efeitos neuroprotetores sobre a neurodegeneracdo e
distarbios da cognicdo, dentre os quais o BDNF (Abel e Zukin, 2008; Wu et al., 2008;
Chuang et al., 2009; Yasuda et al., 2009; Wang et al, 2014) o que torna o uso do
inibidor da HDAC um alvo promissor sobre o controle de padrbes de transcricdo de
genes que estabelecem e estabilizam processos comportamentais e cognitivos
(Covington et al., 2009).

O remodelamento da cromatina por meio da acetilacgdo da histona tem
importante papel na regulacdo da transcricdo de gene BDNF (Martinowich et al.,
2003; Aid et al., 2007), ja tendo sido visto em estudos anteriores que 0 uso de
inibidores da HDAC, tal como o Butirato de Sodio, tem efeito benéfico na

recuperacdo da memoria de longo prazo e na plasticidade sinaptica (Fischer et al.,
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2007; Guan et al., 2009; Zeng et al., 2011). Inibidores da HDAC nao tem capacidade
de modificar a expressdo de BDNF em ratos ndo estressados atuando apenas sobre
agueles com estresse cronico. Um estudo anterior indicou que no estresse cronico o
gue se observa é uma reducao persistente na acetilacdo da histona H3 e BDNF no
hipocampo o qual é revertido apos tratamento com Butirato de Sdédio, auxiliando,
assim, no processo de consolida¢do da memaria de longo prazo (Huan et al, 2014).

Como ja foi demonstrado em estudos anteriores, o BDNF, além de estar
envolvido na formacéo de diferentes tipos de memoéria, também se mostra critico
para manter o armazenamento duradouro de informac&o no hipocampo, amigdala e
cortex insular muitas horas apds o aprendizado (Bekinschtein et al., 2014). E a
expressao anormal desta neurotrofina durante o desenvolvimento do cérebro causa
perturbacdo funcional do sistema nervoso central, levando a deficiéncia na
aprendizagem, memoria e cognicdo, bem como desordens neuropsiquiatricas na
vida adulta (Kikusui et al., 2009; Miki et al., 2013).

Estudos com ratos expostos ao estresse durante periodos precoces de vida
evidenciam reducdes na expressao de neurotrofinas (Kuma et al., 2004; Duman e
Monteggia, 2006) as quais estdo intimamente ligadas a anomalias comportamentais
(Weickert et al., 2003; Karpova et al., 2009). Curiosamente, no presente estudo,
entretanto, ndo observamos diferencas significativas nos niveis de BDNF
provocadas pela separacdo materna, 24 h apos o treino do Reconhecimento do
Objeto Novo IlI.

Como o BDNF tém efeitos demonstrados sobre a plasticidade e funcao
cognitiva do cérebro, varios estudos realizados dao conta que experiéncias
negativas na infancia atuam sobre a regulacdo epigenética desta neurotrofina

causando reducdes na expressdao de mMRNA de BDNF que tendem a permanecer
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constantes ao longo da vida e acabam influenciando a forma como o individuo
responde e forma memaorias do ambiente, alterando sua sensibilidade ao estresse
bem como a capacidade cognitiva (Branchi et al., 2004; Fumagalli et al., 2007,
Lippmann et al., 2007; Francis et al., 2009; Roth e Sweatt, 2011; Babenko,
Kovalchuk e Mentz, 2015), processo este que foi demonstrado ser reversivel a partir

do uso de drogas inibidoras das HDACs.

6 CONCLUSAO

O estresse precoce, como o0 mimetizado pelo método da Separacdo Materna
pode afetar de diferentes formas a cognicdo na vida adulta, determinando tanto a
vulnerabilidade como a resiliéncia nos individuos submetidos a condi¢cdo estressora
numa resposta que varia conforme a genética do individuo bem como de condi¢des
ambientais. Devido a apontamentos de muitos estudos a cerca desta variabilidade e
sua correlacdo com niveis de BDNF se procurou investigar neste trabalho a relacao
entre BDNF, sua regulacdo epigenética no hipocampo, uma regido chave do cérebro
para o processamento do aprendizado e a memadria em animais adultos. O verificado
foi uma correlacdo entre melhor desempenho cognitivo e maiores niveis de BDNF,
estando o pior desempenho cognitivo associado a aumento da atividade da HDAC e
baixos niveis de acetilacdo de histonas H3, resultados estes revertidos pela
utilizagdo de Butirato de Sodio, um conhecido inibidor das HDACs e que coloca os
inibidores da HDAC como um possivel alvo terapéuticos em busca da melhora da
performance cognitiva em individuos com déficits de aprendizado. Necessitando
ainda de mais estudos que permitam um melhor entendimento dos mecanismos

envolvidos no desenvolvimento de resiliéncia.
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