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Resumo

Os primeiros 1000 dias de vida sdo uma janela critica de vulnerabilidade, onde a exposi¢do a
fatores ambientais pode influenciar positiva ou negativamente a salide ao longo da vida. A in-
gestéo exclusiva de leite materno, combinado com o cuidado materno, durante os primeiros seis
meses de vida garante um melhor desenvolvimento ao recém-nascido. No entanto, o desmame
precoce é uma pratica que vem aumentando, a qual tem sido associada ao desenvolvimento de
diversas alteragdes moleculares e comportamentais. Dessa forma, investigamos o efeito do des-
mame precoce aos 16 dias de vida sobre a homeostase redox e a funcdo mitocondrial no encé-
falo de filhotes fémeas e machos de ratos Wistar, além disso investigamos parametros compor-
tamentais aos 60 dias de vida. Os filhotes foram divididos em 4 grupos: (1) desmame controle
(desmame aos 21 dias pds-natal), (2) desmame precoce por bromocriptina (desmame aos 16
dias pds-natal), (3) desmame precoce por separa¢do materna combinado com adogéo (desmame
aos 16 dias pés-natal), (4) desmame precoce por separacdo materna sem cuidados (desmame
aos 16 dias pos-natal). Acompanhamos o peso corporal dos animais desde os 16 até os 59 dias
de idade. No 21° dia, parte dos filhotes foram eutanasiados e o hipocampo e o hipotalamo foram
removidos para avaliacdes bioquimicas. Medimos por citometria de fluxo a massa e o potencial
de membrana mitocondrial, os niveis de superéxido mitocondrial, espécies reativas de oxigénio
e nitrogénio, 6xido nitrico e peroxidacdo lipidica. Avaliamos também as atividades de algumas
enzimas antioxidantes. Os filhotes remanescentes foram submetidos aos testes comportamen-
tais no 60° dia pos-natal. Realizamos os testes de campo aberto a fim de avaliar atividade mo-
tora, reconhecimento de objeto novo para avaliar a memdria de longa duracéo de reconheci-
mento, teste de labirinto em Y para avaliar a memoria de trabalho e a disposicdo dos roedores
para explorar novos ambientes e labirinto em cruz elevado para avaliar 0 comportamento tipo
ansioso na prole. Aos 16 dias de vida o desmame precoce por separa¢do materna foi capaz de
reduzir o peso corporal dos filhotes; em relacdo as alteracdes bioquimicas no hipocampo, 0
desmame alterou os niveis de 0xido nitrico nas fémeas do grupo desmame precoce por bromo-
criptina e por separacdo materna seguido por adoc¢do, além disso a razdo das atividades enzi-
maticas de SOD/GPx+CAT nas fémeas em ambos 0s grupos de desmame precoce por separacao
materna apresentaram um aumento na razdo enzimatica; e no hipotdlamo o desmame aumentou
a peroxidacdo lipidica nos machos de ambos 0s grupos desmame precoce por separacao ma-
terna. Aos 60 dias de vida, os filhotes machos apresentaram um peso corporal menor comparado
com filhotes controles. Além disso, o peso corporal das fémeas foi menor que os filhotes ma-
chos. Os filhotes machos do grupo desmame precoce por bromocriptina apresentaram um défi-
cit de memoria de longa duracdo, além de apresentarem um comportamento tipo ansioso, 0
grupo desmame precoce por separacdo materna seguido por adogdo também apresentou um
comportamento tipo ansioso. Dessa forma, concluimos que o desmame precoce pode ser preju-
dicial ao desenvolvimento do sistema nervoso central em relacdo a homeostase redox e pode
promover alteragdes comportamentais e de aprendizado na vida adulta.

Palavras-chave: Desmame precoce; Programacdo metabolica; Estado Redox.
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Abstract

The first 1000 days of life are a critical window of vulnerability, where exposure to environ-
mental factors can positively or negatively influence health throughout life. Exclusive intake of
breast milk, combined with maternal care, during the first 6 months of life guarantees a better
development of the newborn. However, early weaning is an increasing practice, which has been
associated with the development of several molecular and behavioral changes. Thus, we inves-
tigated the effect of early weaning at 16 days of life on redox homeostasis and mitochondrial
function in the brain of female and male pups of Wistar rats, in addition to investigating behav-
ioral parameters at 60 days of life. The pups were divided into 4 groups: (1) control weaning
(weaning at 21 postnatal days), (2) early weaning by bromocriptine (weaning at 16 postnatal
days), (3) early weaning by maternal separation combined with adoption (weaning at 16 post-
natal days), and (4) early weaning by separation without maternal care (weaning at 16 postnatal
days). We monitor the animals' body weight from 16 to 59 days of age. On the 21st day, part
of the pups was euthanized and the hippocampus and hypothalamus were removed for biochem-
ical evaluations. We measured mitochondrial membrane potential and mass, levels of mito-
chondrial superoxide, reactive oxygen and nitrogen species, nitric oxide and lipid peroxidation
by flow cytometry. We also evaluated the enzymatic activities of some antioxidant enzymes.
The remaining pups was subjected to behavioral tests on the 60th postnatal day, we performed
the open field test, recognition of new object, Y-Maze test and elevated plus-maze test. At 16
days of age, early weaning by maternal separation was able to reduce the pups’ body weight;
in relation to the biochemical changes in the hippocampus, weaning changed the levels of nitric
oxide in females in the early weaning by bromocriptine and maternal separation followed by
adoption groups. In addition, the SOD/GPx+CAT ratio in the females from both groups of the
weaning early maternal separation showed an increase. In the hypothalamus, weaning increased
lipid peroxidation in males in both groups of the early weaning by maternal separation. At 60
days of age, male pups had lower body weight compared to control pups, moreover the female
body weight was lower than male. Male pups in the early bromocriptine weaning group had a
long-term memory deficit evaluated by novel object recognition test, in addition to having an
anxious type behavior. The early weaning by maternal separation followed by adoption group
also showed an anxious type behavior. Thus, we conclude that early weaning can be detrimental
to the development of the central nervous system in relation to redox homeostasis and can pro-
mote behavioral and learning changes in adulthood.

Keywords: DOHaD; Early weaning; Metabolic programming; Redox status.
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Lista de abreviaturas

5-HT- Receptores de serotonina

ACTH - Adrenocorticotropic hormone
AGE - Advanced glycation end-products
ATP - Adenosina trifosfato

ADP - Adenosina difosfato

AVP - Arginina vasopressina

BDNF - Brain-derived neurotrophic factor
CAT - Catalase

DCFH - Diclorofluoresceina

DNA - Acido desoxirribonucleico
eNOS - Oxido-nitrico-sintase endotelial
ERO - Espécies reativas de oxigénio
ERN - Espécies reativas de nitrogénio
GC - Glicocorticoides

GLOL1 - Glioxalase 1

GPx - Glutationa-peroxidase

GR - Glutationa-redutase

GSH - Glutationa reduzida

GSSG - Glutationa oxidada

HLC - Horménio liberador de corticotropina
HPA - Hipotalamo-hipofise-adrenal
iNOS - Oxido-nitrico-sintase induzivel
MG - Metilglioxal

nNOS - Oxido-nitrico-sintase neuronal
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NOS- Oxido-nitrico-sintase

OMS - Organizacdo Mundial da Saude

PGC-1a - Peroxisome proliferator—activated receptor gamma coactivator-1 alpha
PN - Pos-natal

SNC - Sistema nervoso central

STEM - Sistema de transporte de elétrons mitocondrial

SOD - Superoxido-dismutase

Trx - Tiorredoxina

UNICEF - Fundo das Na¢Ges Unidas para a Infancia
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1. Introducéo

O desenvolvimento de um individuo nos seus primeiros 1000 dias é determinante para o
estado de saude e/ou a susceptibilidade ao desenvolvimento de doencas ao longo da vida, na
infancia, adolescéncia e vida adulta (BALE et al., 2010). Apds o nascimento, a alimentacdo do
neonato através do aleitamento materno € essencial para o desenvolvimento pés-natal (AGOSTI
et al., 2017). Os compostos nutritivos provenientes da dieta, desde o periodo pré-natal até os
primeiros anos de vida, podem modular processos adaptativos do metabolismo e causar modi-
ficacOes fisiologicas no organismo (KOLETZKO, 2005). Durante os dois primeiros anos de
vida, a nutricdo fornecida pela amamentacao ¢ essencial para a programacao e para o desenvol-
vimento endocrino, neural, metabdlico, imunolégico, psicoldgico, e das funcBes sensoriais,
executivas e comportamentais (AGOSTI et al., 2017; ESTEBAN-CORNEJO et al., 2017;
GARTNER et al., 2005; KOLETZKO, 2005). Além disso, a amamentagdo protege a crianca
contra o desenvolvimento de doencas infecciosas e cronicas (WHO, 2015). Diante desses be-
neficios a Organizacdo Mundial da Satde (OMS) preconiza que a alimentacéo do lactente seja
exclusivamente com o leite materno durante 0s primeiros seis meses de vida, ndo incluindo até
mesmo agua (WHO, 2015). A partir dos seis meses, a demanda energética da criangca aumenta,
e a introducdo de alimento sélido se torna complementar ao leite materno (WHO, 2015). Estu-
dos clinicos e meta-analises demonstram que o tempo de aleitamento materno é positivamente
correlacionado com a capacidade cognitiva de criancas e adolescentes (ANDERSON et al.,
1999; ESTEBAN-CORNEJO et al., 2017; HORTA et al., 2015; KIM et al., 2017; PARK et al.,
2014), bem como esté relacionado com menores indices de desenvolvimento de obesidade

(BETOKO et al., 2017; VICTORA et al., 2016).

1.1.Aleitamento e sua importancia para o organismo dos mamiferos

O leite materno € um biofluido complexo e altamente rico em nutrientes que protege as

criangas contra doencas durante a primeira infancia. Assim, o leite materno é considerado a

1



alimentacdo padr@o-ouro aos lactentes durante os primeiros meses de vida. O leite materno
contém nutrientes como: acidos graxos essenciais, acidos graxos poli-insaturados de cadeia
longa, lactose, fosfolipidios, enzimas que aumentam a digestdo, proteina do soro do leite (a-
lactoglobulina e lactoferrina), entre outros (BALLARD; MORROW, 2013; MATHUR;
DHINGRA, 2014; PEREIRA et al., 2010). Além dos nutrientes, o leite materno contém inu-
meras moléculas bioativas que contribuem para a maturacdo do sistema imunoldgico, desen-
volvimento e composi¢do da microbiota (BALLARD et al., 2013). A composicao nutricional
do leite materno é responsavel pelos efeitos positivos através da alimentacdo exclusiva, o qual
fornece perfeita nutricdo, permitindo um crescimento saudavel e um adequado desenvolvi-
mento cerebral (ESTEBAN-CORNEJO et al., 2017). Além da melhora a saude, dados demons-
tram uma melhora econdmica e diminuicao ao prejuizo ambiental quando as criancas sdo ama-
mentadas até os seis meses ou mais (ROLLINS et al., 2016). Visto os beneficios que o aleita-
mento materno oferece ao lactente a OMS juntamente com o Fundo das Na¢6es Unidas para a
Infancia (UNICEF) recomendam que o aleitamento materno seja a alimentacdo exclusiva por
seis meses, e posteriormente, 0s bebés sejam apresentados a alimentagdo complementar junta-
mente com amamentacdo continua até os 2 anos de idade ou mais (WHO, 2015).
Considerando os beneficios que o aleitamento materno proporciona a sociedade, a OMS
tém como objetivo alcancar uma prevaléncia de 70% de aleitamento materno exclusivo até 2030
(WHO, 2018). Entretanto, existem diversas limitacdes que precisam ser trabalhadas para con-
quistar o objetivo estipulado pela OMS. Estudos tém demonstrado que diversas variaveis influ-
enciam na pratica do aleitamento materno, tais como variaveis demograficas, socioeconémicas
e aquelas associadas a assisténcia pré-natal e pés-natal (CALDEIRA; GOULART, 2000;
SANTANA et al., 2017). Dentre as variaveis associadas a assisténcia pés-natal, podemos con-
siderar o periodo de transicdo, qual a mée retorna a rotina que existia antes do nascimento da

crianca. No Brasil, os direitos da mulher e da crianga séo assegurados pela Constituicdo, através
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da licenca-maternidade de acordo com o Art. 392 da lei n® 5.452, e menos conhecida, a licenga-
amamentacao de acordo com o Art. 396, Lei n°®5.452, que permite dois periodos diarios de 30
minutos para o aleitamento materno (BRASIL, 1943a; b).

Mundialmente os indices de politicas publicas ainda séo insuficientes para o sucesso da
pratica de amamentacdo exclusiva. Segundo a UNICEF, em todo o mundo, apenas 40% das
mulheres com recém-nascidos tém beneficios basicos de maternidade assegurados em seu local
de trabalho. Essa disparidade aumenta entre os paises da Africa, onde apenas 15% das mulheres
com recém-nascidos tém algum beneficio para apoiar a continuidade do aleitamento materno
(ILO, 2017). Além disto, dos paises que oferecem licenca parenteral, apenas 12% oferecem
uma licenca-maternidade remunerada apropriada (ILO, 2000). Da mesma forma que a licenca
remunerada ajudaria na aderéncia das mdes a amamentacédo exclusiva, a disponibilidade de uma
licenca-maternidade mais longa resultaria em maiores chances de amamentacdo pelo menos
nos primeiros meses (NAVARRO-ROSENBLATT; GARMENDIA, 2018). Neste contexto, no
ano de 2018 apenas 4 em cada 10 criangas no mundo s&o exclusivamente amamentadas até os
seis meses (UNICEF, 2019). J& no Brasil, a prevaléncia do aleitamento materno exclusivo nos
primeiros seis meses de vida foi de 41%, segundo o ultimo relatério sobre amamentagéo divul-
gado pelo Ministério Publico em 2008 (GONCALVES; CADETE, 2009). Portanto, o desmame
precoce, pratica que vai em oposic¢do as recomendacdes preconizadas pela OMS, representa um
importante problema de satde publica (GALTRY, 1997). Evidéncias demonstram que agdes
governamentais sdo necessarias para promover politicas que garantam que todas as mées que
queiram realizar o aleitamento materno, tenham apoio para seguir as melhores praticas de ama-

mentacdo infantil (ROLLINS et al., 2016).



1.2.Desmame precoce e suas consequéncias para a saude: uma perspectiva de acordo
com o conceito DOHaD

O desmame ¢ a transi¢do da supressdo da oferta do leite materno pela introducéo de
leites modificados e/ou alimentos na dieta da crianca (PATEL; SRINIVASAN, 2011), e quando
a pratica ocorre antes dos seis meses de idade, é definido como desmame precoce
(RODRIGUES et al., 2018). Ao realizar o desmame, desafia-se 0 metabolismo do organismo
que € exposto, pois ocorre o desligamento da dependéncia nutricional e comportamental mée-
filho (PATEL et al., 2011). Neste contexto, torna-se importante o desenvolvimento de estudos
correlacionando as consequéncias do desmame precoce na salde e no desenvolvimento das
criancas.

Estudos epidemioldgicos e experimentais tém demonstrado que alteracdes repentinas no
ambiente, situacOes de estresse e alteracfes nutricionais durante os primeiros 1000 dias, qual
compreende a fase desde a concepcdo até os dois anos de vida da crianca, sdo periodos criticos
que podem causar alteracbes indesejaveis que perduram até a vida adulta do individuo
(PENTECOST; ROSS, 2019). Essas alteracdes podem contribuir para o desenvolvimento de
diversas patologias, como obesidade, diabetes, doencas cardiovasculares, depressao e ansiedade
na vida adulta (FRAGA et al., 2014; GARTNER et al., 2005; ILCHMANN-DIOUNOU et al.,
2019; KAUFMAN et al., 2007; MILLER; LUMENG, 2018; MURPHY et al., 2017; SYED,;
NEMEROFF, 2017).

Em estudos utilizando modelos animais de desmame precoce, DOS SANTOS
OLIVEIRA et al. (2011) observaram que o desmame no dia pos-natal (PN) 15 por separacao
fisica das mées tornou os animais mais propensos a preferirem dietas ricas em gordura quando
comparado com animais desmamados em PN30. Outras alteragdes observadas em animais des-
mamados precocemente incluem: o aumento da agressividade (AHOLA et al., 2017; KANARI

et al., 2005), o aumento da ansiedade (ISHIKAWA et al., 2015; KIKUSUI et al., 2006;

4



KODAMA et al., 2008) e a reducdo do desempenho cognitivo (POLETTO et al., 2006). Além
disso, ja foi demonstrado que o desmame precoce € capaz de alterar, em curto e longo prazo,
parametros fisiol6gicos como peso corporal, comprimento, gordura visceral, gordura total, gli-
cemia, niveis de insulina e leptina sérica, bem como o indice de resisténcia a insulina em ratos
(LIMA et al., 2011). Em conjunto, esses achados demonstram que o desmame precoce pode
influenciar negativamente o desenvolvimento fisioldgico e neurocomportamental da prole, tor-
nando necessario o estudo dos mecanismos moleculares implicados nessas alteracoes.

A interacdo mae-bebé é extremamente importante para a desenvolvimento cognitivo e
emocional dos mamiferos. Alguns estudos demonstraram que os cuidados maternos sdo essen-
ciais para um bom desenvolvimento neuronal, pois ajudam na liberacdo de fatores que séo res-
ponsaveis pelo adequado desenvolvimento nas regides encefalicas e no processo de neurogé-
nese que ocorre na prole (DOS SANTOS OLIVEIRA et al., 2011; LIU et al., 2000; MARAIS
et al., 2008). O processo de diferenciacdo celular de subpopulagdes neuronais durante o desen-
volvimento tem se mostrado dependente da producédo de neurotrofinas, principalmente do fator
neurotréfico derivado do encéfalo (BDNF, do inglés Brain-derived neurotrophic factor)
(SCHINDER; POO, 2000). Estudos tém demostrado que a interacdo mae-filhote promove a
liberacdo do BDNF, podendo este exercer efeitos importantes sobre a cogni¢do e 0 comporta-
mento dos filhotes.

Visto a importancia dos cuidados maternos sobre 0 amadurecimento encefélico, por ou-
tro lado, a falta de cuidado pode influenciar negativamente na prole. O desmame precoce in-
fluéncia nos processos cognitivos dependentes da fungdo do hipocampo (FRAGA et al., 2014).
Em um estudo realizado na Universidade de Toquio, 0s pesquisadores sugeriram que o des-
mame precoce foi responsavel pela diminuicdo de BDNF e, consequente inibicdo na prolifera-
cao e sobrevivéncia de celulas hipocampais tanto em camundongos machos quanto em fémeas

(KIKUSUI; ICHIKAWA,; et al., 2009). MIRESCU et al. (2004), observaram que o desmame
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precoce foi capaz de diminuir a proliferacdo celular e a producéo de neurénios imaturos no giro
denteado do hipocampo de ratos, demonstrando uma supressao duradoura da neurogénese e
diminuicdo da plasticidade hipocampal ap0s a exposicao ao estresse na vida adulta. No estudo
de NAKAMURA et al. (2008), o desmame precoce no PN14 induziu comportamento do tipo
ansioso em camundongos em associa¢do com a diminuicao da expressao de receptores de sero-
tonina (5-HT-1A) no hipocampo. Camundongos desmamados precocemente apresentaram ni-
veis basais de corticosterona mais altos do que os ratos desmamados normalmente, bem como
alteracdo na expressdo mRNA de receptores glicocorticoides (GC) no hipocampo (KIKUSUI
et al., 2006).

Todavia, ndo somente o hipocampo parece ser afetado pela falta de cuidado e leite ma-
terno, ja que alteracdes em outras regides encefalicas tém sido relatadas em diversos estudos
sobre desmame precoce. Estudos em ratos, foi observado que o desmame precoce provocou
alteracdes nos padrdes alimentares, modificacOes atribuidas a diminuicdo de expressdo de re-
ceptores de serotonina (5HT-1B e 5HT-2C) no hipotalamo (TAVARES et al., 2019). Ja em
camundongos, a inibicdo da atividade do eixo hipotdlamo-hipéfise-adrenal (HPA) através da
inibicdo da sintese de corticosterona normalizou 0 comportamento tipo ansioso apds desmame
realizado no PN14, demostrando que a separa¢do materna durante os Gltimos dias de aleita-
mento aumentou os niveis de ansiedade através da modulacéo da sinalizacdo por GC no cértex
pré-frontal (KIKUSUI et al., 2019). Por fim, ISHIKAWA et al. (2015) demostraram que 0
modelo de desmame precoce combinado com estresse cronico apds o desmame, foi capaz de
causar prejuizo no desenvolvimento do circuito cortex pré-frontal amigdala resultando em com-
portamentos semelhantes a ansiedade.

1.3.Memoria e sua relacdo com estresse na primeira infancia
Considerando as altera¢fes dos niveis de GC nos modelos de estresse na primeira in-

fancia, sabe-se que estes horménios séo liberados durante periodos de estresse e que causam
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consequéncias no encéfalo. Eventos estressantes promovem alteracdes hormonais no orga-
nismo com o objetivo de preparar o individuo para situacGes perigosas ou ameacadoras. Porém
estes mediadores liberados também influenciam no aprendizado e na memdria (DE
QUERVAIN et al., 2017; ROOZENDAAL et al., 2009). Visto que algumas pessoas possuem
lembrancas mais vividas sobre fatos que ocorreram quando vivenciaram acontecimentos estres-
santes ou emocionalmente estimulantes do que acontecimentos neutros (BOHANNON, 1988;
MCGAUGH, 2003; NEISSER et al., 1996).

A memodria é o resultado da aquisicdo e armazenamento de informacdes adquiridas atra-
vés de experiéncias vivenciadas, processo nomeado como aprendizado (IZQUIERDO, 2018).
Estas memorias sdo classificadas de acordo com o tempo de duracéo, € definido como memoria
de trabalho a lembranca que dura segundos ou poucos minutos. As memarias que duram mais
tempo sdo definidas como memdrias de curta duracdo, que duram 0,5-6 horas, e longo prazo,
que podem durar dias ou anos devido o processo chamado consolidacdo (PAVAO, 2008).
A consolidacdo, processo pelo qual a memoria de curta duracédo € transferida para a memoria
de longo prazo, pode ser afetada pelos niveis de GC tanto em estudos em animais quanto em
humanos (MCGAUGH; ROOZENDAAL, 2002; ROOZENDAAL; MCGAUGH, 2011). Inves-
tigacBes demostram que tanto em altos niveis de GC quanto em baixos podem afetar a consoli-
dacdo das memorias (OITZL; DE KLOET, 1992; ROOZENDAAL; MCGAUGH, 1997). Em
roedores, o desenvolvimento cerebral ocorre durante as Ultimas semanas gestacionais e perma-
necem em desenvolvimento nas trés primeiras semanas pés-natal (ANDRADE et al., 1996),
principalmente o circuito neuronal hipocampal, qual € importante no processamento da memo-
ria e aprendizado (OPITZ, 2014). Estudos demostram que a ma nutri¢cdo durante a lactacdo,
periodo no qual o desenvolvimento encefélico atinge seu pico, favorece efeitos deletérios ao
desenvolvimento encefalico (COUPE et al, 2009; MORGANE et al, 1993).

FRAGA et al. (2011) demostraram que a hipoprolactinemia materna no final do periodo de
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lactacdo afetou a memdaria/aprendizagem de ratos machos na idade adulta. Porém, ndo somente
nos ambitos nutricionais afetam o desenvolvimento cerebral, eventos emocionalmente prejudi-
ciais na primeira infancia também afetam os processos cognitivos relacionados & memoria
(BOS et al., 2009; FUGE et al., 2014; HANSON et al., 2012).

Diante disso, o desmame precoce parece induzir modificacdes que poderdo ditar o es-
tado de salde e/ou a susceptibilidade ao desenvolvimento de doencas na infancia e vida adulta
(KIKUSUI et al., 2006; VAN DER MEULEN et al., 2010), porém os mecanismos moleculares
pelos quais ocorre a programacao do metabolismo para tal desfecho ainda ndo estdo esclareci-
dos. Além disso, até 0 momento ndo ha estudos investigando a influéncia do desmame precoce
sobre a homeostase redox e a funcionalidade mitocondrial no sistema nervoso central (SNC).

1.4.Homeostase Redox e desmame precoce

O Oz possui uma grande importancia aos seres vivos, poréem é considerado um gas mu-
tagénico tdxico. Assim a maioria dos organismos possuem defesas antioxidantes para protecédo
contra sua toxicidade. Além disto, as reacdes de conversao de energia para utilizar o O> como
aceptor final de elétrons no sistema de transporte de elétrons mitocondrial (STEM) foram as
adaptacbes mais importantes entre 0s organismos aerobicos (HALLIWELL, 2006;
HALLIWELL et al., 2007).

O STEM esté localizado nas membranas internas das mitocondrias chamadas cristas,
onde encontramos quatro complexos (I-1V) juntamente com a enzima ATP sintase (complexo
V) formando o maquinario para producao de adenosina trifosfato (ATP, do inglés adenosine
triphosphate), a principal fonte de energia celular (CHABAN et al., 2014). Os complexos I-1V
sdo enzimas com multissubunidades que trabalham em conjunto para criar um gradiente eletro-
quimico atraves do bombeamento de protons da matriz mitocondrial para o espaco intermem-
branas, ao final deste processo o gradiente é usado pelo complexo V para produzir ATP via

fosforilacédo oxidativa (CHABAN et al., 2014; NELSON; COX, 2017).



As mitocdndrias sdo as principais fontes de ATP celular, nas quais utilizam em torno de
85 a 90% do O, que as células captaram na corrente sanguinea (HALLIWELL et al., 2007,
HARPER et al., 2004). Além disso, as mitocondrias exercem um importante papel regulador
em diversos processos celulares, como apoptose, diferenciacdo celular e processos adaptativos
(KIM et al., 2016; VAN DER BLIEK et al., 2017; ZETH, 2010).

Devido a sua alta requisicéo celular, principalmente por ser a principal fonte de ATP, a
mitocondria tem sido considerada a principal fonte de espécies reativas, ocorrendo principal-
mente nos complexos | e Ill, devido ao vazamento de elétrons fornecidos para o STEM
(CHANCE et al., 1979; HANSFORD et al., 1997; HARPER et al., 2004).

As espécies reativas sao moléculas que em sua grande maioria possuem alta reatividade,
e podem ser divididas quimicamente em dois grupos: os radicais livres e 0s agentes oxidantes
ndo radicalares. Radicais livres sdo classificados como moléculas que possuem um ou mais
elétrons ndo emparelhados na sua ultima camada eletronica. Os compostos nao radicalares ndo
possuem elétrons livres, sendo menos instaveis que os radicais livres, mas também podem rea-
gir com moléculas adjacentes sendo facilmente convertidos a compostos radicalares
(HALLIWELL, 2006; HALLIWELL; GUTTERIDGE, 1984). Essas espécies podem ser origi-
nadas através de reacGes com alguns elementos, tais como oxigénio, nitrogénio, cloro, bromo e
enxofre; entretanto os de maior relevancia bioldgica sdo as espécies reativas de oxigénio (ERO)
e espécies reativas de nitrogénio (ERN) (CAROCHO; FERREIRA, 2013; DE TULLIO;
ASARD, 2012).

As espécies reativas atuam nas células como moléculas sinalizadoras capazes de regular
diversas funcdes fisiologicas, alterando reacdes celulares, como sintese de ATP, fagocitose,
regulacdo de crescimento celular e sintese de mensageiros secundarios (BABIOR, 2000;
RECZEK; CHANDEL, 2015; SCHIEBER; CHANDEL, 2014; TRUONG; CARROLL, 2013;

ZHANG et al., 2019). Entretanto as espécies reativas também sdo consideradas subprodutos
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toxicos no metabolismo aerdbico. Os efeitos toxicos das espécies incluem a peroxidacdo dos
lipidios de membrana e oxidacgéo de proteinas, carboidratos e cidos nucleicos (HUSAIN et al.,
1987). Cada espécie reativa possui suas caracteristicas biofisicas particulares que irdo ditar seu
poder de dano celular, tais como taxa de difusdo, meia-vida e permeabilidade celular (SIES,
1997).

O anion superdxido é o produto da reacdo de um elétron com o oxigénio (Reacgéo 1), ele
reage com poucas moléculas ndo-radicalares, porém mais rapidamente com outros radicais
(SCHWARZLANDER; FINKEMEIER, 2013). A atividade mitocondrial é a principal fonte de
O.'~, atraves do vazamento de elétrons nos complexos | e 111, os elétrons sdo captados pelo O2
presente no meio bioldgico, formando assim o anion superoxido (MURPHY, 2009). Apesar de
suas propriedades fisico-quimicas, concentracGes elevadas de O~ podem ser prejudiciais para
as biomoléculas, principalmente pelos seus produtos secundarios (FRIDOVICH, 1995).
Portanto ha necessidade de regular as concentracdes de superdxido, e essa funcdo é realizada
pela enzima superoxido-dismutase (SOD) (BIRBEN et al., 2012). Nesta reacdo de oxidacao-
reducéo, ocorre a dismutagdo de O2"~em H20> (Reagéo 2) (NORDBERG; ARNER, 2001).

O2+e > 02~ (Reacéo 1)
O +e +2H" > H202 (Reacdo 2)

O perodxido de hidrogénio, uma molécula ndo radical, com propriedade estavel e seletiva
sobre as reacdes bioldgicas com espécies nao radicais (HALLIWELL et al., 2007). Além da
enzima SOD, o H20> pode ser formado através de reacdes catalisadas por oxidases em diferen-
tes locais celulares, tais como mitocondrias, reticulo endoplasmatico e citosol ou na via da -
oxidacdo de acidos graxos nos peroxissomos (CHANCE et al., 1979). Embora o H20 seja
bastante seletivo e com uma baixa reatividade, esta molécula pode ser convertida em radicais

altamente reativos atraves de interagcdes com metais de transicdo, que sdo substancias abundan-
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tes no ambiente celular (BARREIROS et al., 2006; HALLIWELL, 2006). Essas reacfes pro-
duzem o radical "OH, a espécie mais danosa entre as ERO. Para o controle da concentracdo do
perdxido de hidrogénio, afim de evitar formacéo de hidroxil, as enzimas catalase (CAT), glu-
tationa-peroxidase (GPx) e tiorredoxinas (Trx) sdo responsaveis pela sua eliminacédo
(LUSHCHAK, 2014).

O radical hidroxil possui alta reatividade bioldgica devido a sua meia-vida muito curta
(10°s), reagindo rapidamente com quase todas as biomoléculas (BABIOR, 2000). Além disso,
a auséncia de defesa antioxidante enzimatica capaz de elimina-lo faz desta espécie mais nociva
entre as ERO (BARCELLQOS, 2015). Para controlar a concentracdo do radical ‘OH podem-se
utilizar defesas antioxidantes ndo enzimaticas, reparar os efeitos danosos causados nas biomo-
Iéculas e inibir a sua formacdo (BARREIROS et al., 2006). A reacao de Fenton (Reacdo 3) é a
principal fonte do radical hidroxil (HALLIWELL, 2006)

M™ + H,02 > M™D* +*OH + -OH (Reagdo 3)

O oxido nitrico é um gas, conferindo permeabilidade as membranas (POLTRONIERI
et al., 2014; THOMAS, 2015). O NO é produzido principalmente pela acdo da enzima 6xido-
nitrico-sintase (NOS), a qual possui trés isoformas: endotelial (eNOS), neuronal (nNOS) e in-
duzivel (iNOS) (Reacéo 4) (RICCIARDOLO et al., 2006). O 6xido nitrico é considerado um
dos mais importantes mediadores de processos intracelular e extracelular, desempenhando fun-
cOes de neurotransmissao, defesa contra patdgenos, citoprotecdo e vasodilatagdo endotelial
(LUNDBERG et al., 2008; ROSZER, 2012) .

Arginina + 202 + NADPH - Citrulina + 2H20 + NADP* + NO*  (Reacéo 4)

O NO’ reage com quase todas biomoléculas, porém sua interacdo com proteinas € a
interacdo mais comum (CHAKI; LINDERMAYR, 2014). Através da nitrosilacdo e nitracéo,
produzindo reacOes reversiveis e irreversiveis, respectivamente, o radical 6xido nitrico pode

alterar funcdes proteicas (HALLIWELL et al., 2007; POLTRONIERI et al., 2014). Entretanto,
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0 NO’ sozinho ndo é suficientemente reativo para atacar o acido desoxirribonucleico (DNA)
diretamente (BARREIROS et al., 2006), mas pode reagir com o radical anion superoxido O2™,
gerando uma espécie toxica chamada peroxinitrito (Reacdo 5) (PRYOR; SQUADRITO, 1995).

NO"+ O - ONOO~ (Reacéo 5)

O anion ONOO" é uma espécie ndo radicalar, estavel e permeavel as membranas biolo-
gicas. Apos sua formagcéo, apesar de possuir um tempo de meia-vida curta (<10735s), o peroxi-
nitrito pode sofrer reac6es secundarias formando agentes capazes de causar danos ao DNA,
oxidacdo de lipidios e nitracdo de porcBes de aminoacidos aromaticos na estrutura das proteinas
(BARCELLOS, 2015; RADI et al., 2001). Devido sua estabilidade ONOO™ pode interagir de
forma irreversivel com estas biomoléculas conferindo uma caracteristica toxica (BECKMAN;
KOPPENOL, 1996).

As espécies reativas sao de extrema importancia celular, contudo seus niveis devem ser
controlados para evitar danos celulares, assim sua eliminacao € realizada pelos antioxidantes
(HALLIWELL, 2011). Os antioxidantes compreendem uma série de compostos enzimaticos e
ndo enzimaticos, que podem ter origem no proprio organismo ou podem ser adquiridos atraves
da dieta (BARREIROS et al., 2006).

O sistema enzimatico, tem maior eficiéncia na neutralizacdo e destoxificacdo das espé-
cies reativas do que o sistema ndo enzimético. As enzimas atuam sobre ERO e ERN para trans-
forma-las em espécies menos toxicas (BARCELLOS, 2015). Existem diversas enzimas antio-
xidantes que protegem as células dos excessos de espécies reativas, porem trés enzimas séo
mais relevantes: superéxido-dismutase (SOD), catalase (CAT) e glutationa-peroxidase (GPx)
(BARCELLOS, 2015; BARREIROS et al., 2006).

A SOD (EC 1.15.1.1) controla os niveis de O,". Esta enzima catalisa a eliminagéo do

radical anion superoxido, convertendo-o em peroxido de hidrogénio e oxigénio (Reacdo 6).
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Além de controlar os niveis de O.™, a SOD também regula a concentragdo de ONOO™ pois ela
compete com 0 NO" pelo Oz~ (OLSON et al., 2018).
20" +2H" > H02 + O3 (Reacdo 6)
A CAT (EC 1.11.1.6) e responsavel por converter o H.O2 em oxigénio e H>O (Reacéo
7). Em mamiferos, a CAT é encontrada predominantemente nos peroxissomos (ALI et al.,
2020; HALLIWELL et al., 2007).
2 H02 > 02 + 2 H,0 (Reacéo 7)
O terceiro sistema enzimatico é formado pelas enzimas glutationa-peroxidase (GPx)
(EC 1.11.1.9) e glutationa-redutase (GR), juntamente com o componente ndo enzimatico, glu-
tationa reduzida (GSH); que eliminam o H20> fora dos peroxissomos. A GPx também atua na
remocao de hidroperédxidos organicos (ROOH) e ONOO™ (BRIGELIUS-FLOHE; MAIORINO,
2013; HALLIWELL et al., 2007). A GPx reduz o peroxido de hidrogénio dgua (Reacéo 8),
oxidandoo substrato GSH (ALI et al., 2020; BABIOR, 1997). A GSH ¢é um tripeptideo sinteti-
zado pela y-glutamilcisteina-ligase e glutationa-sintetase no citoplasma (HALLIWELL et al.,
2007). Durante a reacdo da GPx, duas moléculas de GSH sdo oxidadas formando uma ponte de
dissulfeto, convertendo GSH em glutationa oxidada (GSSG). Apds a oxida¢do, a GSH pode ser
regenerada pela enzima GR (EC 1.6.4.2) (Reacdo 9) (BARCELLOS, 2015).
H20;2 + 2 GSH - 2 H20 + GSSG (GPx) (Reacéo 8)
GSSG + NADPH.H" > 2 GSH + NADP* (GR) (Reacdo 9)
A glioxalase 1 (GLO1) (EC 4.4.1.5) também pode ser considerada uma enzima que au-
xilia a eliminacdo de espécies toxicas as biomoléculas. Essa enzima faz parte do sistema enzi-
matico das glioxalases que convertem a-cetoaldeidos em D-hidroxiacidos (HONEK, 2015). A
GLO1 ndo atua sobre as espécies reativas especificamente, sua funcéo € a remocéo indireta do
subproduto glicolitico ndo enzimatico metilglioxal (MG), sendo atraves da eliminagédo de he-

mitioacetal, o composto formado através da reacdo da GSH com o0 MG (THORNALLEY,
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1996). O MG, um produto do metabolismo da glicose e da frutose, € um composto altamente
reativo, sendo um potente agente de glicacdo, reagindo principalmente com proteinas, lipidios
e DNA, produzindo produtos finais de glicacdo avancada (AGE) (AGE, do inglés advanced
glycation end-products) que induzem processo inflamatdrio e estresse oxidativo (MAESSEN
etal., 2015; THORNALLEY, 1996).

O sistema antioxidante ndo enzimatico é composto por moléculas de baixo peso mole-
cular que controlam o dano causado pelas espécies reativas com menor eficiéncia. Esses com-
postos compreendem os caratenoides, a bilirrubina, a ubiquinona e o &cido drico.
Provenientes da dieta, os tocoferois (vitamina E) e o &cido ascérbico (vitamina C) séo as vita-
minas mais importantes na defesa contra as espécies reativas (BABIOR, 1997; REZAYIAN et
al., 2019).

Entretanto, quando todos estes sistemas sdo insuficientes para combater as espécies re-
ativas, ocorre o desequilibrio redox. O desequilibrio € estabelecido quando ha um aumento na
producdo das espécies reativas de oxigénio/nitrogénio e/ou incapacidade do organismo de neu-
tralizar suas acdes pelos sistemas de protecdo antioxidantes, 0 acimulo destas substancias rea-
tivas culmina em danos as biomoléculas, definindo um estresse oxidativo celular
(BARCELLOS, 2015; PERSSON et al., 2014; SIES, 1985). O estresse oxidativo instaurado
produz uma série de disturbios de sinalizacdo celular promovendo danos moleculares (JONES,
2006). Os danos produzidos através da oxidagdo das biomoléculas sdo causados pela reativi-
dade das espécies reativas, levando a modificacdo de suas estruturas, e em ultima analise, alte-
racdes nas fungdes bioldgicas. As consequéncias do estresse oxidativo nas estruturas celulares
dependem do tipo celular e da severidade do dano oxidativo, assim na falta de adaptagdes ce-
lulares e impossibilidade da recuperacéo e substituicdo das biomoléculas afetadas, o dano oxi-
dativo pode resultar em morte celular (BARCELLOS, 2015; HALLIWELL; WHITEMAN,

2004; SRIVASTAVA; KUMAR, 2015).
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A dificuldade de avaliar diretamente a concentracdo de espécies reativas prejudica a
mensuracdo do estresse oxidativo celular, principalmente devido a suas caracteristicas biofisi-
cas e interacBes com o ambiente celular, assim tem sido usado amplamente medidas indiretas
do dano para investigar o estresse oxidativo. Os principais marcadores sao as oxidacOes de
biomoléculas como lipidios, proteinas, carboidratos e &cidos nucleicos. A oxidacao leva a for-
macao de metabdlitos especificos nos quais sdo identificados e mensurados para ajudar no en-
tendimento do estresse oxidativo celular (BARCELLOS, 2015; HALLIWELL et al., 2007;
HALLIWELL et al., 2004).

Quando recorrente e persistente, o estresse oxidativo pode causar danos crénicos as bi-
omoléculas, tendo sido associados a diversas patologias, inclusive doencas que afetam 0 SNC
(ANGELOVA; ABRAMOQV, 2018; HALLIWELL; GUTTERIDGE, 1985). Um dos principais
motivos é a acentuada producdo de espécies reativas nos neurdnios, principalmente devido ao
alto consumo de oxigénio e glicose no cérebro. Alta demanda de ATP combinado com altera-
¢des na funcionalidade mitocondrial e aumento de geracdo de espécies reativas resulta em uma
maior vulnerabilidade ao desenvolvimento de patologias neuroldgicas (ANGELOVA et al.,
2018; GANDHI; ABRAMOV, 2012).

A maioria dos estudos publicados investigam efeitos do desmame precoce sobre a ho-
meostase redox em intestino de leitdes. Recentemente foi demonstrado que o desmame precoce
foi capaz de alterar o estado redox no intestino delgado de leitdes, evidenciado pela reducédo da
atividade da enzima SOD e da capacidade antioxidante total; alem da diminuicdo da expressédo
de genes relacionados a biogénese e funcdo mitocondrial, das enzimas ATP sintase e citocromo
c oxidase e do citocromo c¢; bem como, a reducéo do conteudo do DNA mitocondrial (HUANG
etal., 2017). Em outro estudo, os resultados demostram que leitdes desmamados precocemente
apresentaram alteragdes em proteinas envolvidas no ciclo do acido tricarboxilico, na 3-oxidagédo

e na via da glicdlise nas vilosidades no intestino delgado (XIONG et al., 2015).
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Uma vez que o cérebro é considerado o 6rgdo mais vulneravel ao estresse oxidativo
guando comparado aos demais 6rgéos, alteracdes na producao de espécies reativas e no sistema
de defesa antioxidante durante periodos criticos de vulnerabilidade podem comprometer o seu
desenvolvimento (HALLIWELL, 2001; HALLIWELL; GUTTERIDGE, 2007). Contudo, as
possiveis alteracdes que o desmame realizado precocemente pode exercer sobre o estado redox
no SNC ndo foram elucidas até 0 momento.

1.5. Justificativa

Diante do baixo indice de lactentes amamentados pelo tempo preconizado pela OMS
combinado com a escassez de estudos sobre possiveis alteracdes no encéfalo de mamiferos
submetidos ao desmame precoce, torna-se importante para a satde publica o desenvolvimento
de estudos correlacionando as consequéncias do desmame precoce sobre o encéfalo da prole.
Visto que uma das limitagcdes dos estudos clinicos € observar os efeitos das intervengdes sobre
0 SNC dos individuos, os estudos em modelos animais vém contribuindo para o esclarecimento

de diversos mecanismos celulares e moleculares.

16



2. Objetivos
2.1.0Dbjetivo Geral

Investigar possiveis alteracbes comportamentais e moleculares no encéfalo da prole de
ratos Wistar submetidos ao modelo de desmame precoce.

2.2. Objetivos Especificos

Verificar o desenvolvimento corporal dos filhotes desmamados precocemente desde o
16° dia pos-natal até o 60° dia.

Verificar a funcionalidade mitocondrial no hipocampo e no hipotalamo da prole de ratos
submetidos ao modelo de desmame precoce, por meio da avaliacdo da massa e potencial de
membrana mitocondrial;

Avaliar possiveis alteracdes do estado redox no hipocampo e no hipotalamo da prole de
ratos submetidos ao modelo de desmame precoce por meio da avaliacdo dos niveis de espécies
reativas, oxidacdo de DCFH, 6xido nitrico e o superdxidomitocondrial ;

Avaliar possiveis danos moleculares no hipocampo e no hipotadlamo da prole de ratos
submetidos ao modelo de desmame precoce por meio da avaliacdo da peroxidacdo lipidica;

Avaliar possiveis alteragdes nos parametros antioxidantes no hipocampo e no hipota-
lamo da prole de ratos submetidos ao modelo de desmame precoce avaliando a atividade das
enzimas SOD, CAT, GPx e GLO1;

Avaliar parametros comportamentais em machos e fémeas submetidos ao modelo de
desmame precoce por meio de testes de campo aberto, reconhecimento de objetos, labirinto em
Y e labirinto em cruz elevado.

Avaliar os efeitos especificos ao sexo sobre os parametros comportamentais e molecu-

lares.
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3. Resultados
3.1.Capitulo |

Neste capitulo apresentamos os resultados desta dissertacdo, que levaram a elaboracédo de
um artigo cientifico. Aqui demonstramos que o desmame precoce alterou a homeostase redox
no encéfalo da prole em filhotes fémeas e machos aos 21 dias de vida. Além disso, mostramos
que o desmame precoce foi capaz de alterar a memoria de longa duracao avaliada pelo teste de
reconhecimento de objeto e 0 comportamento tipo ansioso pelo teste de labirinto em cruz ele-
vado nos filhotes machos aos 60 dias de vida.
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Status do artigo cientifico: Este artigo serd submetido ao periddico International Journal of
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Highlights
e Early weaning affected negatively pups’ body weight.
e Early weaning was able to change the redox state in the pups' brains.
e Pharmacologically early-weaned male pups presented memory impairment.

e Female and male offspring were affected differently by early weaning.
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Abstract

Exposure to environmental factors can program the metabolism, conferring resistance or in-
creasing the risk to chronic diseases development in childhood and adulthood. In this sense,
lactation is an important period in this window of development. Herein, we investigated the
effect of early weaning on neurochemical and behavioral changes in offspring at weaning and
adulthood. Female and male pups were divided into 4 groups: 1. Control weaning (weaning on
the PND21, pups were kept with the biological mother); 2. Early Weaning Bromocriptine group
(EWB) (pharmacological weaning on PND16); 3. Early Weaning Cross-Fostering group
(EWCEF) (pups housed with a foster mother on PND16 up to PND21); 4. Early Weaning With-
out Care group (EWWC) (weaning on PND16, maternal separation). Weight control of pups
were recorded from postnatal day 16 to 59. On the 21% day, part of the pups were euthanized
and the hippocampus and hypothalamus were removed for biochemical evaluation. The remain-
ing pups were submitted to behavioral tests on the 60" postnatal day. Early weaning reduced
the pups' body weight, in sex-dependent way. At 60 days of age, male pups of EWCF and
EWWC groups have lower body weight compared to control male, and female body weight
was lower than male pups. In relation to biochemical changes in the brain, weaning altered the
levels of oxidants, increased the enzymatic activity of SOD and GPx, as well as induced lipid
peroxidation. Weaning was also able to alter long-term memory evaluated and induce anxious
behavior in pups. Our results demonstrate that the different types of early weaning changed the
parameters of redox status in the hippocampus and hypothalamus of pups (21 days-old), sug-
gesting a prooxidative profile, in addition to alter learning/memory and inducing an anxious
behavior in male offspring (60 days-old).

Keywords: DOHaD; Early weaning; Metabolic programming; Redox status.
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1. Introduction

The first 1000 days of life, a phase that extends from conception to two years of age, is a critical
period for development. The concept of Developmental Origins of Health and Disease research
(DOHabD) defines that health and disease risk development in the next generations is affected
by the parental environmental milieu. In this context, we and other groups have shown that
events occurring during the development period may positively or negatively influence health
throughout life (Agosti et al., 2017; August et al., 2018; Klein et al., 2018; Langley-Evans,
2015). Negative insults such as malnutrition early in life can influence the metabolic program-
ming of the individual, and may lead to the development of hon-communicable diseases such
as diabetes, cardiovascular disease, cancer, and chronic respiratory diseases (Agosti et al., 2017;

Bass et al., 2015; Hanson et al., 2009).

From birth to at least six months of age the breastfeeding is the utmost choice to newborn’s
adequate nutrition, as highly recommended by the World Health Organization (WHO, 2015).
Breast milk along with maternal care ensures a better development, considering cognitive,
brain, social, and emotional development of children (Krol et al., 2018). Despite all efforts,
only 37% of babies under 6 months receive exclusive breastfeeding in low- and middle-income
countries (Victora et al., 2016). Early weaning is characterized by the introduction of any kind
of food in a child's diet before 6 months of age (Rodrigues et al., 2018). The path of early
weaning, by choice or imposition, has become a public and a socioeconomic health concern

(Rollins et al., 2016; Victora et al., 2016), considering the long-term health impact.

The early weaning can significantly influence the physiological, behavioral and nutritional de-
velopment of the offspring. Rodents exposed to early weaning showed hyperlocomotor activity
and stress vulnerability (Ishikawa et al., 2014), disruption in the monoaminergic neuron axons

development (Ishikawa et al., 2013), and impairment in the medial prefrontal cortex circuit-
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amygdala development resulting in anxiety-like behaviors (Ishikawa et al., 2015). In addition,
weaning by physical separation from mothers altered dietary preference (dos Santos Oliveira et
al., 2011) and significantly affect the intestinal mucosa (Crispel et al., 2019). In piglets, early
weaning was able to increase reactive species and malondialdehyde levels, to reduce superoxide
dismutase (SOD) activity and the concentration of PPARy coactivator-la (PGC-1a), which
plays an important role in regulating mitochondrial antioxidant expression (L. H. Zhu et al.,

2012).

Essential to cellular homeostasis and survival, mitochondrial function is related to several vital
biological processes, such as ATP production through oxidative phosphorylation (Chaban et
al., 2014; Hock et al., 2009). Incomplete oxygen reduction results in reactive oxygen species
(ROS) production (Holzerova et al., 2015), that has a dual function, being damaging in high
concentration and essential for some physiological processes like inflammatory defense and
cell signaling (Holmstrom et al., 2014; Holzerova et al., 2015; Mittler, 2017; Reczek et al.,
2015; Schieber et al., 2014). Due to its reactive chemical property, the formation of species
needs to be balanced by antioxidant systems, which prevent their cellular accumulation and
protect against the oxidative damage. The systems are responsible for remove species and are
composed of enzymatic and non-enzymatic antioxidants (Barreiros et al., 2006; Baxter et al.,
2016; Pi et al., 2010; Reuter et al., 2010). When the redox homeostasis is unbalanced and ROS
levels are increased above basal levels, they can interact with biomolecules, leading to mito-
chondrial dysfunction and oxidative stress (Choksi et al., 2004; Kim et al., 2008; Murphy,
2006). These conditions are related to several neurological disorders such as depression (Allen
et al., 2018), schizophrenia (Rajasekaran et al., 2015), epilepsy (Pearson-Smith et al., 2017),

and anxiety caused by social isolation (Mumtaz et al., 2018).
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Some neurological diseases present alterations in the modulation of the glucocorticoid system,
in which it is closely linked to the hypothalamic-pituitary-adrenocortical (HPA) axis (Joels,
2018). Similarly, early life stress is also capable of modulate the endocrine system, mainly be-
cause it is a period of high neuroplasticity (Agorastos et al., 2018; Cohen et al., 2012; Kuhlman
et al., 2017). Some studies have shown that stressful events can modulate brain structure and
function and may even lead to cognitive impairment (de Kloet et al., 2005; Lupien et al., 2009).
Interestingly in rodents early weaning was able to increase HPA activity, a marker of physio-
logical stress (Kikusui et al., 2006). In addition, several animal model studies have shown be-
havioral changes such as increased anxiety-like behaviors and aggression (Kanari et al., 2005;
Kikusui et al., 2004; Nakamura et al., 2008). Furthermore, Kikusui et al. (2019) demonstrated
that inhibiting HPA activity normalized anxiety-like behavior in animals in adulthood, indicat-

ing that alteration in HPA alters anxiety in early-weaned rats.

Weaning is one of the most important periods in the life of mammals, so studies show that when
performed early, it can modulate physiological homeostasis, including behavioral and meta-
bolic responses (Yu et al., 2019). In addition, considering that the brain is the organ most vul-
nerable to negative changes in homeostasis during critical periods of vulnerability and may
compromise its development (B. Halliwell, 2001; Barry Halliwell et al., 2007), we aimed to
evaluate if early weaning can bring changes in the redox homeostasis in the rat brain, as well
as alter some behavioral parameters. We evaluated the hippocampus and hypothalamus be-
cause, in addition to being two structures with high plasticity and development during early
childhood, they are also related to providing response to stressors in adulthood (Pervanidou et

al., 2018).
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2. Material and methods

2.1. Animals and Ethics

Fifty-two pregnant Wistar rats were obtained from the breeding colonies of the Centro de Re-
producdo e Experimentacao de Animais de Laboratorio (CREAL), Universidade Federal do Rio
Grande do Sul (UFRGS), Porto Alegre, RS, Brazil. The animals were housed on the Departa-
mento de Bioquimica (UFRGS) under controlled light-dark cycles (12h/12h), at constant tem-
perature (22 = 1 °C), humidity (50 - 60%), and had access to a 20% w/w protein commercial
chow (CR1 lab chow, Nuvilab Ltda., Curitiba, Brazil) and water ad libitum. Pregnant rats were
housed in four per cage (approximately 41 x 34 x 16 cm). On the 20" day of gestation, the rats
were individually relocated in the housing boxes and were observed twice a day (9:00 and
18:00) to verify litter’s birth. The litter was maintained under maternal care according to the

weaning protocol.

All the experimental procedures were approved by the local Ethics Commission on the Use of
Animals (CEUA/UFRGS) under the protocol number 35628, and were conducted according to
the National Animal Rights Regulations (Law 11.794/2008), the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (NIH publication No. 80-23, revised 1996)
and Directive 2010/63/EU. We certify that all efforts were made to minimize the number of

animals used and their suffering.

2.2. Experimental design

The study design is depicted in Figure 1. On PND16, the litter of each dam was randomly
divided into four groups according to the weaning type: 1. Control weaning (weaning on the
PND21, pups were kept with the biological mother); 2. Early Weaning Bromocriptine group

(EWB) (pharmacological weaning on PND16); 3. Early Weaning Cross-Fostering group
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(EWCF) (pups housed with a foster mother on PND16 up to PND21); 4. Early Weaning With-

out Care group (EWWC) (weaning on PND16, maternal separation).

On PND21, one male and one female from each litter were euthanized by decapitation without
anesthesia. The hippocampus and hypothalamus were dissected and immediately used for flow
cytometry or stored at -80 °C for the biochemical assays. The other group of pups were relo-
cated to housing boxes according to the sex in a number of 3-4 pups per cage up to adulthood.
On PND60, two males and two females from each litter performed the following behavioral
tasks: open field test (on PND58), object recognition test (from PND60 to PND61), Y-maze
test (PND75), and elevated plus-maze test (PND76). The body weight of these animals was
monitored daily, from PND16 until PND59. The number of animals used in each analyze is

showed in the legends of figures.

2.3. Weaning models

Early weaning with Bromocriptine (EWB): on PND16 pups, the lactating dams received two
daily doses (9:30 a.m. and 4:30 p.m.) of 1 mg/Kg bromocriptine (Parlodel®, Novartis, S&o
Paulo, SP, Brazil), dissolved in 50% ethanol: 50% saline, intraperitoneally during 5 consecutive

days. The pups were kept with its biological mother up to PND21 (Millar et al., 1999).

Early weaning with Cross-Fostering (EWCF): on PND16, the litters were weaned by cross-
fostering. The pups were separated from its biological mother and were co-housed with a virgin

female Wistar rat of 90-days-old, the foster mother (Iwata et al., 2007) up to PND21.

Early weaning without Care (EWWC): on PND16, the litters were weaned by separated from
its biological mother and co-housed alone (Kikusui et al., 2009). To ensure the feeding of the
pups, pellets of chow moistened with water were placed inside the housing box, for pups having

free access to the chow.
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In the control group, the litter was breastfed by its biological mother up to standard weaning
day that occurs on the PND21. It is important to highlight that all pups kept with its biological

or foster mother had access to standard chow, just as they were available to the mothers.

2.4. Biochemical assays

2.4.1. Sample preparation

For flow cytometry, the hypothalamus and the hippocampus were rapidly dissected and 100 mg
of fresh tissue were dissociated in 1 mL of phosphate saline buffer (PBS), pH 7.4, containing 1
mg% collagenase 1V. Dissociated tissue was centrifuged at 1,500 g for 5 min, the supernatant
was discarded, and the pellet was resuspended, filtered and incubated at 37 °C with fluorescent

probes.

For biochemical assays, the hypothalamus and the hippocampus were rapidly dissected,
weighed and immediately frozen (-80 °C) until homogenization (1:10 w/v in 20 mM sodium
phosphate buffer, pH 7.4, containing 140 mM KCI). Tissue homogenates were centrifuged at
1,000 g for 10 min at 4 °C, the pellet containing to the nuclei and cell debris was discarded, and

the supernatant was taken for the assays.

2.4.2. Flow cytometry

Nitric oxide levels were measured using 10 pM 4-amino-5-methylamino-2',7'-difluorescein di-
acetate (DAF-FM®; Invitrogen, Molecular Probes, Carlsbad, CA) (Stone et al., 2019), and lipid
peroxidation levels were measured using 10 uM 4,4-difluoro-3a,4adiaza-s-indacene (BOD-
IPY®; Invitrogen, Molecular Probes, Eugene, OR). A count of 30,000 events was acquired per
sample in a BD FACSCalibur Flow Cytometry System (San Jose, CA, USA). Data were ana-

lyzed using the software FlowJo (Tree Star, Ashland, OR, USA).

2.4.3. Antioxidant enzymes activity
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Superoxide dismutase (SOD, EC 1.15.1.1) activity was evaluated by quantifying the inhibition
superoxide-dependent autoxidation of epinephrine, verifying the absorbance of the samples at
480 nm. The SOD activity was expressed as the amount of enzyme that inhibits the oxidation
of epinephrine by 50%, which is equal to 1 unit. The data were expressed as units/mg protein

(Misra et al., 1972).

Catalase (CAT, EC 1.11.1.6) activity was assayed by measuring the decrease of absorbance at
240 nm in a reaction medium containing 20 mM H202, 0.1% Triton X-100 and 10 mM potas-
sium phosphate buffer, pH 7.0. One CAT unit is defined as 1 umol of hydrogen peroxide con-

sumed per minute and the specific activity was represented as units/mg protein (Aebi, 1984).

Glutathione peroxidase (GPx, EC 1.11.1.9) activity was measured using tert-butyl hydroperox-
ide as a substrate. NADPH disappearance was monitored spectrophotometrically at 340 nm in
a medium containing 2mM reduced glutathione (GSH), 0.15 U/mL glutathione reductase (GR,
EC 1.8.1.7), 0.4 mM azide, 0.5 mM tert-butyl hydroperoxide, and 0.1 mM NADPH. One GPx
unit is defined as 1 pumol of NADPH consumed per minute and the specific activity was repre-

sented as units/mg protein (Wendel, 1981).

Glyoxalase 1 (GLOL1, EC 4.4.1.5) activity was assessed by the initial velocity of the formation
of S-D-lactoylglutathione from methylglyoxal and GSH at 240 nm (McLellan and Thornalley,
1989). One GLO1 unit is defined as the amount of enzyme that catalyzes the formation of 1
umol of S-D-lactoylglutathione per minute and the specific activity was represented as units/mg

protein (McLellan et al., 1989).

2.4.5. Protein concentration assay

Protein concentration was measured by the method of Lowry et al. (1951), using bovine serum

albumin as a standard.
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2.5. Behavioral tests

The behavioral tests were performed from 8 a.m. to 6 p.m. in an environment with attenuated
sound and light (12 lux). Before each test start, the animals were allowed to habituate to the

testing room for 1 hour.

At the beginning and the end of each test, the apparatus and objects were cleaned with 10%
(v/v) ethanol in order to eliminate any olfactory track to the next use. Behavioral tests data were

collected using a video-tracking system (Anymaze, Stoelting,Woods Dale, IL) using a camera.

2.5.1. Open field test

The open filed test was used to evaluate the exploratory and locomotor behavior. Rats were
evaluated individually and their behavior was recorded for 5 min. The apparatus consisted of a
wood box divided equally into 12 quadrants (60 cm lenght x 60 cm width x 60 cm deep). The
total distance traveled, the number of crossed lines and the time spent in the center and periph-

ery of the apparatus were measured (Netto et al., 1986).

2.5.2. Novel object recognition

The object recognition test consisted of three phases (habituation, training and test session) and
was used to assess learning and long-term recognition memory of animals. The test is based on
the tendency of animals to interact with new or familiar objects. The open field test consisted
in the habituation phase for the object recognition test, which was conducted in the same appa-
ratus. In the training session, performed 24 hours later the habituation, the animals were placed
in the apparatus with two identical objects (A and A") to freely explore them. In the test session,
24 hours after training, one of the objects was replaced by a new object (B) and the animals
were allowed to explore them. Each session lasted 5 min. Object exploration was defined when

the animal directed the nose to the object at a maximal distance of 2 cm, sniffed or touched the
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object. Climbing onto the object, unless the rat sniffed it, was not considered exploration (Klein
et al., 2019). The object discrimination index, which represents a memory index, was analyzed
by the time spent exploring each object (in seconds) and calculated using following formula:
[(B) / (A + B)], each letter in the formula corresponds to the abovementioned object (Ennaceur

et al., 1988; Zou et al., 2006).

2.5.3. Y-Maze test

The Y-Maze test was used to assess spatial memory. The test is based on spontaneous alterna-
tion, in which the animals tend to entry less in a recent visited zone. The apparatus consisted of
three identical "Y" shaped arms (40 cm length x 7 cm width x 12 cm height) at an angle of 120°.
The animals were positioned individually in the center of the apparatus and were left to freely
explore for 8 min (first 2 min for habituation and the other 6 for the test). A complete entry was
considered when the animal had all paws within the arm. The percentage of spontaneous alter-
nation was calculated by the following formula: Ae = (number of alternations performed /

chance of performing an alternation - 2) * 100 (Maurice et al., 1994).

2.5.4. Elevated plus-maze test

The elevated plus-maze was used to assess the anxiety-like behavior. The apparatus consisted
of two opposite open arms (50x10 cm), two enclosed arms (50x10 cm, with a wall 40 cm high),
an open square (10x10 cm) in the center, and a pedestal at 50 cm high from the ground. The
animals were placed in the center facing the open arm, and their behavior was video-recorded
for 5 min. The frequency of entry into the open and enclosed arms, and the time on each arm

were measured (Carobrez et al., 2005).

2.6. Statistical analysis
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Statistical analyses were performed using GraphPad Prism 6.0 software. Data are expressed as
mean + standard error of the mean (SEM). All data were tested for normality using Shapiro-
Wilk test. Data points outside the 95% confidence interval were treated as outliers and were
excluded from the data analysis. Two-way ANOVA was used to analyze the effects of early
weaning and sex. Post hoc analysis was carried out using Tukey’s test. Statistical significance

was considered when p < 0.05.

3. Results

3.1. Offspring’s weight outcomes after early weaning

Along post early weaning days, the different types of early weaning affected negatively pups’
body weight [F (5, 725) = 1.891; p < 0.0001], and differences were also observed between
females and males [F (7, 145) = 7.823; p <0.0001] (Fig. 2A). Body weight of pups from EWWC
and EWCF groups was significantly lower than both female and male pups from control group,

on PND17 up to PND21 for females, and on PND18 up to PND21 for males.

Analyzes from PND28 up to PND60 indicated differences between early-weaned groups [F (7,
623) = 2.764; p < 0.0001]. Starting on PND45 up to PND60 male pups from EWWC and EWCF
groups presented lower body weight than male pups of EWB and control groups. We observed
that female pups of EWWC and EWCF groups had lower body weight than females of control
group only on PND60. Differences between sex was also observed [F (7, 89) = 26.84; p <
0.0001]. On PND35, female pups’ body weight of EWCF and EWB was significantly lower
than control male. For all groups, as expected, female pups presented lower body weight com-

pared to male pups since PND41 up to PNDGO.
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On PND21, pups’ weight gain of EWWC and EWCF groups was significantly lower than pups
of control group [F (3, 151) = 65.06; p < 0.0001], but no differences between sex was observed

[F (1, 151) = 2.014; p = 0.1579] (Fig. 2C).

On PND60 (Fig. 2D), early weaning altered significantly pups’ weight gain [F (3, 141) = 8.187;
p < 0.0001], which was also different between female and male pups [F (1, 141) = 505.9; p <
0.0001] (Fig. 2D). Male pups gained more weight than female. The weight gain of male pups
from EWWC and EWCF groups was significantly lower than male pups from EWB and control

groups.

3.2. Early weaning altered reactive species levels in the brain of female and male pups

We measured the levels of reactive species by the oxidation of DCFH, and the levels of the
specific reactive species nitric oxide (Fig. 3). In the hippocampus, neither early weaning nor
sex altered the levels of DCFH oxidation [F (3, 51) = 0.5508; p = 0.649 and F (1, 51) = 0.035;
p =0.851, respectively], and no interaction between the factors was observed [F (3, 51) = 1.783;
p = 0.162] (Fig.3A). In the hypothalamus, early weaning did not alter the levels of DCFH oxi-
dation [F (3, 50) = 0.732; p = 0.538], but it was observed an effect of sex [F (1, 50) = 20.69; p
< 0.0001], in which the levels of DCFH oxidation increased in female pups compared to male
pups. Furthermore, an interaction between the factors, weaning type vs sex [F (3, 50) = 3.152;
p = 0.033], indicated that DCFH oxidation levels increased in the hypothalamus of female pups
of early weaned groups in comparison to female pups of control group, it reduced in male pups

of early weaned groups in comparison to male pups of control group (Fig.3B).

Regarding hippocampal levels of nitric oxide, we observed an increase in male pups from EWB
group compared to control group [F (3, 41) = 3.278; p = 0.030]. No effect of sex [F (1, 41) =
0.156; p = 0.695] or interaction [F (3, 41) = 2.193; p = 0.103] were observed (Fig. 3C). In the

hypothalamus, we observed that nitric oxide levels of males group were lower than females
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group [F (1, 50) = 4.680; p = 0.035]. No effect of weaning type [F (3, 50) = 0.764; p = 0.519]
and no interaction was observed [F (3, 50) = 1.233; p = 0.307] in the hypothalamus of pups

(Fig. 3D).

3.3. Early weaning altered lipid peroxidation in the brain of male pups

We measured the lipid peroxidation by a specific probe using flow cytometry (Fig. 4). In the
hippocampus, early weaning did not alter the lipid peroxidation [F (3, 49) = 0.794; p = 0.503],
but male pups groups presented reduced levels of lipid peroxidation compared to female pups
[F (1, 49) = 5.235; p = 0.026]. No interaction between the factors was observed [F (3, 49) =
0.891; p = 0.452] (Fig. 4A). In the hypothalamus, we observed that lipid peroxidation increased
in male pups from EWCF and EWWC groups compared to male control pups [F (3, 50) = 5.564;
p = 0.002], and compared to female pups of all groups [F (1, 50) = 20.97; p < 0.0001]. There
was also an interaction between the factors, weaning vs sex [F (3, 50) = 3.593; p = 0.020], while
lipid peroxidation increased in the hypothalamus of male pups of early-weaned groups in com-

parison to female pups (Fig. 4B).

3.4. Early weaning altered the activity of antioxidant enzymes in the hippocampus and

hypothalamus of pups

We measured the activity of the antioxidant enzymes SOD, CAT, GPx, and GLO1 in the hip-
pocampus and hypothalamus of 21 days-old female and male pups. We observed no effect of
early weaning [F (1, 60) = 1.735; p = 0.169] or sex [F (1, 60) = 0.137; p = 0.712] on the activity
of SOD in the hippocampus (Fig. 5A). However, there was a significant interaction between
the factors, early weaning vs sex [F (1, 60) = 3.129; p = 0.032] in the hippocampus; while SOD
activity increased in female pups of early weaning groups compared to control, the SOD activity
in male of early weaning groups remained similar to control values. In the hypothalamus (Fig.

5B), there was no effect of early weaning [F (3, 60) = 0.485; p = 0.693] and no interaction
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between the factors [F (3, 60) = 0.025; p = 0.994], however, the activity of SOD was higher in

male pups compared to female, indicating an effect of sex [F (1, 60) = 15.61; p = 0.0002].

Measuring the activity of CAT, was not observed any significant effect of early weaning in the
hippocampus or hypothalamus [F (3, 61) = 2.263; p = 0.090 and F (3, 60) = 0.156; p = 0.925,
respectively], as well as neither effect on sex [F (1, 61) = 2.255; p=0.138 and F (1, 60) = 0.285;
p = 0.595, respectively] (Fig. 5C and D). In addition, no interaction was observed in the hippo-

campus [F (3, 61) = 1.098; p = 0.357] or in the hypothalamus [F (3, 60) = 2.268; p = 0.090].

Regarding GPx activity in the pups’ hippocampus (Fig. SE) we observed no effect of early
weaning [F (1, 61) = 1.960; p = 0.129] or sex [F (1, 61) = 0.893; p = 0.348]. However, there
was a significant interaction between the factors, early weaning vs sex [F (1, 61) = 3.313; p =
0.026]; while GPx activity increased in female pups of early weaning groups compared to con-
trol, the GPx ctivity activity in male of early weaning groups remained similar to control values.
In the hypothalamus (Fig. 5F), the activity of GPx was not altered by early weaning [F (3, 59)
= 1.333; p = 0.272] and no interaction was observed [F (3, 59) = 1.108; p = 0.353]. However,

GPx activity increased in female pups compared to male pups [F (3, 59) = 23.82; p < 0.0001].

Regarding hippocampal GLO1 activity (Fig. 5G) we observed that early weaning increased
significantly GLO1 activity in all female pups weaned early compared to control group [F (3,
59) = 3.178; p = 0.030]. We also observed that GLO1 activity increased in the hippocampus of
male pups compared to female pups [F (1, 59) = 6.676; p = 0,012], but no interaction between
factors was observed [F (3, 59) = 2.431; p = 0.074]. In the hypothalamus (Fig. 5H), we observed
an increased activity of GLO1 in female pups compared to male pups [F (1, 61) = 26.60; p <
0.0001], but no effect of early weaning [F (3, 61) = 2.254; p = 0.091] and no interaction between

factors [F (3, 61) = 0.467; p = 0.706].
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3.5. The ratio of the activities of SOD/GPx + CAT are altered in the hippocampus and

hypothalamus of pups

The imbalance in the ratio of SOD, GPx and CAT results in the accumulation of H202 which
may generate noxious hydroxyl radicals; therefore, we calculated the ratio of the activity of
antioxidant enzymes SOD/GPx + CAT in the hippocampus and hypothalamus of 21-days-old
female and male pups. In the hippocampus (Fig. 6A), we observed no effect of sex the
SOD/GPx + CAT ratio [F (1, 56) = 3.597; p = 0.063], but early weaning increased SOD/GPx +
CAT ratio in female pups of EWCF and EWWC in comparison to female pups of control group
[F (3,56) = 3.277; p = 0.027]. In addition, we observed an interaction between the factors early
weaning vs sex in the hippocampus [F (3, 56) = 4.521; p = 0.006], in which the SOD/GPx +

CAT ratio of females of early weaning groups was higher than male pups.

In the hypothalamus (Fig. 6B), we observed an increased SOD/GPx + CAT ratio in female pups
group in comparison to male pups groups [F (1, 56) = 15.18; p = 0.0003]. However, observed
no effect of early weaning [F (3, 56) = 1.105; p = 0.355] and no interaction between factors in

the SOD/GPx + CAT ratio in the hypothalamus [F (3, 56) = 2.102; p = 0.110].

3.6. Early weaning altered anxiety-like behavior and memory parameters in male pups

We assessed object recognition memory, spatial learning and memory, exploratory and anxiety-
like behavior in 60-days old female and male pups. In the training phase of the object recogni-
tion task, we observed that female and male pups explore the two objects equally (data not-
shown), as expected. In the test phase (Fig. 7A), we observed that female of all groups [F (1,
59) = 59.10; p < 0.0001] and males of control, EWCF and EWWC groups [F (1, 49) = 45.68; p
< 0.0001] spent more time exploring the novel compared to familiar object. Conversely, the
time spent exploring the novel compared to familiar object was not different in male pups from

EWB group (Tukey post-hoc analyze, p > 0.05). Regarding the object discrimination index
36



(Fig. 7B), we observed a decrease in male pups from EWB group compared to male pups of
control [F (3, 108) = 4.623; p = 0.004] but no effect of sex [F (1, 108) = 0.357; p = 0.552] and

no interaction [F (3, 108) = 0.127; p = 0.944].

In the Y-maze task (Fig. 8), we observed that early weaning did not alter spontaneous alterna-
tion [F (3, 101) = 0.968; p = 0.411] or interaction between factors [F (3, 101) = 1.475; p =
0.226]. However, we observed a decreased in female pups group compared to male pups re-

garding spontaneous alternation [F (1, 101) = 5.644; p = 0.019].

In the elevated plus-maze task (Fig. 9), we observed a decrease on the time in open arms [F (3,
108) = 3.017; p = 0.033] (Fig. 9A) and an increased on the closed arms [F (3, 108) = 3.221; p
= 0.025] (Fig. 9B) in male pups from EWWC groups compared to male pups from EWCF
group. We observed no effect of sex on the time in open [F (1, 108) = 3.668; p = 0.058] and
closed [F (1, 108) = 3.059; p = 0.083] arms, and no interaction between early weaning and sex
[F (3, 108) = 1.462; p = 0.229 and F (3, 108) = 1.427; p = 0.239, respectively]. Regarding the
number of entries in the open, we observed that male pups from EWB group entered less in the
arms in comparison to male pups from control and EWFC group [F (3, 108) = 6.400; p = 0.0005]
(Fig. 9C). Already in the closed arms (Fig. 9D), we observed that male pups from EWB group
entered less in the arms in comparison to male pups from EWWC group [F (3, 108) =5.337; p
=0.002]. In addition, we observed that female pups group entered more often in the closed arms
than male pups group, demonstrating an effect of sex [F (1, 108) = 5.730; p = 0.018] but showed
no effect in the number of entries in the open arms [F (1, 108) =2.513; p = 0.116]. No interaction
between factors, early weaning vs sex, was observed for the number of entries in the open arms
[F (3, 108) =1.434; p =0.237] and closed arms [F (3, 108) = 1.287; p = 0.283]. Regarding the
distance traveled in the arms of elevated plus-maze (Fig. 9E and F), in female pups was higher

than male pups in the open and closed arms [F (1, 108) = 8.926; p = 0.003 and F (1, 108) =
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4.003; p = 0.048]. Lastly, early weaning did not alter distance traveled between groups in the

open [F (3, 108) = 0.8491; p = 0.470] and closed [F (3, 108) = 2.442; p = 0.068] arms .

4. Discussion

It is known that during the lactation period breastfeeding is important not only for the nourish-
ment of the offspring but also for the development of endocrine, neural, immune, psychological
systems, and sensorial, executive and behavioral functions (Agosti et al., 2017; Ballard et al.,
2013; Esteban-Cornejo et al., 2017; Koletzko, 2005). However, less than 40% of children glob-
ally are exclusively breastfed during the first 6 months of life (WHO, 2015). In this context,
animal models have provided knowledge concerning cellular and molecular alteration resulting
from early weaning (Ahola et al., 2017; Kikusui et al., 2016; Mogi et al., 2016; Peixoto et al.,
2019; Pohl et al., 2017; Takita et al., 2016; Wang et al., 2017), although there is a lack in the
literature concerning biochemical modulation in the offspring’s brain. Therefore, in the present
study we used Wistar rats in an attempt to unveil possible biochemical changes in the brain of

21-days-old pups after early weaning, as well as behavioral alteration at young adulthood.

Comparative studies of equivalent age in humans and rats indicate that 21 days of a rat's life
are equivalent to 6 months of age in humans (Quinn, 2005). In this study, pups were weaned on
postnatal day 16 that is equivalent to 4 months of age in humans (Quinn, 2005). It is known that
rat pups of 13 days of life are able to eat alone plaut (Plaut et al., 1972), and at age of 14 days
rat pups initiate solid food intake (Hahn et al., 2013), initiating self-feeding as early as postnatal

day 16 (Thiels et al., 1990).

We observed that pups’ body weight and weight gain reduced significantly in the five days after
early weaning in the groups of pups lacking biological maternal care. One day following early
weaning, the pups lacking biological maternal care lose weight, which stabilized on the second

day and gradually increased from third to fifth days after weaning despite being lower than
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control pups. Although we did not observe statistically significant reduction in the body weight
of pups from bromocriptine group, the mean of body weight of female and male pups was about
8% lower than control pups, and the weight gain was 10% lower in females and 12,6% in males.
In accordance with our findings, S. N. Lima et al. (2011) demonstrated reduction of about 10%
in the body weight of early-weaned rat pups compared to control weaning using pharmacolog-
ical approach on PND21. Pietrobon et al. (2019) compared non-pharmacological approach and
pharmacological approaches of early weaning and demonstrated significant reduction in the
body weight of female and male pups on PND21 for both groups compared to control weaning.
The interruption of breastfeeding by exclusive intake of solid foods might contribute to lower
body weight observed on the first days of weaning. Moreover, according to our findings it
seems that beyond the nutritional challenge, physical interaction of mother-pups in late lactation
period exerts influence on body weight of female and male pups. Maternal-infant interaction is
influenced by both quantity and quality of tactile stimuli during breastfeeding contribute to the

development of the child's nervous system (Del Bono et al., 2012; Krol et al., 2018).

Considering puberty and young adults male pups, only body weight from early weaning groups
lacking biological maternal care were lower than control male. Boueri et al. (2015) also ob-
served lower body weight in early-weaned male rat pups without care on PND60. On PND60
pharmacological early weaning did not alter body weight and weight gain of pups, however we
observed a tendency of gradual increase in the body weight and weight gain. These findings are
in accordance with others studies, which observed no difference or lower body weight at pu-
berty (dos Santos Oliveira et al., 2011; Pietrobon et al., 2019), but increased weight at adult-
hood after inhibition of lactation with bromocriptine (de Moura et al., 2009; S. N. Lima et al.,
2011). It might be occurring a “catch-up” effect in the pups from pharmacological early wean-

ing group that is still not evident on PNDG60.
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There is a dietary transition process in normal weaning in which occur nutritional changes, a
shift from fat-rich diet (breast milk) to a carbohydrate-rich diet (chow) (Azara et al., 2008).
Lipids are the main metabolic fuel during breastfeeding due its importance for the central nerv-
ous system (CNS) development (Gonzalez et al., 2016). Thus, the abrupt replacement of breast
milk by exclusive intake of carbohydrates-rich solid foods and the absence of mothers represent
a metabolic and psychological challenges that might affect the cell metabolism. Threat, we in-
vestigated redox state and mitochondrial parameters in 21 days old hippocampus and hypothal-

amus of female and male rat pups exposed to the early weaning models.

We found no changes in mitochondrial mass and membrane potential or in mitochondrial-spe-
cific superoxide levels in the hippocampus or hypothalamus of 21 days-old pups (data not
showed). To date there is a lack of studies investigating mitochondrial parameters in early-
weaned offspring; however, other models of nutritional or early-life stress challenges showed
mitochondrial alterations in the brain of adult rats (Ferreira et al., 2015; Filipovic et al., 2011,

Toniazzo et al., 2019).

Under normal conditions, the metabolism generates reactive oxygen (ROS) and nitrogen spe-
cies (RNS), and a well functioning antioxidant system is able to deal with it before occurring
oxidative damage (Barry Halliwell et al., 2015). We found an interaction between early wean-
ing by maternal separation and sex concerning DCFH oxidation in the hypothalamus, indicating
that early weaning induces an increase in the levels of overall reactive species in females and a
reduction in males. We found increased nitric oxide levels (NO) in the hippocampus of phar-
macologically early-weaned male pups. The main source of NO in the hippocampus is the neu-
ronal nitric oxide synthase (nNOS) (Zhou et al., 2007), whose expression is positively regulated
by glucocorticoids (GC), hormone under control of hypothalamic-pituitary-adrenal (HPA) axis

and released in stress (Zhou et al., 2011). de Moura et al. (2009) showed that pharmacological
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early weaning increased plasma levels of GC in adult male rats, but in non-pharmacological
early weaning GC levels remained unchanged (N. S. Lima et al., 2013). This could explain the

change observed in males from EWB group.

Early-weaned male pups presented high levels of lipid peroxidation in the hypothalamus com-
pared to control males. Lipid peroxidation occurs when cell membrane lipids are damaged by
reactive species (Gaschler et al., 2017; Ramana et al., 2014). CNS myelin is enriched by con-
stitutive lipids (Cermenati et al., 2015; Hussain et al., 2019), making the brain highly suscepti-
ble to reactive species. We found no damage to lipids in the hippocampus and hypothalamus of
early-weaned female pups, however the levels of lipid peroxidation in the hippocampus of fe-
male pups are higher than male. Studies have shown that the brain of male pups subjected to
maternal separation early in life present an imbalance of redox state and increased lipid perox-
idation (Almeida et al., 2018; Daniels et al., 2012; Uysal et al., 2005). Taking together, these
findings suggest that male offspring are more susceptible than female, but we cannot rule out

that other biomolecules can be damaged by reactive species.

We observed an interaction between early weaning and sex on hippocampal activity of SOD
and GPx antioxidant enzymes, indicating the activity of SOD and GPx are increased by early
weaning in female pups and reduced in male pups. In the hypothalamus, SOD activity in female
pups was lower than male, and the opposite was observed in GPx activity. Some authors suggest
that the analysis of the SOD/GPX + CAT ratio is more relevant than the absolute activity of
individual enzymes once they work together in biological environments, so disturbances in the
enzymatic ratio would suggest an accumulation of hydrogen peroxide (de Haan et al., 1995;
Kostka et al., 1998; Kozakiewicz et al., 2019). We observed increased SOD/GPx + CAT ratio

in the hippocampus of early-weaned female, but not male, pups lacking biological maternal
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care. These data suggest that lack of maternal care may result in increased peroxide levels in

the hippocampus of female pups.

The GLOL1 catalyzes the toxic by-product of the glycolytic pathway methylglyoxal (MGO) that
is responsible for the formation of advanced glycation end products (AGEs) which contribute
to cytotoxicity and cellular inflammation (Inagi, 2016; Thornalley, 2005). We found increased
GLO1 activity in the hippocampus of early-weaned females. Increased GLOL1 indicates elimi-
nation of MGO, that might be altered in the present study due to the shift of breastfeeding to a
diet rich in carbohydrates. Lockwood et al. (1970) demonstrated that rats early weaning on
PND15 induces an increase in the enzymatic profile involved with lipogenesis at 20 days of age

due to dietary changes.

Breastfeeding and maternal care also influences social- and mood- related behavior in the off-
spring (Agosti et al., 2017; Krol et al., 2018). Animal studies have demonstrated increased
aggressive, anxious-like and depressive-like behavior (Ishikawa et al., 2015; Kanari et al.,
2005; Kodama et al., 2008), and reduced cognitive performance (Poletto et al., 2006) after early
weaning. Assessing the behavioral performance in 60-days-old early-weaned rats, we observed
an increased anxiety-like behavior in early-weaned male offspring from bromocriptine demon-
strated by a reduced number of entries in the open arms in the elevated plus maze test. In addi-
tion, pharmacological weaning induced also a deficit in the long-term recognition memory in
male offspring. Bromocriptine inhibits prolactin release, which plays an anxiolytic role through
controlling GC levels (Brown et al., 2017; Torner et al., 2002) and influences maternal behavior
at postpartum period (Bridges, 2015), and variation in care affects pups’ development (Kikusui
etal., 2006; Liu et al., 1997). It is possible that maternal stress caused by bromocriptine admin-

istration acts as an anxiogenic factor in the offspring.
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The behavioral changes observed only in male pups that were weaned pharmacologically sug-
gest that sex hormones are involved. Owen et al. (2003) demonstrated that during development
in rodents, changes in the corticosteroid receptor present sexual differences that are related to
sex-specific changes in the HPA behavior at adulthood. Surprisingly, we demonstrate that rats
weaned earlier by bromocriptine showed alterations in NO levels at 21 days of life, which has
a fundamental role in the GC receptors expression (Lopez-Figueroa et al., 1998; L. J. Zhu et
al., 2014), demonstrating that possibly the increased levels of NO in the hippocampus at this
period allied to the sex-induced changes in the expression of GC during development could

explain the behavioral alterations presented at 60 days of age only in male pups.

5. Conclusion

In conclusion, the main findings of the present work are the sex-dependent differences in redox
homeostasis in the hippocampus and hypothalamus of 21-days-old pups submitted to different
approaches of early weaning. In addition, we observed that early weaning reduced the body
weight and weight gain of female and male pups along the first 60 postnatal days. We also
showed the behavioral performance of early-weaned young adult male offspring on PND60 in

learning and memory tasks and anxiety-like behavior.

Despite our data rising the importance of maternal care and milk supply in the initial phase of
life, additional studies are needed to uncover the molecular mechanisms underlying the neuro-
chemical changes induced by different types of early weaning and how this can reflect on the

behavior of the offspring in the face of a negative stimuli later in life.
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Figure 2. Body weight parameters in early weaned female and male offspring. Daily weight

from PND16 to PND21 (A), daily weight from PND28 to PND60 (B), weight gain on PND21

(C), and weight gain on PND60 (D). Pups’ body weight data were analyzed through two-way

ANOVA repeated measures (n = 8-27) and pups’ weight gain were analyzed through two-way

ANOVA (n = 13-27). *** p < 0.0001 indicating effect of weaning type and ### p < 0.0001

indicating effect of sex. Differences between groups are indicated in the graphs according

Tukey post-hoc analyses. Data are presented as mean + SEM. PND, postnatal days.
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Figure 3. Effect of early weaning on reactive species levels in the hippocampus (A-C) and
hypothalamus (B-D) of 21-days-old pups. DCFH oxidation (A and B) and nitric oxide levels
(C and D). Two-way ANOVA showed an effect of sex on DCFH oxidationin the hypothalamus;
an interaction between weaning type and sex on DCFH oxidationin the hypothalamus; an effect
of weaning type on nitric oxide levels in the hippocampus and an effect of sex on nitric oxide
levels in the hypothalamus. * p < 0.05 indicating effect of weaning type; # p < 0.05 and ### p
< 0.0001 indicating effect of sex; and letter “i” indicating interaction. Differences between
groups are indicated in the graphs according Tukey post-hoc analyses. Data are expressed as

mean + SEM (n = 6-9/group).
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Figure 4. Effect of early weaning on lipid peroxidation in the hippocampus (A) and hypothal-
amus (B) of 21-days-old pups. Two-way ANOVA showed an effect of sex in the hippocampus
and hypothalamus; an effect of weaning type in the hypothalamus; and an interaction between
weaning type and sex in the hypothalamus; ** p < 0.01 indicating effect of weaning type; # p
< 0.05 and ### p < 0.0001 indicating effect of sex; and letter “i”” indicating interaction. Differ-
ences between groups are indicated in the graphs according Tukey post-hoc analyses. Data are

expressed as mean + SEM (n = 6-9/group).
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Figure 5. Effect of early weaning on the activity of antioxidant enzymes superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx), and glioxalase (GLO) in the hippocam-
pus (A-D) and hypothalamus (E-F) of 21 days-old pups. Two-way ANOVA showed an effect
of sex on SOD, GPx and GLO activities in the hypothalamus; an interaction between weaning
type and sex on SOD and GPx in the hippocampus; and an effect of weaning type and sex on

GLO activity in the hippocampus. * p < 0.05 indicating effect of weaning type; # p < 0.05 and
57



### p < 0.0001 indicating effect of sex; and letter “i” indicating interaction. Differences be-
tween groups are indicated in the graphs according Tukey post-hoc analyses. Data are expressed

as mean + SEM (n = 7-9/group).
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Figure 6. Effects of early weaning on the ratio of superoxide dismutase/glutathione peroxidase

plus catalase (SOD/GPx + CAT) in the hippocampus (A) and hypothalamus (B) of 21 days-old

pups. Two-way ANOVA showed an effect of sex on SOD/GPx + CAT ratios in the hypothala-

mus; an interaction between weaning type and sex on SOD/GPx + CAT ratio in the hippocam-

pus; and an effect of weaning type SOD/GPx+CAT ratio in the hippocampus. * p < 0.05 indi-

cating effect of weaning type; ### p < 0.0001 indicating effect of sex; and letter “ii” indicating

interaction. Differences between groups are indicated in the graphs according Tukey post-hoc

analyses. Data are expressed as mean + SEM (n = 6-9/group).
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Figure 7. Behavioral performance of 60 days-old pups in the object recognition test. Time spent
exploring the objects A and B (A) and object recognition index (B). Two-way ANOVA showed
an effect of weaning type on object recognition index and 21an effect time exploring the objects.
** p < 0.01 indicating effect of weaning type; *** p < 0.0001 indicating effect of time exploring
the objects. Differences between groups are indicated in the graphs according Tukey post-hoc

analyses. Data are expressed as mean + SEM (n = 10-23/group).
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Figure 8. Spontaneous alternation performed by 60 days-old pups in the Y-maze test. Two-way
ANOVA showed an effect of sex on spontaneous alternation. # p < 0.05 indicating effect of
sex. Differences between groups are indicated in the graphs according Tukey post-hoc analyses.

Data are expressed as mean + SEM (n = 10-23/group).
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Figure 9. Behavioral performance of 60 days-old pups in the elevated plus-maze. Time in open
and closed arms (A and B), number of entries in the open and closed arms (C and D), and
distance traveled in the open and closed arms (E and F). Two-way ANOVA showed an effect
of weaning type on time in open and closed arms, and number of entries in the open and closed
arms; and an effect of sex on number of entries in the closed arms and distance traveled in the
open and closed arms. * p < 0.05, ** p < 0.01, and *** p < 0.0001 indicating effect of weaning
type; # p < 0.05 and ## p < 0.01 indicating effect of sex. Differences between groups are indi-
cated in the graphs according Tukey post-hoc analyses. Data are expressed as mean + SEM (n

= 10-23/group).
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Supplementary Material
1. Biochemical assays
1.1. Flow cytometry
Mitochondrial superoxide was measured using 1 M MitoSOX® Red (Invitrogen, Mo-
lecular Probes, Eugene, OR - USA) (Marcelino et al., 2013), the reactive species levels were
measured using 10 uM 2',7'-dichlorofluorescein diacetate (H2DCF-DA; Sigma-Aldrich, St.
Louis, MO, USA). A count of 30,000 events was acquired per sample in a BD FACSCalibur
Flow Cytometry System (San Jose, CA, USA). Data were analyzed using the software FlowJo
(Tree Star, Ashland, OR, USA).
2. Behavioral tests
2.2. Open field test
The open field test was used to evaluate the exploratory and locomotor behavior. Rats
were evaluated individually and their behavior was recorded for 5 min. The apparatus consisted
of a wood box divided equally into 12 quadrants (60 cm lenght x 60 cm width x 60 cm deep).
The total distance traveled, the number of crossed lines and the time spent in the center and
periphery of the apparatus were measured (Netto et al., 1986).
3. Results
3.1. Effects of early weaning on mitochondrial parameters in the hippocampus and hypo-
thalamus of female and male pups
We measured the number of functional mitochondria (Mitotracker Green and Red dou-
ble-positive events indicating mitochondrial mass and membrane potential) in the hippocampus
and the hypothalamus of 21 days-old female and male pups. In the hippocampus (Suppl. Fig.
1A), neither early weaning nor sex altered mitochondrial mass and membrane potential [F (3,

45) = 0.063; p = 0.980 and F (1, 45) = 3.459; p = 0.069, respectively], and no interaction be-
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tween factors, early weaning vs sex, was observed [F (3, 45) = 1.805; p = 0.160]. In the hypo-
thalamus (Suppl. Fig. 1B), neither early weaning nor sex altered mitochondrial mass and mem-
brane potential [F (3,49) =1.474; p=0.233 and F (1, 49) = 1.215; p = 0.276, respectively], and
no interaction between factors, early weaning vs sex, was observed [F (3, 49) = 1.200; p =
0.319].

Regarding the levels of mitochondrial superoxide, neither early weaning nor sex altered
this parameter in the hippocampus [F (3, 52) = 0.796; p = 0.502 and F (1, 52) = 1.640; p =
0.206, respectively] (Suppl. Fig. 2A) and hypothalamus [F (3, 49) = 0.122; p =0.947 and F (1,
49) = 0.726; p = 0.398, respectively] (Suppl. Fig. 2B). In addition, no interaction was observed
in the hippocampus [F (3, 52) = 0.896; p = 0.449] or hypothalamus [F (3, 49) = 0.170; p =
0.916].

3.2. Effects of early weaning in the exploratory parameters in pups

Early weaning did not alter female and male pups’ locomotor parameters in the open
field test (Suppl. Fig. 3). Regarding distance travel, neither early weaning nor sex was altered
this parameter [F (3, 104) = 2.516; p = 0.062 and F (1, 104) < 0.001; p = 0.988, respectively],
and we observed no interaction between factors, early weaning vs sex [F (3, 104) = 1.295; p =
0.280] (Suppl. Fig. 3A). Regarding the crossings number, neither early weaning [F (3, 105) =
1.581; p = 0.198] nor sex [F (1, 105) = 2.445; p = 0.1209] altered this parameter in test, also
was observed no interaction between factors [F (3, 105) = 0.539; p = 0.657] (Suppl. Fig. 3B).
We observed no effect of sex in the periphery [F (1, 101) = 0.167; p = 0.684] and center [F (1,
102) = 0.359; p = 0.555] time, neither effect of early weaning [F (1, 101) = 0.167; p = 0.6839
and F (3, 102) = 0.069; p = 0.976, respectively]. Equally, we observed no interaction between
early weaning and sex in the periphery and center time [F (3, 101) = 0.265; p = 0.850 and F (3,

102) = 0.204; p = 0.893, respectively] (Suppl. Fig. 3C).
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Supplementary Figures
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Figure 1. Effect of early weaning on mitochondrial function in the hippocampus (A)
and hypothalamus (B) of 21 days-old pups. Two-way ANOVA showed no effect of weaning
type and sex, and no interaction on mitochondrial function in the hippocampus and hypothala-

mus (p > 0.05). Data are expressed as mean + SEM (n = 6-9/group).

65



200+ 150+
= = mm Control
5 § z § == EW Bromocriptine
H 8 H 2 100 mm EW Cross-Fostering
B ge == EW Without Care
g €g
xS »x 2
o= 3=
32 g2 50
2% £%
£ £
04

Females Males Females Males

Figure 2. Effect of early weaning on mitochondrial superoxide levels in the hippocampus (A)
and hypothalamus (B) of 21 days-old pups. Two-way ANOVA showed no effect of weaning
type and sex, and no interaction on mitochondrial function in the hippocampus and hypothala-

mus (p > 0.05). Data are expressed as mean + SEM (n = 6-9/group).
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Figure 3. Behavioral performance of 60-days-old pups in the open field test. Distance
travel (A), crossings number (B), and periphery, and center time (C and D). Two-way ANOVA
indicated no effect of weaning type and sex, and no interaction (p > 0.05). Data are expressed

as mean + SEM (n = 10-20/group).
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4. Discussao

No presente estudo, foi demonstrado que diferentes tipos de desmame precoce aos 16
dias pds-natal promove alteracfes no estado redox nas estruturas encefalicas avaliadas, hipo-
campo e hipotdlamo, em filhotes fémeas e machos, avaliados aos 21 dias de vida. Além disso,
0 modelo de desmame precoce promoveu alteragdes no desempenho comportamental nos fi-
Ihotes aos 60 dias de vida.

O aleitamento materno é essencial para o desenvolvimento na primeira infancia. Através
do fornecimento de acidos graxos poli-insaturados de cadeia longa, o leite materno é essencial
na formacdo estrutural e diferenciacdo neuronal, além de auxiliar na sinaptogénese durante a
maturacdo cerebral (FERNSTROM, 1999; PETRYK; WEILER, 2002). Além disso, a quanti-
dade e qualidade dos estimulos tateis durante a amamentacao, parece contribuir no desenvolvi-
mento do sistema nervoso das criangas, principalmente através do comportamento materno que
é influenciado por horménios liberados durante a suc¢édo infantil (DEL BONO; RABE, 2012).
Assim a interacdo méae-bebé parece contribuir para o desenvolvimento do comportamento dos
recém-nascidos (AGOSTI et al., 2017; CAMERON et al., 2005). Desse modo, a amamentacao
materna tem sido considerada a alimentagdo “padrdo ouro” na vida pos-natal (GARTNER et
al., 2005).

Considerando os beneficios que o desmame promove as criancas, a OMS vem forte-
mente sugerindo que durante 0s primeiros seis meses 0s recém-nascidos sejam alimentados
exclusivamente por leite materno e, que a partir dessa idade haja a introducdo de alimentos
solidos como forma de complementacdo ao aleitamento (WHO, 2009). No entanto, a taxa de
lactentes que sdo submetidos a alimentacdo preconizada pela OMS compreendendo apenas 40%
dos lactentes até o sexto més (WHO, 2015). A crescente taxa de prevaléncia do desmame rea-
lizado precocemente tem se tornado um problema de salude publica, uma vez que estudos tém

evidenciado que o desmame precoce pode alterar o desenvolvimento do organismo e provocar
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distdrbios metabolicos e comportamentais na prole (DOS SANTOS OLIVEIRA et al., 2011;
KANARI et al., 2005; KIKUSUI et al., 2019; KIKUSUI et al., 2004; MIRANDA et al., 2019;
PIETROBON et al., 2019; TAVARES et al., 2020).

Devido a alta prevaléncia de desmame precoce, se faz necessario estudos que tenham
como objetivo investigar as possiveis consequéncias a curto e longo prazo a satde do individuo
exposto a esta pratica. Entretanto, torna-se dificil a producdo de estudos em humanos principal-
mente devido ao longo tempo e ao alto custo da pesquisa clinica. Além disso, a observacédo das
consequéncias bioguimicas do desmame precoce sobre encéfalo humano a curto prazo torna-se
inviavel. Portanto o uso de animais tem sido de grande ajuda para compreensdo das possiveis
consequéncias do desmame realizado precocemente. Quando comparado as idades entre ratos
e humanos, sabe-se que 21 dias de vida em um rato sdo equivalentes a 6 meses em um ser
humano (QUINN, 2005), idade preconizada pela OMS para o um desmame adequado. PLAUT
e DAVIS (1972) relatam que os filhotes de ratos aos 13 dias de vida ja sdo capazes de comer,
manter a temperatura corporal e evacuar sozinhos, e aos 14 dias iniciam a ingestao de alimentos
solidos (HAHN et al., 2013). No entanto, uma observacdo intensiva do padrdo comportamental
de ratos no periodo do 14° até o 35° dia de vida demonstrou que os filhotes iniciam a alimen-
tacdo sozinhos no 16° dia pés-natal (THIELS et al., 1990). Considerando os estudos anteriores,
decidimos avaliar os efeitos do desmame precoce no 16° dia pds-natal, 0 que representaria o
desmame aos 4 meses de idade em humanos (QUINN, 2005) e possibilitaria que os animais
pudessem se desenvolver adequadamente sem prejuizos severos a saude.

Trés tipos diferentes de desmame precoce foram investigados para compreender as pos-
siveis consequéncias no encéfalo e no comportamento dos animais. O primeiro foi o desmame
realizado farmacologicamente, com o intuito de observar possiveis alteracdes devido apenas a
falta de leite materno, utilizamos o medicamento Parlodel (Norvatis ®), composto por bromo-

criptina. A Bromocriptina cessa a producdo de leite através da inibi¢do da sintese de prolactina
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(BERNARD et al., 2015). O segundo modelo de desmame precoce foi realizado por separacéo
materna seguida por adocdo por ratas fémeas virgens. O intuito deste grupo foi entender como
a falta de leite materno vinculado a falta de cuidado materno bioldgico poderia afetar o desen-
volvimento da prole. IWATA et al. (2007) relataram que maes adotivas exerciam algum tipo
de cuidado com a prole, porém ndo com a mesma intensidade e qualidade das mées bioldgicas.
O ultimo modelo de desmame precoce foi realizado apenas por separacdo materna. Os animais
foram separados de suas maes bioldgicas e alocados em uma caixa moradia sozinhos para com-
preender as consequéncias da falta do leite materno vinculado a falta de cuidados maternais.

O peso corporal dos animais do 16° dia até o 59° dia de vida foi avaliado. Os grupos de
filhotes desmamados por separacdo materna, submetidos a adocdo ou os filhotes sem cuidado,
aos 16 dias de idade apresentaram uma reducdo no peso corporal comparado com os filhotes
desmamados aos 21 dias de vida, no entanto rapidamente comecgaram a ganhar peso novamente.
Embora os filhotes apresentem algum tipo de independéncia nutricional apds o 14° dia de vida,
neste periodo os filhotes ainda precisam da mée e da ninhada para manter a termorregulacao.
Na auséncia das maes, 0s animais precisam ajustar a temperatura corporal através de respostas
metabdlicas, processo que demanda aumento no consumo de energia (GERRISH et al., 1998).
No grupo bromocriptina, embora ndo tenhamos observado uma reducéo estatisticamente signi-
ficativa no peso corporal dos filhotes, a média de peso corporal desses animais foi cerca de 8%
menor que nos filhotes controle. Nossos achados estdo de acordo com LIMA et al. (2011), que
demonstrou uma reducéo de cerca de 10% no peso corporal de filhotes de ratos desmamados
por bromocriptina, em comparacdo com o grupo controle aos 21 dias de idade. Alteragcdes nu-
tricionais ocorrem durante o desmame, visto que o leite materno € rico em gordura (69,8%) e
pobre em carboidratos (6,8%) (AZARA et al., 2008), enquanto a dieta comercial Nuvilab CR-
1, utilizada em nossos experimentos, € rica em carboidratos (55%) e pobre em gordura (4,5%).

Assim a privagdo abrupta de leite materno e a exposigdo a alimentos exclusivamente solidos
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com composicao nutricional diferente do leite pode promover a reduc¢éo da ingestédo caldrica,
que contribui para um menor peso corporal no primeiro dia de desmame. Possivelmente a troca
de alimentacédo pode ter provocado uma breve alteracdo nutricional, promovendo uma necessi-
dade adaptativa dos animais para a nova dieta, refletindo no peso corporal e influenciado sig-
nificativamente pela auséncia materna biologica.

Estudos demonstram que o desmame precoce é capaz de promover alteracbes no meta-
bolismo dos animais adultos. O desmame realizado farmacologicamente induziu em ratos ma-
chos a obesidade, hiperleptinemia, resisténcia a insulina, dislipidemia, hipotireoidismo central
e aumentou os niveis de hormonios adrenais (BONOMO et al., 2007; DE MOURA et al., 2009).
Além disso, LIMA et. al. relataram que o desmame ndo-farmacoldgico além de promover igual-
mente obesidade, resisténcia a insulina e hiperleptinemia, também promoveu hipertrigliceride-
mia (LIMA et al., 2013; LIMA et al., 2011). PEIXOTO et al. (2019) demonstraram que o des-
mame precoce, farmacoldgico e ndo-farmacoldgico, alteraram a capacidade termogénica do te-
cido adiposo marrom, que contribui parcialmente para a obesidade na idade adulta. Em nosso
estudo, durante o periodo da fase adulta, 0s pesos corporais dos animais desmamados farmaco-
logicamente ndo apresentaram aumento significativo em relacdo ao grupo controle, porém este
periodo de avaliacdo pode ter sido prematuro para observar aumento significativo no ganho de
peso. Além disso, os filhotes machos submetidos ao desmame por separa¢cdo materna, tanto o
grupo exposto a ado¢do quanto os filhotes que ndo foram submetidos a qualquer tipo de cui-
dado, permaneceram com o peso corporal menor do que os filhotes machos desmamados na
idade preconizada. Nossos dados corroboram com BOUERI et al. (2015), onde foi observado
que os filhotes machos desmamados precocemente por separacdo materna aos 14 dias de vida
apresentaram uma menor massa corporal aos 60 dias de vida.

O periodo de 21 a 60 dias de vida é caracterizado como uma fase de recuperagéo, durante

este periodo os ratos podem passar por adaptacdes fisioldgicas retornando a sua trajetdria de
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crescimento geneticamente programada apds um periodo de retardo do crescimento promovido
por desnutri¢do, efeito conhecido como “catch-up effect” (BIESWAL et al., 2006). O efeito
catch-up é dependente da quantidade de ingestdo de alimentos e da eficiéncia da utilizacdo da
energia (DA COSTA et al., 2008; SORIGUER et al., 2003). N&s observamos este efeito nas
fémeas dos grupos que foram submetidos a separagdo materna, com ou sem adocdo, apesar
delas apresentarem um peso menor do que as fémeas controles aos 21 dias, aos 60 dias exibiram
pesos identifico ao grupo controle. Ja em machos, este efeito parece estar sendo iniciado no
grupo bromocriptina, pois podemos observar uma tendéncia de aumento gradual no peso cor-
poral destes animais.

O processo de desenvolvimento estrutural e funcional do SNC ocorre principalmente no
ualtimo trimestre da gravidez até aproximadamente 2 anos dos individuos (BELFORT et al.,
2008). O desenvolvimento pos-natal do SNC envolve o acimulo dos acidos graxos provenien-
tes exclusivamente do leite materno, nos quais sdo importantes para o crescimento e a matura-
cao do encéfalo (GONZALEZ; VISENTIN, 2016; INNIS, 2014). No entanto, durante a transi-
¢do alimentar no desmame, a substituicdo abrupta do leite materno pela ingestdo exclusiva de
alimentos ricos em carboidratos e a auséncia de maes representam desafios metabolicos e psi-
coldgicos que podem afetar o metabolismo celular. Tais desafios pds-natais precoces, tém sido
associados ao risco de programacdo do desenvolvimento de doencas na vida adulta, provavel-
mente devido ao aumento do estresse oxidativo no SNC (ARCEGO et al., 2013; ARCEGO et
al., 2016; FERREIRA et al., 2015; SARKAR et al., 2019; SCHIAVONE et al., 2015) e altera-
cdo na funcdo dependente do hipocampo e do eixo HPA (ARCEGO et al., 2016; HE et al.,
2020). Embora tenha sido relatado que o desmame precoce prejudica a sinalizacdo do BDNF
(KIKUSUI; ICHIKAWA,; et al., 2009; KIKUSUI et al., 2019) e interfere no sistema 5-HT
(TAVARES et al., 2020), diminui a neurogénese (KIKUSUI; MORI, 2009), altera a formacéo

de mielina (KIKUSUI et al., 2007; KODAMA et al., 2008) e aumenta a ansiedade social e o
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comportamento de resposta ao estresse (IWATA et al., 2007; KIKUSUI et al., 2004), ainda ndo
foram relatados os efeitos do desmame precoce sobre parametros oxidativos e fungdo mitocon-
drial no encéfalo de filhotes de ratos.

As mitocondrias sdo organelas responsaveis por diversos processos celulares, incluindo
manutencdo da homeostase redox, fosforilacdo oxidativa para produzir ATP (MCBRIDE et al.,
2006), homeostase de célcio (KAMER; MOOTHA, 2015), apoptose e autofagia
(NIKOLETOPOULOU et al., 2013). Sua funcéo esta intrinsicamente ligada a producao de es-
pécies reativas (HALLIWELL, 2006). Ndo encontramos alteracdes significativas na massa e no
potencial de membrana mitocondrial ou nos niveis de superdxido mitocondriais no encéfalo
dos filhotes aos 21 dias de idade submetidos ao desmame precoce. Entretanto observamos uma
tendéncia, estatisticamente ndo significante, na diminuicdo na funcionalidade mitocondrial
combinado com um aumento nos niveis de superdxido mitocondriais no hipocampo das fémeas,
efeito qual foi dependente do aumento no grau de severidade do modelo de desmame precoce.
Diversos estudos mostram os efeitos em longo prazo da mudanca nutricional na fun¢do mito-
condrial, no entanto, poucos dados mostram os efeitos em curto prazo. Até o momento, ndo ha
estudos investigando parametros mitocondriais em filhotes desmamados precocemente no
SNC; no entanto, outros modelos de desafios nutricionais ou de estresse no inicio da vida mos-
traram alteracGes mitocondriais no encéfalo de ratos adultos (FERREIRA et al., 2015;
FILIPOVIC et al., 2011; TONIAZZO et al., 2019). CIGLIANO et al. (2018), mostraram que
parametros mitocondriais, como atividades de citrato sintase e citocromo ¢ oxidase ou imu-
nocontetido do co-ativador 1-a do receptor ativado por prolifera¢ao de peroxissomos (PGC-1a,
do inglés Peroxisome proliferator—activated receptor gamma coactivator-1 alpha), ndo foram
alterados no hipocampo de ratos com 25 dias de idade que foram submetidos a alimentagéo

com frutose em curto prazo, apesar de exibirem niveis alterados de marcadores inflamatorios e
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peroxidacdo lipidica. Por outro lado, no mesmo estudo, os autores observaram atividade redu-
zida da citrato sintase e citocromo c oxidase, bem como reducdo do imunocontetido do PCG-
lo no hipocampo de ratos aos 90 dias de idade (CIGLIANO et al., 2018). Com base nesses
dados, pode ser que ocorram alteracdes mitocondriais no encéfalo de ratos desmamados preco-
cemente com idade superior a 21 dias de vida, sendo necessarios mais estudos para entender
como os parametros mitocondriais respondem em longo prazo frente ao desmame precoce.
Sob condic¢des normais, 0 metabolismo gera espécies reativas de oxigénio e nitrogénio
e o sistema antioxidante que funciona adequadamente é capaz de remover as espécies reativas
impedindo o dano oxidativo celular (HALLIWELL; GUTTERIDGE, 2015). Encontramos uma
interacdo entre o desmame precoce e 0 sexo, referente a oxidacdo da diclorofluoresceina
(DCFH) no hipotalamo, indicando que o desmame precoce induz um aumento nos niveis de
espécies reativas nas fémeas em comparacdo aos machos. Além disso, encontramos niveis au-
mentados de éxido nitrico no hipocampo de filhotes machos do grupo bromocriptina. A princi-
pal fonte de 6xido nitrico no hipocampo € a nNOS (ZHOU et al., 2007), cuja expressao € posi-
tivamente regulada por GC, hormonio sob controle do eixo HPA e liberado em condigfes de
estresse (ZHOU et al., 2011). O eixo HPA é um componente importante nas respostas aos es-
tressores, sua ativacdo é dada por uma série de eventos iniciados nos neurdnios do nucleo pa-
raventricular do hipotalamo resultando na liberacdo do horménio liberador de corticotropina
(HLC) e arginina vasopressina (AVP), quais através da circulacdo estimulam a liberacdo do
horménio adrenocorticotropico (ACTH, do inglés adrenocorticotropic hormone) das células
corticotroficas da adenohipofise na circulacdo geral (ANTONI, 1986; SPIGA et al., 2014;
VALE et al., 1981). O ACTH estimula a glandula adrenal para producéo e liberacdo de GC,
aumentando transitoriamente as concentracdes sistémicas (DALLMAN et al., 1987; GOEL et

al., 2014). Sob condicdes de estresse, um aumento de GC ocorre no hipocampo, qual é respon-
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savel pelo feedback negativo no nucleo paraventricular no hipotalamo, reduzindo assim a ati-
vidade do eixo HPA e consequentemente mantendo a homeostase da atividade do eixo (ZHU
et al., 2014). O excesso de 6xido nitrico no hipocampo resulta na interrup¢do da funcdo dos
receptores de GC, interrompendo a modulacdo do feedback negativo e induzindo a hiperativi-
dade do eixo HPA (ZHU et al., 2014). Alguns estudos tém mostrado mudangas no eixo HPA
devido ao estresse no inicio da vida (BACOU et al., 2017; PISU et al., 2016; VARGAS et al.,
2016), incluindo modelos de desmame precoce (AISA et al., 2008; KANARI et al., 2005;
MIRANDA et al., 2019; PLOTSKY; MEANEY, 1993; VEENEMA; NEUMANN, 2009). DE
MOURA et al. (2009) mostraram que o desmame precoce farmacoldgico aumentou 0s niveis
plasmaticos de GC em ratos machos adultos, mas os niveis de GC permaneceram inalterados
apos desmame precoce ndo farmacoldgico (LIMA et al., 2013). Estes resultados poderiam ex-
plicar a mudanca observada apenas nos ratos machos do grupo bromocriptina.

No presente estudo, ndo encontramos danos aos lipidios no hipocampo e no hipotalamo
de filhotes fémeas desmamadas precocemente, no entanto, os niveis de peroxidacao lipidica no
hipocampo de filhotes fémeas foram maiores que nos filhotes machos. Além disso os filhotes
machos desmamados precocemente por separacdo materna, tanto por ado¢do quanto sem ado-
cao, apresentaram altos niveis de peroxidacao lipidica no hipotalamo em comparacdo aos filho-
tes machos do grupo controle. A peroxidacdo lipidica € um processo complexo mediado por
espécies reativas (RAMANA et al., 2014). Neste processo ocorre danos aos lipidios, principais
constituintes das membranas celulares, danificando a integridade celular (GASCHLER,;
STOCKWELL, 2017; RAMANA et al., 2014). Os produtos formados por meio da oxidagéo
lipidica propagam o efeito do estresse oxidativo, modulando diretamente as funcdes e respostas
celulares (BINDER et al., 2016). O SNC possui uma alta concentracdo de lipidios, pois devido
as suas diversas funcdes vitais, € necessario uma complexa rede neuronal envolta por mielina,

uma membrana altamente enriquecida de lipidios (CERMENATI et al., 2015; HUSSAIN et al.,
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2019), assim tornando o encéfalo altamente suscetivel ao ataque por espécies reativa. Estudos
tém mostrado que o hipocampo, cortex pré-frontal e corpo estriado, de filhotes machos subme-
tidos a separacdo materna no inicio da vida apresentaram um desequilibrio do estado redox e
aumento da peroxidacdo lipidica (ALMEIDA et al., 2018; DANIELS et al., 2012; UYSAL et
al., 2005). Em conjunto, esses achados sugerem que a os filhotes machos sé@o mais suscetiveis
do que as fémeas. Entretanto, ndo podemos descartar que outras biomoléculas ndo avaliadas
possam ser danificadas por espécies reativas no encéfalo de fémeas desmamadas precocemente.

As principais enzimas antioxidantes para destoxificacdo das ERO sdo a SOD, a CAT e
a GPx. Observamos uma interacdo no hipocampo entre o desmame precoce e 0 sexo dos animais
na atividade das enzimas SOD e GPx, onde a atividade estava aumentada em filhotes fémeas
desmamadas precocemente em relacdo ao grupo controle e inalterada em filhotes machos. No
hipotalamo, a atividade da SOD em filhotes fémeas foi menor do que nos machos, e 0 oposto
foi observado na atividade da GPx. Nossos achados sugerem que filhotes fémeas desmamadas
precocemente apresentaram maior atividade das enzimas antioxidantes do que os filhotes ma-
chos. Além disso, alguns autores sugerem que um desequilibrio na razdo SOD/GPX + CAT tém
maior relevancia do que as atividades das enzimas individualmente pois as trés enzimas traba-
Iham em conjunto nos meios bioldgicos a fim de eliminar superdxido e peréxido de hidrogénio
(DE HAAN et al., 1995; KOSTKA et al., 1998; KOZAKIEWICZ et al., 2019). Um desequili-
brio entre essa razdo enzimatica resultaria em acumulo de H202, qual é a principal espécie rea-
tiva que oxida DCFH (DE HAAN et al., 1995). Considerando que o SNC ¢é rico em ions ferro
(FLOYD; CARNEY, 1992), o acumulo de H20O: facilitaria a ocorréncia da reagéo de Fenton,
promovendo a formacdo de radicais hidroxila (DE HAAN et al., 1995). No presente estudo,
observamos aumento da razdo SOD/GPx + CAT no hipocampo de filhotes fémeas desmamadas

precocemente por separagdo materna, com ou sem adog&o, em comparagio ao grupo controle,

77



sugerindo que houve um acumulo de H>O2, porém sem alteragGes na oxidagdo de DCFH nesta
estrutura.

Além disso, investigamos a atividade da enzima GLO1, enzima que ndo atua direta-
mente nas espécies reativas de oxigénio, mas € uma importante enzima nas defesas celulares
contra a glicacdo (THORNALLEY, 2005). O sistema glioxalase atua sobre os produtos secun-
darios toxicos da via glicolitica, como o MG. O MG ¢ formado principalmente nas células pela
degradacdo ndo enzimatica de gliceraldeido-3-fosfato (G3P) e di-hidroxiacetona fosfato
(DHAP) (PHILLIPS; THORNALLEY, 1993). O MG ¢ responsavel pela formacdo de AGEs
que contribuem para a citotoxicidade e a inflamacéo celular (INAGI, 2016). No presente estudo,
encontramos aumento da atividade da GLO1 no hipocampo de todos os grupos de fémeas des-
mamadas precocemente. O aumento da GLOL1 sugere maior eliminacdo de MG, que pode ter
sido alterada no presente estudo devido a mudanca do aleitamento materno para uma dieta rica
em carboidratos. Considerando essa alteracdo no perfil dietético, LOCKWOOD et al. (1970)
demonstraram que ratos submetidos ao desmame precoce no PN15 apresentaram uma indugéo
no perfil enzimatico envolvido na lipogénese aos 20 dias de idade.

A amamentacdo e os cuidados maternos também influenciam o comportamento social
da prole (AGOSTI et al., 2017; KROL; GROSSMANN, 2018). Estudos em animais demons-
traram aumento do comportamento agressivo, ansioso e depressivo (ISHIKAWA et al., 2015;
KANARI et al., 2005; KODAMA et al., 2008) e reducao do desempenho cognitivo (POLETTO
et al., 2006) apds o desmame precoce. Avaliamos o desempenho comportamental em ratos des-
mamados precocemente aos 60 dias de idade, observamos um comportamento semelhante a
ansiedade em filhotes machos do grupo desmamados precocemente por bromocriptina eviden-
ciado pelo menor nimero de entradas nos bragos abertos comparado com o grupo controle no
teste labirinto em cruz elevado. Além disso, 0 desmame farmacologico induziu um déficit na

memoria de longo prazo nos filhotes machos, medido no teste de reconhecimento de objetos.
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Acreditamos que nossos resultados quanto as alteracfes comportamentais estejam associadas
ao estresse materno causado pela administracao da bromocriptina. A bromocriptina inibi a pro-
ducdo de prolactina, um hormdnio pleiotropico que participa de diversos processos celulares,
tais como angiogénese, resposta imune, osmorregulacdo, comportamento reprodutivo e lacto-
génese (CABRERA-REYES et al., 2017). Além disso, juntamente com o estradiol, oxitocina e
progesterona, a prolactina compde o circuito neuronal materno que influencia no comporta-
mento da mée no periodo pds-parto (BRIDGES, 2015). O robusto circuito hormonal é essencial
para uma melhor interacdo mée-prole (BUHIMSCHI, 2004), principalmente atraves de altera-
¢des nas funcdes basais do eixo HPA nas mées (DUTHIE; REYNOLDS, 2013; HILLERER et
al., 2011). A atenuacdo da reatividade do eixo HPA frente ao estresse causado pela lactacao é
necessaria para o desenvolvimento pés-natal normal da prole, principalmente devido a reducao
da ansiedade causada nas mées (HILLERER et al., 2011; WALKER et al., 1992). A prolactina
vem demostrando exercer um papel ansiolitico nas mées durante a lactacdo. Em estudos em
ratos e camundongos knockout para os receptores de prolactina na area pré-éptica medial, as
maes exibiram um comprometimento dos cuidados maternos (BROWN et al., 2017; LUMPKIN
et al., 1983). Além disso, o bloqueio seletivo de receptores centrais de prolactina na lactacao
aumentou a secre¢do de corticotrofina e corticosterona em resposta ao estresse, além de aumen-
tar o comportamento relacionado & ansiedade no teste de labirinto em cruz elevado e prejudicar
0 comportamento materno (TORNER et al., 2002).

Em relagdo a memoria, estudos tem demostrando que eventos prejudicais na primeira
infancia possuem efeitos deletérios a memoria (METZ et al., 2018; REINCKE; HANGANU-
OPATZ, 2017; SALEH et al., 2017). Em roedores, durante o periodo de lactacéo as redes neu-
rais ainda estdo em desenvolvimento, principalmente no hipocampo, estrutura responsavel pelo
processamento de aprendizado e memoria (ANDRADE et al., 1996; KNIERIM, 2015; OPITZ,

2014). A memoria de reconhecimento é o processo qual ocorre o reconhecimento de algo ou
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situacdo que ja foi experimentado anteriormente (STECKLER et al., 1998). Curiosamente, no
presente estudo observamos que apenas 0s machos do grupo desmamado precocemente por
bromocriptina apresentaram um menor indice de memoria de reconhecimento, além disso este
grupo também apresentou maiores niveis de 0xido nitrico no hipocampo aos 21 dias de idade.
O NO tém um papel fundamental na memaria e aprendizado, visto que o bloqueio da
NOS prejudica o processo de aprendizagem (PRAST; PHILIPPU, 2001). Em uma revisédo sobre
0 papel do NO e a memoria de reconhecimento de objeto, PITSIKAS (2015) concluiu que o
NO esta envolvido neste processo, além disso camundongos knockout para nNOS demonstra-
ram memoria de reconhecimento prejudicada (ZOUBOVSKY et al., 2011). Anteriormente dis-
cutimos que os niveis de NO podem influenciar na expressdo dos receptores de GC (ZHU et
al., 2014), e que desmame precoce demonstrou que os ratos machos desmamados farmacologi-
camente apresentaram aumento dos niveis de GC (DE MOURA et al., 2009), porém os filhotes
desmamado sem intervencdo farmacologica ndo apresentaram esta alteracdo (LIMA et al.,
2013). Os GC sdo hormonios esteroides importantes para preparar os individuos para situacées
estressantes, porém o estresse também promove respostas adaptativas em relacdo a memoria
(ROOZENDAAL et al., 2009). Entretanto os efeitos dos GC parecem ser dose-depende, quais
apresentando uma curva em formato de U invertido, onde concentragdes altas e baixas pode-
riam prejudicar a consolidacdo da memoria (DE QUERVAIN et al., 2017). Além disso, a me-
moria de longa duracdo parece ser prejudicada através da modulacdo dos receptores de GC
(ROOZENDAAL et al., 2011). Sabendo que o aumento dos niveis de NO podem influenciar a
expressao dos receptores GC no hipocampo, acreditamos que possivelmente os niveis aumen-
tados de NO aos 21 dias de idade nos machos desmamados farmacologicamente aos 16 dias de
vida, poderia explicar o déficit de memoria de longa duracéo apresentado aos 60 dias de idade,
porém mais investigacdes serdo necessarias para entender as diferengas observadas entre 0s

desmames e 0 mecanismo qual o NO pode estar influenciando na memoria destes animais.
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Diferentes tipos de desmame foram capazes de promover alteracfes desiguais nos para-
metros avaliados no presente estudo. Estas diferentes alteracdes encontradas podem ser devido
ao mascaramento ou interacao entre os efeitos da privacdo materna com os efeitos da inibicédo
farmacologica da lactacdo, que produzem diversos fatores de confusdo, como alto estresse ou
efeitos colaterais dos medicamentos (FRAGA et al., 2014). Além disso, a qualidade do cuidado
materno pode estar interferindo nos resultados observados. Alguns autores tém demostrando
que o tratamento com bromocriptina durante o periodo de gestacéo e lactacdo promove altera-
¢des no cuidado materno (BRIDGES; RONSHEIM, 1990; PRICE; BRIDGES, 2014). Além
disso, dados de IWATA et al. (2007) indicam que as maes adotivas virgens possuem diferentes
niveis de ansiedade em comparagdo com as méaes bioldgicas, ja que estes animais demonstraram
menores taxas de repouso e maiores taxas de construcao de ninhos, alteracdes que influenciam
na quantidade e qualidade do cuidado materno. Além disso a separa¢cdo materna no modelo de
desmame precoce promove alteracdes significativas tanto fisiologicamente quanto nos parame-
tros comportamentais (KIKUSUI; MORI, 2009). Assim, no presente estudo, podemos observar
que todos os grupos tinham em comum a falta de leite, entretanto o cuidado materno parece ser
mais decisivo nas alteragfes no SNC do que o leite em si.

Os parametros avaliados no SNC da prole apresentaram efeitos sexo-dependentes aos
21 dias de vida, mesmo sendo o periodo que ndo ha secrecdo de hormdnios gonadais, visto que
0 periodo da puberdade em roedores se da entre 28 a 35 dias de idade (MOLENDA-FIGUEIRA
et al., 2017). Porém, os hormonios esteroides sexuais influenciam ndo somente o desenvolvi-
mento sexual, mas também atuam em momentos criticos do desenvolvimento do encéfalo
(DURDIAKOVA et al., 2011). Além disso, observamos que o desmame precoce foi capaz de
alterar de forma diferente as regides encefalicas avaliadas, hipocampo e hipotalamo. Em roe-

dores, o desenvolvimento destas estruturas comeca durante a gestacdo e termina durante o pe-
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riodo pds-natal. Essas janelas de desenvolvimento nas quais representam um periodo de vulne-
rabilidade ao SNC, podem ser moduladas por alteragdes ambientais e/ou nutricionais
(BOURET, 2010; URBAN; GUILLEMOT, 2014). Essas diferencas de maturacéo vinculadas

ao dimorfismo sexual poderiam explicar os resultados distintos ao longo do nosso estudo.
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5. Conclusao

Em conclusédo, observamos que o desmame no 16° dia p6s-natal altera os parametros
neuroquimicos em filhotes de 21 dias de idade. Os filhotes machos e fémeas foram afetados
diferentemente pelo desmame precoce, indicando haver influéncia do dimorfismo sexual. Além
disso, 0 SNC da prole parece ser mais influenciado pelos cuidados maternos e pelas condicoes
de criacdo da prole do que pela falta de leite per se durante o periodo tardio da amamentacao.

O desequilibrio do estado redox pode ser responsavel pelo desencadeamento de proces-
sos patoldgicos, como doencas metabdlicas, cardiovasculares e neurodegenerativas. No pre-
sente estudo, observamos alteracdes nas principais enzimas do sistema antioxidante, além de
observar alteracdo na oxidacdo de DCFH, aumento de 6xido nitrico e peroxidacdo lipidica nas
estruturais encefalicas. Também observamos um déficit na memoria de longa duracéo de reco-
nhecimento de objetos e um comportamento tipo ansioso nos animais desmamados precoce-
mente. Apesar dos nossos achados, as consequéncias dessas alteracdes proporcionadas pelo
desmame precoce sobre 0s processos patologicos ainda sdo uma incdgnita, principalmente so-
bre 0 SNC, devido aos poucos estudos neste campo de pesquisa. Assim serdo necessarios mais
estudos para desvendar os mecanismos moleculares subjacentes as alteracdes neuroquimicas
induzidas por diferentes tipos de desmame precoce e como estas alteracdes podem refletir no

desenvolvimento do individuo na vida adulta.
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page of the article. Such abbreviations that are unavoidable in the abstract must be defined at
their first mention there, as well as in the footnote. Ensure consistency of abbreviations through-
out the article.

Acknowledgements

Collate acknowledgements in a separate section at the end of the article before the references
and do not, therefore, include them on the title page, as a footnote to the title or otherwise. List
here those individuals who provided help during the research (e.g., providing language help,
writing assistance or proof reading the article, etc.).

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

Funding: This work was supported by the National Institutes of Health [grant numbers xxxXx,
yyyy]; the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and the United
States Institutes of Peace [grant number aaaa].

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

If no funding has been provided for the research, please include the following sentence:

This research did not receive any specific grant from funding agencies in the public, commer-
cial, or not-for-profit sectors.

Units
Follow internationally accepted rules and conventions: use the international system of units
(SI). If other units are mentioned, please give their equivalent in SI.

Nomenclature and units

Follow internationally accepted rules and conventions: use the international system of units
(SI). If other quantities are mentioned, give their equivalent in SI. You are urged to consult
IUPAC: Nomenclature of Organic Chemistry for further information.

Math formulae

Please submit math equations as editable text and not as images. Present simple formulae in
line with normal text where possible and use the solidus (/) instead of a horizontal line for small
fractional terms, e.g., X/Y. In principle, variables are to be presented in italics. Powers of e are
often more conveniently denoted by exp. Number consecutively any equations that have to be
displayed separately from the text (if referred to explicitly in the text).

Footnotes

Footnotes should be used sparingly. Number them consecutively throughout the article. Many
word processors build footnotes into the text, and this feature may be used. Should this not be
the case, indicate the position of footnotes in the text and present the footnotes themselves sep-
arately at the end of the article.

Electronic artwork

General points

* Make sure you use uniform lettering and sizing of your original artwork.

* Preferred fonts: Arial (or Helvetica), Times New Roman (or Times), Symbol, Courier.

* Number the illustrations according to their sequence in the text.

* Use a logical naming convention for your artwork files.

* Indicate per figure if it is a single, 1.5 or 2-column fitting image.

* For Word submissions only, you may still provide figures and their captions, and tables within
a single file at the revision stage.

* Please note that individual figure files larger than 10 MB must be provided in separate source
files.

A detailed guide on electronic artwork is available.

You are urged to visit this site; some excerpts from the detailed information are given
here.

Formats

Regardless of the application used, when your electronic artwork is finalized, please 'save as'
or convert the images to one of the following formats (note the resolution requirements for line
drawings, halftones, and line/halftone combinations given below):

EPS (or PDF): Vector drawings. Embed the font or save the text as ‘graphics'.

TIFF (or JPG): Color or grayscale photographs (halftones): always use a minimum of 300 dpi.
TIFF (or JPG): Bitmapped line drawings: use a minimum of 1000 dpi.
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TIFF (or JPG): Combinations bitmapped line/half-tone (color or grayscale): a minimum of 500
dpi

is required.

Please do not:

* Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPQG); the resolution is
too low.

* Supply files that are too low in resolution.

* Submit graphics that are disproportionately large for the content.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or PDF)
or MS Office files) and with the correct resolution. If, together with your accepted article, you
submit usable color figures then Elsevier will ensure, at no additional charge, that these figures
will appear in color online (e.g., ScienceDirect and other sites) in addition to color reproduction
in print. Further information on the preparation of electronic artwork.

Figure captions

Ensure that each illustration has a caption. A caption should comprise a brief title (not on the
figure itself) and a description of the illustration. Keep text in the illustrations themselves to a
minimum but explain all symbols and abbreviations used.

Please submit tables as editable text and not as images. Tables can be placed either next to the
relevant text in the article, or on separate page(s) at the end. Number tables consecutively in
accordance with their appearance in the text and place any table notes below the table body. Be
sparing in the use of tables and ensure that the data presented in them do not duplicate results
described elsewhere in the article. Please avoid using vertical rules and shading in table cells.

Citation in text

Please ensure that every reference cited in the text is also present in the reference list (and vice
versa). Any references cited in the abstract must be given in full. Unpublished results and per-
sonal communications are not recommended in the reference list, but may be mentioned in the
text. If these references are included in the reference list they should follow the standard refer-
ence style of the journal and should include a substitution of the publication date with either
‘Unpublished results' or 'Personal communication'. Citation of a reference as 'in press' implies
that the item has been accepted for publication.

Web references

As a minimum, the full URL should be given and the date when the reference was last accessed.
Any further information, if known (DOI, author names, dates, reference to a source publication,
etc.), should also be given. Web references can be listed separately (e.g., after the reference list)
under a different heading if desired, or can be included in the reference list.

Data references
This journal encourages you to cite underlying or relevant datasets in your manuscript by citing
them in your text and including a data reference in your Reference List. Data references should
include the following elements: author name(s), dataset title, data repository, version (where
available), year, and global persistent identifier. Add [dataset] immediately before the reference
so we can properly identify it as a data reference. The [dataset] identifier will not appear in your
published article.
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References in a special issue
Please ensure that the words 'this issue' are added to any references in the list (and any citations
in the text) to other articles in the same Special Issue.

Reference management software

Most Elsevier journals have their reference template available in many of the most popular
reference management software products. These include all products that support Citation Style
Language styles, such as Mendeley. Using citation plug-ins from these products, authors only
need to select the appropriate journal template when preparing their article, after which citations
and bibliographies will be automatically formatted in the journal's style. If no template is yet
available for this journal, please follow the format of the sample references and citations as
shown in this Guide. If you use reference management software, please ensure that you remove
all field codes before submitting the electronic manuscript. More information on how to remove
field codes from different reference management software.

Users of Mendeley Desktop can easily install the reference style for this journal by clicking the
following link:
http://open.mendeley.com/use-citation-style/international-journal-of-developmental-neurosci-
ence

When preparing your manuscript, you will then be able to select this style using the Mendeley
plugins for Microsoft Word or LibreOffice.

Reference formatting

There are no strict requirements on reference formatting at submission. References can be in
any style or format as long as the style is consistent. Where applicable, author(s) name(s), jour-
nal title/book title, chapter title/article title, year of publication, volume number/book chapter
and the article number or pagination must be present. Use of DOI is highly encouraged. The
reference style used by the journal will be applied to the accepted article by Elsevier at the proof
stage. Note that missing data will be highlighted at proof stage for the author to correct. If you
do wish to format the references yourself they should be arranged according to the following
examples:

Reference style

Text: All citations in the text should refer to:

1. Single author: the author's name (without initials, unless there is ambiguity) and the year of
publication;

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

3. Three or more authors: first author's name followed by ‘et al." and the year of publication.
Citations may be made directly (or parenthetically). Groups of references can be listed either
first alphabetically, then chronologically, or vice versa.

Examples: 'as demonstrated (Allan, 2000a, 2000b, 1999; Allan and Jones, 1999).... Or, as
demonstrated (Jones, 1999; Allan, 2000)... Kramer et al. (2010) have recently shown ...'

List: References should be arranged first alphabetically and then further sorted chronologically
if necessary. More than one reference from the same author(s) in the same year must be identi-
fied by the letters 'a’, 'b', 'c’, etc., placed after the year of publication.

Examples:

Reference to a journal publication:

Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2010. The art of writing a scientific article. J.
Sci. Commun. 163, 51-59. https://doi.org/10.1016/j.S¢.2010.00372.

Reference to a journal publication with an article number:
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Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2018. The art of writing a scientific article.
Heliyon. 19, e00205. https://doi.org/10.1016/j.heliyon.2018.e00205.

Reference to a book:

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

Mettam, G.R., Adams, L.B., 2009. How to prepare an electronic version of your article, in:
Jones, B.S., Smith , R.Z. (Eds.), Introduction to the Electronic Age. E-Publishing Inc., New
York, pp. 281-304.

Reference to a website:

Cancer Research UK, 1975. Cancer statistics reports for the UK. http://www.cancerre-
searchuk.org/aboutcancer/statistics/cancerstatsreport/ (accessed 13 March 2003).

Reference to a dataset:

[dataset] Oguro, M., Imahiro, S., Saito, S., Nakashizuka, T., 2015. Mortality data for Japanese
oak wilt disease and surrounding forest compositions. Mendeley Data, V1.
https://doi.org/10.17632/xwj98nb39r.1.

Journal abbreviations source
Journal names should be abbreviated according to the List of Title Word Abbreviations.

Elsevier accepts video material and animation sequences to support and enhance your scientific
research. Authors who have video or animation files that they wish to submit with their article
are strongly encouraged to include links to these within the body of the article. This can be done
in the same way as a figure or table by referring to the video or animation content and noting
in the body text where it should be placed. All submitted files should be properly labeled so
that they directly relate to the video file's content. In order to ensure that your video or animation
material is directly usable, please provide the file in one of our recommended file formats with
a preferred maximum size of 150 MB per file, 1 GB in total. Video and animation files supplied
will be published online in the electronic version of your article in Elsevier Web products, in-
cluding ScienceDirect. Please supply 'stills' with your files: you can choose any frame from the
video or animation or make a separate image. These will be used instead of standard icons and
will personalize the link to your video data. For more detailed instructions please visit our video
instruction pages. Note: since video and animation cannot be embedded in the print version of
the journal, please provide text for both the electronic and the print version for the portions of
the article that refer to this content.

Include interactive data visualizations in your publication and let your readers interact and en-
gage more closely with your research. Follow the instructions here to find out about available
data visualization options and how to include them with your article.

Supplementary material such as applications, images and sound clips, can be published with
your article to enhance it. Submitted supplementary items are published exactly as they are
received (Excel or PowerPoint files will appear as such online). Please submit your material
together with the article and supply a concise, descriptive caption for each supplementary file.
If you wish to make changes to supplementary material during any stage of the process, please
make sure to provide an updated file. Do not annotate any corrections on a previous version.
Please switch off the "Track Changes' option in Microsoft Office files as these will appear in
the published version.
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This journal encourages and enables you to share data that supports your research publication
where appropriate, and enables you to interlink the data with your published articles. Research
data refers to the results of observations or experimentation that validate research findings. To
facilitate reproducibility and data reuse, this journal also encourages you to share your software,
code, models, algorithms, protocols, methods and other useful materials related to the project.

Below are a number of ways in which you can associate data with your article or make a state-
ment about the availability of your data when submitting your manuscript. If you are sharing
data in one of these ways, you are encouraged to cite the data in your manuscript and reference
list. Please refer to the "References™ section for more information about data citation. For more
information on depositing, sharing and using research data and other relevant research materi-
als, visit the research data page.

Data linking

If you have made your research data available in a data repository, you can link your article
directly to the dataset. Elsevier collaborates with a number of repositories to link articles on
ScienceDirect with relevant repositories, giving readers access to underlying data that gives
them a better understanding of the research described.

There are different ways to link your datasets to your article. When available, you can directly
link your dataset to your article by providing the relevant information in the submission system.
For more information, visit the database linking page.

For supported data repositories a repository banner will automatically appear next to your pub-
lished article on ScienceDirect.

In addition, you can link to relevant data or entities through identifiers within the text of your
manuscript, using the following format: Database: xxxx (e.g., TAIR: AT1G01020; CCDC:
734053; PDB: 1XFN).

Mendeley Data

This journal supports Mendeley Data, enabling you to deposit any research data (including raw
and processed data, video, code, software, algorithms, protocols, and methods) associated with
your manuscript in a free-to-use, open access repository. During the submission process, after
uploading your manuscript, you will have the opportunity to upload your relevant datasets di-
rectly to Mendeley Data. The datasets will be listed and directly accessible to readers next to
your published article online.

For more information, visit the Mendeley Data for journals page.

Data statement

To foster transparency, we encourage you to state the availability of your data in your submis-
sion. This may be a requirement of your funding body or institution. If your data is unavailable
to access or unsuitable to post, you will have the opportunity to indicate why during the sub-
mission process, for example by stating that the research data is confidential. The statement
will appear with your published article on ScienceDirect. For more information, visit the Data
Statement page.
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