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RESUMO

Introducé@o: A exposicdo ao estresse no inicio da vida esta associado a uma
diminuicdo na qualidade de vida e € considerada como fator de risco para diversas
patologias. Ainda que o impacto do estresse precoce no desenvolvimento cerebral e
cognitivo, bem como no sistema motor, esteja bem documentado na literatura, pouco
se sabe sobre os mecanismos neurobiologicos mediadores destes efeitos.
Objetivos: Este trabalho tem como objetivo investigar o impacto de um modelo
experimental de estresse precoce no funcionamento cognitivo e na adaptabilidade da
marcha na adolescéncia, avaliando a expressao génica de alvos relacionados a
memoria e aprendizagem em diferentes regides do cérebro.

Métodos: Camundongos machos da linhagem C57BL/6 foram expostos ao modelo
de Limited Bedding do P2 ao P9 e testados no Labirinto Radial de 8 bragos, Labirinto
Y, Esquiva Inibitéria e Escada Horizontal no final da adolescéncia. RT-qPCR foi
realizado para investigar a expressao génica do exon IV do BDNF, Drd1 e Drd2 nas
regides do mPFC, Cortex Motor e Cerebelo.

Resultados: Camundongos expostos ao modelo de Limited Bedding na infancia
cometeram menos erros perseverativos quando comparados ao grupo controle. Este
efeito foi seguido por um aumento na expressao do exon IV do BDNF no mPFC,
embora nenhuma diferenga entre Drd1 e Drd2 tenha sido observada.

Ao observar a adaptabilidade da marcha, encontramos dois subgrupos distintos de
animais que apresentaram desempenho superior (SP) quando comparados aos
controles ou desempenho inferior (IP). Observamos uma expressao exarcebada de
Drd1 no mPFC de animais com performance inferior e aumento na expresséo de Drd1l
no cerebelo de animais com performance superior, sem diferencas em relacdo a
expressao de Drd2 no mPFC, cértex motor e cerebelo. Observamos que ambos 0s
grupos aumentaram a expressdo do BDNF no mPFC, juntamente com uma diferenca
significativa entre os grupos SP e IP na expressdo do BDNF no coértex motor.
Encontramos uma forte correlagdo negativa entre a expressédo do exon IV do BDNF
no cortex motor e a adaptabilidade da marcha. Nao foram observadas diferencgas entre
0s grupos em relagdo a expressdo de TrkB nas regibes do cérebro investigadas,
embora haja uma correlacdo positiva entre a expressédo de TrkB no mPFC e uma
melhor capacidade de adaptacao da marcha.



Conclusado: Nosso estudo demonstrou que camundongos expostos ao Limited
Bedding apresentaram menos comportamentos perseverativos e aumento da
expressao do exon IV do BDNF na adolescéncia. Além disso, hossos dados sugerem
que a exposicdo ao Limited Bedding pode levar a fendtipos distintos na tarefa de
adaptabilidade da marcha, seguido de uma expresséo diferenciada de Drd1 e BDNF
em regides cerebrais envolvidas na adaptabilidade da marcha.

Palavras-Chave: Estresse Precoce, Adolescéncia, cogni¢cédo, adaptabilidade da

marcha, dopamina, BDNF;



ABSTRACT

Introduction: Early life stress exposure is a global issue and is associated with
decreased quality of life and it is considered a risk factor for several diseases. There
are several evidences in the literature suggesting that early life stress impact brain
development, as well as cognition and motricity. The neurobiological mechanisms
behind these effects are poorly understood.

Aim: This study aims to investigate the impact of an experimental model of early life
stress on cognitive abilities and walk adaptability during adolescence, looking at the
gene expression of targets related to learning and memory in different brain regions.
Methods: Briefly, we exposed male C56BL/6 mice to the limited bedding protocol post-
natal day (PND)2 to PND9 and then tested animals in the radial 8-arm maze, Y-maze
and Step-Down avoidance task and Ladder Rung Walking Test at the end of
adolescence. RT-gPCR was used to investigate BDNF exon IV, Drd1 and Drd2 gene
expression in the mPFC, Motor Cortex and Cerebellum 2h after the task.

Results: Mice raised in Limited Bedding conditions presented fewer perseverative
errors compared to our reference group. This effect was followed by an increased
BDNF exon IV expression in the mPFC with no differences in Drd1 and Drd2. When
looking at the ability of adapt walking of mice, we found two distinct subgroups of
animals that presented a superior performance (SP) when compared to controls or an
inferior performance (IP). We observed that Drd1 expression is increased in the mPFC
of IP animals and in the cerebellum of SP with no differences regarding Drd2
expression on mPFC, motor cortex and cerebellum. We observed that both SP and IP
groups increased BDNF expression in the mPFC together with a significant difference
between SP and IP groups in BDNF expression on motor cortex. We found a strong
negative correlation between BDNF exon IV expression in the motor cortex and
walking adaptability. No differences between groups regarding TrkB mRNA expression
in any brain region investigated were observed although there is a positive correlation
between TrkB expression in the mPFC and a better ability to adapt walking.
Conclusions: Our study showed that mice exposed to Limited Bedding showed fewer
perseveration and increased BDNF exon IV expression in the mPFC during
adolescence. Also, our data suggest that exposure to Limited Bedding early in life can
lead to distinct phenotypes followed by differential expression in Drd1l and BDNF in

brain regions involved in the regulation of walking adaptability.



Keywords: Early-Life Stress, Adolescence, Cognition, Gait Adaptability, Dopamine,

BDNF;
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1. INTRODUCAO
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Esta tese de doutorado € composta por dois artigos empiricos que buscaram
investigar o impacto de um modelo de estresse precoce na infancia no funcionamento
cognitivo e na adaptabilidade da marcha no final da adolescéncia. O primeiro artigo,
portanto, teve como objetivo avaliar a aprendizagem e a memoria de trabalho em uma
tarefa de memaria espacial em camundongos criados em um ambiente empobrecido
usando o modelo de Limited Bedding. Além disso, busco investigar a expressao
génica de alvos relacionados a memoria, aprendizagem e neuroplasticidade nas
regides do cérebro envolvidas na tarefa. O segundo artigo buscou explorar o impacto
do modelo de Limited Bedding na adaptabilidade da marcha no final da adolescéncia,
buscando avaliar possiveis correlatos neurobiol6gicos associados em regifes do

cérebro importantes do sistema motor.
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1.1 REVISAO DA LITERATURA
1.1.1 O IMPACTO DA ESTRESSE NO DESENVOLVIMENTO COGNITIVO E
MOTOR

Dados epidemioldgicos evidenciam que O estresse gera consequéncias
negativas em processos cognitivos durante a vida adulta, (7). Mani et al (2013)
demonstrou experimentalmente que individuos de familias expostas ao estresse
apresentaram um desempenho inferior em tarefas cognitivas (8). Dados de estudos
com neuroimagem mostram diversos fatores que estariam associados a alteracfes
estruturais em regides cerebrais importantes para o processamento cognitivo. Dentre
eles, a educacao parental estaria relacionada com volume e espessura cortical entre
4-18 anos de idade(9, 10). Outros fator importante associado com alteracoes
estruturais € a renda e a educacdo materna, que estaria relacionada com o
crescimento e alteracdes volumétricas em regides frontais e parietais do cérebro(11).

Além do impacto que o estresse exerce sobre o desenvolvimento cognitivo,
outro fator importante afetado pelo estresse € o desenvolvimento motor. O
desenvolvimento das habilidades motoras durante a infancia aparece como um
importante fator mediador da saude, tendo em vista que criancas que apresentam
maior proficiéncia em tarefas motoras sSdo mais propensas a engajarem-se em
atividade fisica durante a propria infancia, adolescéncia e vida adulta(13). Morley et al
(2015) demonstrou que criancas expostas a situacdes adversas no inicio da vida
demonstraram prejuizos em tarefas de motricidade fina e ampla(14). Além disso,
outros estudos também compararam criancas de diferentes condi¢cdes e observaram
um efeito negativo do estresse em habilidades motoras gerais, equilibrio e destreza
manual(15, 16). Baseado nisso, pode-se hipotetizar que o estresse possui um efeito

nao somente na cognigdo mas também no desenvolvimento do sistema motor.
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Criancas criadas em situacdo estressantes estariam sendo expostas
cronicamente a diversos fatores estressantes como confusdo e desordem, conflitos e
violéncia intrafamiliar e barulho excessivo(18). Com isso, o efeito estresse parece
estar relacionado com a acao fisiolégica que os horménios relacionados a resposta
ao estresse exercem em processos adjacentes ao desenvolvimento.

1.1.2 ESTRESSE PRECOCE E NEURODESENVOLVIMENTO

Ainda que o efeito do estresse precoce no desenvolvimento cognitivo e motor
desperte o interesse de pesquisadores durante décadas, uma pergunta que ainda nao
foi completamente respondida é: Quais o0s efeitos do estresse precoce no
neurodesenvolvimento?

O neurodesenvolvimento é um processo dinamico que é regulado por fatores
genéticos e ambientais(20-22). Ainda que alguns processos maturacionais estejam
completos no momento do nascimento, o cérebro no periodo pdés-natal ainda
apresenta diversos processos maturacionais como crescimento dendritico,
neurogénese e poda sinaptica(23-25). Trata-se de um periodo critico para o
desenvolvimento e influéncias ambientais podem promover alteragdes duradouras ou
até mesmo irreversiveis no cérebro(26, 27). O estresse precoce parece estar
associado a vulnerabilidade para transtornos de humor, distirbios emocionais e
dependéncia quimica(28-30). Evidéncias clinicas sugerem que a exposicao a maus-
tratos no inicio da vida tem sido associado a alteracdo na morfologia e na
funcionalidade de diversas regides cerebrais (31). Um estudo demonstrou que
criancas entre 2-4 anos que foram criadas em um orfanato apresentaram severos
prejuizos cognitivos e funcionamento social(32). Edmiston et al (2011) demonstrou
que adolescentes que auto reportaram historico de maus-tratos na infancia

demonstraram diminui¢cdo no volume de massa cinzenta em regides como o0 mPFC,
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amigdala, estriado e cerebelo(33). Além disso, Andersen et al (2008) demonstrou que
mulheres que sofriam repetidos episodios de abuso sexual na infancia e adolescéncia
apresentaram reducao no volume do hipocampo, volume de massa cinzenta do mPFC
e diminuicdo do corpo caloso(34).

Para a investigacdo dos mecanismos moleculares relacionados a exposicao a
eventos adversos no inicio da vida, diversos modelos de estresse precoce surgiram,
como a separacdo materna e o Limited Bedding. Muitos dos modelos de estresse
precoce buscaram impactar a relacdo entre a mae e a ninhada, tendo em vista que o

cuidado e a interacdo materna s&o 0s principais fatores associados aos efeitos do
estresse ao longo da vida [para revisdo, Molet et al (2014)(35)].0O cuidado materno vai

muito além dos aspectos nutricionais e de fornecer um ninho. As mées séo esséncias
para fornecer sinais sensoriais e pistas ambientais para seus filhotes(36, 37). O
comportamento materno consiste em comportamentos de lamber, arrumar e
amamentar(38). A fragmentacdo deste cuidado, através da remocdo da mae por
periodos intermitentes, ou da privacdo de recursos basicos para a construcao do ninho
tem sido utilizados como modelos naturalisticos de estresse precoce(35).

Mais recentemente, Naninck et al (2015) demonstrou que o estresse crbénico
causado pelo modelo de moradia empobrecida aumentou a neurogénese durante o
desenvolvimento, assim como o funcionamento cognitivo dos animais(39). Além disso,
Bath et al (2016) sugere que o Limited Bedding promove uma aceleracéo na chegada
de marcadores de maturidade sinaptica e o desenvolvimento precoce da
aprendizagem emocional em camundongos(40). Baseado nisso, uma das hip6teses
desta tese € que o estresse pode induzir uma maturagéo precoce de regides cerebrais
envolvidas em processos cognitivos, apesar dos mecanismos moleculares por tras
desta alteragéo nao terem sido completamente elucidados.
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1.1.3 NEUROBIOLOGIA DO ESTRESSE PRECOCE

Uma molécula que desempenha um papel fundamental em mecanismos de
neuroplasticidade é o BDNF (Brain-Derived Neurotrophic Factor, da sigla em inglés).
O BDNF é uma proteina importante para funcdes celulares como neurogénese,
crescimento e maturacdo sinaptica e neuronal, além de ser componente chave nos
mecanismos de aprendizagem e memoéria(41). O gene bdnf € composto de 9 exons,
controlados por 8 regides promotoras diferentes. Os exons I-VIII irdo se juntar ao exon
IX apbs o mecanismo de splicing antes de serem traduzidos para a proteina. Analises
por bioinformatica sugerem que o BDNF pode possuir até 22 isoformas diferentes(42).
Tamanha complexidade permite uma regulacéo fina no seu padrdo transcripcional
dindmico em diferentes tipos celulares e estimulos neuronais. Apesar disso, 0 exon
IV, por possuir propriedades de regulacdo e ser o principal exon responsivo aos
estimulos do ambiente, também € o mais investigado(43). Seo et al (2016)
demonstrou que ratos expostos a um estresse precoce por separagdo materna
apresentaram diminui¢éo na expressao do exon IV do BDNF no hipocampo mais tarde
na vida(44). Calabrese et al também observou uma diminuicdo do exon IV do BDNF
na porcdo ventral do hipocampo e na porcao ventromedial do Cortex Pré-Frontal
gquando 0s animais expostos a separacdo materna atingiram a adultez(45).
Coletivamente, estes dados sugerem que 0 estresse precoce promove alteracdes
prejudiciais duradouras na expressao do BDNF ao longo da vida. Entretanto, em um
estudo recente publicado por Suri et al (2013), animais expostos ao estresse precoce,
quando testados durante o inicio da vida adulta, apresentavam uma neurogénese
aumentada seguida de uma melhora na performance no Labirinto Aquatico de Morris.
O mais interessante é que, quando os animais foram testados durante a meia idade,

o efeito foi o oposto: diminuicdo na expressao do exon IV do BDNF e prejuizos
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cognitivos(46). Claramente o BDNF esta sendo afetado pela exposicdo ao estresse
precoce, apesar do efeito ainda ndo ser completamente elucidado. Entretanto,
consideradas as propriedades que esta molécula apresenta, torna-se um alvo
potencial para se estudar os efeitos do Limited Bedding na cognicdo e
neuroplasticidade durante a adolescéncia.

Outra molécula envolvida em processos de memoria e aprendizagem € a
dopamina [para revisao, ver Puig et al (2014)(47)]. Andersen et al (2000) demonstrou
que, em um cérebro de camundongo que se desenvolve normalmente, o pico de
densidade dos receptores do tipo 1 (Drd1) e do tipo 2 (drd2) acontece aos 40 dias de
idade no mPFC, idade correspondente a adolescéncia(48). Estudos iniciais que
investigaram o papel da dopamina na memdria e aprendizagem propuseram um
principio no qual a dopamina no cortex pré-frontal, via ativacdo de Drd1, tem um efeito
em forma de “U invertido”, onde bloqueando a ativagao de Drd1 ou uma sinalizagao
exacerbada acabaria trazendo prejuizos cognitivos(49-51). Novos estudos,
entretanto, propuseram um modelo mais complexo considerando os diferentes
receptores de dopamina a diferentes tarefas cognitivas(52). A estimulacao
farmacolégica de Drd1 pode melhorar a performance em uma tarefa de memoaria de
trabalho quando tempos de retencdo mais longos sdo necessarios para executar a
tarefa. Por outro lado, administracdo do agonista de Drdl em uma tarefa de curta-
duracdo prejudicou a memaria de trabalho. No que diz respeito a ativacao de Drd2 no
mPFC, a modulacdo da memodria de trabalho parece ter uma funcdo mais linear,
guando comparada a funcdo do Drd1, com baixos niveis de ativacdo associados a
melhor performance e altos niveis de ativacao associados a piora na performance(53).
Mais recentemente, Brenhouse et al (2013) demonstrou que ratos expostos a

separacdo materna apresentam uma expressdo elevada de Drdl durante a
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adolescéncia e uma atenuada expressao de Drd2 no cortex pré-frontal(54). Além do
papel da dopamina nos processos cognitivos, pesquisadores demonstraram que a
atividade dopaminérgica no cértex motor desempenha um papel fundamental na
regulacdo da aprendizagem motora e na manutencdo da plasticidade do cortex
motor(55). Bloquear a sinalizacdo dopaminérgica no coOrtex motor através da
administracdo do antagonista causou a diminuicdo na sinalizacdo do potencial de
longa duracdo, um importante mecanismo de aprendizagem(56). Além disso, outra
regido cerebral envolvida no controle motor é o cerebelo, que ja foi demonstrado
possuir inervacfes para a ganglia basal e fazer parte do sistema de controle

motor(57).
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2. OBJETIVOS
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2.1. OBJETIVO GERAL
Este trabalho tem como objetivo investigar o impacto de um modelo
experimental de estresse precoce no funcionamento cognitivo e na adaptabilidade da
marcha na adolescéncia, avaliando a expressao génica de alvos relacionados a
memoria e aprendizagem em diferentes regides do cérebro.
2.2. OBJETIVOS ESPECIFICOS
e Investigar o impacto do Limited Bedding na memodria e aprendizagem no
labirinto radial de 8 bracos;
¢ Investigar o impacto do Limited Bedding na memoaria de trabalho no labirinto
emY,
e Investigar o impacto do Limited Bedding na memoria de medo na tarefa de
Esquiva Inibitéria;
¢ Investigar o impacto do Limited Bedding na adaptabilidade da marcha,;
¢ Investigar o efeito do Limited Bedding na expresséo génica de BDNF exon 1V,
TrkB, Drd1 e Drd2 no mPFC, Cortex Motor e Cerebelo;
e Correlacionar o0s niveis de expressdao génica com os desfechos

comportamentais anteriormente descritos;
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3. METODOS
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3.1 CONSIDERACOES ETICAS E MANEJO DOS ANIMAIS

Este projeto foi submetido e aprovado pelo CEUA desta universidade sob os
nameros de aprovacdo 15/00472 e 16/0040. Além disso, todos os procedimentos
foram conduzidos seguindo os principios dos “trés Rs” e conforme o Guide for the
Care and Use of Laboratory Animals do National e a Lei Arouca (n°11.794/08). Os
animais eram mantidos no vivario do CEMBE em um ambiente com temperatura,
umidade e iluminagéo controlados automaticamente em um ciclo 12h/12h (12h claro
e 12h escuro). Os animais foram alimentados com racdo peletizada para pequenos
roedores em um regime ad libitum. Os animais que foram treinados no labirinto em
radial de 8 bracos foram mantidos em um regime de restricdo hidrica ao longo do
treinamento. Os demais animais foram mantidos em um regime de hidratacdo ad
libitum. Ap6s o0 desmame, 0s animais eram separados por sexo e agrupados em caixa
com animais da mesma ninhada em grupos de 2-4 animais por caixa. Apos o término
dos experimentos, os animais foram eutanasiados através de deslocamento cervical
por membros da equipe altamente treinados.
3.2 AMOSTRA E DELINEAMENTO EXPERIMENTAL

Este projeto foi realizado usando camundongos da linhagem C57BL/6, que
foram divididos entre os dois estudos. Fémeas adultas eram adquiridas do
CEMBE/PUCRS e apés um periodo de aclimatacdo (~1 semana) eram acasaladas
em um regime 2:1 (2 fémeas e um macho) por um periodo de 7 dias. ApOs esse
periodo, 0 macho era retirado e as fémeas permaneciam em duplas até 1-2 dias antes
da provavel data do parto. Apos separadas, as fémeas eram observadas diariamente
para verificar o nascimento das ninhadas. Confirmado o nascimento, as fémeas eram
entdo designadas, aleatoriamente, para 0s grupos experimentais de Limited Bedding

ou controle, descritos detalhadamente a seguir. Os filhotes ficavam com as méaes até
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o momento do desmame, onde eram separados por sexo e agrupados em 2-4 animais
por caixa até o dia dos testes. Neste estudo, apenas os filhotes machos foram
utilizados. As fémeas foram designadas para outro projeto em andamento no
laboratorio. Para o estudo 1, foram necessarias duas coortes independentes de
animais (A e B, conforme ilustrado na Figura 1). Para o estudo 2, apenas uma coorte
foi utilizada (C). Com isso, foram utilizadas um total de 60 fémeas adultas (32 controle
e 30 ambiente empobrecido). Para evitar um efeito de ninhada, cada familia contribuiu
com, no maximo, 3 animais em cada grupo. O namero de filhotes machos utilizados
foi:

e Coorte A — Controles: 29

e Coorte A — Empobrecimento Ambiental: 28

e Coorte B — Controles:22

e Coorte B — Empobrecimento Ambiental: 27

e Coorte C — Controles: 13

e Coorte C — Empobrecimento Ambiental: 19

P51
P57
P58
PEQ

P2
Pa
P2 1
C 1 1
o

Empobrecimento Ambiental
Labirintc Radial de 8 brages
Labirintoem Y

Esquiva Inibitoria

Escada Horizontal

Figura 1 — Delineamento Experimental: A) Coorte de animais que foram treinados no
labirinto em radial de 8 bracos e foram incluidos no estudo 1; B) Coorte de animais
gue foram treinados no labirinto em Y e na tarefa de Esquiva Inibitéria e inclusos no
estudo 1; C) Coorte de animais que foram treinados na tarefa da Escada Horizontal e
fizeram parte do estudo 2;
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3.3 MODELO DE EMPOBRECIMENTO AMBIENTAL

O protocolo do Limited Bedding foi realizado conforme descrito anteriormente
(58, 59). O fundo da caixa residéncia foi coberto com maravalha autoclavada para
absorver fezes e urina e uma malha de aluminio separava a ninhada e os filhotes da
maravalha. Acima da malha, 1g de algodao era fornecido para a mée construir o seu
ninho. Nao era possivel para a mae recolher a maravalha do fundo da caixa para
incorporar ao seu ninho. Para as ninhadas do grupo controle eram fornecidos 4g de
algodao e quantidade padréo de maravalha (~150g) para construcdo do ninho. No P2,
as ninhadas eram alocadas aleatoriamente para oS grupos controle ou Limited
Bedding. Resumidamente, as mées eram removidas primeiro da caixa residéncia, 0s
filhotes entdo removidos, um por um, e colocados na nova caixa. A mae era entao
colocada na nova caixa contendo a malha de aluminio ou a maravalha e ndo foram
manipuladas até o P9, quando eram removidas da condi¢cdo de Limited Bedding e
retornavam para condigdes de moradia igual ao grupo controle (~150g de maravalha
e 4g de algodao). Os animais recebiam uma nova troca de caixa no P16. Maes do
grupo controle foram deixadas sem manipulacéo, exceto para limpezas da caixa no
P2, P9 e P16.
3.4 LABIRINTO RADIAL DE 8 BRACOS

Para investigar os efeitos do Limited Bedding em uma memadria de memoria e
aprendizagem, nés utilizamos uma versao com recompensa em 4 bracos, conforme
publicado anteriormente(60). Primeiramente, os animais eram colocados em um
aparato contendo 8 bragos, numerados de 1 a 8, de 30cm de comprimento por 5cm
de largura, irradiando de um compartimento central de 25cm?2. Dois dias antes de
iniciar o protocolo os animais foram habituados a recompensa (10% leite condensado,

em agua). Uma tampa contendo 2mL da solugéo recompensa foi colocado na caixa
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residéncia por um periodo de 48h para habituacdo a solucéo e para reduzir a neofobia.
Para aumentar a motivacdo a recompensa para coletar a recompensa, foi restringido
0 acesso a agua por 15h, diariamente. As garrafas de agua eram retiradas da caixa
residéncia as 6pm e os animais treinados no outro dia pela manha. Animais foram
mantidos neste regime de restricdo hidrica durante todo o protocolo. Apds completar
os dois trials, os animais tinham acesso a agua na sua caixa residéncia. O protocolo
de treino foi composto de 3 fases. Em todas elas os animais realizavam 2 trials
consecutivos e para evitar pistas olfatorias, o aparato era limpo com alcool isopropilico
entre os trials e entre os animais. Na primeira delas, chamada pré-treino, os animais
eram expostos ao aparato com recompensas no final dos oito bracos e os animais
exploravam livremente o aparato até encontrar as 8 recompensas ou 300s decorridos.
No préximo dia, a segunda fase do protocolo iniciava-se, chamada de aquisicdo com
duracdo de 7 dias, onde os animais eram expostos ao aparato e apenas 4 dos 8
bracos continham recompensa (bragos pares ou impares, randomizados entre os
animais). Os bragos contendo a recompensa permaneceram oS mesmo durante toda
a fase de aquisicao. Animais exploravam o labirinto até que as 4 recompensas fossem
coletadas ou 300s decorressem. Dois dias ap0s o ultimo trial de aquisi¢do, os animais
retornavam para o labirinto para um teste de retencéo idéntico a fase de aquisicéo.
Na versao do labirinto com recompensas em apenas 4 bragos, 0s animais precisam
aprender a ignorar 0s bracos que ndo contém a recompensa e explorar apenas 0s
bracos contendo a recompensa. Além disso, precisam da memodria de trabalho para
lembrar qual braco ja foi visitado dentro do mesmo trial. Para analisar a aprendizagem
e a memoria dos animais através dos dias, a média entre os trials foi calculado usando
as variaveis dependentes descritas na tabela 1.

Tabela 1: Descricdo das variaveis dependentes no Labirinto Radial de 8 bragos
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Variavel Descricao

Tempo Tempo gasto para coletar todas as recompensas.
Erro de Referéncia Entrada em um braco sem recompensa.

Erro de Memodria de Re-entrada, no mesmo trial, em um braco com

Trabalho recompensa.
Erro Perseverativo Re-entrada, no mesmo trial, em um braco sem
recompensa.

3.5LABIRINTOEMY

Para avaliar a memoria de trabalho no Labirinto em Y, a alternancia espontanea
foi investigada nos animais conforme descrito anteriormente(61). Este teste é baseado
na tendéncia natural que os camundongos apresentam para explorar um novo
ambiente. Quando colocados no aparato, o animal vai explorar um braco e depois
tenderia a alternar entre os bracos e visitar o menos recentemente visitado. Para fazer
isso, 0s camundongos precisam usar a memoria de trabalho para manter um registro
continuo do bragco previamente visitado. Os animais eram levados para a sala de
experimentacdo 30min antes do teste. Todos os testes foram realizados de manha
(aprox. 2-3h apds o inicio do ciclo claro) e a luminosidade da sala era ~100lux. Animais
eram expostos ao labirinto em Y, que consistiu de uma sesséo Unica de 5min, onde
0s animais puderam explorar livremente os trés bracos do labirinto. O braco inicial foi
randomizado entre os animais para evitar um possivel viés de colocacédo. Alternacdes
foram definidas como entradas consecutivas em trés bracos, em tercetos sobrepostos
(por exemplo, CBA, BCA, ACB, etc.). O escore de alternancia espontanea foi

calculado dividindo o nimero de tercetos pela alternancia possivel (entradas totais —
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2) x 100. O retorno alternado ao mesmo braco ou retorno ao mesmo braco foi
calculado para investigar erros na alternancia espontanea(62).
3.6 ESQUIVA INIBITORIA

Animais que realizaram o labirinto em Y foram treinados e testados na tarefa
de Esquiva Inibitéria, baseado em estudos anteriormente publicados(63, 64). A
Esquiva Inibitoria € uma tarefa classica de condicionamento de medo, dependente do
hipocampo, onde os animais aprendem que descer de uma plataforma desencadeia
um estimulo aversivo (choque). O aparato consiste em uma caixa de acrilico de
50x25x25cm com o chéo formado por barras de aco inoxidavel espacados em 1cm
contendo uma plataforma no canto da caixa de 5cm2. Na sesséo de treino, animais
eram colocados na plataforma, de frente para o canto, e a laténcia para descer da
plataforma era cronometrado. Imediatamente apds descer da plataforma, animais
recebiam trés choques leves (0.5mA, separados por 2s) e depois retornavam para a
caixa residéncia. O teste de retencao foi realizado 48h depois do treino e foi realizado
de forma idéntica ao treino, mas nenhum choque foi apresentado. A laténcia para
descer da plataforma no teste foi usada como uma medida de retengao.
3.7 ESCADA HORIZONTAL

Para avaliar a adaptabilidade da marcha dos camundongos na adolescéncia,
uma versao adaptada para camundongos da escada horizontal foi utilizada conforme
descrito anteriormente(65). Os camundongos eram incentivados a atravessar trés
vezes uma escada horizontal de 1m de comprimento com degraus aleatoriamente
espacados, situada 30cm acima do chéao. Durante o teste, os camundongos foram
gravados cruzando a escada utilizando uma GoPro Hero 4 com uma taxa de aquisi¢cédo
de 240 quadros por segundo e posterior analise quadro-a-quadro. O primeiro trial foi

considerado habituacdo e, portanto, ndo considerado para a analise. Desta forma, a
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meédia de desempenho dos trials 2 e 3 foram calculados. O desempenho foi verificado
calculando o numero de erros dos membros anteriores e membros posteriores
conforme anteriormente descritos (66). O niumero de erros foi normalizado em relacao
ao grupo controle utilizando a seguinte formula: (Namero de errors/NUumero de erros
do grupo controle)*100. Deste modo, um escore de 100% indica desempenho similar
ao grupo controle, ao passo que um escore inferior a 100% indica que o animal
cometeu menos erros em comparacao ao grupo controle. Um escore superior a 100%
indica que 0s animais cometeram mais erros que o grupo controle e, portanto,
possuem um desempenho inferior na tarefa.
3.8 COLETA DE MATERIAL BIOLOGICO

Os animais foram eutanasiados 2h apés o ultimo trial do labirinto radial de 8
bracos para o estudo 1 e 2h apos o teste da escada horizontal no estudo 2. O cérebro
era dissecado em gelo para a extracdo do mPFC, Cortex Motor e Cerebelo. Apés a
disseccéo, o tecido era imediatamente congelado em gelo seco e armazenados em
freezer -80°C até o momento das analises.
3.9 ANALISE DE EXPRESSAO GENICA

Para a expressao génica, o tecido era primeiramente descongelado e entéo o
RNA extraido usando Trizol® (Qiagen - Hilden, Germany) de acordo com as
instrucdes do fabricante. A concentracdo do RNA foi mensurada usando o NanoDrop
(Thermo Fisher Scientific — Waltham, EUA) e um total de 500ng de RNA de cada
amostra foi utilizado para a converséo para cDNA usando o miScript Il RT kit (Qiagen
- Hilden, Germany). O cDNA foi utilizado em cada reacdo de RT-qPCR no RotorGene
(Qiagen - Hilden, Germany) usando o miScript SYBR green kit (Qiagen - Hilden,

Germany).
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Os primers utilizados para a analise de expressao génica e o tamanho do
produto de RT-gPCR sé&o descritos na Tabela 2. PCR em gradiente foi utilizado para
verificacdo da temperatura 6tima de anelamento e gels de DNA foram corridos para
verificacdo da especificidade. Cada reacdo de RT-qPCR foi corrida em duplicata e
repetidas uma vez. O célculo para analise de expressao génica relativa foi realizado
usando o método AACt com o grupo controle como referéncia e os valores de Ct do
GAPDH como controle enddgeno.

Tabela 2 — Primers utilizados para analise de expressao génica:

Gene Forward Reverse bp
GAPDH TCATATTTCTCGTGGTTCACACC  CTGAGTATGTCGTGGAGTCTACTGG 149
BDNF exon IV GCAGCTGCCTTGATGTTTAC GCATGGCATAGTAGTTGTAGTGG 147
TrkB CTCGGTAGCTGGAAGCACAT GGACTCTTTGGGTCGCAGAA 155
Drd1 ATGGCTCCTAACACTTCTACCA GGGTATTCCCTAAGAGAGTGGAC 124
Drd2 ACCTGTCCTGGTACGATGATG GCATGGCATAGTAGTTGTAGTGG 105

3.10 ANALISE ESTATISTICA

Todas as andlises estatisticas foram realizadas no SPSS 20.0 (IBM — New
York, EUA) e os gréficos foram plotados usando o Prism GraphPad 6.0 (La Jolla,
EUA). A normalidade das variaveis foi verificada utilizando o teste de Shapiro-Wilk.
Para investigar o efeito do ambiente empobrecido nas variaveis dependentes, teste t-
student ou ANOVA de uma via por utilizada com comparacdo mdultipla de Tukey,
guando cabivel. A correlacdo entre os desfechos moleculares e 0 escore nos testes
comportamentais foi analisada através do teste de correlacdo de Pearson. Uma
ANOVA de medidas repetidas foi conduzida para determinar se os animais reduziam
0 tempo e o numero de erros ao longo dos dias durante a fase de aquisicdo. Em todas
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as analises, os dados foram expressos como médiatEPM e o nivel de significancia

adotado foi de 5%.
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4. DISCUSSAO E CONCLUSOES
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4.1. Camundongos machos expostos ao Limited Bedding apresentam menor
perseveracao no erro

O estudo 1 desta tese teve como objetivo investigar o impacto do Limited
Bedding na memodria de trabalho e aprendizagem espacial durante a adolescéncia,
assim como correlatos neurobiolégicos no mPFC. Interessantemente, camundongos
expostos ao modelo de Limited Bedding apresentaram menos erros perseverativos
guando comparados com 0 grupo controle, seguido por aumento da expressédo do
exon IV do BDNF e nenhuma diferenca significativa nos receptores de dopamina Drd1
e Drd2.

Neste estudo, utilizamos a versdo com recompensas em quatro dos oito bracos
do labirinto radial. Esta abordagem permite uma investigacdo da memoaria de trabalho
(caracterizado por re-entradas nos bracos previamente visitados em um mesmo trial)
e também a aprendizagem espacial através dos erros de referéncia (entradas em
bracos que nunca possuiram recompensa). Yoon et al (2008) demonstrou que uma
inativacao seletiva do mPFC com muscimol levou a prejuizos de memoaria de trabalho.
Por outro lado, a inativacdo do hipocampo aumentou o nimero de referéncia (67).
Além disso, inativacdo do mPFC de roedores diminuiu a flexibilidade cognitiva, ou
seja, a capacidade de inibir uma estratégia utilizada anteriormente para desenvolver
uma nova (68, 69). Nesta tarefa, o animal precisa manter a o registro em tempo real
dos bracos ja visitados no mesmo trial, além de lembrar-se de ignorar, ao longo do
periodo de treino, os bracos que nunca possuiram recompensa. Neste caso, o animal
precisa de um funcionamento adequado tanto do mPFC quando do hipocampo para
desempenhar a tarefa com o menor numero de erros possivel. Podemos observar que
0S animais expostos ao protocolo de Limited Bedding apresentaram uma diminui¢cédo

no numero de erros perseverativos quando comparados ao grupo controle e outra
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coorte independente de animais criados em Limited Bedding também teve um nimero
de erros de memoria de trabalho inferior ao grupo controle. Esta observacéo contrasta
com dados publicados anteriormente, que mostraram que camundongos expostos ao
protocolo de Limited Bedding apresentam prejuizos em uma tarefa de localizacdo de
objetos e também na tarefa de aprendizagem espacial do labirinto aquético de Morris
(58, 70). No que diz respeito aos erros de referéncia e o desempenho da tarefa de
esquiva inibitoria (ambas tarefas dependentes do hipocampo), ndo foram observadas
diferencas significativas entre os grupos. Nossa hipotese inicial era que 0s animais
criados em Limited Bedding iriam apresentar prejuizo no desempenho destas tarefas,
baseado em dados descritos na literatura que mostraram que este modelo reduziu a
potenciacdo de longa duracdo, mecanismo importante para a aprendizagem e
memoria, além do numero de espinhas dentriticas na area CA3 do hipocampo (71).
Além disso, foi reportado que a plasticidade sinaptica do hipocampo nas areas CAl e
CA3 do hipocampo estaria reduzida apds o modelo de Limited Bedding (72). Ainda
gue estes estudos tenham testado os animais em diferentes fases da vida comparado
com 0 nosso experimento, esta poderia ser uma das possiveis explicacfes para a
discrepancia nos dados. Entretanto, nosso estudo contribui para a literatura com uma
observacédo dos efeitos do Limited Bedding em tarefas dependentes de hipocampo
durante a adolescéncia.

Conforme mencionado anteriormente, o periodo da vida que os animais sao
testados apds o modelo de estresse variou da adolescéncia até o animal envelhecido,
0 que pode ser um fator de confuséo para se fazer uma concluséo. A adolescéncia é
um periodo critico do desenvolvimento com o inicio da puberdade, marcado por
alteracdes substanciais no desenvolvimento cerebral (73). A maioria das demandas

emergentes na adolescéncia exigem uma alta flexibilidade cognitiva, como a alteracao
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na relacdo com o0s pares, transicdo para 0 ensino superior e carreira profissional.
Quando o adolescente falha em ajustar-se a estas demandas do ambiente pode
apresentar diversas consequéncias negativas como abandono escolar, exclusao
social e transtornos psiquiatricos (74). Em roedores, por exemplo, Koss et al
demonstrou que adolescentes cometem mais erros perseverativos que adultos em
uma tarefa de alternancia (dependente de mPFC). Portanto, nés podemos racionalizar
gue adolescentes irdo apresentar comportamentos perseverativos normal para esta
fase do desenvolvimento, considerando que o cérebro ainda esta em desenvolvimento
e maturacdo. Seguindo na linha das evidéncias que sugerem que o estresse precoce
poderia acelerar processos neurobiolégicos de maturacdo(40, 75), nossa hipotese é
gue 0s animais expostos ao Limited Bedding na infancia, ao apresentarem menos
comportamentos perseverativos que controles, poderiam ser considerados como
tendo comportamento semelhantes aos adultos. Entretanto, deve-se ter cuidado ao
reivindicar isto, tendo em vista que mais experimentos sao necessarios para confirmar
esta hipétese.

Outro achado importante que poderia contribuir com esta hipétese é o aumento
da expressdo do exon IV do BDNF em uma regido importante para a regulacao da
memoéria de trabalho e aprendizagem guiada por recompensa (76). Este dado é
interessante tendo em vista que estes mesmos animais apresentam diminuicdo na
perseveracdo, como mencionado anteriormente. O exon IV do gene do BDNF é um
gene que é expresso de forma dependente da atividade cerebral e tem um papel
fundamental em fungbes celulares relacionadas a memoria e aprendizagem e
neurogénese(77). Alguns estudos sugerem que o estresse cronico no inicio da vida
pode reduzir a expressdo do BDNF ao longo do desenvolvimento (78, 79). Estas

evidéncias contrastam com as observacdes do nosso estudo que mostrou um
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aumento da expresséao deste gene apos o protocolo de estresse. A diferenca entre os
modelos empregados nos diferentes estudos pode ser um fator que contribui para a
discrepancia dos resultados. Aparentemente, diferentes modelos de estresse precoce
promovem distintas alteracdes neurobiolégicas. Uma hipotese alternativa para a
explicacdo desta variabilidade € a intensidade da exposicédo ao estresse durante o
desenvolvimento, ou seja, a exposicao ao estresse no inicio da vida poderia levar a
fendtipos de vulnerabilidade ou resiliéncia mais tarde na vida. Mesmo que néo
tenhamos explorado esta hipétese, comparando diferentes modelos de estresse e 0s
niveis de estresse apds a exposicao, entender como 0os modelos de estresse podem
levar a fendtipos distintos pode ser um tépico interessante para estudos futuros(80).
4.2 O modelo de Limited Bedding e a identificagéo de subgrupos distintos baseado na
capacidade de adaptacao da marcha

No estudo 2, investigamos o impacto do Limited Bedding durante a infancia na
adaptabilidade da marcha no teste da escada horizontal. Conforme esperado, nés
observamos que nem todos os animais responderam de forma similar aos efeitos do
ambiente empobrecido. Alguns animais demonstraram uma performance superior no
teste enquanto outro subgrupo de animais apresentou uma performance superior.
Este resultado é interessante considerando que nem todos os individuos expostos a
eventos estressores no inicio da vida irdo manifestar as consequéncias negativas
desta exposicdo. Alguns individuos possuem a capacidade de manter a resposta
fisiolégica e comportamental em niveis normais. Apesar de alguns efeitos do estresse
no inicio da vida (através da separacdo materna ou do Limited Bedding) estarem
documentados, pouco se sabe sobre quais 0s mecanismos biolégicos que levam a
estes fendtipos distintos (81). Nosso estudo se propss a investigar esta variabilidade

entre os grupos subdividindo os animais expostos ao estresse de acordo com a
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performance na tarefa. Além disso, encontramos alguns relatos neurobiolégicos em
diferentes regides do cérebro que podem servir como base para futuros estudos que
busquem investigar os efeitos do estresse na adaptabilidade da marcha.

A respeito da sinalizac&o dos receptores de Dopamina, observamos que o Drd1
estaria diferentemente expresso no mPFC de camundongos machos que foram
expostos ao Limited Bedding. Além disso, animais expostos ao Limited Bedding,
independente da performance na tarefa, apresentaram niveis elevados do exon IV do
BDNF no mPFC. Nés hipotetizamos que o mPFC esta envolvido nesta tarefa pelo fato
de, quando expostos ao aparato, o animal precisa cruzar a plataforma contendo
degraus aleatoriamente espacados, 0 que exige precisdo na colocacao das patas e
no movimento de agarrar. Este teste parece ser suficientemente desafiador a ponto
de detectar deficiéncias motoras que exigem controle cortical (66). Além disso, em
humanos foi demonstrado uma maior ativagdo do mPFC e do cértex sensadrio-motor
primério em uma tarefa de adaptabilidade da marcha na esteira (82). Nés observamos
que a expressdao de Drdl estaria aumentada no mPFC e Drd2 nédo estaria
diferentemente expresso. Estudos anteriores mostraram que o0 aumento leve da
dopamina no cérebro parece ter um efeito positivo na cogni¢cdo, ao passo que uma
ativagcdo prolongada e exacerbada ou insuficiente (este efeito geralmente sendo
descrito como um “U” invertido) traria prejuizos em tarefas cognitivas (83). Animais do
grupo que teve prejuizo na adaptabilidade da marcha demonstrou um aumento
significativo de Drdl no mPFC, o que poderia corroborar com esta hipétese.
Entretanto, para este experimento, todos os animais foram eutanasiados no mesmo
periodo. Estudos futuros poderiam investigar se, apods a tarefa, a sinalizacao de Drd1

permanece exacerbada, o que poderia fornecer ainda mais evidéncias de uma
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possivel desregulacéo da sinalizacédo de Drd1 no mPFC de animais com performance
inferior na tarefa.

Outro resultado interessante do nosso estudo foi a correlacéo positiva entre a
expressao do exon IV do BDNF no cértex motor e a capacidade de adaptabilidade da
marcha. Em outras palavras, quanto maior a expressao deste exon no cortex motor,
melhor a capacidade de adaptar a caminhada. Apesar de estudos futuros serem
necessarios para afirmar que a expressao do exon IV do BDNF no cortex motor prediz
a adaptabilidade da marcha, com base no papel mediador que o BDNF exerce em
vias de sinalizacdo celular importantes para a aprendizagem, como o potencial de
longo duracdo e ativacdo do TrkB, nds hipotetizamos que esta molécula possui
propriedades que o tornam um candidato importante para esta funcao.

4.3 Conclusdes e Perspectivas Futuras

Esta tese teve como objetivo principal investigar os impactos de um modelo de
estresse precoce em tarefas cognitivas e de adaptabilidade da marcha, assim como a
expressao de BDNF e dos receptores Drd1 e Drd2 de dopamina. Observamos que 0s
animais expostos ao Limited Bedding apresentam menor quantidade de erros
perseverativos e consequente aumento da expressdao de BDNF no mPFC durante a
adolescéncia. Hipotetizamos que 0s animais expostos ao Limited Bedding na infancia,
apresentando menos comportamentos perseverativos que 0S animais do grupo
controles, poderiam ser considerados como tendo comportamento semelhantes aos
adultos, que poderia ser explicado através de uma maturacao precoce de regides
cerebrais envolvidas neste comportamento. Como perspectiva futura para a
investigacao desta hipotese, do ponto de vista comportamental, poderiamos investigar
a performance dos animais no labirinto em radial de 8 bragos na fase adulta (~120

dias). Os resultados deste experimento podem demonstrar que, de fato, os animais
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adultos cometem menos erros perseverativos que 0s animais adolescentes (e
consequentemente similar aos adolescentes expostos ao ambiente empobrecido). A
nivel molecular, poderiamos investigar a sinalizacdo de marcadores de maturacao
neural, como a parvalbumina, ou marcadores de proliferacdo celular como a Ki-67.
Para isso, 0s animais expostos ao Limited Bedding deveriam apresentar uma maior
expressao destes marcadores no mPFC.

Além disso, no que diz respeito a capacidade de adaptabilidade da marcha,
buscamos investigar os distintos fendtipos associados ao Limited Bedding.
Identificamos dois subgrupos distintos baseado na performance e observamos que 0s
grupos possuem alteracdo nos padrdes de expressao génica especificas. Ambos os
grupos, independente da performance na tarefa, apresentaram aumento da expressao
de BDNF no mPFC, o que poderia corroborar com a hipotese de aceleracdo da
maturacado descrita no estudo 1. Além disso, o aumento exacerbado de Drd1 no mPFC
dos animais que apresentaram uma performance inferior poderia ser um indicador do
envolvimento desta via de sinalizacdo com a tarefa. Para investigar isso, estudos
futuros que busquem bloquear farmacologicamente esta via, especificamente nesta
regido, através da administracdo do antagonista de Drdl, poderiam fornecer
evidéncias do envolvimento desta via na regulacédo da capacidade dos animais de
adaptar a marcha. Além disso, uma abordagem similar poderia ser empregada para
investigar a forte correlagdo entre o exon IV do BDNF no coOrtex motor com o
desempenho na tarefa. Se a sinalizacdo do BDNF no cértex motor prediz a
adaptabilidade da marcha, um bloqueio farmacolégico desta via, especificamente

nesta regiao, traria prejuizos na performance na escada horizontal.

43



5. REFERENCIAS

44



1. Wickham S, Anwar E, Barr B, Law C, Taylor-Robinson D. Poverty and child
health in the UK: using evidence for action. Archives of disease in childhood.
2016;101(8):759-66.

2. Zukiewicz-Sobczak W, Wroblewska P, Zwolinski J, Chmielewska-Badora J,
Adamczuk P, Krasowska E, et al. Obesity and poverty paradox in developed countries.
Annals of agricultural and environmental medicine : AAEM. 2014;21(3):590-4.

3. Mendenhall E, Kohrt BA, Norris SA, Ndetei D, Prabhakaran D. Non-
communicable disease syndemics: poverty, depression, and diabetes among low-
income populations. Lancet. 2017;389(10072):951-63.

4. Maluccio JA, Palermo T, Kadiyala S, Rawat R. Improving Health-Related
Quality of Life among People Living with HIV: Results from an Impact Evaluation of a
Food Assistance Program in Uganda. PloS one. 2015;10(8):e0135879.

5. Spencer N, Strazdins L. Socioeconomic disadvantage and onset of childhood
chronic disabling conditions: a cohort study. Archives of disease in childhood.
2015;100(4):317-22.

6. Spencer NJ, Blackburn CM, Read JM. Disabling chronic conditions in childhood
and socioeconomic disadvantage: a systematic review and meta-analyses of
observational studies. BMJ open. 2015;5(9):e007062.

7. Kindt KC, van Zundert R, Engels RC. Evaluation of a Dutch school-based
depression prevention program for youths in highrisk neighborhoods: study protocol of
a two-armed randomized controlled trial. BMC public health. 2012;12:212.

8. Mani A, Mullainathan S, Shafir E, Zhao J. Poverty impedes cognitive function.
Science. 2013;341(6149):976-80.

9. Pavlakis AE, Noble K, Pavlakis SG, Ali N, Frank Y. Brain imaging and
electrophysiology biomarkers: is there a role in poverty and education outcome
research? Pediatric neurology. 2015;52(4):383-8.

10. Avants BB, Hackman DA, Betancourt LM, Lawson GM, Hurt H, Farah MJ.
Relation of Childhood Home Environment to Cortical Thickness in Late Adolescence:
Specificity of Experience and Timing. PloS one. 2015;10(10):e0138217.

11. Noble KG, Houston SM, Brito NH, Bartsch H, Kan E, Kuperman JM, et al. Family
income, parental education and brain structure in children and adolescents. Nature
neuroscience. 2015;18(5):773-8.

45



12. Hamadani JD, Tofail F, Huda SN, Alam DS, Ridout DA, Attanasio O, et al.
Cognitive deficit and poverty in the first 5 years of childhood in Bangladesh. Pediatrics.
2014;134(4):e1001-8.

13. Loprinzi PD, Davis RE, Fu YC. Early motor skill competence as a mediator of
child and adult physical activity. Preventive medicine reports. 2015;2:833-8.

14. Morley D, Till K, Ogilvie P, Turner G. Influences of gender and socioeconomic
status on the motor proficiency of children in the UK. Human movement science.
2015;44:150-6.

15. Goodway JD, Robinson LE, Crowe H. Gender differences in fundamental motor
skill development in disadvantaged preschoolers from two geographical regions.
Research quarterly for exercise and sport. 2010;81(1):17-24.

16. Pope ML, Liu T, Getchell N. Object-control skills in Hispanic preschool children
enrolled in Head Start. Perceptual and motor skills. 2011;112(1):193-200.

17. Lawson GM, Duda JT, Avants BB, Wu J, Farah MJ. Associations between
children's socioeconomic status and prefrontal cortical thickness. Developmental
science. 2013;16(5):641-52.

18. Blair C, Raver CC. Poverty, Stress, and Brain Development: New Directions for
Prevention and Intervention. Academic pediatrics. 2016;16(3 Suppl):S30-6.

19. Cohen S, Doyle WJ, Baum A. Socioeconomic status is associated with stress
hormones. Psychosomatic medicine. 2006;68(3):414-20.

20. Huttenlocher PR, Dabholkar AS. Regional differences in synaptogenesis in
human cerebral cortex. The Journal of comparative neurology. 1997;387(2):167-78.
21. Krishnan V, Nestler EJ. Linking molecules to mood: new insight into the biology
of depression. The American journal of psychiatry. 2010;167(11):1305-20.

22.  Gluckman PD, Hanson MA, Cooper C, Thornburg KL. Effect of in utero and
early-life conditions on adult health and disease. The New England journal of medicine.
2008;359(1):61-73.

23. Bale TL, Baram TZ, Brown AS, Goldstein JM, Insel TR, McCarthy MM, et al.
Early life programming and neurodevelopmental disorders. Biological psychiatry.
2010;68(4):314-9.

24. Hoeijmakers L, Lucassen PJ, Korosi A. The interplay of early-life stress,
nutrition, and immune activation programs adult hippocampal structure and function.

Frontiers in molecular neuroscience. 2014;7:103.

46



25. Kundakovic M, Champagne FA. Early-life experience, epigenetics, and the
developing brain. Neuropsychopharmacology : official publication of the American
College of Neuropsychopharmacology. 2015;40(1):141-53.

26. Everson-Rose SA, Mendes de Leon CF, Bienias JL, Wilson RS, Evans DA.
Early life conditions and cognitive functioning in later life. American journal of
epidemiology. 2003;158(11):1083-9.

27. Provencal N, Binder EB. The effects of early life stress on the epigenome: From
the womb to adulthood and even before. Experimental neurology. 2015;268:10-20.
28.  Cirulli F, Francia N, Berry A, Aloe L, Alleva E, Suomi SJ. Early life stress as a
risk factor for mental health: role of neurotrophins from rodents to non-human primates.
Neuroscience and biobehavioral reviews. 2009;33(4):573-85.

29. Heim C, Nemeroff CB. The role of childhood trauma in the neurobiology of mood
and anxiety disorders: preclinical and clinical studies. Biological psychiatry.
2001;49(12):1023-39.

30. Cicchetti D, Toth SL. A developmental psychopathology perspective on child
abuse and neglect. Journal of the American Academy of Child and Adolescent
Psychiatry. 1995;34(5):541-65.

31. Teicher MH, Samson JA, Anderson CM, Ohashi K. The effects of childhood
maltreatment on brain structure, function and connectivity. Nature reviews
Neuroscience. 2016;17(10):652-66.

32. Kaler SR, Freeman BJ. Analysis of environmental deprivation: cognitive and
social development in Romanian orphans. Journal of child psychology and psychiatry,
and allied disciplines. 1994;35(4):769-81.

33. Edmiston EE, Wang F, Mazure CM, Guiney J, Sinha R, Mayes LC, et al.
Corticostriatal-limbic gray matter morphology in adolescents with self-reported
exposure to childhood maltreatment. Archives of pediatrics & adolescent medicine.
2011;165(12):1069-77.

34. Andersen SL, Tomada A, Vincow ES, Valente E, Polcari A, Teicher MH.
Preliminary evidence for sensitive periods in the effect of childhood sexual abuse on
regional brain development. The Journal of neuropsychiatry and clinical
neurosciences. 2008;20(3):292-301.

35. Molet J, Maras PM, Avishai-Eliner S, Baram TZ. Naturalistic rodent models of

chronic early-life stress. Developmental psychobiology. 2014;56(8):1675-88.

47



36. Levine S. Infantile experience and resistance to physiological stress. Science.
1957;126(3270):405.

37. Champagne F, Meaney MJ. Like mother, like daughter: evidence for non-
genomic transmission of parental behavior and stress responsivity. Progress in brain
research. 2001;133:287-302.

38. Champagne FA, Francis DD, Mar A, Meaney MJ. Variations in maternal care in
the rat as a mediating influence for the effects of environment on development.
Physiology & behavior. 2003;79(3):359-71.

39. Naninck EF, Hoeijmakers L, Kakava-Georgiadou N, Meesters A, Lazic SE,
Lucassen PJ, et al. Chronic early life stress alters developmental and adult
neurogenesis and impairs cognitive function in mice. Hippocampus. 2015;25(3):309-
28.

40. Bath KG, Manzano-Nieves G, Goodwill H. Early life stress accelerates
behavioral and neural maturation of the hippocampus in male mice. Hormones and
behavior. 2016;82:64-71.

41. Cunha C, Brambilla R, Thomas KL. A simple role for BDNF in learning and
memory? Frontiers in molecular neuroscience. 2010;3:1.

42.  Timmusk T, Palm K, Metsis M, Reintam T, Paalme V, Saarma M, et al. Multiple
promoters direct tissue-specific expression of the rat BDNF gene. Neuron.
1993;10(3):475-89.

43. Zheng F, Zhou X, Luo Y, Xiao H, Wayman G, Wang H. Regulation of brain-
derived neurotrophic factor exon IV transcription through calcium responsive elements
in cortical neurons. PloS one. 2011;6(12):e28441.

44. Seo MK, Ly NN, Lee CH, Cho HY, Choi CM, Nhu LH, et al. Early life stress
increases stress vulnerability through BDNF gene epigenetic changes in the rat
hippocampus. Neuropharmacology. 2016;105:388-97.

45. Calabrese F, van der Doelen RH, Guidotti G, Racagni G, Kozicz T, Homberg
JR, et al. Exposure to early life stress regulates Bdnf expression in SERT mutant rats
in an anatomically selective fashion. Journal of neurochemistry. 2015;132(1):146-54.

46. Suri D, Veenit V, Sarkar A, Thiagarajan D, Kumar A, Nestler EJ, et al. Early
stress evokes age-dependent biphasic changes in hippocampal neurogenesis, BDNF
expression, and cognition. Biological psychiatry. 2013;73(7):658-66.

48



47.  Puig MV, Rose J, Schmidt R, Freund N. Dopamine modulation of learning and
memory in the prefrontal cortex: insights from studies in primates, rodents, and birds.
Frontiers in neural circuits. 2014;8:93.

48. Andersen SL, Teicher MH. Sex differences in dopamine receptors and their
relevance to ADHD. Neuroscience and biobehavioral reviews. 2000;24(1):137-41.

49.  Williams GV, Castner SA. Under the curve: critical issues for elucidating D1
receptor function in working memory. Neuroscience. 2006;139(1):263-76.

50. Arnsten AF. Catecholamine regulation of the prefrontal cortex. Journal of
psychopharmacology. 1997;11(2):151-62.

51. Zahrt J, Taylor JR, Mathew RG, Arnsten AF. Supranormal stimulation of D1
dopamine receptors in the rodent prefrontal cortex impairs spatial working memory
performance. The Journal of neuroscience : the official journal of the Society for
Neuroscience. 1997;17(21):8528-35.

52. Floresco SB. Prefrontal dopamine and behavioral flexibility: shifting from an
"inverted-U" toward a family of functions. Frontiers in neuroscience. 2013;7:62.

53. Druzin MY, Kurzina NP, Malinina EP, Kozlov AP. The effects of local application
of D2 selective dopaminergic drugs into the medial prefrontal cortex of rats in a delayed
spatial choice task. Behavioural brain research. 2000;109(1):99-111.

54. Brenhouse HC, Lukkes JL, Andersen SL. Early life adversity alters the
developmental profiles of addiction-related prefrontal cortex circuitry. Brain sciences.
2013;3(1):143-58.

55. Molina-Luna K, Pekanovic A, Rohrich S, Hertler B, Schubring-Giese M, Rioult-
Pedotti MS, et al. Dopamine in motor cortex is necessary for skill learning and synaptic
plasticity. PloS one. 2009;4(9):e7082.

56. Rioult-Pedotti MS, Pekanovic A, Atiemo CO, Marshall J, Luft AR. Dopamine
Promotes Motor Cortex Plasticity and Motor Skill Learning via PLC Activation. PloS
one. 2015;10(5):e0124986.

57. Giompres P, Delis F. Dopamine transporters in the cerebellum of mutant mice.
Cerebellum. 2005;4(2):105-11.

58. Rice CJ, Sandman CA, Lenjavi MR, Baram TZ. A novel mouse model for acute
and long-lasting consequences of early life stress. Endocrinology. 2008;149(10):4892-
900.

49



59. Heun-Johnson H, Levitt P. Early-Life Stress Paradigm Transiently Alters
Maternal Behavior, Dam-Pup Interactions, and Offspring Vocalizations in Mice.
Frontiers in behavioral neuroscience. 2016;10:142.

60. Valladolid-Acebes I, Stucchi P, Cano V, Fernandez-Alfonso MS, Merino B, Gil-
Ortega M, et al. High-fat diets impair spatial learning in the radial-arm maze in mice.
Neurobiology of learning and memory. 2011;95(1):80-5.

61. Wietrzych M, Meziane H, Sutter A, Ghyselinck N, Chapman PF, Chambon P, et
al. Working memory deficits in retinoid X receptor gamma-deficient mice. Learning &
memory. 2005;12(3):318-26.

62. Wall PM, Messier C. Infralimbic kappa opioid and muscarinic M1 receptor
interactions in the concurrent modulation of anxiety and memory.
Psychopharmacology. 2002;160(3):233-44.

63. Figueiredo LS, de Freitas BS, Garcia VA, Dargel VA, Kobe LM, Kist LW, et al.
Iron Loading Selectively Increases Hippocampal Levels of Ubiquitinated Proteins and
Impairs Hippocampus-Dependent Memory. Molecular neurobiology. 2016;53(9):6228-
39.

64. Roesler R, Schroder N, Vianna MR, Quevedo J, Bromberg E, Kapczinski F, et
al. Differential involvement of hippocampal and amygdalar NMDA receptors in
contextual and aversive aspects of inhibitory avoidance memory in rats. Brain
research. 2003;975(1-2):207-13.

65. Cummings BJ, Engesser-Cesar C, Cadena G, Anderson AJ. Adaptation of a
ladder beam walking task to assess locomotor recovery in mice following spinal cord
injury. Behavioural brain research. 2007;177(2):232-41.

66. Metz GA, Whishaw IQ. The ladder rung walking task: a scoring system and its
practical application. Journal of visualized experiments : JOVE. 2009(28).

67. Yoon T, Okada J, Jung MW, Kim JJ. Prefrontal cortex and hippocampus
subserve different components of working memory in rats. Learning & memory.
2008;15(3):97-105.

68. Ragozzino ME, Detrick S, Kesner RP. Involvement of the prelimbic-infralimbic
areas of the rodent prefrontal cortex in behavioral flexibility for place and response
learning. The Journal of neuroscience : the official journal of the Society for
Neuroscience. 1999;19(11):4585-94.

50



69. Floresco SB, Block AE, Tse MT. Inactivation of the medial prefrontal cortex of
the rat impairs strategy set-shifting, but not reversal learning, using a novel, automated
procedure. Behavioural brain research. 2008;190(1):85-96.

70. Kanatsou S, Ter Horst JP, Harris AP, Seckl JR, Krugers HJ, Joels M. Effects of
Mineralocorticoid Receptor Overexpression on Anxiety and Memory after Early Life
Stress in Female Mice. Frontiers in behavioral neuroscience. 2015;9:374.

71. Wang XD, Rammes G, Kraev |, Wolf M, Liebl C, Scharf SH, et al. Forebrain
CRF(1) modulates early-life stress-programmed cognitive deficits. The Journal of
neuroscience : the official journal of the Society for Neuroscience. 2011;31(38):13625-
34.

72. Brunson KL, Kramar E, Lin B, Chen Y, Colgin LL, Yanagihara TK, et al.
Mechanisms of late-onset cognitive decline after early-life stress. The Journal of
neuroscience : the official journal of the Society for Neuroscience. 2005;25(41):9328-
38.

73. Blakemore SJ, Burnett S, Dahl RE. The role of puberty in the developing
adolescent brain. Human brain mapping. 2010;31(6):926-33.

74. Crone EA, Dahl RE. Understanding adolescence as a period of social-affective
engagement and goal flexibility. Nature reviews Neuroscience. 2012;13(9):636-50.
75. Cowan CS, Callaghan BL, Richardson R. Acute early-life stress results in
premature emergence of adult-like fear retention and extinction relapse in infant rats.
Behavioral neuroscience. 2013;127(5):703-11.

76. Rushworth MF, Noonan MP, Boorman ED, Walton ME, Behrens TE. Frontal
cortex and reward-guided learning and decision-making. Neuron. 2011;70(6):1054-69.
77. Binder DK, Scharfman HE. Brain-derived neurotrophic factor. Growth factors.
2004;22(3):123-31.

78. Lee KY, Miki T, Yokoyama T, Ueki M, Warita K, Suzuki S, et al. Neonatal
repetitive maternal separation causes long-lasting alterations in various neurotrophic
factor expression in the cerebral cortex of rats. Life sciences. 2012;90(15-16):578-84.
79. Miki T, Lee KY, Yokoyama T, Liu JQ, Kusaka T, Suzuki S, et al. Differential
effects of neonatal maternal separation on the expression of neurotrophic factors in rat
brain. 1l: Regional differences in the cerebellum versus the cerebral cortex. Okajimas
folia anatomica Japonica. 2013;90(3):53-8.

51



80. Lyons DM, Parker KJ, Schatzberg AF. Animal models of early life stress:
implications  for understanding resilience. Developmental psychobiology.
2010;52(7):616-24.

81l. Yehuda R, Flory JD, Southwick S, Charney DS. Developing an agenda for
translational studies of resilience and vulnerability following trauma exposure. Annals
of the New York Academy of Sciences. 2006;1071:379-96.

82. Shimada H, Ishii K, Ishiwata K, Oda K, Suzukawa M, Makizako H, et al. Gait
adaptability and brain activity during unaccustomed treadmill walking in healthy elderly
females. Gait & posture. 2013;38(2):203-8.

83.  Savitz J, Solms M, Ramesar R. The molecular genetics of cognition: dopamine,
COMT and BDNF. Genes, brain, and behavior. 2006;5(4):311-28.

52



53



6. ANEXOS E APENDICES

54



6.1 CARTA DE APROVACAO DO CEUA

Pontificia Univerzidade Catdlica do Rio Grande da Sul

PRO-REITORIA DE PESQUISA, INOVACAD E DESENVOLVIMENTD
COMESAD DE ETICA ND USO DE ANIMAIS

Oficic 111/2015 - CEUA Porto Alegre, 18 de dezembro de 2015.

Prezado Sria). Pesquisador(a),

A Comissfio de Etica no Uso de Animais da PUCRS apreciou @ aprovou seu
Protocolo de Pesquisa, registro CEUA 15/00472 intitulade “Efeites do exercicio
fisico e suplementacdo probidtica na microbiota intestinal: Marcadores
inflamatdrios e resposta ao estresse em camundongos expostos & separacio
materna”.

Sua investigacao, respeitando com detalhe as descrigbes contidas no projelo e
formulérios avaliados pela CEUA, esta autorizada a partir da presente data.

Informameos que & necessario o encaminhamente de relatdrio final quando
finalizar esta investigacio. Adicionalmente, ressaltamos que conforme previsto na Lei
no. 11.784, de 08 de outubro de 2008 (Lei Arouca), que regulamenta os
procedimentos para o uso cientifico de animais, & funclo da CEUA zslar pelo
cumprimente dos procedimentos informados, realizando inspecies peribdicas nos
locais de pesquiza.

N? de Animais Espécie Duracéio do Projeto
260 Mus musculus 1242015 = 09/2018
Atenciosamente,

-~ ™ .:I_FI_'F‘IU-\_-\“-;:IL:‘;—
Prof. Dr. Jo&d Baiia'ta Blessmann Webear
Coordenador da CEUAPLUCRS

lime. Sr.

Prof. Dr. Rodrigo Grassi de Oliveira
IFB

Mesta Universidade

Campus Central
ms Ay, Ipiranga, 6681 - P. 99 - Portal Teonopuc - sala 1512
CEP: 90619-200 - Porta Alegra/RE

Fone: (51) 3353-6365
E-miail: CeugSniaces, be
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SIPESQ

Sistema de Pesquisas da PUCRS

Cddigo SIPESQ: 7665 Porto Alegre.21 de dezembro de 2016

Prezado(a) Pesquisador{a),

A Comissdo de Etica no Uso de Animais da PUCRS apreciou & aprovou o Projeto de
Pesquisa "IMPACTO DA EXPOSICAD AD ESTRESSE PRECOCE SOBRE O SISTEMA
MEUROENDOCRING E O DESENVOLVIMENTO SENSORIO-MOTOR DA MARCHA EM UM
MODELD MURINO® coordenado por REGIS GEMERASCA MESTRINER.

Sua investigaglo, respeitando com detalhe as descrigbes contidas no projete e
formularios avaliados pala CEUA, estd sutorizada a partir da presente data.

Informamos que & necessano o encaminhamento de relatdrio final quande finalizar asta
investigagio. Adicionalmente, ressaltamos que conforme previsto na Lei no. 11.794, de 08 de
outubro de 2008 (Lei Arouca), que regulamenta os procedimentos para o uso cientifico de
animais, & fungéo da CEUA zelar pele cumprimento dos procedimentos informados, realizando
inspecbes penddicas nos locais de pesquisa.

Dwragéo do Projeto: 211202016 - 21/082017

N® de Animais Espécie
&4 Mus Musculus
16 Mus Musculus
B Mus Musculus
Total de Animais: 88

Atenciosamente,

Comisséo de Efica no Uso de Animais{CELA)
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6.2 ESTUDO 1

Em preparagao para submisséo para Developmental Psychobiology

Limited Bedding affects cognition and BDNF expression during adolescence with no differences

in Dopamine Receptors D1 and D2
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ABSTRACT

Introduction: Early life stress is a global issue and essentially associated with a decreased quality of life
and is a risk factor for different neuropsychiatric diseases. Evidences points to the deleterious effects that
early life has on cognitive outcomes, which is even more critical during childhood. The neurobiology
behind the effect that early life stress exerts on cognition is not completely understood. The aim of this
study is investigate the impact of a model of early life stress during infancy in cognitive outcomes on
adolescence, followed by the investigation of BDNF, Drd1 and Drd2 in the mPFC. Methods: Briefly, we
exposed male C56BL/6 mice to the limited bedding protocol post-natal day (PND)2 to PND9 and then
tested animals in the radial 8-arm maze, Y-maze and Step-Down avoidance task at the end of
adolescence. RT-gPCR was used to investigate BDNF exon |V, Drd1 and Drd2 gene expression in the
mPFC 2h after the task. Results: Mice raised in LB conditions presented fewer perseverative errors
compared to our reference group. This effect was followed by an increased BDNF exon IV expression in
the mPFC with no differences in Drd1 and Drd2. Conclusions: Taken together, our study showed that
mice exposed to Limited Bedding showed fewer perseveration and increased BDNF exon |V expression
in the mPFC during adolescence. Our study provide new evidences on the impact that poverty has on
cognition during adolescence, which could help to understand the consequences that being raised under
poverty-like conditions could have on adolescent cognition

KEYWORDS: Early Life Stress; Poverty, Adolescence; Learning and Memory, BDNF; Dopamine.
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INTRODUCTION

Early-life stress is a global issue and is essentially associated with a decreased quality of life,
increased mortality and vulnerability to a wide range of diseases such as neurological diseases(1),
diabetes (2) and psychiatric disorders(3).

Experimental and epidemiological evidences shows the negative consequences of early life
stress in cognitive outcomes (8). The deleterious influences of early life stress in cognition is even more
critical during childhood, given the importance of a supportive environment on the development of
emotional, cognitive and language processes in the newborns(58). This way, early-life stress caused by
low-socioeconomic status is a predictor of inferior IQ, as well as increased risk of learning disorders and
decreased years of formal education in children and adolescents(59).

Although the impact of early-life stress on cognition has caught attention of researchers from
almost a century, little experimental data addressing this relationship exists, making the neurobiological
consequences of such exposure throughout development is still poorly understood. More recently,
Naninck et al (2015) showed that chronic early life stress caused by limited bedding altered developmental
and adult neurogenesis, as well as cognitive function in mice(39). In addition, Bath et al (2016) suggests
that limited bedding promoted accelerated arrival of markers of synaptic maturity and precocious
development of emotional learning in mice(40). Taken together, we hypothesize that ELS induces an early
maturation of brain regions involved in cognitive processes, although the mechanism behind this effect
are not completely understood.

One molecule that plays a role in neuroplasticity mechanisms is the Brain-Derived Neurotrophic
factor (BDNF). The BDNF is a protein important for functions like neurogenesis, synaptic and neuronal
growth and is a key regulator of learning and memory processes, especially in brain regions such as
mPFC and hippocampus. Several previous studies showed that BDNF exon IV is released in an activity-
dependent manner(43) and is sensitive to stress early in life(60). Seo et al (2016) showed that rats

exposed to maternal separation stress showed decreased expression of BDNF exon IV in the
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hippocampus later in life(44). Calabrese et al also found decreased expression of BDNF exon IV in ventral
hippocampus and ventromedial pre-frontal cortex when rats exposed to maternal separation reached
adulthood(45). Collectively, these data suggests that ELS promotes long-lasting effect in the BDNF
signaling that could be harmful to developmental processes in the brain. Corroborating with the hypothesis
that ELS induces an early maturation, Suri et al (2013) found that when animals exposed to ELS were
tested during young adulthood they showed enhanced neurogenesis followed by increased performance
in the Morris Water Maze. But when animals were tested during middle-age, the effect was the opposite:
decreased expression of BDNF exon |V and cognitive impairments(46). Clearly, BDNF exon IV is playing
a role in ELS-induced changes throughout development, making him a candidate to study the impact of
Limited Bedding on cognition and neuroplasticity during adolescence.

Another molecule involved in learning and memory is dopamine [DA; for review, see (47).
Andersen et al (2000) showed that, in a normal developing mouse brain, Drd1 and Drd2 density peaked
in rodents with 40 days of age in the mPFC, period that correspond to adolescence(48). Early studies
investigating the role of DA in learning and memory proposed a principle that PFC DA, acting via activation
of Drd1, has an “inverted-U shape” effect, where either blocking DA in the mPFC or excessive Drd1
signaling would have an deleterious effect on cognition(49-51). Novel studies, however, proposed a more
complex model taking into account the different DA receptors and cognitive operations(52).
Pharmacological stimulation of Drd1 can improve working memory performance when longer delays are
required to perform the task. In the other hand, administration of Drd1 agonist impaired working memory
in a short-delayed working memory task. Regarding Drd2 activation in the mPFC, modulation of working
memory might have a more linear function compared to Drd1, with lower levels of Drd2 activation
associated with better performance and higher levels of activation associated with poorer
performance(53). More recently, Brenhouse et al (2013) showed that rats exposed to maternal separation

have exacerbated Drd1 expression during adolescent and a blunted Drd2 expression(54).
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Although we have evidences to support the hypothesis that early life stress impairs learning and
memory during adolescence, the specific consequences of Limited Bedding are not clear. Thus, we firstly
sought to investigate how Limited Bedding could affect cognitive performance in tasks dependent of
correct mPFC functioning, looking at BDNF and Dopamine receptors D1 and D2 expression as
neurobiological correlates. Secondly, we looked at a hippocampal-dependent task to verify if Limited
Bedding could impact this brain region as well or if the effect is specifically related to working memory.
METHODS
Animals and Experimental Design

The present study was performed was conducted in accordance with the guidelines of the
Brazilian Association for Laboratory Animal Sciences and all the procedures described above were
approved by the local Ethics Committee for Animal Research under the #15/00472. In this study, female
C57BL/6 acquired from CEMBE/PUCRS were breed with a male for 48h and the day of birth was
considered PND (post-natal day) 1. From PND2 to PND9, mice were exposed to either Limited Bedding
or control condition (described in details below) and weaned at PND21, where they were placed with
same-sex littermates in 2-3 per cage. After PND21, male animals were randomly assigned to two
independent cohort. Animals from the first cohort were designed to perform the radial maze protocol
starting at PND42 (corresponding to adolescence). The second cohort of male mice performed the Y-
Maze at PND48 and the Step-Down Avoidance between PND49 and PND60. All animals were euthanized
at PNDG0 for tissue collection and molecular analysis.

A total of 48 litters were used (25x23) and to avoid any potential litter effects, no more than 3
animals per litter were used. Additional animals from the same litter were assigned to different cohorts or
additional ongoing projects in the laboratory to maintain the criteria of no more than 3 animals/litter/group.

Animal were maintained in automatically controlled room (temperature 23°C+-1°C and 12h
light/12h dark cycle) with mouse chow ad libitum throughout the entire study. Animals that performed the

radial maze training were maintained in a regime of ad libitum water until they started the training.
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Limited Bedding Protocol

The Limited Bedding was performed based on previously described (61, 62). The cage floor was
covered with bedding to absorb feces and urine and a stainless steel wire floor was placed 2cm above
the floor. The wire has 10mm squared openings and 0,6mm diameter. Dams were not able to retrieve
bedding from the floor to build the nest. In addition to the wire floor, 1g of autoclaved cotton was provided
to the dams to build the nest. Control cages were provided with normal bedding amount (~150g) and an
additional 4g of cotton to incorporate in their nests. On the PND2, dams were assigned to either Limited
Bedding or control conditions. Briefly, dams were firstly removed from home cage. Then, pups were
removed, one-by-one by hand from the home cage, weighted and placed in the new cage. The dam and
the litter were left undisturbed until PND9, when they were removed from the Limited Bedding condition
and returned to a normal cage, with access to bedding and 4g of cotton. They received an additional cage
cleaning at P16 where the bedding was replaced with another 4g of cotton as well. Dams from control
conditions were left undisturbed, except for regular clean cage at PND2, PND9 and PND16.
Radial 8-arm Maze

To investigate the effects of Limited Bedding on learning and memory, we used the four-arm
baited version of the radial 8-arm maze adapting the protocol described by Valladolid-Acebes et al
(2011)(63). Firstly, animals were exposed to the apparatus containing eight arms, numbered 1 to 8, of
30cm long for 5¢cm wide, and radiating from a central compartment of 25cm?. Two days before starting
the protocol, animals were nd habituated to the reward solution (10% condensed milk in water). A falcon
tub cap containing 2mL of reward solution was placed in the homecage for 48h for habituation for the
solution and to reduce neophobia. To enhance the motivation to search the reward, animals were water
restricted for 15h daily. Water bottles were removed from the homecage at 6pm and animals were trained
in the next morning. Animals were kept under this water restriction regime until the end of the protocol.
After completing the trials of the day, animals were allowed to freely drink water in their home cage. The

training protocol consisted of three phases. In all phases, animals performed two consecutive trials. To
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avoid olfactory cues, the apparatus were cleaned with Isopropyl Alcohol between trials and between
animals. Extra-maze cues were placed in the room and were kept constant during the entire protocol.
One experimenter held the training and positioned himself in the same place in the room, serving as one
of the extra-maze cues. In the first phase, animals performed two pre-training trials where animals were
exposed to the apparatus and all the eight arms were baited and the animal was allowed to explore the
maze until collecting all the rewards or 300s elapsed. Twenty-four hours later, the acquisition phase
began, where animals were exposed to the apparatus and only four arms were baited. Rewards were
placed in even arms (#2, #4, #6 and #8) or odds arms (#1, #3, #5 and #7), randomized between animals.
The baited arms remained the same throughout the entire acquisition phase. Animals were allowed to
explore the maze until four rewards were collected or 300s elapsed. Two days after the last acquisition
trial, animals returned to the apparatus for two retention trials identical to the acquisition phase. In the
four-arm baited version of the eight-arm maze, animals should learn to ignore the non-baited arms and
explore only the baited arms. Also, they need the working memory to keep track of which arm was already
visited within a trial. To analyze the learning and memory of animals throughout the days, the average
between trials were calculated for the dependent variables described in Table 1.

Table 1: Description of the dependent variables analyzed in the Radial 8-arm maze.

Variable Description

Time Time taken to animal collect all the rewards.

Reference Error Entry into a non-baited arm.

Working Memory Error Re-entry, within the same trial, in a baited arm.

Perseverative Error Re-entry, within the same trial, in a non-baited arm.
Y-Maze

Spontaneous alternation test were conducted in the Y-Maze as previously showed by Wietrzych
et al (2005)(64). This test in based on the natural trend that mice have to explore a new environment.

When placed in an arm maze, mice will explore one arm and then tend to alternate between arms and
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will explore the least recently visited arm. To do so, mice need to use working memory in order to maintain
an ongoing record of the previously visited arm.

Briefly, animals were placed in the experimental room for 30min prior testing. All the tests were
held in the morning (aprox. 2-3 hour after the light phase) and the luminosity in the room was ~100lux.
Animal were then exposed to the Y-maze, which consisted of a single 5-min trial which the animals were
allowed to freely explore the three arms of the maze. The starting arm were randomized between animals
to avoid placement bias. Alternations were defined by consecutive entries in three arms in an overlapping
triplets (i.e., CBA, BAC, ACB, ...). The Spontaneous Alternation Score (SAP) was calculated by dividing
the number of triplets by possible alternation (total arm entries — 2) x 100. The alternated arm returns
(AAR) and same arm returns (SAR) were calculated to investigate errors in spontaneous alternation(65).
Step-Down Avoidance

Animal that performed the Y-maze were trained and tested in the Step-Down Avoidance based
on previously published (66, 67). This single-trial Step-Down Avoidance is a classical fear-related,
hippocampal-dependent task, where animals learn that stepping down the platform will trigger an aversive
stimulus (foot-shock). The apparatus consisted of acrylic 50x25x25¢cm box with a stainless steel bars floor
spaced 1cm apart containing a small platform (5¢cm?) in a corner of the box. In the training session, animals
were placed on the platform facing the corner of the box and latency to step-down with all four paws was
measured manually. Immediately after stepping down, animals received three 1s 0.5mA footshock (2s
apart) and then were returned to the home cage. Retention test were carried out 48h after training and
was procedurally identical to training, but no foot shock was presented. Latency to step-down was used
as dependent variable as a measure of retention.

Gene expression analysis

Mice brains were collected 2h after the last retention trial in the Radial Maze test and rapidly

dissected on ice for medial Pre-Frontal Cortex (mPFC) isolation. After dissection, brain regions were snap

frozen in dry ice and maintained at -80°C until analysis. Considering that animals from Y-Maze and Step-
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Down avoidance cohort were performed to provide additional behavioral data from different tasks, the
tissue from these animals were not collected. Total RNA were isolated from tissue using Trizol® (Qiagen
- Hilden, Germany) reagent following manufacturer’s protocol and reconstituted in 20uL of RNase-free
water. The concentration of RNA was measured using NanoDrop (Thermo Fisher Scientific — Waltham,
EUA) and a total of 500ng of RNA from each sample was reverse transcribed using miScript Il RT Kit
(Qiagen - Hilden, Germany) and cDNA used in each real-time quantitative PCR (RT-qPCR) reaction in
the RotorGene (Qiagen - Hilden, Germany) machine using the miScript SYBR green kit (Qiagen - Hilden,
Germany).

The primers following primers, purchased from IDT, were used: BDNF exon IV. Forward:
GCAGCTGCCTTGATGTTTAC; Reverse: CCGTGGACGTTTACTT; Drd1: Forward:
ATGGCTCCTAACACTTCTACCA; Reverse: GGGTATTCCCTAAGAGAGTGGAC; Drd2: Forward:
ACCTGTCCTGGTACGATGATG; Reverse: GCATGGCATAGTAGTTGTAGTGG; Pgk: Forward:
TGCACGCTTCAAAAGCGCACG; Reverse: AAGTCCACCCTCATCACGACCC. Gradient PCR and DNA
gels were ran for specificity analysis, as well as melting curve analysis. Each RT-qPCR were run in
duplicates for each sample and repeated once. The fold-change relative expression calculation with AACt
method was used with the control group as reference and the Pgk Ct values as endogenous controls for
mRNA analysis.

Statistical Analysis

All statistical analysis were performed using the SPSS 20.0 (IBM — New York, EUA) and the
graphs were constructed using the Prism GraphPad 6.0 (La Jolla, EUA). Normality of the data distribution
were analyzed using Shapiro-Wilk’s test. A repeated-measures ANOVA with the between subjects factors
‘rearing” (control or Limited Bedding) and the within subjects “session” to analyze time to complete the
task and number of total errors was performed. Bonferroni Post Hoc analyses were ran after repeated
measures to determine whether the differences were significant between groups during acquisition phase.

In order to compare the number of errors in the retention test, as well as gene expression, a student’s t-
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test was performed to each dependent variable that were normally distribute. Dependent variables that
were not normally distributed were analyzed by Mann-Whitney’s U test. To evaluate mice performance
on Step-Down Avoidance, a one-way ANOVA was used with latency to step down as dependent variable
with Tukey multiple comparisons. In all analysis, data are expressed as mean + SEM and the level of
statistical significance was set as 5%.

RESULTS

Male Mice raised in the Limited Bedding committed fewer perseverative errors in a radial-arm maze

The first cohort of animals was trained in the eight-arm radial maze in order to evaluate the spatial
learning and memory. As expected, statistical analysis revealed a significant “session” effect, indicating
that regardless the experimental conditions, both groups decrease the time to complete the task
throughout the acquisition phase [Figure1A: F(5.27, 290.19)=3.443, p = 0.004]. In addition, animals from
both group decreased the number of total errors during the acquisition phase, suggesting that both
controls and LB animals proficiently learn the task during acquisition phase [Figure 1B: F(5.00,275.31) =
5.546, p < 0.001].

After completing the acquisition phase, a retention test was conducted 48h after the last trial.
Regarding the reference errors, student’s t-test showed no significant differences between groups (Figure
1C: 1(55)=0.770, p = 0.44). Also, when looking at the working memory errors, no differences were
observed between groups as well (Figure 1D: U = 191, p = 0.06). However, interestingly, there is a
statistically significant difference between groups in Perseverative Errors, which is a re-entry in a
previously visited non-baited arm within that trial, with LB animals committing fewer errors than controls
(Figure 1E: U =163, p=0.01). Differently than expected, these data suggests that controls and LB animals
presented a similar learning pattern but LB animals showed less perseverative errors compared to
controls.

Limited Bedding affects Working Memory in the Y-Maze
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To further investigate this effect, an independent set of male animals were trained in a different
working memory task using the Y-Maze. No group differences were observed in locomotor activity
(measured as number of arm entries; Figure 2A: 1(35)=0.881, p = 0.38). Also, no differences in
Spontaneous Alternation Performance nor Alternated Arm Return (Figure 2B: t(35)=1.000, p = 0.32 and
Figure 2C: 1(35)=0,415, p = 0.68, respectively) were present when comparing both groups. However,
corroborating with the eight-arm radial maze, animals raised in Limited Bedding presented fewer same
arm return errors when compared to controls [Figure 2D: t(33)=2.703, p = 0.01].

Retention of a fear-related memory is preserved in Limited Bedding-raised mice

We also tested animals in a fear-memory, hippocampal-dependent task to investigate if the
working memory effect we observed in the retention trials were due to a better retention capability. Thus,
looking to the latency to step-down in the training session, animals from both group quickly explored the
apparatus [Figure 3: Controls mean: 22.15s16.5; IE mean: 19.82s+3.6; F(3.93) = 24.15, p <0.001]. When
comparing the latency to step-down in the test session, multiple comparisons showed that animals
increased the latency to step-down (p <0.05) suggesting that both groups learned the task. However, no
group difference was observed (p > 0.05) suggesting that regardless of rearing conditions, both groups
took equivalent time to step down in the test session. Thus, the observation that LB animals committed
fewer perseverative errors are not due to a better retention capability, suggesting that the effects observed
are specific to working memory processes.

BDNF exon 1V is differentially expressed in the mPFC with no differences in Dopamine Receptors D1 and
D2 mRNA levels

To investigate possible neurobiological correlates in the LB animals, we looked at the BDNF exon
[V mRNA levels and Dopamine Receptors D1 and D2. Mann-Whitney’s U test showed a statistically
significant difference between controls and LB animals regarding BDNF exon IV, with LB showing an

increased expression in the mPFC compared to controls [Figure 4A; (U = 6.00, p = 0.03)]. No differences
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in D1 and D2 mRNA levels were observed between groups [Figure 4B: U = 14.00, p = 0.55) and Figure
4C: t(10)=0.048, p = 0.96, respectively).
DISCUSSION

This study aimed to investigate the impact of Limited Bedding on working memory and spatial
learning during adolescence, as well as differentially expressed neurobiological correlates in the mPFC.
Interestingly and different than expected, male mice raised in LB conditions presented fewer perseverative
errors compared to our reference group. This effect was followed by an increased BDNF exon IV
expression in the mPFC with no differences in Drd1 and Drd2.

In our study, we used four-arm baited version of the eight-arm radial maze, which allows us the
investigation of the impact of Limited Bedding in both working memory and spatial reference in mice. More
recently, Yoon et al (2008) showed that selective inactivation of mPFC with muscimol leads to impaired
working memory. In the other hand, inactivation of dorsal hippocampus increased the number of reference
errors in that given task(68). Moreover, inactivation of the mPFC of rodents impaired the behavioral
flexibility, capability to inhibit an old strategy and utilize a new one(69, 70). Interestingly, mice exposed to
Limited Bedding performed better than controls in both independently conducted cohorts of animals. This
is contrasting with the findings of previous studies that used the limited bedding model of Limited Bedding.
Rice et al (2008) found that mice raised under limited bedding conditions had impaired performance in
the Morris Water maze later in life(61). Kanatsou et al (2017) showed that mice exposed to the same
limited bedding model showed impaired memory formation in an object-location task(71).

One important factor is the timing of test. The age of mice when tested ranged from adolescence
to aged animal, which might by a confound factor to make a conclusion. More studies are required at
specific timings to make a more reliable conclusion. Adolescence is a critical period of development with
the onset of puberty, marked by fundamental alterations in the brain(72). A lot of demands that rises
during adolescence requires high cognitive flexibility, like peer-relationship changes(73), as well as

transition to higher education and professional career. Failure to adjust to this new environmental
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requirements could cause several negative consequences like dropout from school, social exclusion and
psychiatric disorders(74).. In rodents, for example, Koss et al (2011) showed that adolescent rats
committed more perseverative errors than adults rats in a delayed alternation task, mPFC-dependent(75).
Taken together, we can rationalize that adolescents will present perseveration during adolescence given
that the brain is still under development. However, following the rationale that early-life stress could
accelerates the maturation of affected brain regions(40, 76), we hypothesize that ELS adolescents
presenting fewer perseverative behaviors than controls could be considered as having adult-like
behaviors. However, caution should be taken to claim this, as further experiments are needed to confirm
this hypothesis.

Regarding reference errors in the eight-arm maze and fear consolidation, both hippocampal-
dependent tasks, no differences were observed among our experimental groups. We firstly hypothesize
that limiting the bedding and nesting material from the dams would impact these tasks based on previous
studies showing that this model reduced rat long-term potentiation and number of dendritic spines in CA3
area of hippocampus(77). Also, synaptic plasticity within the CA1 and CA3 areas of hippocampus are
reduced after limited bedding conditions(78). Even that these studies tested animals in different periods
of life than ours study, our study contribute to the literature another evidence of the impact of Limited
Bedding in cognitive processes during adolescence.

Our study explored BDNF exon IV in an important brain region that regulates both working
memory and reward-guided learning(79). We found that BDNF exon IV expression is up-regulated in
Limited Bedding -raised animals. This finding is interesting since animals raised under same conditions
also showed enhanced working memory performance in a task that is mPFC-dependent. This exon is
expressed in an activity-dependent manner and plays a role in cellular functions related to learning and
memory (41). There are evidences in the literature that early life promotes a down-regulation in the
expression pattern of BDNF during developing. This contrast with our study could be explain by the

differences in the early life stress models employed, since the majority of classical studies investigating
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this signaling pathway used maternal separation as a stress protocol. One hypothesis is that, depending
on the stress intensity during development, early stress exposure could lead to a resilience or vulnerability
later on life. Even though we did not compared stress levels and models in our study to claim that
conclusion, exploring more the differences in stress during development to promote resilience could be
an interesting topic for future research.

Regarding dopamine receptors D1 and D2 expression, we did not observed any statistically
significant difference between groups in the mPFC. It is important to state that we looked at the gene
expression layer and some consideration could be made based on this approach before generalizing or
jump to conclusions. First, mRNA levels do not always correlate with protein levels, mainly because there
are many post-transcriptional mechanisms of regulation between mRNA transcription and protein
translation(80). However, profiling the transcriptome as a screening for the discovery of new potential
targets has been used for decades with the advances of technology(81, 82). Thus, looking at the mRNA
levels could be a useful screening tool but careful should be made to major conclusions based solely on
this observation.

This study has some limitations that needed to be clarified before generalizing the findings. First,
this study was conducted just with males. There is a sex difference response to stress regulates behaviors
dependent on the mPFC dopaminergic signaling(48, 83, 84). Although this was not the aim of this work,
future studies addressing how early-life stress modulates dopamine in both sexes could provide a better
framework of the neurobiology of early life stress. Second, as mentioned before, we investigated
molecular targets looking at the gene expression layer. Although looking at the transcription levels of
receptor and its ligand could provide useful screening information, maybe looking at the protein levels
could provide a more consistent story. Also, manipulating these targets using specific antagonist or
agonists could help to stablish a cause-effect relationship. Finally, the hands-free dissection technique
used for brain region isolation is appropriated and relatively easy to conduct but does not allow for sub

region specificity or cell-type specificity, which was already been showed that dopamine acts as a
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neuromodulator in a manner that depends on the functional state of the target neurons in different brain
regions(85).
CONCLUSION

In this study, we focused on the cognitive performance of mice that were raised under Limited
Bedding and how BDNF exon IV and Dopamine receptors D1 and D2 would be expressed during
adolescence. Taken together, our study showed that mice exposed to Limited Bedding showed fewer
perseveration and increased BDNF exon IV expression in the mPFC during adolescence. Our study
provide new evidences on the impact that poverty has on cognition during adolescence, which could help
to understand the consequences that being raised under poverty-like conditions could have on adolescent

cognition.

FIGURES
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Figure 1 - Radial 8-arm Maze performance: A) Number of total errors during the acquisition phase of
the radial 8-arm training; B) Latency to complete the task throughout the acquisition phase; C) Number of
reference errors in the retention test; D) Number of working memory errors errors during the retention
test; E) Number of Perseverative Errors during the retention test. Number inside the bars represent the
sample size; Data are presented as mean+ SEM; * represent p < 0.05; # represent p < 0.05 compared
to the first day of the acquisition phase.
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Figure 2 - Y-Maze Spontaneous Alternation Performance: A) Number of total arm entries; B) % of
correct alternation, Spontaneous Alternation Performance (SAP); C) % Alternated Arm Return (AAR); D)
% Same arm return (SAR); Number inside the bars represent the sample size; Data are presented as
meanzx SEM; * represent p < 0.05.
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Figure 3 - Step-Down Avoidance Task: Latencies to step-down from the platform during training and
test session. Data are presented as meant SEM. Number inside bars represent sample size.
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Figure 4 — Gene expression Analysis: A) Expression of BDNF exon IV mRNA levels in the mPFC of
animals that underwent radial 8-arm maze training. B) Expression of Drd1 in the mPFC; C) Expression of
Drd2 in the mPFC; The fold-change relative expression calculation with AACt method was used with the
control group as reference and the Pgk Ct values as endogenous controls for mRNA analysis; Data are

expressed as mean + SEM; * represent p < 0.05.
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ABSTRACT

Introduction: Evidence suggests poverty impairs development, quality of life and increases vulnerability
to disease and death. One important aspect of poverty is its impact on cognitive-motor development, since
children raised in families with low socioeconomic status (SES) have impaired motor skills when
compared to children with high SES. This study aimed to investigate how impoverished environment
affects walking adaptability of mice, while investigating BDNF/TrkB and Drd1/Drd2 expression in different
brain regions. Methods: Briefly, we exposed male C56BL/6 to the limited bedding protocol (LB) from post-
natal day (PND) 2 to PND9 and then tested animals in the ladder walking task at PND60. RT-qPCR was
used to investigate gene expression in the mPFC, Motor Cortex and Cerebellum 2h after the task.
Results: When analyzing the walking adaptability of the mice, we found two distinct subgroups of animals
within the LB group: a) superior performance (SP); and b) inferior performance (IP), compared to controls.
Additionally, Drd1 expression was increased in the mPFC of IP animals and in the cerebellum of SP
animals, while Drd2 expression was unchanged. BDNF expression in the mPFC and motor cortex was
increased in both the IP and SP subgroups. No inter-group differences were found in TrkB mRNA
expression in the analyzed brain regions. A strong negative correlation was found between walking
adaptability performance and BDNF exon IV expression in the motor cortex. Conversely, a positive
correlation was found between walking adaptability performance and TrkB expression in the mPFC.
Conclusions: Overall, our findings suggest exposure to impoverished environment in early life leads to
distinct walking adaptability phenotypes, which may be related to differential BDNF and Drd1 expression
in brain regions that influence walking adaptability.

Keywords: Early Life Stress, Walking Adaptability, Dopamine, BDNF.
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1. Introduction

The impact of poverty on neural development has been studied for many years, since poverty
decreases quality of life and increases mortality and vulnerability to a wide range of diseases (1, 2).

Deprivation of basic resources such as food and shelter has critical consequences during
childhood. Premature birth and poverty in the first three years of life increases the likelihood of growth,
intelligence and behavior-related problems (3). Also, children from low-socioeconomic status (SES)
families tend to experience inadequate neurodevelopment (4). Poverty would also seem to have a
negative impact on motor development, a key factor to promote health and physical activity. For example,
children who present higher motor skill proficiency are more likely to engage in physical activity (5, 6).
Morley et al (2015) showed children from high-SES families outperformed children from low-SES families
in gross and fine-motor skill tasks (7). Comparisons among children based on their SES and/or ethnicity
have demonstrated both factors affect balance, object control and overall motor skill proficiency (8, 9). In
addition, being raised in poverty also exposes children to a very stressful environment, with a wide range
of negative factors that affect development (10).

Whilst vulnerability is linked with stress exposure, not all individuals that experience stressful life
events, trauma or chronic adversity will present this vulnerability-like phenotype (11). An early study led
by Bradley in 1994 found children living in poverty showed early signs of resilience, functioning in the
normal range for cognitive, health and growth parameters at age three (12). However, the resilience-
related mechanisms that explain these findings remain unclear.

Although clinical studies show low-SES may influence motor performance in children, few
experiments have attempted to shed light on the neurobiological mechanisms involved. For instance,
chronic pharmacological activation of glucocorticoid and mineralocorticoid receptors (GR and MR,
respectively) led to impairments in a skilled-reaching motor task in rats (13). More recently, Kokubo et al
(2017) showed early-life stress exposure resulted in motor coordination dysfunction in adult mice (14).

Moreover, the dopaminergic connection between the cerebellum and basal ganglia constitutes an
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important pathway within the motor control system (15). Additionally, dopamine activity in the motor cortex
has been shown to play a major role in regulating motor learning and motor-cortex plasticity (16). Using
antagonists to block dopamine in the motor cortex induced a decrease in long-term potentiation, which is
an important mechanism in learning (16,17).

Synergistically with dopaminergic neurotransmission, BDNF plays a role in memory and learning, as well
as in synaptic plasticity and neurogenesis (18). For instance, Fritsch and cols. have shown activity-
induced BDNF and TrkB activation in the primary motor cortex are required for the acquisition of new
motor skills. Indeed, the loss of BDNF has been linked to neurodegenerative diseases such as
Parkinson’s Disease, Huntington’s Disease and Amyotrophic Lateral Sclerosis (19). BDNF levels and its
receptor TrkB are crucial for motor development (17,19) and may provide insights into the relationship
between impoverished environment, stress and walking adaptability. Thus, a better understanding of the
mechanisms behind early life stress exposure could contribute towards reducing the negative effects such
stress has on motor control.

However, to the best of our knowledge, no previous studies have investigated the impact of early
life stress (impoverished environment) on walking adaptability in the adulthood. In the same way, whether
dopaminergic and BDNF expression in the medial pre-frontal cortex, motor cortex and cerebellum
influence walking adaptability is still unknown. Therefore, the present exploratory study was designed to

address these issues.

2. Material and methods

The present study was conducted in accordance with the guidelines of the Brazilian Association
for Laboratory Animal Sciences and all the procedures described above were approved by the local Ethics
Committee for Animal Research under the #15/00475. In this study, adult female C57BL/6 acquired from
CEMBE/PUCRS were mated with a male for 48h. The day of birth of the resulting litters was considered

post-natal day (PND) 1. From PND2 to PND?9, the pups were exposed to either impoverished environment
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or control condition (described in detail below) and weaned at PND21, when they were placed with same-
sex littermates in 2-3 per cage. At P60, animals were assessed using the ladder walking task (described
in detail below). A total of 20 litters were used (10x10) and to avoid any potential litter effects, no more
than 2 animals per litter were used. Animals from the same litter were assigned to additional ongoing
research projects. The animals were maintained in automatically controlled room (temperature 23°C+-
1°C and 12h light/12h dark cycle) with mouse chow and water ad libitum throughout the entire study.

The impoverished environment was performed based on a previously described protocol (20, 21).
The cage floor was covered with bedding to absorb feces and urine and a stainless steel wire floor was
placed 2cm above the floor. The 0.6mm gauge wire floor has 10mm squared openings. Dams were unable
to retrieve bedding from the floor to build nests, however 1g of autoclaved cotton was provided for this
purpose. In the control group cages, there was no wire floor and the normal amount of bedding (~1509)
was provided in addition to 4g of cotton for nest building. On PND2, dams were assigned to either
impoverished environment or control conditions. Briefly, dams were firstly removed from the home cage.
Then, pups were removed, one-by-one by hand from the home cage, weighed and placed in a new cage.
The dam and the litter were left undisturbed until PND9, when they were removed from the impoverished
environment condition and returned to a cage similar to that of controls. In addition, the cages were
cleaned on a PND16 when the bedding was replaced. Dams from control conditions were left undisturbed,
except for regular cage cleaning on PND2, PND9 and PND16.

To assess the ability to adapt walking of the mice, we used the adapted version of the ladder
walking task, as previously described (22, 23). Briefly, mice were encouraged to cross a 1m long
horizontal ladder with variably spaced rungs situated 30cm above the floor. During the task session, mice
were recorded crossing the ladder three times using a GoPro Hero 4 with 12mp and an acquisition rate
of 240 FPS. The first trial was considered habituation and was discounted from the analysis. Thus, the
performance score was calculated using the average number of total errors (forelimb errors + hindlimb

errors) committed on trials 2 and 3. The numbers of errors were normalized to the control group using the
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following formula: (Number of total errors/Mean of total errors from control group) * 100. Hence, a
percentage (%) lower than 100% means that animals committed fewer errors than controls, thus
performing better. A percentage higher than 100% means that animals committed more errors than
controls, thus performing worse.

Mice brains were collected 2h after the last trial in the ladder walking task and rapidly hand-free
dissected on ice to access the medial Pre-Frontal Cortex (mPFC), Motor Cortex and Cerebellum. After
dissection, brain regions were snap frozen in dry ice and maintained at -80°C until analysis. Total RNA
were isolated from tissue using Trizol® (Qiagen - Hilden, Germany) according to the manufacturer's
protocol and reconstituted in 20uL of RNase-free water. The concentration of RNA was measured using
NanoDrop (Thermo Fisher — Waltham, USA) and a total of 500ng of RNA from each sample was reverse
transcribed using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems - Foster City, USA).
The cDNA used in each real-time quantitative PCR (RT-gPCR) reaction in the RotorGene (Qiagen -
Hilden, Germany) machine was processed with the miScript SYBR green kit (Qiagen - Hilden, Germany).

The primers used for RT-qPCR analysis are described in Table 1. Gradient PCR and DNA gels
were checked for specificity analysis, as well as melting curve analysis. Each RT-gPCR was run in
duplicate for each sample and repeated once. The fold-change relative expression was calculated using
the AACt method (with the control group as reference) and the GAPDH Ct values as endogenous controls
for mRNA analysis.

Table 1 here

All statistical analyses were performed using the SPSS 20.0 (IBM — New York, USA) and the
graphs were constructed using the Prism GraphPad 6.0 (La Jolla, USA). Data normality distribution was
analyzed using the Shapiro-Wilk’s test. In order to analyze the effects of impoverished environment on
walking adaptability and gene expression, one-way ANOVA was performed followed by Tukey’'s multiple

comparison adjustments. To investigate whether the behavior correlated with gene expression, Pearson’s
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correlation was used. In all the analyses, data are expressed as mean+SEM and the level of statistical

significance was set at 5%.

3. Results

In the ladder walking task, the average percentage of errors in the control group was 100.1+13.13
(n =13). The animals exposed to impoverished environment showed distinct patterns of error in this task,
and were therefore divided into two subgroups: a) superior performance (SP) - mice showing at least one
standard deviation below the mean of the control group (n=6, showed fewer errors during the task) and
b) inferior performance (IP) - mice exhibiting at least one standard deviation above mean of the control
group (n=7, showing more errors during the task). Another six animals exposed to impoverished
environment performed similarly to the controls (performance score between 86.97-113.23) and therefore
were not included in the analysis. These selection criteria were adapted from a previous study led by
Albuquerque Filho, et. al. (2017) (24).

One-way ANOVA showed a significant difference among groups when comparing the
performance in the ladder walking task [Figure 1; F(2,23) = 28.99, p <0.0001), as expected. Subsequent
analyses using Tukey’s post hoc test confirmed that animals in the SP group had fewer errors relative to
the control group (p < 0,001). Animals in the IP group committed more errors relative to controls (p <

0,01).

Figure 1 here

To investigate the connection between the expression of dopaminergic receptors and walking
adaptability, we first assessed Drd1 expression in the mPFC, motor cortex and cerebellum. Results
related to Drd1 expression in those brain regions are shown in Figure 2A. We observed Drd1 expression
was increased in the mPFC of the IP animals [F(2,16) = 9.89, p = 0.0016)]. We also showed Drd1
increased in the cerebellum of the SP group compared to controls [F(2,15) = 6.97, p = 0.007)]. Secondly,

regarding the Drd2 expression there were no between-group differences in the mPFC, motor cortex and
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cerebellum [Figure 2B; F(2,17) = 0.03, p = 0.96; F(2,15) = 0.02, p = 0.97 and F(2,16) = 1.35, p = 0.28,
respectively]. Interestingly, we found a negative correlation between the expression of Drd1 in the
cerebellum and errors in the ladder waking task, which suggests lower cerebellar Drd1 expression may
be associated with poor performance in adaptive walking (Figure 3A: Pearson’s correlation, R = -0.63, R?

=0.39, p =0,005).

Figure 2 here

One-way ANOVA showed a significant difference in mPFC expression between groups [F(2,16)
= 7.18, p = 0.005)]. Tukey’s post-hoc analyses revealed both the SP and IP groups increased the
expression within the mPFC when compared to controls (p = < 0.05 and p = 0,01, respectively). BDNF
exon IV expression in the motor cortex was significantly different between the SP and IP groups [F(2,15)
=7.86, p = 0.004); Tukey’s post-hoc p < 0.01]. No between-group differences for this gene were observed
in the cerebellum [F(2,15) = 1.68, p = 0.21)]. Figure 2C shows the BDNF exon IV expression. A strong
negative correlation was found between BDNF exon IV expression in the motor cortex and walking
adaptability (Figure 3B). This finding suggests lower expression of this transcript in the motor cortex is
also associated with poor performance in adaptive walking (Pearson’s correlation, R = -0.71, R?=0.51, p
<0.001).

Finally, we measured the expression of TrkB, a BDNF receptor, in the same brain regions. A one-
way ANOVA revealed no differences between groups [Figure 2D; F(2,17) = 1.34, p = 0.28; F(2,16) = 0.33,
p =0.71 and F(2,13) = 1.13, p = 0.35, respectively]. However, a positive correlation between TrkB
expression in the mPFC and the ladder walking task performance was found (Figure 3C), which suggests
the higher expression of TrkB expression in this brain region is necessary to properly adapt walking

(Pearson’s correlation, R = 0.52, R =0.27, p = 0.02). No additional correlations were revealed.

Figure 3 here

4. Discussion
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In this study, we have used a mouse model to investigate: a) the impact of an impoverished
environment early in life on walking adaptability; and b) whether the impoverished environment-related
changes in dopaminergic and BDNF expression in the medial pre-frontal cortex, motor cortex and
cerebellum influence walking adaptability. As expected, animals responded differently to the effects of
impoverished environment - some animals showed a superior performance in the ladder walking task,
while other animals showed an inferior performance. This finding suggests that some individuals exposed
to stressful conditions are more resilient and maintain normal physiological and behavioral responses.
Whilst several reports have described the effects of early life stress on animal physiology and behavior,
little is known about the stress response of individuals (25). Moreover, the biological mechanisms
underlying the different responses after suffering threats are still unclear. Our study has started to fill this
gap in the literature by subdividing the animals based on their performance in the ladder walking task and
trying to establish some neurobiological correlations to guide this research field.

The mPFC establishes stress-related behaviors (26) and plays a role in adaptive waking (27). We
observed the IP group increases Drd1 expression in mPFC, whereas impoverished environment
increased BDNF exon IV expression in both the IP and SP groups. No differences were found for Drd2
expression. On the one hand, dopamine has both positive and negative effects on cognition, exhibiting
an inverted U-shaped dose-response curve (for review, see Savitz et al, 2006 (27)). Gene expression
changes in the dopaminergic signaling pathway are linked with the resilient/vulnerability profile, which is
in agreement with our data (28). In addition, we also found a negative correlation between cerebellar Drd1
gene expression and walking adaptability performance in mice. The literature shows dysfunction in
dopaminergic signaling impairs gait automatism by modifying cerebellar processing (29), which is aligned
with the current results. On the other hand, stress triggers an activity-dependent BDNF upregulation, as
seen in the mPFC results, probably acting as a compensatory mechanism to recover and reestablish

neuronal function and prevent neuronal loss (30-32). However, the performance in the ladder waking task
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was uncorrelated with the expression of both Drd1 and BDNF exon |V genes in the mPFC. Hence, studies
assessing other genes are needed to clarify how the mPFC acts to control walking adaptability.

To the best of our knowledge, this is the first study to show a positive correlation between BDNF
exon IV expression in the motor cortex and performance in adaptive walking. In other words, higher levels
of BDNF exon IV in the motor cortex may induce more precise walking. This hypothesis is supported by
previous studies, since BDNF mediates important downstream signaling pathways involved in learning
and memory, such as the long-term potentiation (33) and TrkB activation (34). Thus, walking adaptability
might involve BDNF exon IV as a signaling mediator in the motor cortex, which is indeed a matter for
further investigation.

Whilst the TrkB expression remained the same for all studied groups, we found a positive
correlation between TrkB mRNA expression in the mPFC and errors in adaptive walking. This finding
suggests TrkB signaling in the mPFC may play a role in linking higher brain functions (such as working
memory and attention) to the process of adjusting interlimb coordination to the environmental context.
BDNF and other neurotrophic factors such as NT-3 and NT-4 (involved in learning and brain plasticity)
bind with high affinity to TrkB receptors (35). Additionally, Choi et al 2012 has shown inhibiting both BDNF
and TrkB in the mPFC impairs the formation of memory (36), which may be required to adjust and adapt
walking. Notwithstanding, further studies blocking TrkB receptors in the mPFC (using techniques such as
lentiviral-mediated knockdown or antagonist administration directly in the mPFC) are needed to establish
a causal relationship between TrkB activation and adaptive walking.

This study has some limitations. Firstly, only male mice were used to avoid hormonal cycling
influences. Therefore, the connection between impoverished environment and walking adaptability in
female mice is unknown. Secondly, we investigated molecular targets looking at the gene expression
layer. Although useful as an exploratory screening, further studies addressing the proteins at cell-type

level are needed to confirm our findings. Furthermore, using specific receptor antagonists or agonists
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could help to establish a cause-effect relationship. Finally, the free-hand technique of brain dissection

prevents sub region analyses, which should be considered when generalizing the molecular results.

5. Conclusion

Together, our findings suggest an impoverished environment early in life can lead to distinct
phenotypes (superior or inferior) of walking adaptability in adolescent mice. In addition, cerebellar Drd1,
motor cortex BDNF exon IV and mPFC TrkB expressions were correlated with walking adaptability
performance and may play a role in its neural control. Further studies addressing the questions raised

here should provide more conclusive evidence relating early life stress and walking adaptability.
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FIGURES
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Figure 1. Walking adaptability of mice exposed to impoverished environment. Performance in the
task is presented as percentage of errors compared to the control group. The average (%) of errors from
the control group was 100,1£13.13 (n = 13); Superior Performance n = 6; Inferior Performance n = 7.
Data are expressed as mean + SEM; * represent p < 0.05 compared to the control group.
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Figure 2. Drd1, Drd2, BDNF exon IV and TrkB levels. A) Expression of Drd1 mRNA levels in different
brain regions of animal 2h after the ladder walking task. B) Expression of Drd2 mRNA levels in different
brain regions; C) Expression of BDNF exon IV levels in different brain regions of animal 2h after the ladder
walking task; D) Expression of TrkB mRNA levels in different brain regions. The fold-change relative
expression calculation with AACt method was used with the control group as reference and the Pgk Ct
values as endogenous controls for mRNA analysis; Control group n = 7; Superior Performance n = 6;
Inferior Performance n = 7 Data are expressed as mean + SEM; *p < 0.05 compared to the control group.
#p < 0.05 between SP and IF groups.
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Figure 3. Correlation between walking adaptability and gene expression. A) Pearson’s correlation
between percentage of errors in the ladder walking task and Cerebellum Drd1 mRNA expression (
0.63, R2=0.39, p = 0.005). B) Pearson’s correlation between percentage of errors in the ladder walking
task and motor cortex BDNF exon IV mRNA expression (R = -0.71, R* = 0.51, p <0.001). C) Pearson’s
correlation between percentage of errors in the ladder walking task and mPFC TrkB mRNA expression

(R=052,R?=0.27, p = 0.02).
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