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RESUMO

O cérebro é uma estrutura que inicia seu desenvolvimento no periodo intrauterino e
permanece se desenvolvendo apds o0 nascimento, estando vulneravel as influéncias
externas nos primeiros anos de vida. O estresse neonatal é um dos fatores externos
gue pode influenciar negativamente o desenvolvimento do Sistema Nervoso,
promovendo alteracdes a curto e longo prazo. A privacao maternal (PM) é um modelo
animal que permite investigar desordens relacionadas ao estresse no inicio da vida,
promovendo alteracfes neuroanatdmicas, neuroquimicas e comportamentais que
persistem ao longo da vida. A combinacdo de exercicios, incluindo fisico e cognitivo,
chamada de treinamento multicomponente (TM), tem apresentado beneficios em
estudos com idosos, mas seus efeitos sobre alteracdes relacionadas a PM ainda nao
sdo claros. O objetivo do presente estudo foi investigar os efeitos do TM sobre a
memoaria de reconhecimento e parametros oxidativos hipocampais em ratas fémeas
submetidas a SM. O protocolo de PM foi realizado durante 10 dias, exceto nos grupos
controle. Os grupos TM realizaram o protocolo de TM durante seis semanas, ja na
idade adulta, consistindo na pratica alternada de exercicio de corrida, de forca e
cognitivo. A memaria de reconhecimento dos animais foi avaliada utilizando a tarefa
de reconhecimento de objetos (RO). Foram avaliados os niveis de espécies reativas
de oxigénio (EROs), peroxidacdo lipidica e capacidade antioxidante total do
hipocampo das ratas. As ratas submetidas a PM n&o apresentaram déficits de
memoria de RO demonstrando que, diferente dos machos, nas fémeas a PM nao
interferiu na memoaria de reconhecimento. A PM aumentou os niveis hipocampais de
EROs e diminuiu a capacidade antioxidante total do hipocampo. O TM foi capaz de
reverter estes efeitos, promovendo a diminuicdo de EROs e 0 aumento da capacidade
antioxidante total no hipocampo. O TM apresenta um potencial no manejo de

alteracdes no balancgo oxidativo relacionadas ao estresse neonatal.

Palavras-chave: Estresse neonatal. Exercicio fisico. Exercicio cognitivo.

Reconhecimento de objetos. Hipocampo.



ABSTRACT

The brain is a structure that begins its development in the intrauterine period and
remains developing after birth, being vulnerable to external influences in the first years
of life. Neonatal stress is one of the external influences that can negatively influence
the Nervous System development, promoting short- and long-term alterations. The
maternal separation (MS) is an animal model that allows the investigation of disorders
related to early life stress, promoting neuroanatomical, neurochemistry, and behavioral
alterations that persist throughout life. The combination of exercises, including physical
and cognitive, called multicomponent training (MT), has presented benefits in studies
with older adults, but its effects on MS-related alterations are still unclear. The present
study aimed to investigate the effects of MT on recognition memory and hippocampal
oxidative parameters in female rats submitted to SM. The MS protocol was performed
for ten days, except in the control groups. The MT groups performed the MT protocol
for six weeks in adult life, consisting of the alternate practice of running, strength, and
cognitive exercises. The recognition memory of the animals was evaluated using the
object recognition task (OR). The hippocampal reactive oxygen species (ROS), lipid
peroxidation, and total antioxidant capacity were evaluated. The MS females did not
present OR memory deficits, demonstrating that, unlike males, MS did not interfere
with the females’ recognition memory. The MS increased the hippocampal ROS levels
and decreased the total antioxidant capacity in the hippocampus. MT was able to
reverse these effects, promoting the decrease of ROS and the increase of total
antioxidant capacity in the hippocampus. MT presents a potential to manage

alterations in the oxidative balance related to neonatal stress.

Keywords: Neonatal stress. Physical exercise. Cognitive exercise. Object recognition.

Hippocampus.
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APRESENTACAO

A presente dissertacdo é composta por um estudo principal, com intuito de
investigar os efeitos da combinacdo de diferentes modalidades de exercicio
(treinamento multicomponente) sobre a memadria de reconhecimento e o equilibrio
oxidativo hipocampal em ratas fémeas submetidas & um protocolo de privacdo de
cuidados no inicio da vida. Este estudo experimental foi executado mediante
aprovacdo da Comissdo de FEtica no Uso de Animais da instituicio —
CEUA/UNIPAMPA (ANEXO 1).

A organizacao da dissertacdo dispfe-se em trés partes. Na “Parte I”, a sessao
“Introducao” aborda os conceitos norteadores desta dissertacdo; na sequéncia, a
“‘Revisao de literatura” aborda informacgdes e atualizacdes sobre as tematicas deste
estudo. Para isso, a revisdo de literatura foi realizada utilizando a base de dados
Pubmed no periodo de abril a junho de 2024. Ainda nesta sessao, estao inseridas a
“Justificativa” e os “Objetivos”.

A “Parte II” é composta por um manuscrito cientifico, que apresenta os
materiais e métodos, bem como os resultados que compdem esta dissertacdo. O
manuscrito € intitulado: “Maternal separation does not affect recognition memory in
female rats but alters hippocampal oxidative balance, a disorder reverted by a
multicomponent training”, submetido ao periddico cientifico Pharmacology
Biochemistry and Behavior (ANEXO II).

Por fim, a “Parte IlI” desta dissertagdo inclui as sessbdes de “Discussao” e
“Conclusao” de nossos principais achados. As referéncias bibliogréficas utilizadas nas

partes | e |l estdo dispostas, em ordem alfabética, ao final da presente dissertacéo.
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1. INTRODUCAO

O inicio da vida é uma janela de tempo primordial para o desenvolvimento do
neonato. Orgdos como cérebro iniciam o seu desenvolvimento ainda no periodo
gestacional, e mantém seu desenvolvimento desde os primeiros anos de vida até a
adolescéncia, estando suscetivel a influéncia de fatores genéticos e ambientais
(RICHMOND et al.,, 2016). Processos de diferenciacdo e migracdo celular,
neurogénese, sinaptogénese, poda sinaptica e estabilizacdo de circuitos neurais
caracterizam ndo apenas a vasta neuroplasticidade deste periodo da vida (ISMAIL et
al.,, 2017), mas também a importancia do ambiente durante a infancia no

desenvolvimento cerebral.

A ocorréncia de eventos estressores no inicio da vida, como condicbes
socioeconfmicas, levando a complicacbes em aspectos de bem-estar e nutricéo,
traumas, situacées de abuso e auséncia do cuidado materno podem acarretar na
manifestacdo de desordens a curto e longo prazo. Considerando-se a vulnerabilidade
do cérebro neste periodo, modelos animais tém permitido investigar os efeitos do
estresse neonatal, dentre os quais a privacdo materna (PM), demonstrando
modificacdes morfoldgicas e funcionais em regides como cortex pré-frontal, amigdala
e, hipocampo, disfuncdes no eixo hipotalamo-pituitaria-adrenal (HPA), promovendo
déficits em diferentes tipos de memodria e incidéncia de disturbios psiquicos ao longo
da vida (ALVES et al., 2022). Ainda, estudos com o modelo de PM tém revelado
alteracdes no comportamento (SUN et al., 2021), em parametros oxidativos (MALCON
et al., 2020), desordens em sistemas de neurotransmissores (NEVES et al., 2020) e
disfuncdes cognitivas, com impacto sobre a memoéria e a flexibilidade cognitiva
(THOMAS et al., 2016; DE AZEREDO et al., 2017), o que ilustra a importancia da

busca de intervencdes para reversdo ou atenuacao de desordens relacionadas a PM.

Estratégias farmacologicas e nao-farmacolégicas tém sido estudadas para
reversdo ou atenuacgdo dos disturbios relacionados a PM (MENEZES et al., 2017;
MENEZES et al., 2020; GROCHECKI et al., 2022). Neste sentido, o exercicio fisico é
uma intervencdo amplamente estudada em modelos animais e em humanos com
doencas crbnicas, disturbios cardiovasculares, psiquicos e neurodegenerativos,

evidenciando seu potencial neuroprotetor (JIN et al., 2024). O exercicio é capaz de
14



influenciar no funcionamento do hipocampo e na expressao de neurotrofinas como o
fator neurotréfico derivado do cérebro (Brain-Derived Neurotrophic Factor, da sigla em
inglés BDNF), promovendo aumento da neurogénese, sinaptogénese e a formacao
de circuitos neurais, com beneficios ja associados a pratica tanto por infantes como
por idosos (MARTIN-RODRIGUEZ et al., 2024). Além disso, ja foi demonstrado que
uma sessao de exercicio promove aumento da liberacdo de neurotransmissores como
norepinefrina e dopamina (VARGAS et al., 2017; LIMA et al., 2021), catecolaminas
relacionadas a atencdo e processos de consolidacéo e persisténcia da memdria, o
gue corrobora para o potencial do exercicio como estratégia para melhora da fungéo
cognitiva.

Beneficios do exercicio fisico tém sido descritos a partir da pratica de diferentes
modalidades. Estudos sobre o exercicio aerébico, geralmente corrida, tém
demonstrado aumento dos niveis de BDNF em roedores, melhora do fluxo sanguineo
cerebral e de funcdes cognitivas em humanos (LU et al., 2023; ZHANG; ZHOU; CHEN,
2024). O exercicio anaerébio, geralmente de forca/musculacéo, tem sido associado a
melhora do estresse oxidativo, da funcé&o cardiovascular, ao ganho de massa
muscular e melhora da memoéria (DE GREGORIO et al., 2022; EL ASSAR et al., 2022;
POWERS et al., 2023;). O exercicio cognitivo, por sua vez, embora ndo seja uma
modalidade de exercicio fisico, ja que consiste em repetidas préaticas de uma tarefa
cognitivamente desafiadora, com enfoque na manutencdo da funcéo cognitiva,
também tem demonstrado atuar na promocdo da melhora da memdéria em idosos
(GAVELIN et al., 2020). Recentemente, a combinagdo destas trés modalidades,
denominada treinamento multicomponente (TM), tem sido alvo de estudos com
enfoque na cognicdo devido aos efeitos positivos observados em idosos (VENEGAS-
SANABRIA et al., 2022), contudo, os seus efeitos em modelos de estresse neonatal

sao pouco conhecidos.

Estudos prévios de nosso laboratério demonstraram que a PM promove déficits
na memoéria de reconhecimento em ratos machos adultos (MENEZES et al., 2017;
NEVES et al.,, 2020). O exercicio aerdbico cronico (corrida em esteira) apresentou
efeito neuroprotetor sobre desordens na memoaria e no balanco oxidativo (NEVES et
al., 2015), e beneficios também foram observados até mesmo em uma Unica sessao
de exercicio realizada na janela temporal de consolidacdo da memoaria, promovendo

melhora da consolidagéo e persisténcia da memoria e modulagdo dos niveis de
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norepinefrina (SOSA et al., 2019). Um estudo prévio de nosso laboratério demonstrou
0 potencial do TM para a prevencao de alteragbes mnemonicas e sob parametros
oxidativos induzidos pela neurotoxicidade ao peptideo B-amildide (SOARES et al.,
2021), mas os efeitos sobre as alteracbes induzidas pela PM ainda ndo foram
explorados.

Desta forma, tendo em vista o potencial do TM, assim como a relevancia de
estudos relacionados ao estresse neonatal e suas diferencas relacionadas ao sexo, 0
objetivo do presente trabalho foi avaliar os efeitos do TM sobre a memoria e o balanco

oxidativo hipocampal em ratas fémeas submetidas ao estresse no inicio da vida.
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2. FUNDAMENTACAO TEORICA

2.1 Desenvolvimento do cérebro

2.1.1 Neurodesenvolvimento na gestagéao

O desenvolvimento do cérebro envolve uma série de processos que iniciam ja
no periodo embrionario. A fecundacdo, com a passagem do espermatozoide pela
corona radiata do odcito na tuba uterina, leva a formacao do zigoto, que, apos ser
clivado, divide-se em células chamadas de blastémeros, que se unem em agregado
conhecido como moérula (GAUSTER et al., 2022). A morula é envolta por blastbmeros
formando o trofoblasto, que, cerca de 4 dias ap6s a fecundacédo, se desloca até o
atero, onde se subdivide em trofoblastos (externos, originardo a placenta) e
embrioblastos (dardo origem ao feto) — nesta etapa, o embrido é nominado blastocisto
(HUPPERTZ; HERRLER, 2005). A adesao do blastocisto ao endométrio se da apds o
sexto dia, com proliferagéo e subdivisdo do trofoblasto, viabilizando a sua implanta¢ao
e nutricdo (GAUSTER et al, 2022).

A partir da segunda semana de gestacdo o embrido é caracterizado como uma
estrutura oval chamada de disco embrionario, composta por duas camadas de células
epiblasticas e hipoblasticas, modificadas no processo de gastrulacdo apos a terceira
semana, que levard a diferenciacdo para células tronco primarias e anexos
embrionarios (STILES; JERNIGAN, 2010). O processo tem inicio com a formacéo da
linha primitiva na camada de epiblastos, em formato caudal em relacdo ao plano
mediano do disco embriondrio, e se caracteriza pela extensao tanto na extremidade
caudal como cranial, resultando no né primitivo seguido de modificagbes que levam a
formacdo do mesénquima, tecido a partir do qual parte das células dao inicio ao
processo notocordal (RICE; BARONE, 2000). A partir desta etapa, 0 embrido
apresenta constituicdo de trés camadas, sendo endoderma (do qual se formarédo as
visceras), mesoderma (da origem aos 0ssos e musculos) e ectoderma (do qual seréo
constituidos o sistema nervoso e a pele (BEAR; CONNORS; PARADISO, 2017). A
notocorda é importante para o desenvolvimento do embrido, e no que diz respeito ao
cérebro, ela promove a formacdo da regido denominada placa neural a partir do
espessamento do ectoderma (RICE; BARONE, 2000).
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A etapa seguinte é denominada neurulagdo, que se conclui na quarta semana
de gestacdo com a invaginacdo da placa neural formando o sulco neural, cujas
paredes internas correspondem as pregas neurais que, por sua vez, se fundem e
resultam nos tubos neurais que posteriormente se diferenciam levando ao
desenvolvimento do sistema nervoso central (SNC) (Fig. 1) (RICE; BARONE, 2000;
MENDEZ-MALDONADO et al., 2020). Nesta fase também ocorre a formacdo das
cristas neurais, estruturas que posteriormente se diferenciardo originando o sistema
nervoso periférico (MENDEZ-MALDONADO et al., 2020) (Fig. 1). Apés a quarta
semana, as pregas neurais ja caracterizam o encéfalo, mas € apenas a partir da
vigésima sexta semana que o SNC ja esta desenvolvido a ponto de executar acdes
como controle da temperatura corporea, e algumas funcdes integrativas a partir da
trigésima sétima semana (ELSHAZZLY et al., 2018).

Rostral

|
}
4
/ s \ Caudal |
. Suico | Prega Tubo Somitos  Crista Tubo
Mesoderma ¢ Placa neural neural neural neural neural
/neural Ectoderma \ /
e
C 20D
\ VDo /
’\R/\_/\ = N S =
R
(a) \ (b) (c) (d)

Endoderma

Fig. 1. Formagdo do tubo neural e da crista neural. a) O sistema nervoso central inicia seu
desenvolvimento a partir de uma camada de ectoderma. b) O sulco neural é a etapa primordial no
neurodesenvolvimento. c) As pregas neurais presentes no interior do sulco neural se aproximam e se
fundem, para formagédo do tubo neural. d) As por¢des adjacentes, isto é, dispostas para fora do tubo,
consistem na crista neural, que levara a formacao do sistema nervoso periférico. Adaptada de Bearr,
2017.

Destaca-se que aproximadamente na vigésima semana parte consideravel da

neurogénese esta concluida, no entanto, o hipocampo é uma estrutura que se
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caracteriza por apresentar este processo no decorrer da vida (KOLB; GIBB, 2011).
Em suma, o desenvolvimento cerebral € caracterizado por processos de neurogénese,
proliferacéo, migracdo e apoptose celular, sinaptogénese e mielinizacdo, e quaisquer
interferéncias podem ocasionar desordens no desenvolvimento do SNC (RICE;
BARONE, 2000).

2.1.2 Neurodesenvolvimento no periodo pos-natal

Apds 0 nascimento, 0 cérebro continua a se desenvolver, com processos que
se concluem nos primeiros anos ou até as primeiras décadas de vida (VILJETIC et al.,
2024). Embora consideravel parte da neurogénese ocorra no periodo gestacional,
este processo tem sido evidenciado na literatura apds o hascimento, com uma vasta
neurogénese em regides como o cortex cingulado e o giro frontal superior no primeiro
semestre de vida (GILMORE; KNICKMEYER; GAO, 2018). Ainda, entre o primeiro e
o segundo ano apdés o nascimento também observa-se a formacdo de novos
neurdnios em estruturas como bulbo olfatério e no giro denteado do hipocampo, além
da proliferacdo e migracdo de células progenitoras gliais para regides como cortex,
estriado e hipocampo, onde posteriormente passam pela diferenciacdo a
oligodendradcitos e astrécitos (STILES; JERNIGAN, 2010).

As células progenitoras sdo associadas a mielinizagdo, promovendo o0 aumento
da expressao proteica de mielina, com inicio da agregacdo em torno dos axdnios
(STILES; JERNIGAN, 2010). Este processo, assim como a neurogénese, inicia no
periodo intrauterino, mas se estende, ora até a infancia, ora até a vida adulta, com
variabilidade entre as regides encefalicas (GILMORE; KNICKMEYER; GAO, 2018).
No hipocampo, por exemplo, a mielinizacdo tem inicio na vigésima semana
gestacional, mas regides como o hilo do giro denteado concluem sua mielinizagao
entre a infancia e a adolescéncia; no neocortex, observa-se apenas na idade adulta
(GILMORE; KNICKMEYER; GAO, 2018).

Apds 0 nascimento, 0 processo de sinaptogénese também continua a
acontecer, atingindo seu apice até os dois primeiros anos de vida (HUTTENLOCHER,
1999), mas podendo estender-se até cerca de 17-25 anos de vida em estruturas como
o coértex pré-frontal (ZEISS, 2021). Além disso, ocorrem processos de apoptose de

células gliais e a chamada poda sinaptica, para refinamento dos circuitos neurais, 0s
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quais se manifestando extensamente durante a infancia (HUTTENLOCHER, 1999;
STILES; JERNIGAN, 2010).

Em relacdo as caracteristicas estruturais, ja foram descritos o aumento do
volume de substancia branca e redugdo da densidade sindptica na regiao do coértex
durante a infancia, além da reducao progressiva do tamanho de regiées como talamo,
cortex e nuacleo accumbens (STILES; JERNIGAN, 2010). Algumas estruturas
concluem o seu desenvolvimento apenas apos o nascimento. O hipocampo completa
seu desenvolvimento até o décimo quinto més pos-natal, enquanto o cortex pré-frontal

o atinge, no minimo, a partir do décimo ano de vida (RICE; BARONE, 2000).

Ao longo da infancia e da adolescéncia, observa-se também extensa
reorganizagcdo em circuitos neurais e poda sinaptica, além de modificacdes na
densidade de sinapses e de receptores em diferentes sistemas de neurotransmissores
até o inicio da vida adulta (ANDERSEN, 2003). Tendo em vista a complexidade de
processos envolvidos na formacdo e maturacdo do cérebro, € notdria a importancia
de assegurar-se condi¢des favoraveis para o crescimento do infante. Uma visao geral

dos processos mencionados anteriormente € ilustrada na Fig. 2.
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Fig. 2 Estagios do desenvolvimento cerebral. Adaptado de Andersen, 2003.

2.1.3 O neurodesenvolvimento na perspectiva DOHaD

20



A sequéncia de processos envolvidos no neurodesenvolvimento fetal e pos-
natal ilustra a vulnerabilidade do cérebro a influéncias externas neste periodo. No que
se refere ao SN, fatores como o estresse podem interferir negativamente no
desenvolvimento normal do cérebro, sendo relacionados a manifestacdo de
desordens psiquiatricas ao longo da vida (MANIAM; ANTONIADIS; MORRIS, 2014).
Pesquisas com enfoque nessa tematica sédo exemplos de estudos na linha DOHaD
(sigla em inglés para Developmental Origins of Health and Disease; em portugués,
Origens Desenvolvimentistas da Saude e da Doenca), que investiga como a
exposicao a fatores externos, em estagios iniciais do desenvolvimento humano,
podem interferir nos estados de saude e doenca, dentro de um curto ou longo periodo
na vida do individuo (VAN DER BERGH, 2011).

Os estudos do epidemiologista David James Purslove Barker sobre a origem
das doencas impulsionaram, anos mais tarde, a linha de pesquisa DOHaD. Os
achados de Barker, popularmente chamados de “hipétese de Barker”, elucidaram a
influéncia do ambiente em periodos criticos de desenvolvimento na manifestacéo de
doencas isquémicas cardiacas ao longo da vida (WADHWA et al., 2009). Quando
pensamos na tematica voltada para o desenvolvimento cerebral, destaca-se a
importancia de um ambiente e condi¢cdes saudaveis, tanto no desenvolvimento fetal
(O’'DONNELL; MEANEY, 2017) como pos-natal (LAHTI et al., 2010), na saude mental
e na funcao cognitiva (MARGOLIS; GABARD-DURNAM, 2024).

Isso se da pela vulnerabilidade do cérebro neste periodo da vida, com
repercussdes sobre a funcéo cognitiva de um modo geral, incluindo a aprendizagem,
0 comportamento e transtornos mentais (KAJANTIE, 2008). Um levantamento de
estudos epidemiolégicos demonstra a relacdo de niveis baixos de quociente de
inteligéncia (QIl), manifestacéo de transtorno do déficit de aten¢cdo com hiperatividade
(TDAH), transtorno do espectro autista e esquizofrenia com disturbios provocados por
eventos adversos na gestacédo (SILVEIRA; MANFRO, 2015), os quais incluem fatores
COmo exposi¢ao ao estresse pré-natal, consumo de substancias de abuso e condigbes
de subnutricdo nesse periodo (VAN DER BERGH, 2011).

Mecanismos epigenéticos sdo associados a desordens induzidas por eventos
adversos no inicio da vida, os quais incluem altera¢des estruturais na cromatina e em
histonas, e metilacdo do acido desoxirribonucleico (da sigla em inglés DNA, para
deoxyribonucleic acid) (VAN DER BERGH, 2011), demonstrando a relevancia de
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estratégias para a prevencao de disturbios no SN. Assim, considerando que tanto o
periodo pré- como o poés-natal representam janelas de tempo primordiais para o
desenvolvimento humano (VAN DER BERGH, 2011), podem ser moduladas
positivamente, como em estratégias preventivas (MONK; LUGO-CANDELAS;
TRUMPFF, 2019), mas, infelizmente, também de modo negativo, como em situacdes
de adversidades no inicio da vida (que serdo abordadas em topico subsequente) e
que requerem a busca de intervencdes para reversdo ou atenuagdo de suas

implicacdes no organismo.

2.2 Importancia do cuidado materno

2.2.1 Impactos do cuidado materno sobre a memoaria

A importancia do cuidado materno € notéria ndo apenas em seres humanos,
mas em mamiferos altriciais em geral, tendo em vista a necessidade de habituacéo e
sobrevivéncia da prole dentro do ambiente no qual vira a se desenvolver
(BURENKOVA; GRIGORENKO, 2024). Estudos tém demonstrado que n&do apenas
para fins de subsisténcia, mas a auséncia do cuidado materno, dentre outros aspectos
como fatores socioecondmicos e exposicdo materna a substancias psicoativas
durante o periodo gestacional, tem sido classificada como um evento estressor capaz
de modificar o desenvolvimento cerebral, resultando em desordens como a

manifestacdes de distlrbios psiquiatricos (MILBOCKER et al., 2021).

Dentre as alteracdes relacionadas ao estresse neonatal, esta a desregulacao
do eixo hipotalamo-pituitaria-adrenal (HPA), cujo funcionamento esta esquematizado
na Fig. 3. Em condi¢cGes normais, o eixo HPA apresenta fraca resposta ao estresse,
mas em modelos como a privagdo materna (PM), manifesta um aumento da atividade,
refletindo no aumento dos niveis de corticosterdides (ESKANDARI et al., 2023). Uma
vez que estas moléculas apresentam receptores distribuidos em diferentes regides
encefalicas, altas concentragdes de corticosterdides tém sido associadas a alteracdes

mnemaonicas e comportamentais (NIWA et al., 2010).
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Fig. 3. O eixo HPA. O eixo HPA desempenha importante papel na resposta ao estresse. Em resposta
a sinalizacdo hipotalamica, que se da por meio da liberagdo de horménio liberador de corticotrofina
(CRH, do inglés Corticotropin-Releasing Hormone), a glandula pituitaria anterior promove a liberacéo
de hormdnio adrenocorticotréfico (ACTH, do inglés Adrenocorticotropic Hormone), que por fim estimula
a liberacdo de glicocorticoides pela glandula adrenal, desencadeando respostas pela interacdo destas
moléculas com seus receptores especificos, dispostos em diferentes érgaos e tecidos, como o cérebro

(incluindo hipocampo, o cértex pré-frontal e amigdala). Adaptado de Komoltsev & Gulyaeva, 2022.

Estudos mostram, ainda, que o0 estresse neonatal promove alteracbes
neuroanatdomicas, como a reducédo do corpo caloso, deplecdo do desenvolvimento de
estruturas como o hipocampo e a amigdala, disfungdes no cerebelo e estruturas
limbicas (TEICHER te al., 2003). Disturbios em sistemas de neurotransmissores ja
foram relacionados ao modelo de PM, incluindo os sistemas dopaminérgico (NEVES
et al., 2020), canabindide (2019), glutamatérgico (SUN et al., 2021) e serotoninérgico
(SUN et al., 2024), além de alteracdes em conexdes neurais entre a amigdala e o
cortex pré-frontal e o hipocampo (MILBOCKER et al., 2021). O hipocampo e o cortex
sdo estruturas importantes em processos de memaria, 0s quais também envolvem
liberacdo de neurotransmissores (SEKERES, MOSCOVITCH; WINOCUR, 2017) e
estdo relacionados a fatores como emocdo e estado de alerta no momento da

aqguisicao de informacdes (PHELPS, 2006).
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Tendo em vista as disfuncdes encefalicas promovidas pela PM, déficits
cognitivos tém sido verificados em animais submetidos a este protocolo, em diferentes
tipos de memdria, tais como memodria espacial (GROCHECKI et al., 2022), de
reconhecimento (MENEZES et al., 2017), de trabalho (TRACTENBERG et al., 2020)
e aversiva (COUTO-PEREIRA et al., 2019). As variabilidades entre modelos de
estresse neonatal e a majoritaria publicacdo de estudos afins com a inclusdo apenas
de machos em amostras experimentais (ALVES et al., 2022) enfatizam a relevancia e

a necessidade de mais estudos na tematica.

2.2.2 Impactos do cuidado materno sobre o balanco oxidativo

O estresse oxidativo é caracterizado por um quadro de desequilibrio entre os
mecanismos de defesa antioxidante e os niveis de moléculas reativas. Alguns
exemplos de moléculas reativas, também chamadas de oxidantes, incluem peroxido
de hidrogénio, anion superdéxido, radical hidroxila (TIBERI et al., 2023), enquanto 0s
mecanismos de defesa antioxidante podem ser do tipo enzimatico (como superoxido
dismutase, glutationa redutase, glutationa peroxidase e catalase), e ndo enzimatico
(que abrangem moléculas enddgenas, como glutationa, e exdégenas - em geral
provenientes da alimentacdo) (MIRONCZUK-CHODAKOWSKA; WITKOWSKA;
ZUJKO, 2018). Compostos oxidativos sdo produzidos em condicdes fisiologicas, como
a formagéo de energia na forma de ATP no processo de fosforilagdo oxidativa
mitocondrial, e, em condi¢cdes saudaveis, ocorre a neutralizacdo destas moléculas
pelos mecanismos antioxidantes (SALIM, 2017). Do contrario, estas moléculas serao
capazes de interagir e promover danos decorrentes da oxidacdo de proteinas e
lipidios (SALIM, 2017).

O cérebro é uma estrutura com alta demanda energética e producédo de
compostos oxidantes, no entanto apresenta baixas defesas antioxidantes e vasta
porc¢do lipidica, tornando-o, assim, suscetivel ao estresse oxidativo (LEE; CHA; LEE,
2020). Nao somente a bicamada lipidica, mas também proteinas e nucleotideos
apresentam risco de sofrer interagcdo com moléculas reativas e promover disturbios
no funcionamento cerebral (SALIM, 2017). Observa-se um aumento no estresse
oxidativo em desordens psiquiatricas (GONZALEZ-PARDO et al., 2020) e com 0

envelhecimento, periodo no qual também se manifestam doencas
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neurodegenerativas, também capazes de promover este desequilibrio oxidativo (LEE;
CHA,; LEE, 2020). Ainda, estudos tém demonstrado uma potencial relacao do estresse
oxidativo com o estresse neonatal (BENMHAMMED et al., 2019).

A PM tem sido associada a um quadro de desequilibrio oxidativo em estudos
com machos (MENEZES et al., 2017) e com fémeas (REUS et al., 2023). Uma das
hipoteses relacionadas sugere alteragBes na funcdo mitocondrial decorrentes do
estresse neonatal, envolvendo deplecdo da fosforilacdo oxidativa e aumento de
moléculas reativas em estruturas como o hipocampo (GONZALEZ-PARDO et al.,
2020). Sabendo-se da baixa capacidade antioxidante cerebral, distdrbios em
componentes da cadeia de respiracdo celular e a interacdo de oxidantes com
proteinas e lipidios pode causar comprometimento metabélico, mutacdes e danos na
integridade celular (SALIM, 2017). Com isso, 0 quadro de estresse oxidativo pode
estar associado a déficits cognitivos e incidéncia de desordens psiquicas decorrentes
do estresse neonatal (DIEHL et al., 2012).

2.3 Memboéria

2.3.1 Classificag6es de memarias

A memoria consiste na aquisicdo, formacdo, armazenamento e evocacao de
informacgdes (IZQUIERDO, 2011), e pode ser classificada conforme seu conteudo,
podendo ser procedurais ou declarativas; sua duracdo, sendo de curta ou de longa
duracédo (IZQUIERDO et al., 2013); e, de acordo com sua funcdo, como a memoria de

trabalho (IZQUIERDO, 2011). A Fig. 3 sintetiza a classificagdo das memorias.

Memoéria
( 0 )

Duragdo Funcdo Contetudo
. ] -
Curta Longa Trabalho  Declarativa Procedurais

O (D _ S R e

Fig. 4. Classificacdo das memaérias. A memdria apresenta classificagcbes de acordo com sua fungéo,

duracéo e conteudo. Fonte: Elaborado pela autora (2024).
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A memoria de trabalho, categorizada como uma funcdo executiva, € primordial
para o gerenciamento de informacdes em nosso cotidiano (IZQUIERDO, 2011). Isso
se dé& pela capacidade de armazenamento temporario e breve de uma informacéao,
sem deixar tragos; trata-se de uma habilidade essencial para agdes como a leitura de
textos, permitindo a duracdo de uma informacédo apenas pelos segundos ou pouco
minutos necessarios para a compreensao de uma frase (IZQUIERDO, 2011). A
memoria de trabalho envolve modifica¢cées no potencial de membrana dos neurénios
do cortex pré-frontal, integrando conexdes neurais com o hipocampo e a amigdala
(IZQUIERDO et al., 2013).

As memodrias procedurais, ou implicitas - denominacéo devido a sua aquisicédo
de modo implicito, sdo geralmente mais inconscientes e envolvem sobretudo a regiao
do cerebelo e séo relacionadas a habilidades motoras, como andar de bicicleta ou
dirigir um veiculo (IZQUIERDO et al., 2013; BISAZ; TRAVAGLIA; ALBERINI, 2014).
As memodrias declarativas, ou explicitas, por sua vez, podem abranger memarias
episodicas ou autobiograficas, quando envolvem eventos ou pessoas que tenhamos
presenciado; ou semanticas, quando envolvem conhecimentos gerais (IZQUIERDO,
2011), e sua formacao requer a participacdo de regides do lobo temporal - em
especial, o hipocampo (IZQUIERDO et al., 2013; BISAZ; TRAVAGLIA; ALBERINI,
2014). Exemplos de memodrias episddicas incluem recordacdes de formatura,
enquanto as memarias semanticas abrangem os aprendizados referentes a areas do
conhecimento (IZQUIERDO, 2011).

No que se refere a classificacdo das memoarias em relacdo a sua duracao, a
diferenciacdo se faz ndo apenas em relagdo ao tempo pelo qual a informagéao fica
disponivel para evocagéo, mas também devido aos mecanismos bioquimicos distintos
que lhes asseguram estabilizacdo e formacdo (BISAZ; TRAVAGLIA; ALBERINI,
2014). As memodrias de curta duracdo podem durar de segundos a algumas horas,
com processamento nas regides do cortex parietal e entorrinal, e na regidao CA1 do
hipocampo, e envolvem alteragBes mais relacionadas a atividade eletroquimica neural
(IZQUIERDO, 2011). J& as memodrias de longa duracdo podem durar de horas até
muitos anos, podendo ser caracterizadas neste caso como memorias remotas
(IZQUIERDO, 2011). O hipocampo realiza conexfes com o0 cOrtex entorrinal e a
amigdala, sendo uma estrutura primordial neste processo que envolve fatores como
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ativacdo enzimatica, expressao génica e sintese de proteinas, e pode envolver
processos como a potenciacdo de longa duracédo para promover a persisténcia da
memoria (IZQUIERDO et al., 2013).

A consolidacdo da memoria de longa duracdo refere-se a estabilizacdo da
informacéo e armazenamento da memoria (BISAZ; TRAVAGLIA; ALBERINI, 2014). O
processo de consolidagao envolve ativacdo de fatores de transcricdo, expressao
génica, sintese proteica e remodela¢do sindptica (BEKINSCHTEIN et al., 2010) e se
completa em minutos a horas, com processos requerentes de sintese proteica
(FURINI et al., 2020). Nesta dissertacdo, nés avaliamos a consolidacdo da memaria
de reconhecimento, que se encaixaria na classificacdo de uma memdria episédica
declarativa e de uma memoéria longa duracdo, jA que avaliamos 24h apds a
aprendizagem, em ratas fémeas, utilizando, para isto, a tarefa de reconhecimento de

objetos.

2.3.2 Meméria de reconhecimento

A memoéria de reconhecimento consiste na capacidade de reconhecer
experiéncias vivenciadas anteriormente, incluindo aspectos espaciais e de exposi¢cao
a estimulos, objetos, locais e individuos familiares (BALDERAS; RODRIGUEZ-ORTIZ;
BERMUDEZ-RATTONI, 2015). E notéria a necessidade da habilidade de
reconhecimento em nosso cotidiano, seja para a identificacdo de um ente querido, de
objetos ou lugares presenciados anteriormente. Para isso, a memoria de
reconhecimento envolve o hipocampo e diferentes regiées do coértex, incluindo os
cortices entorrinal, insular, parahipocampal e perirrinal (BALDERAS; RODRIGUEZ-
ORTIZ; BERMUDEZ-RATTONI, 2015; FURINI et al., 2020).

Neste sentido, tarefas cognitivas como o reconhecimento de objetos tém sido
utilizadas em modelos animais para investigagédo de mecanismos envolvidos (FURINI
et al., 2020) e desordens relacionadas a formacédo da memadria de reconhecimento
(ANTUNES; BIALA, 2012). Essa tarefa se baseia na habilidade de distinguir um objeto
familiar de um objeto novo (BALDERAS; RODRIGUEZ-ORTIZ; BERMUDEZ-
RATTONI, 2015), o que ocorre devido a fatores como o comportamento exploratorio

de roedores e uma tendéncia a preferéncia por novidade, promovendo maior
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exploracdo de um novo objeto em comparacdo a um objeto ao qual foi exposto

anteriormente, sendo um estimulo atrativo para o animal (ENNACEUR, 2010).

A tarefa de reconhecimento de objetos destaca-se pela sua facil aplicabilidade,
sem a necessidade de uso de recompensas ou puni¢des aos animais, requerendo
apenas um periodo de familiarizacdo ao aparato e treino (ANTUNES; BIALA, 2012).
Os objetos utilizados apresentam diferentes cores, texturas e dimensoes, destacando-
se a importancia de seleciona-los cuidadosamente, a fim de minimizar quaisquer
preferéncias a um dos objetos em relacéo ao outro (ENNACEUR, 2010), o que poderia
interferir na avaliagdo da consolidacdo da memoéria. O protocolo da tarefa de
reconhecimento de objetos utilizado no presente estudo foi previamente validado pelo
nosso grupo de pesquisa (MELLO-CARPES; IZQUIERDO, 2013; MELLO-CARPES et
al., 2016; LIMA et al., 2024), e esta ilustrado na Fig. 4.

—) B A - B S
A B A C

24h 24h

Habituacao Treino Teste

Fig. 5. Protocolo da tarefa de reconhecimento de objetos. Inicialmente, os animais séo habituados
ao aparato (por tempo variados, a depender do protocolo, por exemplo, 20 minutos/4 dias
consecutivos). No dia seguinte, dois objetos distintos (podem ser iguais, a depender do protocolo),
nominados “A” e “B”, s&o inseridos no interior do aparato para livre explora¢do durante 5 minutos. 24h
apos, substitui-se o objeto “B” por um objeto novo, “C”, e avalia-se a consolidacdo da memoria. Os
objetos utilizados no presente estudo sao ilustrados na ilustracao, sendo: A — cubo mégico; B — copo
de plastico; C — lata de metal. Protocolo adaptado de Ennaceur & Delacour, 1988. Fonte: Elaborado

pela autora (2024).

Neste sentido, em nosso laboratério foi desenvolvida uma padronizacao das
combina¢cdes na tarefa de reconhecimento de objetos, viabilizando ndo apenas a
avaliacdo da consolidagdo da memoria 24h apds sua aquisicdo, mas também sua
persisténcia em até 21 dias (VARGAS et al., 2017). Na sesséao de treino, espera-se
gue o animal explore os dois objetos por tempo similar, independente de os dois serem

iguais ou diferentes, tendo em vista que ambos até entdo eram desconhecidos. 24h
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apos ocorre a substituicdo de um dos objetos por um novo, e o0 animal € exposto a

aos dois objetos para livre exploracédo, quando se avalia a consolidacdo da memoria.

Em animais saudaveis, espera-se que o animal dispenda um maior tempo de
exploracdo ao objeto novo em relagcdo objeto familiar (ENNACEUR; DELACOUR,
1988). Observa-se um esquecimento fisiolégico na avaliacdo da memoria de
reconhecimento a partir do sétimo dia (LIMA et al., 2021). No presente trabalho, foi
avaliada apenas a consolidacdo da memoria, isto €, sua formacdo 24h apos a sua
aqguisicao, devido a possibilidade de um efeito de destreinamento na funcdo cognitiva
dos animais (RADAK et al., 2006), j& que aqui nossa variavel independente foi o TM.
Tendo em vista que o treinamento dos animais foi finalizado anteriormente as tarefas
de memodria e de controle comportamental, a realizacdo de testes em uma janela de
tempo superior poderia apresentar influéncia da interrupcdo do exercicio na
aprendizagem, efeito observado na memoria aversiva e em parametros como
neurogénese, neuroplasticidade e estresse oxidativo hipocampal (RADAK et al., 2006;
KIM et al., 2013).

2.4. Exercicio e suas diferentes modalidades

A auséncia de atividades fisicas, dentre outros fatores genéticos e
comportamentais, tem sido apontada como promotora ou aceleradora de desordens
como a deméncias e algumas doencas cronicas (THOMPSON et al., 2020). Neste
sentido, o exercicio fisico € uma intervencéo que tem sido amplamente estudada para
0 manejo de diversas desordens, como por exemplo, o declinio na funcédo cognitiva
(SKOVBJERG et al., 2024), demonstrando efeitos positivos em protocolos com
roedores (SKOVBJERG et al., 2024) e com humanos (SWIATOWY et al., 2021), em

suas diferentes modalidades de treinamento.

Por outro lado, ha algumas décadas tem sido sugerido um efeito pro-oxidante
do exercicio em razdo do aumento da demanda de oxigénio (KAWAMURA,
MURAOKA, 2018), podendo saturar os mecanismos de defesa antioxidante. Vale
ressaltar que este aumento varia conforme a modalidade, duragéo e intensidade do
exercicio (KRUK et al., 2022), além do potencial de modular a adaptacédo ao estresse
oxidativo (THIRUPATHI et al., 2021), o que demonstra que, apesar dos beneficios, o

exercicio também apresenta um potencial efeito estressor e que deve ser
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considerado, tendo em vista que o presente estudo aborda um protocolo de estresse

neonatal.

Diferentes protocolos de exercicio fisico tém sido utilizados para investigagédo
de seus efeitos sobre a memaria, apresentando variagdes conforme a intensidade e a
duracéo (EL ASSAR et al., 2022). Alguns mecanismos relacionados ao exercicio e a
memoria foram descritos através de ensaios bioquimicos e analises por imagem, via
ressonancia magnética. O aumento da expressdo de BDNF, da espessura das
substancias branca e cinzenta, das dimensdes do hipocampo, e de processos como
neurogénese, sinaptogénese e angiogénese, além da diminuicdo de citocinas pro-
inflamatodrias e do estresse oxidativo (CASSILHAS; TUFIK; MELLO, 2016; PINHO;
AGUIAR; RADAK, 2019; SILVA et al., 2024), tém sido relacionados & melhora da

funcado cognitiva promovida pelo exercicio fisico.

O exercicio aerobico é uma das modalidades de exercicio mais estudadas, com
observacdo da promocdo da melhora de diferentes tipos de memdria tanto em
protocolos crénicos como agudos. O exercicio de corrida em esteira demonstrou ser
capaz de promover a melhora da consolidacdo e persisténcia da memadria em ratos
machos (LIMA et al., 2021) e ratas fémeas (SIGARAN et al., 2024) saudaveis em
apenas uma sessdo de treinamento, quando estd é realizada logo apés a
aprendizagem, na janela temporal de consolidacdo da memodria. O mesmo foi
observado em ratos machos submetidos a PM (SOSA et al., 2019). Os beneficios do
exercicio aerdbico cronico também tém sido observados em modelos de doencas
neurodegenerativas, promovendo a reversdo (DARE et al., 2020) e a prevencéo de
déficits da memoria de reconhecimento induzidas pela neurotoxicidade pelo peptideo
B-amildide em ratos machos (DARE et al., 2019), além da reversdo do declinio
cognitivo induzido pela PM em ratos machos (NEVES et al., 2015). Os efeitos deste
tipo de exercicio tém sido amplamente documentados em estudos com modelos de
estresse neonatal (CAMPBELL et al., 2024), no entanto, observa-se a necessidade

do estudo de outras modalidades diante das alteracdes relacionadas a PM.

O exercicio anaerdbico — cujo modelo predominante na literatura é o de
exercicio de forca - tem demonstrado efeitos no condicionamento fisico, na memaria
e parametros oxidativos. Estudos prévios de nosso laboratdrio demonstraram sua
efichcia na prevencdo de déficits cognitivos na memdria de reconhecimento em
modelo animal de doenca de Alzheimer (SCHIMIDT et al., 2021) e de neuroinflamacéo
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induzida por lipopolissacarideo (DE GREGORIO et al., 2021). Ainda, tem sido
evidenciado o potencial desta modalidade em promover o aumento da expresséo de
BDNF, tanto no musculo esquelético como em estruturas encefalicas (PINHO,;
AGUIAR; RADAK, 2019), o que pode estar associado ao seu efeito na cogni¢do. A
Fig. 6 ilustra alguns mecanismos envolvidos na expressdo de BDNF promovida pelo
exercicio de for¢ca. No que se refere ao modelo de PM e esta modalidade de exercicio,
um estudo prévio investigou o efeito de sua pratica gestacional sobre o
desenvolvimento da prole, demonstrando efeitos sexo-dependentes no aumento de
células neuronais e balanco redox (DOS SANTOS et al., 2023).
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Fig. 6. Exercicio de forca e BDNF. O BDNF & uma neurotrofina associada & processos como
plasticidade sinaptica, neurogénese e sobrevivéncia celular, e 0 aumento de sua expressao tem sido
associado a modalidades de exercicio, como o de for¢a. Ocorre a formac¢édo de BDNF a partir da
ativagdo de vias como CREB (sigla em inglés para Proteina de Ligagdo ao Elemento de Resposta ao
AMP Ciclico) e a fosforilagdo de mTor (do inglés mammalian target of rapamycin). Adaptado de PINHO;
AGUIAR; RADAK, 2019.

Além das diferentes modalidades de exercicio fisico, o treinamento cognitivo
também merece destague quando se busca melhorar as fung¢des cognitivas. O
exercicio cognitivo abrange tarefas cognitivas desafiadoras praticadas repetidamente,
com o intuito promover a manutencdo ou melhora da fungéo cognitiva (GAVELIN et
al., 2020). Um estudo com idosos associou o treinamento cognitivo a atenuacdo do
declinio cognitivo (BEYER et al., 2024); outro, em adultos, demonstrou a capacidade
deste tipo de exercicio de promover a melhora da memodria espacial e aumento dos
niveis de BDNF (WADDINGTON et al., 2024). Anteriormente, nosso laboratério

demonstrou que um protocolo de exercicio cognitivo € capaz de prevenir déficits na
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memoria de reconhecimento, bem como diminuir as espécies reativas e a
lipoperoxidagdo em um modelo animal de doenca de Alzheimer (DARE et al., 2019).
Em relac&o ao estresse neonatal, um estudo prévio reportou o potencial deste tipo de
intervencdo em melhorar as fungdes executivas em infantes e pré-adolescentes com
idade entre 6 e 11 anos (SPAWTON-RICE; WALKER, 2020).

Desta forma, cada modalidade de exercicio supracitada tem demonstrado
capacidade de promover a melhora da memoéria quando praticada individualmente, no
entanto, estudos tém proposto a pratica combinada de diferentes modalidades
visando possiveis efeitos somativos. Estes protocolos, denominados treinamento
multicomponente (TM) (VENEGAS-SANABRIA et al., 2022), tém sido implementados
sobretudo na comunidade idosa, com a premissa de promover a melhora em aspectos
fisicos e mentais pela associacdo dos diferentes tipos de exercicio (GAVELIN et al.,
2021) e tém relacionado a combinagéo dos exercicios a melhora da memoria, da
funcdo fisica e de comportamentos do tipo depressivos (TARAZONA-
SANTABALBINA et al., 2016). Um estudo prévio de nosso laboratério demonstrou o
potencial do TM em promover a prevencao de déficits na memoria de reconhecimento
e alteracdes no balango oxidativo hipocampal em um modelo de neurotoxicidade
induzido pelo peptideo B-amildéide (SOARES et al., 2021). Tendo em vista as
alteracdes cognitivas e no balan¢o oxidativo relacionadas ao estresse neonatal, os
estudos ilustram o potencial papel do TM no manejo de altera¢des induzidas pelo
modelo de PM.
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3. JUSTIFICATIVA

Eventos estressores estdao presentes em nosso cotidiano e requerem
capacidade adaptativa diante de seus acontecimentos (VAN BODEGOM; HOMBERG,;
HENCKENS, 2017). No entanto, quando estes eventos acontecem ainda no inicio da
vida podem promover desordens a curto e longo prazo (LEE; JUNG, 2023). O cérebro
€ uma estrutura que continua a se desenvolver apés o nascimento (BALE et al., 2010),
e estudos tém demonstrado que a exposicdo ao estresse ainda no periodo neonatal
pode interferir no desenvolvimento cerebral, promovendo altera¢cées cognitivas e
comportamentais na prole (HE et al., 2020; LEE; JUNG, 2023), evidenciando n&o
apenas o risco da manifestacao de déficits de memdria, mas também a predisposicéo
a desordens, como transtornos de ansiedade (WANG et al., 2020). Modelos animais,
como os de PM, viabilizam a investigacdo de desordens relacionadas ao estresse
neonatal, assim como estratégias para atenuacao ou reversao destes efeitos (NISHI,
2020). Déficits em diferentes memoérias, como a de reconhecimento de objetos, tém
sido relatados (PINHEIRO et al., 2015; WANG et al., 2020; SUN et al., 2021), mas
estudos sobre PM com fémeas ainda sao minoritarios (ALVES et al., 2022), o que

ilustra a relevancia deste estudo.

Discrepancias cerebrais relacionadas ao sexo tém sido descritas na literatura
(GEGENHUBER; TOLLKUHN, 2020), e fatores genéticos, hormonais e ambientais
tém sido relacionados aos resultados observados, incluindo desde a manifestacéo de
desordens psiquiatricas até a dimenséao de estruturas encefalicas (CHUNG; AUGER,
2013). Dentre as diferencas descritas, destacam-se aspectos comportamentais,
neuroanatdmicos (como as dimensdes cerebrais), bioquimicos (como a expressao de
receptores responsivos a horménios esteroidais), e genéticos (relativos a
discrepancias cromossomicas) (GEGENHUBER; TOLLKUHN, 2020), evidenciando a
necessidade da inclusdo de fémeas em pesquisas para melhor compreensdo dos
resultados e sua adequada generalizacdo (GEGENHUBER; TOLLKUHN, 2019).

Sabe-se que o exercicio fisico € uma intervengdo nao-farmacologica, nao
invasiva e economicamente viavel para a prevencédo e o tratamento de doencas
cronicas. Estudos também tém demonstrado seu potencial na promoc¢ao da melhora
da funcdo cognitiva, atribuida a mecanismos como o aumento da expressdo de

neurotrofinas, incluindo o BDNF, e de processos como sinaptogénese e angiogénese
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(CASSILHAS; TUFIK; MELLO, 2016). Tem sido reportada a capacidade do exercicio
aerdbico de reverter os déficits cognitivos induzidos pelo modelo de PM (CAMPBELL
et al.,, 2022), no entanto, as publicacdes disponiveis incluem majoritariamente
machos. Ademais, compreenséao dos efeitos de outras modalidades de exercicio, bem
como de sua combinacéo, sobre a PM ainda € limitada. Resultados de estudos que
propfe a combinacdo da pratica de diferentes modalidades de exercicio tém
demonstrado potencial sobre a fungéo cognitiva em humanos (GAVELIN et al., 2020;
VENEGAS-SANABRIA et al., 2022). Recentemente, nosso grupo de pesquisa
demonstrou que o TM € capaz de prevenir os déficits cognitivos relacionados a um
modelo de doencga de Alzheimer (SOARES et al., 2021).

Neste contexto, o presente trabalho contribui para o entendimento dos efeitos
do TM sobre desordens induzidas pelo estresse neonatal, utilizando um modelo de
PM, em ratas fémeas, contribuindo para fornecer evidéncias que ajudardo a suprir

uma lacuna na literatura cientifica atualmente disponivel.
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4. OBJETIVOS

4.1. Geral

O objetivo geral desta dissertacdo € investigar os efeitos do treinamento
multicomponente sobre a memoria de reconhecimento e o balango oxidativo

hipocampal em ratas submetidas a privacdo materna.

4.2. Especificos

Dentre os objetivos especificos desta dissertacdo estao:

- Verificar, em ratas fémeas, os efeitos da privagcdo materna sobre a memoria

de reconhecimento e o estresse oxidativo hipocampal;

- Verificar os efeitos do treinamento multicomponente sobre a memoria de
reconhecimento de objetos de ratas fémeas;

- Verificar os efeitos do treinamento multicomponente sobre parametros
oxidativos hipocampais (niveis de espécies reativas de oxigénio, peroxidacéo lipidica
e capacidade antioxidante total).
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HIGHLIGHTS

Maternal separation (MS) does not induce memory deficits in adult female rats.
MS increases hippocampal ROS in female rats.
MS reduces hippocampal total antioxidant capacity in female rats.

Multicomponent training (MCT) avoids increasing hippocampal ROS in MS

female rats.

MCT protects hippocampal total antioxidant capacity in MS female rats.
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ABSTRACT

Maternal separation (MS) is a model of early life stress that promotes anatomical,
neurochemical, and neuroendocrine alterations in the nervous system. Physical
exercise is a non-pharmacological intervention with general health benefits that
improve brain function. However, the impact of a combination of exercise modalities
nominated multicomponent training (MCT) in front of MS effects remains unclear. Also,
the effects of MS and MCT in females are very little explored. We investigated the
effects of MCT in recognition memory and hippocampal oxidative balance in female
rats submitted to MS. The MS protocol did not induce memory deficits in adult female
rats but increased reactive oxidative species (ROS) and reduced total antioxidant
capacity in the hippocampus. MCT improved hippocampal redox balance, reduced lipid
peroxidation and ROS, and increased total antioxidant capacity. These findings
demonstrate that despite MS did not induce memory deficits, it altered redox balance
in female rats, suggesting the efficacy of MCT against MS-induced oxidative stress

alterations.

Keywords: Early life stress, Exercise, Hippocampus, Object recognition, Redox

balance, Sex dimorphism.

INTRODUCTION

Brain development begins during pregnancy and remains for the first years of life,
involving stages that include cellular differentiation and maturation of brain structures,
neurogenesis, and synaptic pruning (LUBRANO, PARISI & CETIN, 2024). These
processes are influenced by genetic and environmental factors, such as stress, and in
early life, are associated with alterations in brain function and cognitive and behavioral
disorders (BOLTON et al., 2017). In this sense, animal models have been used to
investigate the effects of early life stress, such maternal separation (MS),
demonstrating memory deficits, disorders on neurotransmitter systems and
hypothalamus—pituitary—adrenal (HPA) axis response, as well as alterations in
neuronal cells function (ALVES et al., 2022) and oxidative stress (BENMHAMMED et
al., 2019), what emphasizes the importance of maternal care in the normal brain

development.

One of the structures most affected by MS is the hippocampus. This structure develops

from the third week of pregnancy until the first years of life and has a key role in the
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modulation of memory, learning, and emotional processes (WHITE et al., 2024). The
hippocampus is primordial for recognition memory, but disturbances in forming this
structure have been reported in rodents (TEICH et al., 2003) and humans (FRODL et
al., 2017) exposed to early life stress. MS-related deficits in hippocampal-dependent
memory have been described (SUN et al., 2021; GROCHECKI et al., 2022), so
strategies to improve memory function became relevant. However, studies using MS
mainly include males as subjects (ALVES et al., 2022), and only in the last decade was
an increase in female inclusion in research in general (GEGENHUBER & TOLLKUHN,
2020), emphasizing the need for MS studies, including female sex.

Exercise is a non-pharmacological intervention studied due to its benefits in front of
non-communicable diseases like diabetes, dementia, and cardiovascular disorders
(CASSILHAS; TUFIK; MELLO, 2016). Concerning cognitive improvement, physical
exercise is associated with enhancement of angiogenesis, neurogenesis, synaptic
plasticity, modulation of neurotrophic factors expression, inflammation,
neurotransmitter systems, and reduction of oxidative stress (MANDOLESI et al., 2018).
While aerobic exercise has been associated with improved cognitive function and
increased hippocampus size in older adults, strength training has been associated with
enhanced attention and executive functions and modulation of cholinergic function
(LIMA et al.,, 2018; PUJARI, 2024). Cognitive exercise, in turn, promotes the
maintenance of cognitive and social function, and its association with physical exercise
modalities, nominated multicomponent training (MCT), has been showing benefits to
older persons (GAVELIN et al., 2020).

Previously, our laboratory demonstrated that aerobic exercise was able to improve
recognition memory and oxidative stress in male rats submitted to MS (NEVES et al.,
2015) and to promote the learning of a recognition memory task when a single session
was performed after the memory acquisition (SOSA et al., 2019). We also showed in
male rats the efficacy of MCT in preventing memory deficits and hippocampal oxidative
stress in a model of neurotoxicity induced by B-Amyloid peptide (SOARES et al., 2021),
but the effects of other modalities in front of early life stress, as well their effect in
female subjects, still unclear. From this perspective, here we aim to evaluate the effects
of MCT on recognition memory and hippocampal oxidative balance in female rats
submitted to MS.
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MATERIAL AND METHODS
1. Animals

Thirteen pregnant female Wistar rats (£ 90 days old) were obtained from the Vivarium
of the Federal University of Pampa (RS/Brazil) and maintained in a 12 h light/12 h dark
cycle (light phase started at 7h and disconnected at 19h), with controlled temperature
(23 £ 2°C) and air humidity (60 + 5%). Pregnant female rats were individually housed
with food and water access available ad libitum. Their pups were used in the
experiments described here. The birth of the pups was considered the post-natal day
zero (PND-0). The maternal separation (MS) groups were submitted to MS protocol
from PND-1 to PND-10. On PND-21, all the animals were weaned and housed in

regular cages (n = 4 females/cage), when the male pups were donated to other studies.

All the procedures were approved by the institutional Committee on Animals Use and
Care (IRB 008/2023). Female rats from litters were randomly divided into four groups:
[) Control (CT), rats not submit to MS and MCT protocols; II) Maternal Separation (MS),
rats submitted to MS but not to MCT,; IIl) Multicomponent training (MCT), rats not
submit to MS and that realized MCT; and IV) MS+MCT, rats submitted to MS and MCT
(n = 10 — 12 animals per group). The experimental design is described below in Fig.
1.

2. Maternal Separation (MS)

Pregnant female rats were individually maintained in house boxes until birth (named
day zero). The MS protocol was performed only in MS groups for 10 days - from PND-
1 to PND-10, the mothers were removed from the house box daily for 3 hours. The
pups were kept in another room with a controlled temperature (32°C) for maternal heat
compensation during this period. CT animals were not manipulated, remaining in their
home cage (BENETTI et al., 2009). On the 215t day, all the animals were weaned, and

the females were allocated in plastic boxes with 4 animals per cage.

3. Multicomponent Training (MCT)

The MCT consists of the alternated practice of three exercises: aerobic, strength, and
cognitive, six times per week for six weeks. Each modality will be described below.
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3.1  Aerobic exercise

Aerobic exercise was performed in an appropriate treadmill for rats with six individual
lanes (Scienlabor, SP/Brazil). Initially, the animals were habituated to the apparatus
for 10 minutes for five days. On 1%t day, the treadmill remained switched off for
environment familiarization. The speed ranged from 2 to 8 m/min in the following days.
On the 6™ day, maximal indirect oxygen consumption (VO2) was determined based on
the work volume (m/min) of the animals, consisting of the increase of three m/min every
five minutes until the fatigue state (BROOKS & WHITE, 1978). The intensity was
individually established, considering 60-70% of the indirect VO.. This measurement
was repeated during the third and sixth weeks of training to verify and adjust the
exercise intensity. The running sessions were alternately performed two times per
week for six weeks, lasting 50 minutes with increasing intensity in the first ten minutes,
followed by 30 minutes of constant speed at 60-70% of indirect VO> and a subsequent
decrease of intensity in the last ten minutes (MELLO et I., 2009).

3.2  Strength Exercise

This modality was realized using a vertical ladder in wood and iron (1.1 x 0.18 m, 2 cm
grip, inclination of 80°) with three individual housing chambers at the top. First, the rats
from the MCT groups were habituated to the apparatus for two days, in four trials
consisting of the initial allocation in the housing chamber, followed by the climbing on
the ladder above, below the half, and in the base of the ladder, with an interval of 60s
between the trials. To determine the load individually, the rats performed the maximum
load test with an initial load of 75% of their body weight and an addiction of 30g to each
rise until the fatigue state. The last load transported was defined as the maximum load,
and the sessions consisted of 8 series with 12 repetitions of 50%, 75%, 90%, and
100% of the maximum load (SOUZA et al.,, 2014). The maximum load test was
repeated in the third and sixth weeks of the MCT for load adjustments. The strength

exercise sessions alternated with other kinds of exercise twice a week for six weeks.

3.3  Cognitive Exercise
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The cognitive exercise was executed based on an adaptation of the Barnes Maze Test,
based on Rossi Dare et al. (2019). The apparatus consisted of a circle platform (108
cm diameter) located 70cm above the floor level. In the periphery of the platform,
twenty possible escape holes (10 cm diameter) were equally distributed, and only one
led to the right escape hole. A negative stimulus (a fluorescent light) was allocated
above the animal to motivate the escape cage's finding, and geometrical shapes were
placed around the platform, contributing to spatial memory. In the training sessions,
the animal has three attempts of 90 seconds to find the escape hole in each one.
During the trials, the number of wrongs and the time in seconds until the finding were
accounted for. The escape was modified based on the learning curve. After the change
of the escape place, the animals needed to reconsolidate their spatial memory, a
process that demands cognitive flexibility. The cognitive exercise was performed

alternately two times per week for six weeks.

4, Memory and Behavioral Tests
4.1  Object Recognition (OR) Task

The apparatus comprises an open field box (50 x 50 x 39 cm). Initially, the animals
were habituated to the equipment by free exploration for twenty minutes daily for four
days. On the 5th day, the OR training session was performed, placing two different
objects inside the box, and the animals had five minutes to explore. The next day, in
the testing, one of the objects was exchanged for a new one, and the animals were
free to explore for five minutes (ENNACEUR & DELACOUR, 1988). The training and
test sessions were recorded with a digital camera for further analysis. This test is based
on distinguishing a new object from a new one and spending more time on the new
object in the training session. The objects' exploration time was registered in seconds
and converted to a percentage of the total exploration time. We also calculate the
discrimination index (DI) to evaluate the ability to distinguish the new from the familiar
object based on the difference in the time of exploration: DI = [(Time exploring the new

object -Time exploring the familiar object)/Total exploration time].

4.2  Open Field (OF)
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The apparatus comprises an open field box (50 x 50 x 50 cm). The floor had black
lines delimiting twelve quadrants. During the test, we registered the number of
crossings through the quadrants, and rearings, the activity when the animal remains
only with two legs in the ground, for five minutes (BONINI et al., 2006). The apparatus

was cleaned with alcohol 70% between the sessions.

4.3 Elevated Plus Maze (EPM)

The EPM apparatus consisted of a platform with two open arms (50 x 10 cm) and two
closed arms (50 x 10 x 40 cm). The animal was allocated in the center of the apparatus,
and for five minutes, the number of entries and the time spent in each arm were
accounted (PELLOW et al., 1985). For each animal, the equipment was cleaned with
alcohol 70%.

5. Biochemical Assays

For the sample preparation, the animals were euthanized for decapitation without
anesthesia. The brains were removed, and the hippocampus was bilaterally dissected,
weighted, and homogenized with Tris HCI 50Mm, pH 7.4 (1:5 p/v) solution. The
samples were centrifuged at 24009 for ten minutes, and the supernatant (S1) was

destined for assays described below.

5.1 Reactive Oxigen Species (ROS)

The ROS content was determined using a spectrofluorimetric method with 2°,7"-
Dichlorofluorescein diacetate (DCFH-DA). The samples were incubated in a dark
environment with 5 pL of DCFH-DA 1 mM. The intracellular levels evaluation of ROS
was realized based on the measurement of DCFH-DA oxidation, which produces the
fluorescent compound dichlorodihydrofluorescein (DCF). The measures were
performed with excitement at 480 nm and emission at 520 nm, thirty minutes after the
DCFH-DA in the environment. The results are expressed as a percentage of control in
arbitrary units (AU) (Ali, LeBel & Bondy, 1992).

5.2  Thiobarbituric Acid Reactive Species (TBARS)
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We performed the TBARS assay to determine the lipid peroxidation. An aliquot of S1
was incubated with thiobarbituric acid 0.8%, acetic acid buffer pH 3.2, and sodium
dodecyl sulfate 8% at 95°C for two hours. The measures were performed using a
spectrophotometer at a wavelength of 532 nm, and data are expressed in nmol of

malondialdehyde per mg of protein (Ohkawa, Ohishi & Yagi, 1979).

5.3  Ferric Reducing Antioxidant Power (FRAP)

To determine total antioxidant capacity, initially, we prepared a working reagent with
acetate buffer, 2,3,5-triphenyl tetrazolium chloride (TPTZ) solution, and FeCI3.6H20
solution. A standard curve with Trolox in a range of 15-240 Mm was used. The FRAP
reagent was added to S1 (1:10 p/v), and the points were inserted into the standard
curve on a microplate. The microplate was incubated at 37°C for fifteen minutes before
the measures, in a wavelength of 593 nm. The results were expressed as nmol Fe?*
TPTZ/g tissue (BENZIE & STRAIN, 1996).

6. Statistical analysis

The normality of the data was evaluated using the Shapiro-Wilk test. For OR analysis,
the time of exploration of the objects was converted to a percentage of the total
exploration time and compared to a theoretical mean of 50% using a one-sample t-
test.

The discrimination indexes (DI) were compared between the groups using two-way
ANOVA (MCT and MS), followed by Tukey’'s post-hoc analysis for multiple

comparisons.

OF and EPM were analyzed using two-way ANOVA, followed by Tukey’s post-hoc for
multiple comparisons (MCT and MS). The biochemistry assays were analyzed using a
two-way ANOVA (MCT and MS) followed by Tukey's post-hoc for multiple

comparisons.

In all analyses, significant differences were considered when P < 0.05.

RESULTS

1. Multicomponent groups presentimproved aerobic and strength performance

43



To verify the conditioning and the need for adjustments in the exercise intensity, MCT
groups performed indirect VO2> maximum and maximum load tests for aerobic and

anaerobic exercise, respectively.

Intra-group indirect VO2 maximum data did not present interaction (F.34y= 1.918, P =
0.1624), but showed an effect of time (F@.34= 7.770, P = 0.0017) and MS (F@17) =
4.695, P = 0.0448). The MCT protocol increased the aerobic capacity in the MCT group
in the third (P = 0.0049) and sixth testing (P = 0.0004) compared to the first session.
No differences between the sessions were detected in the MS+MCT group (P > 0.05).
Inter-group comparisons showed that the MCT group presented a lower indirect VO2
maximum in the first session than the MS+MCT group (P = 0.0157, Fig. 2A). No
differences were detected in the third and sixth weeks between the groups (P > 0.05,
Fig. 2A).

Load maximum analyzes did not show interaction (F.36) = 1.023, P = 0.3697) and
effects of MS (F1.18y=0.5917, P = 0.4517), but presented effect of time (F(.3s) = 55.56,
P < 0.0001). We detected an increase in load maximum capacity from each session in
the MCT group (P = 0.0003 for 15t vs. 3" week; P < 0.0001 for 3" vs. 6" week; P <
0.0001 for 1t vs. 6" week). MS+MCT group did not show a significant difference in the
first week compared to the third week (P = 0.1192) but presented an increase in the
sixth week compared to the third week (P = 0.0011) and in the sixth compared to the
first week (P < 0.0001). No differences were detected between the groups in the test

sessions (P > 0.05 in groups’ comparison, Fig. 2B).

2. Maternal separation and multicomponent training effects on body mass

The body mass analyses showed an effect of the time (F(1.439,56.11) = 446.3 P < 0.0001),
revealing an increase of body mass in each measurement in CT, MS, and MCT groups
(P <0.05). MS+MCT group presents an increase in the first week compared to the third
(P =0.0001) and to the sixth weeks (P < 0.0001), but no differences were observed in
the third week compared to the sixth week (P = 0.0537). No interaction (F.7s) = 1.601,
P = 0.1580) or intervention effect was detected (F@39 = 0.1923, P = 0,9010),

44



demonstrating that neither MS nor MCT protocols affected the animals development
(Fig. 2.C).

3. Maternal separation did not induce memory deficits in female rats

We used the OR task for recognition memory evaluation. In the training, the animals
from different groups explored the two objects for a similar time (CT t1) = 0.3237, P =
0.7522; MS tu1) = 0.02853, P = 0.9778; MCT t(10) = 0.6453, P = 0.5332; MS+MCT t)
=1.180, P = 0.2765, Fig. 3A), what is expected, considering that both were unfamiliar
to them until this session. As a memory parameter, we used the DI to calculate the
ability to distinguish the objects and did not observe interaction or effect of MS and
MCT (Interaction F.39) = 0.3354, P = 0.3354; MS F(1.39) = 1.569, P = 0.2178; MCT
Fa.39) = 0.2307, P = 0.2307, Fig. 3B). Twenty-four hours later, we tested the memory
consolidation, replacing one of the objects for a new one. All the groups spend more
than 50% of the total exploration time exploring the new object, “C” (CT ta1) = 5.607, P
= 0,0002; MS t11) = 5.962, P < 0.0001; MCT t(10) = 8.031, P < 0.0001; MS+MCT t¢) =
6.059, P = 0.0005, Fig. 3C), demonstrating the memory consolidation even in MS
groups. Again, we did not find any impact of factors (MS F(.39) = 0.6885, P = 0.4117,
MCT F.39) = 1.305, P = 0.2602, Fig. 3D) or interaction between the factors on the
discrimination ability measured by DI (F.39) = 0.009900, P = 0.6647, Fig. 3D).

4. Effects of maternal separation and multicomponent training in the redox

balance

ROS analyzes evidenced an effect of MCT (F1,26) = 14.61; P = 0.0007), but not MS
effects (F,26) = 0.7050, P = 0.4088) or interaction between the factors (F(1,26) = 2.933;
P = 0.0987). Individual comparisons showed that MS rats present higher ROS levels
than MCT (P = 0.0102). The MCT group presented reduced ROS levels compared to
CT rats (P = 0.0021 for MC vs. CT rats, Fig. 4A).

In TBARS, performed to verify lipid peroxidation, an effect of MCT (F(1,23) = 8.359, P =
0.0082), but no effect of MS (F(1,23) = 0.7454) was detected. There was no interaction
between the factors (F@,23 = 0.0005528, P = 0.9814). Post-hoc analyses did not
identify differences in the individual comparisons between the groups (Fig. 4B).
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In the total antioxidant capacity, we observed the effect of MS and interaction (F,25) =
5.451, P = 0.0279 for MS; F,25 = 39.31, P < 0.0001 for interaction), but no effect of
MCT (F,26) = 1.188; P = 0.2861). MS reduced the total antioxidant capacity in rats'
hippocampus compared to the CT group (P = 0.0001 for MS vs. CT rats). The training
increased the total antioxidant capacity in the hippocampus of MS rats once MS+MCT
presented higher levels than MS (P = 0.0102 for MS+MCT vs. MS rats, Fig. 4C).

5. Behavioral control tests

MS or MCT protocols did not affect the locomotor ability of the animals in the OF test
(P > 0.05 in the groups’ comparison). Moreover, MS or MCT did not alter the number

of entries and the time spent in the open arms in the EPM test (P > 0.05) (Table 1).

DISCUSSION

Here, we investigated the impact of MS on the memory of female rats and the influence
of MCT on cognition and hippocampal oxidative parameters. MS is a model of neonatal
stress that reveals an impairment of normal brain development that culminates in
memory deficits in male rodents. The hippocampus is one of the brain regions affected
by MS, and its role in cognitive function comes to mnemonic deficits attributed to its
model in different types of memory, such as recognition memory (ROCHA et al., 2021).
Previous studies in our lab showed that MS is related to short-term and long-term
memory deficits in adult male rats in the OR task (MENEZES et al., 2017; MENEZES
et al., 2020). This impairment is reported in adolescent and adult rats by other
researchers (KOTLINSKA et al., 2023; SUN et al., 2024), but some discrepancies in
animal performance according to sex and age reveal possible sex- and age-dependent

effects of MS on recognition memory (ALVES et al., 2022).

The exercise practice shows cognitive benefits associated with well-being and
biochemical mechanisms involved (FESTA, MEDORI, & MACRI, 2023). The increase
of synaptic plasticity, neurogenesis, angiogenesis, cerebral vascularization, and BDNF
expression are examples of brain modulation by exercise (CEFIS et al., 2023). The

improvement of mitochondria function and the inflammatory response is also reported
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and associated with neuronal integrity (LU et al., 2023). Findings have demonstrated
the improvement of cognitive function associated with exercise from children to older
people (AUGUSTO-OLIVEIRA et al., 2023), which emphasizes the potential of
exercise in front of different scenarios, such scholar or in more extreme cases, like
neurodegenerative diseases (FESTA, MEDORI, & MACRI, 2023). Studies with a single
exercise report the improvement of cognitive function and/or neurochemical and
neuroanatomical modulation varying in the performance according to factors like type,
intensity, and duration (MANDOLESI et al., 2018; MARTIN-RODRIGUEZ et al., 2024)
and the combination of different modalities allows the maintenance of body and brain
health (GAVELIN et al., 2021), and could be an interesting strategy in different age
ranges. Considering the memory impairment and cerebral dysfunctions associated
with MS and the improvement of brain function by exercise, this becomes a viable

intervention for the attenuation of early life-related disorders.

In this study, MS did not affect the OR consolidation of adult female rats. Studies about
MS and memory have shown that this early-life event promotes cognitive impairments
in adult life in male rats, deficits reverted by aerobic exercise in chronic and acute
training (NEVES et al., 2015; SOSA et al., 2019). Unlike males, adult female rats OR
memory was nhot disturbed by MS, supposing the development of resilience
mechanisms which could modulate the cognitive function. The literature suggests that
mnemonic deficits in recognition memory could have an age-dependent effect in
female rodents. Recognition memory deficits induced by MS were reported in Balb/c
female mice during late adolescence (de AZEREDO et al., 2017). On the other hand,
a recent study by our group evaluated the OR memory in pre-pubertal Wistar female
rats and showed that MS induces cognitive deficits (CARRAZONI et al., 2023).

The mechanisms related to the memory deficits observed in MS rats are not completely
clear, but one hypothesis suggests an important role of disorders in hypothalamic—
pituitary—adrenal (HPA) axis (SPIERS et al., 2015), alteration of the catalase activity
(MALCON et al., 2020) and mitochondrial respiratory chain (MARKOVIC et al., 2017).
These alterations are found in structures involved in memory processes
(AGORASTOS et al., 2019; NISHI, 2020). Another research demonstrates a potential

memory improvement of MS-related memory deficits in Balb/c female mice submitted
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to treadmill exercise for three weeks in adolescence (WEARICK-SILVA et al., 2017).
Here, although we did not observe memory deficits, we verified an increase of oxidative
stress induced by MS in females’ hippocampus. MS did not affect the lipid peroxidation
but increased the ROS levels and reduced the total antioxidant capacity. In our
research, MCT reduced lipoperoxidation and ROS levels and improved the total
antioxidant capacity in the hippocampus of female MS rats. In adult male rats, in which
MS increased the hippocampal and prefrontal lipoperoxidation, aerobic exercise
(running on a treadmill) was able to reverse this effect (NEVES et al., 2015). In pre-
pubertal female rats, the maternal running exercise prevented the lipid peroxidation
increase induced by MS (CARRAZONI et al., 2023). In both sexes, Réus et al. (2021)
verified that an intervention with an enriched environment, including running wheels as
one of the stimulations, in MS rats promoted differences in serum oxidative parameters
according to stage life evaluated. Superoxide dismutase (SOD) activity, for example,
increased on PND-31 and 41, especially in female rats, suggesting an adaptive

response for homeostasis maintenance.

Exercise is a non-pharmacological intervention that is related to a lot of health benefits,
including neuroprotective effects. Physical exercise induces the activation of signaling
pathways, leading to the expression and activation of BDNF from CREB and mTOR
phosphorylation (RADAK et al., 2016). BDNF release promotes nuclear factor erythroid
2-related factor 2 (Nrf2) activation, an important redox balance regulator protein
maintenance (PINHO et al. 2022). In this sense, the influence of exercise on the brain
redox state has been investigated, but the majority focus on aerobic training. We
applied a combination of three exercise modalities, a protocol previously tested in an
Alzheimer’s disease model, reducing hippocampal lipoperoxidation and increasing the
total antioxidant capacity in the hippocampus of male rats (SOARES et al., 2021). As
well as MS, Alzheimer's neurodegenerative disorder promotes oxidative imbalance,
and the improvement of the redox state demonstrates the potential of MCT as a non-

pharmacological strategy in different scenarios of oxidative misbalance.

A recent study in MS young adult female rats showed that voluntary exercise was able
to attenuate the BDNF methylation in the prefrontal cortex, which was altered by

neonatal stress, mentioning the memory assessment as a future perspective
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(CAMPBELL, DONOGHUE & ROTH, 2024). Concerning exercise, memory and early
life adversity models, including the MS, are observed in most studies applying aerobic
exercise and considering only male rats in the study samples (CAMPBELL et al.,
2022). A pilot study investigated the effects of cognitive exercise in children exposed
to early life stress and showed a positive impact on working memory performance
(SPAWTON-RICE & WALKER, 2022). Regarding strength training and MS, dos
Santos et al. (2023) demonstrate its effects when performed by the mother; the male
MS offspring showed greater susceptibility to behavioral alterations than female
offspring; the maternal strength exercise managed the alterations in male offspring. In
this sense, further cognitive and strength training studies are necessary in front of MS-
related effects, with the female subject included and considering different age ranges
in the experimental protocols.

Together, our data and the ones available in the literature reinforce the importance of
studies including female subjects once genetics, behavioral, neuroanatomical, and
neurochemical differences among the sexes have been reported (KUNDAKOVIC &
TICKERHOOF, 2024). Sex differences in redox balance and an influence of sex
hormones were described (TIBERI et al., 2023), which also could be associated with
processes essential for memory consolidation, such as the long-term potentiation
(LTP) (IQBAL et al., 2024). In this perspective, our study contributes to comprehending

MS-related effects in front of memory and oxidative stress in the female sex.

CONCLUSION

MS does not induce recognition memory deficits in adult female rats but alters
hippocampal redox balance, increasing ROS and reducing total antioxidant capacity.
MCT was able to reverse the negative effects on oxidative balance, increasing the total
antioxidant capacity and decreasing ROS and lipid peroxidation. These findings
contribute to the better comprehension of sex-dependent MS effects on memory and
brain redox status and the potential of MCT in front of alterations induced by early life

stress.
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Fig. 1. Study experimental design. The birthday was considered the post-natal day (PND) zero (PND-
0). Maternal separation (MS) protocol was performed in MS groups from PND-1 to PND-10. All the
animals were weaned on PND-21, and female rats were randomly divided into groups according to the
intervention (n = 4 animals per cage). From PND-60 to PND-102, an equivalent period of six weeks,
exercised groups performed multicomponent training (MCT), consisting of the alternate practice of
aerobic, strength, and cognitive exercises. In the first, third, and sixth weeks of MCT, VO, maximum and
load maximum tests were applied. From PND-103 to PND-110, recognition memory and behavioral
control tasks were performed (object recognition task, open field, and elevated plus maze tests). After
PND-111, the rats were euthanized, and biochemical assays were performed to evaluate hippocampal
oxidative parameters.
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measurement for control assessment. Data expressed as mean + SD. *P < 0.05, compared to the first
week of MCT; #P < 0.05, compared to the third week of MCT, in two-way ANOVA followed by Tukey’s
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respectively, for memory evaluation. Data expressed as mean + SD. *P < 0.05 in one sample t-test
(theoretical mean of 50%) (n = 8 — 12/group). B and D. Inter-groups comparison, using discrimination
index (ID). Data expressed as mean + SD. Non-MS = groups that were not submitted to MS (CT or
MCT); SED = groups that did not perform MCT (CT and MS); MCT = groups that performed MCT (MCT
or MS+MCT).
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Fig. 4. Maternal separation (MS) alters hippocampal oxidative parameters in female rats.
Multicomponent training improved hippocampal oxidative alterations induced by MS. A. Levels
of DCF fluorescence for ROS determination. B. TBARS measurement for lipid peroxidation assessment.
C. FRAP measurement for total antioxidant capacity assessment. Data expressed as mean + SD. *P <
0.05, compared to CT; #P < 0,05, compared to MS, @ P < 0.05, compared to MCT, in two-way ANOVA
followed by Tukey’s post hoc (n = 5— 8/group). TBARS: Thiobarbituric acid reactive substance; DCF:
Dichlorofluorescein; ROS: Reactive oxidative species; FRAP: Ferric Reducing Antioxidant Power;
TPTZ: 2,3,5-triphenyl tetrazolium chloride; Non-MS = groups that were not submitted to MS (CT or
MCT); SED = groups that did not perform MCT (CT and MS); MCT = groups that performed MCT (MCT
or MS+MCT).

Two-way ANOVA

CT MS MCT MS+MCT Interaction Ms MCT

P value P value P value

Open field

Crossings (n) 74.83 +22.05 95.50 + 23.79 89.27 +18.82 87.63 +18.26 0.0961 0.1540 0.6187

Rearings (n) 20.92+7.29 26.50 £ 9.30 23.73+7.73 26.50 +9.43 0.5919 0.1161 0.5919

Elevated plus maze

Time in open arms (s) 132.08 +31.42 132.67 +£36.13 138.23 +37.50 145.75 + 20.43 0.7355 0.6925 0.3504

Entrances in open arms (n) 742+2.11 7.00 £2.00 7.55+2.73 8.38 +£2.39 0.3878 0.7738 0.2984

Table 1. Effects of maternal separation and multicomponent training on locomotor and exploratory
activities, and on anxiety-like behavior. Data are expressed as mean + SD of the number of crossings
and rearings in the open field, and the time spent, and the number of entries in the open arms of the
elevated plus maze. No differences were detected between the groups. P > 0.05 in two-way ANOVA
followed by Tukey’s post hoc (n = 8-12/group).
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PARTE Il
6. DISCUSSAO

Tendo em vista a incidéncia de diferentes tipos de estresse neonatal, como a
auséncia de cuidados no inicio da vida, e os efeitos promissores do exercicio fisico e
cognitivo frente a disfuncdes cognitivas, o presente trabalho investigou os efeitos da
combinacéo de trés modalidades de exercicio — corrida, for¢ca e cognitivo - sobre a
memoria de reconhecimento e parametros oxidativos hipocampais. Para isso,
utilizamos o treinamento multicomponente com pratica alternada de corrida, exercicio
de forca e exercicio cognitivo durante 6 semanas, e avaliamos a consolidacdo da
memoria de reconhecimento utilizando a tarefa de reconhecimento de objetos. Nossos
achados demonstram que a privacdo materna ndo induz déficits na memdria de
reconhecimento na prole de ratas fémeas, mas altera o balanco redox, diminuindo a
capacidade antioxidante total. Em contrapartida, o treinamento multicomponente é
capaz de diminuir os niveis de espécies reativas de oxigénio (EROs) e aumentar a

capacidade antioxidante de ratas separadas maternalmente.

Déficits cognitivos associados a PM tém sido documentados, sobretudo na
prole de ratos machos, incluindo déficits na memoéria espacial (ESKANDARI et al.,
2022), aversiva (MELLO et al., 2009), de trabalho (BANQUERI et al., 2021) e de
reconhecimento, neste caso tanto na memaria de curta como na memaoria de longa
duracdo (NEVES et al., 2015; MENEZES et al., 2020). O declinio cognitivo pode estar
associado a disfun¢des no hipocampo, tendo em vista que alteracdes nesta estrutura
tém sido relacionadas a este modelo (DIEHL et al., 2012), incluindo desde a reducéo
de seu tamanho (TEICHER et al.,, 2003) até disturbios em sistemas de
neurotransmissores como o0 dopaminérgico, cujos receptores sdo amplamente
expressos em estruturas como o0 hipocampo e desempenham importante papel em

processos mnemonicos (NEVES et al., 2020).

E importante destacar que variacdes entre os resultados encontrados em
estudos nesta area podem estar relacionadas aos protocolos de PM utilizados, os
quais podem diferir na sua duracdo em dias e horas, e na idade dos animais no
periodo de testes comportamentais (ALVES et al.,, 2022). Em estudos prévios do
Nosso grupo de pesquisa, utilizando um modelo de PM de 3h por dia, ao longo de 10

dias, demonstramos déficits de memaria relacionados a PM, que foram revertidos pelo
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exercicio aerobico, tanto em protocolo cronico (NEVES et al., 2015) quanto agudo
(SOSA et al., 2019), realizado na janela temporal da consolidagédo — ambos os estudos
foram realizados em ratos machos adultos. No presente estudo, utilizando ratas
adultas submetidas a PM verificamos que elas foram capazes de consolidar a
memoria de reconhecimento de objetos. Em camundongos fémeas, foram observados
déficits induzidos pela PM na tarefa de RO na adolescéncia (DE AZEREDO et al.,
2017), revelando um possivel efeito diferente que poderia ser associado a espécie.
No entanto, um estudo com ratas jovens desenvolvido em nosso laboratério, também

encontrou déficits de memoria nas ratas pré-puberes (CARRAZONI et al., 2023).

No que diz respeito ao exercicio fisico, em camundongos fémeas separadas
maternalmente, o exercicio aerébico foi capaz de reverter déficits na memoéria de
reconhecimento na adolescéncia (WEARICK-SILVA et al., 2017). Estes resultados
sugerem que os efeitos mnemdnicos da PM estao relacionados a idade e também a
formacdo de mecanismos de resiliéncia ao longo da vida, uma vez que fémeas mais
jovens apresentaram déficits de memaria, enquanto no presente estudo 0 mesmo nao
foi observado em ratas adultas. Os efeitos do exercicio frente a doencas cronicas e
neurodegenerativas sdo bem documentados na literatura (THOMPSON et al., 2020).
Nos ultimos anos ha um crescente aumento de estudos sobre o exercicio e a funcéo
cognitiva, com beneficios descritos tanto em protocolos agudos como crdnicos
(FESTA; MEDORI, MACRI, 2023).

O exercicio € capaz de modular a atividade neuronal e a ativacao de sistemas
de neurotransmissores, promovendo o aumento da expressao de BDNF, uma das
principais neurotrofinas relacionadas a melhora da cognicéo, sendo capaz de induzir
processos de neurogénese, angiogénese e plasticidade sinaptica (CEFIS et al., 2023).
O exercicio também atua sobre o balanc¢o oxidativo em diversos tecidos corporais. No
SN, alguns dos mecanismos incluem a liberagcdo de BDNF promovendo a ativagéo do
gene Nrf2, responséavel pela regulacdo da expressdo de enzimas antioxidantes
(PINHO; AGUIAR; RADAK, 2019). Atualmente, os efeitos relatados do exercicio fisico
nao se limitam aos estudos com modelos de exercicio aerébico, mas também tem
investigado o efeito do exercicio de for¢ca sobre a cogni¢cdo, demonstrando que ele
tem potencial para promover a melhora da memoria (BERBERT-GOMES et al., 2024).
Quando se fala em melhora cognitiva, além do exercicio fisico, é inegavel pensar nos

efeitos do treinamento cognitivo. Estudos também tém demonstrado o potencial
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neuroprotetor desta modalidade em modelos animais e humanos (DARE et al., 2019;
LOOCK; SCHWABE, 2024).

Considerando os beneficios das diferentes modalidades de exercicio, € intuitivo
pensar que a sua associacdo poderia incrementar os beneficios de sua prética
isolada. Esta associacdo é possivel quando se propde o TM. Anteriormente, o TM
demonstrou ser capaz de prevenir a manifestacdo de déficits na memoria de
reconhecimento, tanto de objetos como social, e de promover a diminuicdo da
peroxidacao lipidica, bem como o aumento da capacidade antioxidante total e dos
niveis de glutationa em um modelo de doenca de Alzheimer (SOARES et al., 2021),
no entanto, até entdo, ndo haviam estudos acerca dos efeitos do TM em modelos de
PM. Assim, nossos achados apresentam o TM como uma estratégia terapéutica em

diferentes cenarios, incluindo o estresse neonatal.

Os mecanismos de agdo do TM no modelo de estresse neonatal pela PM
podem ser diversos; um deles inclui o equilibrio oxidativo. A formacédo de espécies
reativas ocorre fisiologicamente e existem mecanismos para a manutencdo do
balanco redox. No entanto, o quadro de estresse oxidativo se manifesta quando as
concentra¢cdes de moléculas reativas se sobrepdem aos mecanismos antioxidantes,
sendo este um quadro caracteristico de doencas como cancer, diabetes e doencas
neurodegenerativas (TIBERI et al., 2023). Contudo, alteracdes no balanco redox tém
sido descritas também em modelos de estresse neonatal, incluindo disfun¢des na
respiracao celular (MARKOVIC et al., 2017), supressao da atividade de enzimas como

superoxido dismutase e catalase, e a carbonilacdo de proteinas (REUS et al., 2017).

No presente estudo, nds avaliamos os niveis de EROs, peroxidacao lipidica e
capacidade antioxidante hipocampais, e demonstramos a diminuicdo da capacidade
antioxidante total induzidos pela PM, a qual foi revertida pelo TM. Previamente, foram
observadas alteracfes sobre diferentes parametros oxidativos, como a peroxidacao
lipidica em amostras de soro de ratos machos e fémeas submetidos & PM (REUS et
al., 2023), as quais foram revertidas em parte pela exposicdo a um ambiente
enrigquecido que incluiu, dentre outros estimulos, rodas de corrida que possibilitaram
o exercicio de forma voluntaria. No referido estudo, as ratas fémeas apresentaram
aumento da peroxidacao lipidica apdés o 61° dia de vida, mas néo reducédo pelo
protocolo de enriquecimento ambiental. Destaca-se que o0s autores relacionam o
aumento da enzima superoxido dismutase em fémeas a um possivel papel de
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manutencdo da homeostase ao longo do desenvolvimento (REUS et al., 2023). Em
ratas pré-puberes separadas maternalmente e cujas maes realizaram um protocolo
de exercicio aerdbico durante a gestédo, foi demonstrado um aumento da capacidade
antioxidante total promovida pelo exercicio pré-gestacao e gestacional (CARRAZONI
et al.,, 2023). Os resultados demonstram alteragcdes no balanco oxidativo induzidas
pela PM em diferentes estagios da vida, e o potencial do exercicio na terapéutica de

desordens relacionadas ao estresse neonatal.

A maioria dos estudos relacionados ao exercicio e a privagcdo materna
apresenta enfoque na modalidade aerdbica, com beneficios observados na sua
pratica em diferentes protocolos (CAMPBELL et al., 2022). No que se refere a outras
modalidades, um estudo prévio demonstrou os efeitos da pratica do exercicio
anaeroébico no periodo gestacional sobre o comportamento e parametros bioquimicos
da prole (DOS SANTOS et al., 2023), enquanto recentemente os dados de um estudo
piloto de treinamento cognitivo em infantes foi publicado, apresentando efeitos
promissores sobre a fungdo executiva (SPAWTON; RICE, 2022). Diante disso,
observa-se a necessidade de futuros estudos sobre os efeitos dos treinamentos de
forca e cognitivo, a fim de avaliar os seus efeitos de modo individual sobre o estresse

neonatal.

Tomados em conjunto, nossos achados sugerem dimorfismos sexuais nos
efeitos da PM sobre a memdria de reconhecimento, jA que a PM néo induziu
alteracdes na consolidacdo da memodria em ratas fémeas adultas, diferente do
observado e ja consolidado na literatura para ratos machos adultos (VIVINETTO;
SUAREZ; RIVAROLA, 2013; NEVES et al., 2015; SOSA et al., 2019; MENEZES et al.,
2020; NEVES et al., 2020). Em contrapartida, a PM alterou no estado oxidativo
hipocampal, promovendo a reducéo da capacidade antioxidante total hipocampal das
fémeas. O TM foi capaz de atenuar as desordens no balanco oxidativo induzidas pela
PM, promovendo redugdo da peroxidagdo lipidica e o aumento da capacidade
antioxidante total do hipocampo. Assim, nossos achados demonstram os efeitos
promissores do TM como alternativa para o manejo de desordens no balango oxidativo

relacionadas a PM.
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7. CONCLUSAO

O conjunto de resultados apresentados nesta dissertagdo permitem concluir
que a privacdo materna ndo induziu déficits cognitivos na memoria de reconhecimento
em ratas fémeas, mas alterou o balanco oxidativo hipocampal promovendo a
diminuicdo da capacidade antioxidante total. O treinamento multicomponente, por sua
vez, foi capaz de reverter estas alteracées, aumentando a capacidade antioxidante
total, diminuindo ndo apenas espécies reativas, mas também a peroxidacao lipidica
hipocampal.

Estes achados contribuem para a compreensdo dos efeitos da privacao
materna sobre a memaria no sexo feminino, e demonstram o potencial do treinamento
multicomponente no manejo de distirbios no balanco oxidativo relacionados ao

estresse no inicio da vida.
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8. PERSPECTIVAS FUTURAS

Os resultados demonstraram a ocorréncia de efeitos sexo-dependentes
induzidos pela privacdo de cuidados no inicio da vida, com a auséncia de déficits
cognitivos na memaria de reconhecimento em ratas submetidas a privacdo maternal,
diferente do que é evidenciado em ratos submetidos ao mesmo protocolo. Embora
nao altere a consolidacdo da memoria, o0 modelo de PM diminuiu a capacidade
antioxidante total do tecido hipocampal das ratas, quadro que foi atenuado pelo
protocolo de exercicio, que ainda atenuou os niveis de EROs e a peroxidagéo lipidica.
Diante dos resultados evidenciados, como perspectivas a curto prazo, estao:

- Executar uma avaliacdo imuno-histoquimica no hipocampo das ratas, para

avaliacdo da neurogénese e dos niveis de BDNF;

- Avaliar a atividade enzimatica de sistemas de defesa antioxidante - ainda a
definir qual — a fim de tornar ainda mais robusta a compreensao da interacao
entre a PM, o TM, e o balanc¢o oxidativo hipocampal.

Como perspectivas a longo prazo, destacamos:
- Avaliar os efeitos da PM e do TM sobre a memoria e parametros oxidativos

hipocampais em machos;

- Investigar os possiveis efeitos sexo-dependentes do TM sobre os a memoria e

o balanco oxidativo em animais submetidos a PM;

- Realizar estudos com a PM e os protocolos de exercicio de forca e cognitivo
implementados individualmente, contribuindo no entendimento dos efeitos de

cada modalidade sobre o estresse neonatal de maneira isolada.
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ANEXO Il. Normas da revista Pharmacology Biochemistry and Behavior

Writing and Formatting

File format
We ask you to provide editable source files for your entire submission (including
figures, tables and text graphics). Some guidelines:

= Sove files in an editable format, using the extension .doc/docx for Word files and
tex for LaTeX files. A PDF is not an acceptable source file.

» Lay out text in a single-column format.
# Use spell-check and grammar-check functiens to avoid errors.
We advise you to read our “Step-by-step guide to publishing with Elsavier”.

Title page
¥ou are required to include the following details in the title page information:

= Article title. Article titles should be concise and informative. Please aveid
abbreviations and formuloe, where possible, unless they are established and
widely understood, e.g., DNA).

s Author names. Provide the given name(s) and family name(s) of 2ach author. The
order of authors should match the order in the submission system. Carefully
check that all names are accurately spelled. If needed, you can add your name
between parentheses in your own script after the English transliteration.

= Affiliotions. Add affiliation addresses, referring to where the work was carried
out, below the author names. Indicate affiliations using a lower-case superscript
letter immediately after the author's name and in front of the corresponding
address. Ensure that you provide the full postal address of each offiliation,
including the country name and, if available, the email address of 2ach author.

= Corresponding author. Clearly indicate who will handle correspondence for your
article at all stages of the refereeing and publication process and also post-
publication. This responsibility includes answering any future queries about your
results, data, methodeolegy and materials. It is important that the email address
and contact details of your corresponding author are kept up to date during the
submission and publication process.

= Present/permanent address. If an author has moved since the work described in
your article was carried out, or the author was visiting during that time, a
"present address” (or "permanent address") can be indicoted by a footnote to the
auther's name. The address where the author carried out the work must be
retained as their main affiliation address. Use superscript Arabic numerals for
such footnotes.
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Abstract

You are required to provide a concise and factual abstract. The abstroct should
briefly state the purpose of your research, principal results and major conclusions.
Some guidelines:

= Abstrocts must be able to stand alone as abstracts are often presented separately
from the article.

= Avoid references. If any are essential to include, ensure that you cite the author(s)
and year(s).

» Avoid non-standard or uncommon abbreviations. If any are essential to include,
ensure they are defined within your abstract at first mention.

Keywords
You are required to provide 1 to 7 keywords for indexing purposes. Keywords should

be written in English. Please try to avoid keywords consisting of multiple werds (using
“and" or “of").

We recommend that you only use abbreviations in keywords if they are firmly
established in the fizld.

Highlights
You are required to provide article highlights at submission.

Highlights are a short collection of bullet points that should capture the novel results
of your research as well as any new methods used during your study. Highlights will
help increase the discoverability of your article via search engines. Some guidelines:

+ Submit highlights as a separate editable file in the online submission system with
the word “highlights™ included in the file name.

» Highlights should consist of 3 to 5 bullet points, each a maximum of 85
characters, including spaces.

We encourage you to view example article highlights and read about the benefits of
their inclusion.

Graphical abstract
You are encouraged to provide a graphical abstract at submission.

The graphical abstract should summarize the contents of your article in a concise,
pictorial form which is designed to capture the attention of a wide readership. A
graphical abstract will help draw more attention to your enline article and support
readers in digesting your research. Some guidelines:

= Submit your graphical abstract as a separate file in the online submission system.
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= Ensure the image is a minimum of 531 x 1328 pixels (h x w) or proporticnally more
and is readable at a size of 5 x 13 cm using a regular screen resolution of 96 dpi.

s Our preferred file types for graphical abstracts are TIFF, EPS, PDF or M5 Office
files.

“We encourage you to view example graphical abstracts and read about the benefits
of including them.

Tables
Tables must be submitted as editable text, not as images. Some guidelines:

* Place tables next to the relevant text or on o separate page(s) at the end of your
article.

s Cite all tables in the manuscript text.

s Mumber tables consecutively according to their appearance in the text.
* Please provide captions aleng with the tables.

* Place any table notes below the table body.

= Avoid vertical rules and shading within table cells.

“We recommend that you use tables sparingly, ensuring that any data presented in
tables is not duplicating results described elsewhere in the article.

Figures, images and artwork

Figures, images, artwork, diograms and other graphical media must be supplied as
separate files along with the manuscript. We recommend that you read our detailed
artwork and media instructions. Some excerpts:

‘When submitting artwork:
= Cite all images in the manuscript text.
* Mumberimages according to the sequence they appear within your article.

* Submit each imoge as a separate file using a legical naming convention for your
files (for example, Figure_1, Figure_2 etc).

= Please provide captions along with the artwork.

= Text graphics may be embedded in the text ot the appropriate position. If you are
working with LaTelX, text graphics may also be embedded in the file.

Artwork formats
“When your artwork is finalized, “save as" or convert your electronic artwerk to the
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formats listed below taking into account the given resolution requirements for line
drawings, halftones, and ling/halftone combinations:

= Vector drawings: Save as EPS or POF files embedding the font or saving the text
as “graphics”

s Color or grayscale photographs (halftones): Save as TIFF, JPG or PNG files using a
minimum of 300 dpi (for single column: min. 1063 pixels, full page width: 2244
pixels).

= Bitmapped line drawings: Save as TIFF, PG or PNG files using a minimum of 1000
dpi (for single column: min. 3543 pixels, full page width: 7480 pixels).

= Combinations bitmaopped lingfhalftenes [color or grayscale): Save as TIFF, PG or
PMNG files using a minimum of 500 dpi (for single column: min. 1772 pixels, full
page width: 3740 pixels).

Pleose do not submit:

= files that are too low in resolution (for example, files optimized for screen use
such as GIF, BMF, PICT or WPG files).

= disproporticnally large images compared to font size, as text may become
unreadable.

Figure captions

All images must have a caption. A caption should consist of a brief title (not displayed
on the figure itszlf) and a description of the image. We advise you to keep the
ameunt of text in any image to a minimum, though any symbols and abbreviations
used should be explained.

Provide captions in a separate file.

Color artwork
If you submit usable color figures with your accepted article, we will ensure that they
appear in color online.

Please ensure that color images are accessible to all, including those with impaired
color vision. Learn more about color and web accessibility.

For articles appearing in print, you will be sent information on costs to reproduce
color in the printed version, after your accepted article has been sent to preduction.
At this stage, please indicate if your preference is to have color only in the online
wersion of your article or also in the printed version.

Generative AI and Figures, images and artwork
Please read our policy on the use of generative AI and Al-assisted tools in figures,
images and artwork, which states:
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s We do not permit the use of Generative AL or Al-assisted tools to create or alter
images in submitted manuscripts.

* The only exception is if the use of AI or Al-assisted tools is part of the research
design or methods (for example, in the field of bicmedical imaging). If this is the
case, such use must be described in a reproducible manner in the methods
section, including the name of the model or toel, version and extension numbers,
and manufacturer.

® The use of generative Al or Al-assisted tools in the production of artwork such as
for graphical abstracts is not permitted. The use of generative AL in the
production of cover art may in some cases be allowed, if the author obtains prior
permission from the journal editor and publisher, can demonstrate that all
necessary rights have been cleared for the use of the relevant material, and
ensures that there is correct content attribution.

supplementary material

We encourage the use of supplemeantary materials such as applications, images and
sound clips to enhance research. Some guidelines:

= Cite all supplementary files in the manuscript text.

= Submit supplementary materials at the same time as your article. Be aware that
all supplementary materials provided will appear online in the exact same file
type as received. These files will not be formatted or typeset by the production
team.

s Include a concise, descriptive caption for each supplementary file describing its
content.

* Provide updated files if at any stage of the publication process you wish to make
changes to submitted supplementary materials.

* Do not make annotations or corrections to a previcus version of a supplementary

file.

= Switch off the option to track changes in Microsoft Office files. If tracked changes

are left on, they will appear in your published version.

We recommend you upload research data to a suitable specialist or generalist
repository. Please read cur guidelines on sharing research data for more information
on depositing, sharing and using research data and other relevant research
materials.

Video

This journal accepts video material and animation sequences to support and
enhance your scientific research. We encourage you to include links to video or
animation files within articles. Some guidelines:
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= When including video or animation file links within your article, refer to the video
or animation content by adding a note in your text where the file should be
placed.

# Clearly label files 2nsuring the given file name is directly related to the file
content.

* Provide files in one of our recommended file formats. Files should be within our
preferred maximum file size of 150 ME per file, 1 GB in total.

= Provide "stills" for each of your files. These will be used as standard icons to
personalize the link to your video data. You can choose any frame from your video
or animation or make a separate image.

s Provide text (for both the electronic and the print version) to be placed in the
portions of your article that refer to the video content. This is essential text, as
video and animation files cannot be embedded in the print version of the journal.

We publish all video and animation files supplied in the electronic version of your
article.

For more detailed instructions, we recommend that you read our guidelines on
submitting video content to be included in the body of an article.

Research data

Research dota

We are committed to supporting the storage of, access to and discovery of research
data, and our research data policy sets out the principles guiding how we work with
the research community to support a more efficient and transparent research

process.,

Research data refers to the results of observations or experimentation that validate
research findings, which may also include software, code, models, algorithms,
protocols, methods and other useful materials related to the project.

Please read our guidelines on sharing research daota for more information on
depositing, sharing and using research data and other relevant research materials.

option C: Research dota deposit, citation and linking
For this journal, the following instructions from our research data guidelines apply.

Option C: Research data deposit, citation and linking (or a Research

Data Availability Statement)
You are required to:

= Deposit your research data in a relevant data repository.

= Cite and link to this dataset in your article.
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= Ifthis is not possible, make a statement explaining why research data cannct be
shared.

Data statement
To foster transparency, you areencouraged to state the availability of any data at
submission.

Ensuring data is available may be a requirement of your funding body or institution.
If your data is unavailable to access or unsuitable to post, you can state the reason
why (e.g., your research data includes sensitive or confidential information such as
patient data) during the submission process. This statement will appear with your
publishad article on ScienceDirect.

Read more about the importance and benefits of providing o data statement.

Data linking

Linking te the data underlying your werk increases your exposure and may lead to
new collaborations. It also provides readers with a better understanding of the
described research.

If your research data has been made available in a data repository there are a
number of ways your article can be linked directly to the dataset:

* Provide a link to your dataset when prompted during the online submission
Process.

* For some data repositories, a repository banner will automatically appear next to
your published article on ScienceDirect.

= ‘You can also link relevant data or entities within the text of your article through
the use of identifiers. Usa the following format: Databose: 12345 (e.g. TAIR:
AT1GO1020; CCDC: 734053; PDE: 1XFM).

Learn more about linking research dota and research articles in ScienceDirect.

Research Elements

This journal enables the publication of research objects (e.g. data, methods,
protocols, software and hardware] related to original research in Elsevier's Reszarch
Elements journals.

Research Elements are peer-reviewed, open access journals which make research
objects findable, accessible and reusable. By providing detailed descriptions of
objects and their application with links to the original research article, your research

objects can be placed into context within your article.

ou will be alerted during submission to the opportunity to submit a manuscript to
one of the Research Elements journals. Your Research Elerments article can be
prepared by you, or by one of your collaborators.
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Article structure
Article sactions

= Divide your article into clearly defined and numbered sections. Number
subsections 11 (then 1.1.1, L1.2, ...}, then L2, etc.

= Use the numbering format when cross-referencing within your article. Do not just
refer to "the text"

* You may give subsections a brief heading. Headings should appear on a separate
line.

* Do not include the article abstract within section numbering.

Introduction
The introduction should clearly state the objectives of your work. We recommend that
you provide an adequate background to your work but avoid writing a detailed

literature overview or surnmary of your results.

Material ond methods

The materials and metheds section should provide sufficient details about your
materials and methods to allow your work to be repreduced by an independent
researcher. Some guidelines:

s If the methed you used has already been published, provide a summary and
reference the criginally published methaod.

= Ifyou are quoting directly from a previously published method, use quotation
marks and cite the source.

* Describe any modifications that you have made to existing methods.

Results
Results should be clear and conciseWe advise you to read the sections in this guide

on supplying tables, artwork, supplementary material and sharing research data.

Discussion

The discussion section should explore the significance of your results but not repeat
them. You may combine your results and discussion sections into one section, if
appropriate. We recommend that you avoid the use of extensive citations and
discussion of published literature in the discussion section.

Conclusion

The conclusion section should present the main cenclusions of your study. You rmay
have a stand-alone conclusions section or include your conclusions in a subsection of
your discussion or results and discussion section.

Glossary
Please provide definitions of field-specific terms used in your article, in a separate
list.
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Abbreviations
Abbreviations which are not standard in the field should be defined in a footnote on
the first page of your article.

Abbreviations which are essential to include in your abstract should be defined at

first mention in your abstroct, as well as in a footnote on the first page of your article.

Before submission we recommend that you review your use of abbreviations
throughout your article to ensure that it is consistent.

Acknowledgements

Include any individuals who provided you with help during your research, such as
help with language, writing or proof reading, in the acknowledgements section.
Acknowledgements should be placed in a separate section which appears directly
before the reference list. Do not include acknowledgements on your title page, as a

footnote to your title, or anywhere else in your article other than in the separate
acknowledgements section.

Author contributions: CRediT
Corresponding authors are required to acknowledge co-author contributions using
CRediT (Contributor Roles Taxenomy) roles:
* Conceptualization
+ Data curation
= Formal analysis
* Funding acquisition
* Investigation
= Methodology
= Project administration
* Resources
* Software
* Supervision
* Validation
* Visualization
s Writing — criginal draft

s Writing — review and editing
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Mot all CRediT roles will apply to every manuscript and seme authors may contribute
through multiple roles.

“We advise you to read more about CRediT and view an example of a CRediT author
statement.

Funding sources

Authors must disclose any funding sources who provided financial support for the
conduct of the research andfor preparation of the article.The role of sponsors, if any,
should be declared in relation to the study design, collection, analysis and
interpretation of data, writing of the report and decision to submit the article for
publication.If funding sources had no such involvement this should be stated in your
submission.

List funding sources in this standard way to facilitate compliance to funder's
requirements:

Funding: This work was supported by the National Institutes of Heolth [grant numbers
xxxx, yyyy]; the Bill & Melindo Gates Foundation, Seattle, WA [gront number zzzz]; and
the United States Institutes of Peoce [grant number oaoal.

It is not necessary to include detailed descriptions on the program or type of grants,
scholarships and awards. When funding is from a block grant or other resources
available to a university, college, or other research institution, submit the name of the
institute or organization that provided the funding.

If no funding has been provided for the research, it is recommended to include the
following sentence:

This research did not receive any specific gront from funding ogencies in the public,
commercial, or not-for-profit sectors.

Appendices
“We ask you to use the following format for appendices:

= Identify individual appendices within your article using the format: A, B, etc.

* Give separate numbering to formuloe and equations within appendices using
formats such as Eq. (A.1), Eqg. [A.2), etc. and in subsequent appendices, Eq. (B.1), Eg.
[B. 2) etc. In a similar way, give separate numbering to tables and figures using
formats such as Table A.L; Fig. AL, etc.

References
Refarancas within text
Any references cited within your article should alse be present in your reference list

and vice versa. Some guidelines:

* References cited in your abstract must be given in full
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= e recommend that you do not include unpublished results and personal
communications in your reference list, though you may mention them in the text
of your article.

= Any unpublished results and personal communications included in your reference
list must follow the standard reference style of the journal. In substitution of the

publication date add “unpublished results” or “personal communication.”

* References cited as “in press” imply that the item has been accepted for
publication.

Linking to cited sources will increase the discoverability of your research.

Before submission, check that all data provided in your reference list are correct,
including any references which have been copied. Providing correct reference data
allows us to link to abstracting and indexing services such as Scopus, Crossref and
PubMed. Any incorrect surnames, journal or book titles, publication years or
pagination within your references may prevent link creation.

We encourage the use of Digital Object Identifiers (DOIs) as reference links as they
provide a permanent link to the electronic article referenced. See the example below,
though be aware that the format of such citations should be adapted to follow the
style of other references in your paper.

DO link example (for an article not yet in an issue):

WanDecar ).C., Russce R.M., Jarmes C.E., Ambeh %W.B., Franke M. (2003). Aseismic
continuation of the Lesser Antilles slab beneath northeastern Venezuela. Journal of
Geophysical Research, https:f{del.org/10.1029/2001)BO00224.

Referance format
This journal does not set strict requirements on reference formatting at submission.
Some guidelines:

= References can be in any style or format as long as the style is consistent.

= Author names, journal or book titles, chapter or article titles, year of publication,
volume numbers, article numbers or paginatien must be included, where
applicable.

* Use of DOIs is recommended.

Cur journal reference style will be applied to your article after acceptance, at proof
stage. If required, at this stoge we will ask you to correct or supply any missing
reference data.

Referance style
All citations in the text should refer to:
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» Single author: the author's name [without initials, unless there is ambiguity) and
the year of publication.

= Two authors: both authors' names and the year of publication.

* Three or more authors: first author's name followed by et al! and the year of

publication.

Citations can be made directly (or parenthetically). Groups of references can be listed
either first alphabetically, then chronologically, or vice versa. Examples: “as
demonstrated (Allan, 20204, 2020b; Allan and Jones, 2019)" or “as demonstrated
(Jones, 2019; Allan, 2020). Kramer et al. (2023) have recently shown™

The list of references should be arranged alphabetically and then chronologically if
necessary. More than one reference from the same author(s) in the same year must
be identified by the letters 'a), 'k, ' etc., placed after the year of publication.

Examples:
Reference to a journal publication:

Van der Geer, )., Handgraaf, T, Lupton, R.A., 2020. The art of writing a scientific
article. ]. 5ci. Comrnun. 163, 51-59. https:/fdoi.org/10.1016/].5c.2020.00372.

Reference to a journal publication with an article number:

Van der Geer, )., Handgraaf, T., Lupton, R.A., 2022, The art of writing a scientific
article. Heliyon. 19, 200205, https:{/doi.crg/10.1016/]. heliyon. 2022200205,

Reference to a book:
Strunk r., W., White, E.B., 2000. The Elements of Style, fourth ed. Longman, New York.
Reference to a chapter in a book:

Mettam, G.R., Adams, L.B., 2023. How to prepare an electronic version of your article,
in: Jenes, B.5., Smith, R.Z. (Eds.], Introducticn to the Electronic Age. E-Publishing Inc.,
Mew York, pp. 281304,

Referance to a website:

Cancer Research UK, 2023. Cancer statistics reports for the UK.
http:/fwww.cancerresearchuk.orgfaboutcancer/statistics fcancerstatsreport/
(occessed 13 March 2023,

Reference to a dataset:

Cguro, M., Imahirg, 5., Saito, 5., Nakashizuka, T., 2015, Mortality data for Jopanese
cak wilt disease and surrounding forest compositions [dataset]. Mendeley Data, vl
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https:{{doi.org/10.17632 /xwj28nb39r.1.
Reference to software:

Coon, E., Berndt, M., Jan, A., Svyatsky, D., Atchley, A, Kikinzon, E., Harp, D., Manzini, G.,
Shelef, E., Lipnikov, K., Garimella, R., ¥u, C., Moulton, D., Karra, 5., Painter, 5., Jafarov,
E., & Molins, 5., 2020. Advanced Terrestrial Simulator [ATS) w0.88 (Version 0.88)
[software]. Zenodo. https://dei.org/10.5281(zenodo.3727209.

Journal abbreviations

“We ask you to abbreviate journal names according to the List of Title Word
Abbreviations (LTW/A).

Web references

When listing web referances, as a minimum you should provide the full URL and the

date when the reference was last accessed. Additional information (e.g. DOL, author
names, dates or reference to o source publication) should also be provided, if known.

¥ou can list web references separately under a new heading directly after your
reference list or include them in your reference list.

Data references
We encourage you to cite underlying or relevant datasets within article text and to
list data references in the reference list.
“When citing data referances, you should include:
= guthor name(s)
* dataset title
* data repository
= version (where available]
= year
* global persistent identifier

Add [dataset] immediately before your reference. This will help us to properly identify
the dataset. The [dataset] identifier will not appear in your published article.

Preprint references
We ask you to mark preprints clearly. You should include the word “preprint” or the

name of the preprint server as part of your reference and provide the preprint DOL

Where a preprint has subsequently become available as o peer-reviewed publicaticon,
use the formal publication as your reference.
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If there are preprints that are central to your work or that cover crucial developments
in the topic, but they are not yet formally published, you may reference the preprint.

Reference manogement software

Most Elsevier journals have their reference template available in popular reference
management software products. These include products that support Citation Style
Language (C5L) such as Mendeley Reference Manager.

If you use a citation plug-in from these preducts, select the relevant journal template
and all your citations and bibliographies will outomatically be formatted in the
journal style. We advise you to remove all field codes before submitting your
manuscript to any reference management software product.

If a template is not available for this journal, follow the format given in examples in
the reference style section of this Guide for Authors.

Submitting your Manuscript

Submission checklist
Before completing the submission of your manuscript, we advise you to read our
submission checklist:

* One author has been designated as the corresponding author and their full
contact details (email address, full pestal address and phone numbers) have been
provided.

= All files have been uplooded, including keywords, figure captions and tables
[including a title, description and footnotes) included.

= Spelling and grammar checks have been carried out.
* All references in the article text are cited in the reference list and vice versa.

= Permission has been obtained for the use of any copyrighted material from other
sources, including the Web.

* For gold open access articles, all authors understand that they are responsible for
payment of the article publishing charge [APC) if the manuscript is
accepted. Payment of the APC may be covered by the corresponding author's
institution, or the research funder,

Submit online

Our online submission system guides you through the process steps of entering your
manuscript details and uploading your files. The system converts your article files to
a single PDF file used in the peer-review process.

Editable files [e.g., Word, LaTeX) are required to typeset your article for final
publication. All correspendence, including notification of the editor's decision and
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requests for revision, is sent by email.
Please follow this link to [submit your paper].

After Receiving a Final Decision

Article Transfer Service

If your manuscript is mere suitable for an alternative Elsevier journal, you may
receive an email asking you to consider transferring your manuscript via the Elsevier
Article Transfer Service.

The recommendation could come from the journal editor, a dedicated in-house
scientific managing editor, a tool-ossisted recommendation or a combination.

If you agree with the recommendation, your manuscript will be transferred and
independently reviewed by the editors of the new journal. You will have the
opportunity to make revisions, if necessary, before the submission is complete at the
destination journal.

Publishing agreement

Authors will be asked to complete a publishing agreement after acceptance. The
corresponding author will receive a link to the online agreement by email. We advise
you to read Elsevier's policies related to copyright to learn more about cur copyright
policies and your, and your employer'sfinstitution's, additional rights fer subscription
and gold open access articles.

License options

Authors will be offered open access user license options which will determine how

you, and third parties, can reuse your gold open access article. We advise that you

review these opticns and any funding bedy license requirements before selecting a
license option.

Open access
We refer you to our open access infermation page to learn about open access options
far this journal

Permission for copyrighted works

If excerpts from other copyrighted works are included in your article, you must obtain
written permission fromn the copyright owners and credit the source(s) within your
article using Elsevier's permission request and license form (Word).

Proof correction
To ensure a fast publication process we will ask you to provide proof corrections
within two days.

Corresponding authors will be sent an email which includes a link te our online
proofing system, allowing annotation and correction of proofs online. The
envirenment is similar to Werd. You can edit text, comment on figures and tables and
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answer quastions raised by our copy editor. Our web-based proofing service ensures a
faster and less error-prone process.

You can choose to annotate and upload your edits on the PDF version of your article,
if preferred. We will provide you with procfing instructions and available alternative
proeofing methods in our email.

The purpose of the proofis to check the typesetting, editing, completeness and
correctness of your article text, tables and figures. Significant changes to your article
at the proofing stage will only be considered with approval of the journal editor.

Share Link

& customized Share Link, providing 50 days free access to the final published version
of your article on ScienceDirect, will be sent by email to the corresponding author.
The Share Link can be used to share your article on any communication channel, such
as by ernail or on social media.

For an extra charge, you will be provided with the optien to order paper offprints. A
link to an offprint order form will be sent by email when your article is accepted for
publication.

& Share Link will not be provided if your article is published gold open access. The
final published version of your gold open access article will be openly available on
scienceDirect and can be shared through the article DOT link.

Responsible sharing

“We encourage you to share and promote your article to give odditional visibility to
your work, enabling your paper to contribute to scientific progress and foster the
exchange of scientific developments within your field. Read more about how to
responsibly share and promote your article.

Resources for Authors

Elsevier's Researcher Academy
If you would like help to improve your submission or navigate the publication
process, support is available via “Researcher Academy

Researcher Academy offers free e-learning modules, webinars, downloodable guides
and research writing and peer review process resources.

Language and editing services
We recommend that you write in American or British English but not a combination
of both.

If you feel the English language in your manuscript requires editing to eliminate
possible grarnmatical or spelling errors and to conform to correct scientific English,
you may wish to use the English Language Editing service provided by Elsevier's
Author Services.
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ANEXO IIl. Comprovante de submisséo do artigo ao periédico.

E-mal due Unresrsidads MNasderal de Pampga - PEE-D-24-0HIT48 - Conf img your on b= P gy, Dizckammiry and Ba hawes: RO 12T

niparmpa

e

PEB-D-24-00245 - Confirming your submission to Pharmacology, Biochemistry
and Behavior

Pharmacology, Biochemistry and Behavior <emieditorizimanager coms 18 de junho de 2024 &3 1026
Responder & "Pharmacology, Biochemistry and Behavior™ <supportfilelsever.coms
Fara: Pamela Billig Mello-Carpes <pamelacarpes @unipampa.edu bre

"This i2 an automaled megsage.”

MATERMNAL SEFARATION DIDES NOT AFFECT RECOGNITION MEMORY IN FEMALE RATS BUT ALTERS
HIFFOCAMPAL COXIDATIVE BALAMCE, A DISORDER REVERTED BY A MULTICOMPONENT TRAINIMG

Dear Dra. Mello-Carpes,

We have received ihe above referenced manuscript you submitied by Pharmacology., Biochemistry and Behawor. It
has been assigned the jobowing manuscripl number: PBB-D-24-00245.

To rack the Status of YOur Manuscript, pease log in &3 an author at hips:ivesw. editofiaimanager. com/pbed, and
navigate o the “Submisgions Being Processed” folder.

Thank you for submilting your work to this jpumal.

Kind regards,
Pharmacology, Blochemiatry and Behavior

FAQ: How can | reset a forgotien password?
hitps:isenvice esevier.com/appianswers/delalla_id!28452/supporthuby publishingloweditorial + managen

For fusther assisiance, please visil our customer service sile: hitps //eendcs slsevier comiapphomesupporthub/
pulishing/. Here you can ssarch 1or solulions on & range of topics, find answers 1o frequently ssked questions,
and learm more aboul Editorial Manager via interactive tulorisls. You can also tallk 2407 o our cusiomer suppan
team by phone and 2477 by live chat and email

Thiz FILIFI'IE| uges the Elsevier Article Transter Service. This means hal it an edlor Teals your manus:ﬂpt is mona
suitable for an allemative joumal, then you might be asked to consider ransterming the Manusoipt bo such a
jeumnal. The recommendation might be provided by a Journal Edilor, a dedicaled Scentific Managing Editor, a tool
aggisied recommendation, of 8 combinalion. For more dedails ses the }I:IIJI'I13| gl.l|l:|E for authons.

Al Elsavier, we want to help all our authors to stay safe when publishing. Plesse be aware of fraudulent messages
requesting monsy in reburm for the publication of your paper. If you are publishing open access with Elssier, bear
in mind that we will never reguest payment before the paper has been accepled. We have prepared some
guidelings (https Uwawelsevier comiconnectauthors-update/ssven-top-tipg-on-stopping-ape-scams: ) that you
may find helgdul, incuding & shart video on [dentitying fake scoaptance letters (RRpa2weww youtube combwateh?
w=0SIEthDEXIE |. Please remember thal you can contact Elsevier & Researcher Support team

[hitps:Nsenvice slsevier comiapphomesupporthubypublishing ) 2t any time if you have gueslions aboud your
manuscript, and you can log inlo Editorial Manager to check the status of your manuscript

[hitps:iiserice elsevier comiapplanswers'detaila_id/Z81 5501 0530 supporthub/publshing dwistatus/) #AL_PEE#S

T enaure this email reaches the intended recipient, plezse do not celate the above code

in compliance with dala prodection reguiadions, pou may reques! that we remove your persanal registration dedals o any
lime. [Remowe my inormabon/delnis). Please conlad e publicalion offfice if you have any quesiions.
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